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The identification of a hyperdirect cortico-subthalamic nucleus connection highlighted the important role of the subthalamic nucleus (STN) in regulating behavior. However, this pathway was shown primarily from motor areas. Hyperdirect pathways associated with cognitive and motivational cortical regions are particularly relevant given recent data from deep brain stimulation, both for neurologic and psychiatric disorders. Our experiments were designed to demonstrate the existence and organization of prefrontal-STN projections, help delineate the "limbic" STN, and determine whether convergence between cortico-STN fibers from functionally diverse cortical areas exists in the STN. We injected anterograde tracers in the ventromedial prefrontal, orbitofrontal, anterior cingulate, and dorsal prefrontal cortices of Macaca nemestrina and Macaca fascicularis to analyze the organization of terminals and passing fibers in the STN.

Results show a topographically organized prefrontal hyperdirect pathway in primates. Limbic areas project to the medial tip of the nucleus, straddling its border and extending into the lateral hypothalamus. Associative areas project to the medial half, motor areas to the lateral half. Limbic projections terminated primarily rostrally and motor projections more caudally. The extension of limbic projections into the lateral hypothalamus, suggests that this region be included in the STN. A high degree of convergence exists between projections from functionally diverse cortical areas, creating potentially important interfaces between terminal fields. Taken together, the results provide an anatomical substrate to extend the role of the hyperdirect pathway in models of basal ganglia function, and new keys for understanding deep brain stimulation effects on cognitive and motivational aspects of behavior.

PREFACE

It is with pleasure tinged with a bit of frustration that I write down the last words of this thesis. While I am glad to have reached the end of this journey and proud of the work I have done, there is still much left to do and I feel as if I had enough material for a second thesis. But this shall have to wait. My first thanks go to my jury, Drs Baunez and David, my rapporteurs, Drs Faure and Karachi, and the Profs Palfi and Pollak. While this thesis will probably not be the ideal light reading for the summer, I hope that it will be interesting to you nevertheless.

I wandered into science a bit by happenstance. After the end of the first year of medical school, wanting to keep my options open, I applied to the MD-PhD program of the Université Paris Descartes. I have to thank Prof. Chottard, Prof. Chelly and Prof Ascher for this opportunity as well as the wonderful Mylène Bisson who's maternal love and bossyness have been a key to this program's success. Prof Ascher will note how, ironically, I am the only one to have pushed the door to neuroscience. In the same line, I need to thank Jehanne, a classmate at that time, for sending me, unknowingly, to Luc's lab. For a reason now obscure I wanted to study the effects of morphine on depression, but she had already applied to the said lab. So, browsing through the list of teams, I came across this one group that stuck electrodes in human brains and thought 'that looks cool'.

I still remember my first meeting with Luc, Jérôme and Marie-Laure and how I was adamant about never doing electrophysiology and would prefer to try my hand at functional MRI. Five years later, I am extremely happy of my choice despite never doing functional MRI. Luc, these have been great years. I am especially grateful of you pushing me out of my comfort zone and challenging my various ideas, hypotheses and wild thoughts, forcing me to build rationally what I guessed at intuitively. If things might have been rocky at some points in my progression through what my friends Ben and Sarah call the 'five stages of the PhD student', I hope we will continue to be such good friends. I still do not think that I will become a psychiatrist but you have another three years to convince me otherwise.

Jérôme, thank you for your anatomical support in this team of functionalists. While we always had a quiet relationship, your advice was precious and our musical discussions a welcome distraction. I do not despair of one day seeing those Golgi cases for myself. Marie-Laure, it is you I have to thank for introducing me to the world of DBS, SUA and LFP and other acronymns. I would not have survived my first years without your clinical and experimental insight.

We had to rotations in our MD-PhD program. While I enjoyed my only summer so far in Paris for the first one, I wanted to try somewhere new for the second. Dear Suzanne, I believe you might have been my toughest boss so far but I am glad to have learned an anatomist's rigor. This does not mean I had a bad time in Rochester. On the contrary, I very much enjoyed my time there whether charting fibres in an OCD fashion or having dinner in your backyard. Admittedly, I will make sure that any future visit will take place during the summer. At this point, I also need to thank the French Fulbright commission for awarding me the grant that has covered my last nine months in Rochester.

During these five years I was also blessed with two wonderful teams without whom I would not have survived. Margot, I am sorry never to have developed checking symptoms to integrate your cohort. Maybe our psychotherapy sessions by the coffee machine are to blame for this setback. Anne-Hélène you have been a great friend and support all along even though you had already left the lab. You gave me an outlet knowing both what I was going through and where I am headed. Christian, you're worse than the peskiest of little brothers. Thanks for taking the time to poke me in the ribs at least once a day. Aure-Elise, teaching you was a pleasure and made me learn just as much as my own work. I wish you luck wherever you are going. Karim, despite my occasional whining, your technical help has been invaluable and I hope we will continue to work together. We did not have much time to talk Eric, but congratulations for your new position and might your mice prove as wonderful as you would like them to be. Marine, I promise you that you will survive MatLab. Sarah, working alongside you was great fun even if we drove the others nuts during the journal clubs. I am going to miss those epic arguments. I hope you will too. I am also indebted to you and Ben for your precious help in managing my last minute analyses before SfN this year. Eun-Young, you will now be able to invade that middle table after months hardly thought. Thanks for making fun of me and helping me unwind. If ever you come to Australia I'll make sure to take you to a baaa. Julia, your technical mentoring was and is still invaluable. My only regret is to not have joined in the mud run. Anna and Lisa, thank you for saving me, respectively, from my clumsiness in the wet lab and from the UofR administration. As for you Ziad, you are now the only male left in our lab outside of the occasional monkey. Forgive me for abandoning you to Sarah and Eun-Young's full attention.

The multiple methods used in my thesis meant that I was also dependent on a number of people outside my team. Thus, I wish to thank the Dr Karachi once again, this time for opening us the doors to her operating room, as well as the rest of the neurosurgical staff for being always smiling and helpful. I am also extremely grateful to the patients of preSTOC2 and METATOC for not only participating but also been as involved as they were in our experiments. In this context, I was also dependent on Antoine Ducorps and Christophe Gitton smiling help and good will to access the MEG scanner at sometimes very short notice. Thank you also Sara for giving me my first MatLab crash-course and setting me up for my MRI analyses, and Alexandre Vignaud for your experience in structural MRI.

If my PhD years were so great it is also that I was surrounded by wonderful people outside the lab. Jack, Jim and Rebecca, thank you for being such good friends in Rochester, picking me up from the airport so often and making sure I experienced the real Halloween and Thanksgiving. I hope I will be able to return the favour one day. Morgane, I met you at the ICM yet we saw each other most often upstate NY. Your French touch and presents of foie gras were most appreciated. Together, we also founded the Ajités which was an enriching experience. Through them, I met Kristen, Jean, Pinar, Alexandra, Patricia, Morwena and all the others who were always ready for a coffee break or a drink after work. Organising the association was hard work but I hope you can continue doing such a good job.

Mathilda, Elinor and my dear parents, thank you for being so supportive and giving so much of your time in the final stages of this thesis. Your confidence in me has always been a boost. Finally, dearest Christoph, thank you for sticking with me half a planet away and visiting me so often. Thank you for bearing with me during these last two months here yet not there. I never expected as much and it meant the world to me.

Blank

INTRODUCTION

With movement came the need to choose: move or feed? feed or mate? And thus, came the need for an appropriate selection mechanism. With evolution, the range of behavioural options expanded: move left or move right, move fast or move slow, brake at the orange light or attempt to go through before the red, and so did the quantity of environmental cues that needed be taken into account. The selection process became complex but its fundamentals remained the same. There needed to be a mechanism allowing the selection of the optimal behaviour taken the environment, and thus ensure the survival of the individual, of its genes and of the species. The brain appeared and expanded, the pallium became the cortex, and it provided the computing power necessary to analyse the environment and identify relevant cues to create ever more complex behaviours. However, there was one network of structures of which the architecture remained unchanged throughout vertebrate evolution: the basal ganglia [START_REF] Parent | Comparative Neurobiology of the Basal Ganglia[END_REF][START_REF] Smeets | Evolution of the basal ganglia: new perspectives through a comparative approach[END_REF][START_REF] Stephenson-Jones | Evolutionary Conservation of the Basal Ganglia as a Common Vertebrate Mechanism for Action Selection[END_REF][START_REF] Stephenson-Jones | Evolution of the basal ganglia: dual-output pathways conserved throughout vertebrate phylogeny[END_REF]. Similarities may even be found with the arthropod central complex [START_REF] Strausfeld | Deep homology of arthropod central complex and vertebrate basal ganglia[END_REF], although whether it is the result of shared ancestry or convergent evolution is a point of contention. This fundamentally invariant network was posited, as early as the 17th century, to provide the perfect substrate for the regulation of behaviour [START_REF] Willis | Cerebri Anatome, cui Accessit Nervorum Descriptio et Usus[END_REF][START_REF] Parent | Comparative Neurobiology of the Basal Ganglia[END_REF]. The argument was that the basal ganglia were one of the few areas in the brain towards which every manner of information converged, providing a locus to integrate information and initiate behaviour; and indeed, cats decorticated at birth are still able to display normal initiation and execution of behaviour [START_REF] Bjursten | Behavioural repertory of cats without cerebral cortex from infancy[END_REF]. Since, mathematical models ha e sho that the asal ga glia s i t i si a hite tu e is opti al fo sele tio (Redgrave et al., 1999), in the lamprey [START_REF] Kamali Sarvestani | A computational model of visually guided locomotion in lamprey[END_REF] as much as in Man (Frank, 2006;Bogacz & Larsen, 2011). In this framework, the striatum would code for motor programs and the "TN ould p o ide the i fo atio to filte the . Mo eo e , the asal ga glia s interaction with the reward system and especially its dopaminergic component implement a classic Actor-Critic loop, where the Criticthe reward circuitinforms the Actorthe basal gangliaof the consequences of its decisions. Thus, this central selection network is equipped for the adaptive behaviour observed in vertebrates [START_REF] Houk | Distributed modular architectures linking basal ganglia, cerebellum, and cerebral cortex: their role in planning and controlling action[END_REF][START_REF] Khamassi | Actor-Critic Models of Reinforcement Learning in the Basal Ganglia: From Natural to Artificial Rats[END_REF]. Earlier models were focused on the motor aspect of this selection process (Mink, 1996;Nambu et al., 2002); however, there is growing evidence that the basal ganglia also process non-motor information. As, fundamentally, the basal ganglia seem to be selecting between striatal signals [START_REF] Humphries | A Physiologically Plausible Model of Action Selection and Oscillatory Activity in the Basal Ganglia[END_REF], one can hypothesise that they select between cognitive processes in addition to motor processes (Redgrave et al., 1999). This would imply that the asal ga glia s i t i si a d e t i si o e tio s a e si ila i oto a d omotor territories. However, the cortico-subthalamic connection has only been demonstrated for motor areas. Therefore, the first objective of this thesis was to demonstrate its existence from associative and limbic areas and provide an anatomical basis to the extension of the decision models of the basal ganglia to every type of decision.

Functionally, many have studied the striatum, and its role in encoding behaviour is established [START_REF] Kermadi | Activity in the caudate nucleus of monkey during spatial sequencing[END_REF]Graybiel, 1998;[START_REF] Jog | Building Neural Representations of Habits[END_REF][START_REF] Carrillo-Reid | Encoding network states by striatal cell assemblies[END_REF][START_REF] Carrillo-Reid | Activation of the cholinergic system endows compositional properties to striatal cell assemblies[END_REF]. The subthalamic nucleus (STN), the only excitatory structure in the circuit [START_REF] Robledo | Excitatory influence of rat subthalamic nucleus to substantia nigra pars reticulata and the pallidal complex: electrophysiological data[END_REF], has been the focus of much less attention. It was studied primarily from a neurological perspective due to its involvement in the pathophysiology and therapeutics of movement disorders (Carpenter, 1955;Benabid et al., 1994). Although data has been gathered on its processing of motor, associative and limbic information, there is little evidence to support its role in filtering behaviour (Cavanagh et al., 2011;Zaghloul et al., 2012). Therefore, my second objective was to provide additional, electrophysiological, evidence to support decision-related activities.

Finally, to be optimal, this selection network needs to be able to adapt itself by learning from the outcome of its decisions [START_REF] Houk | Distributed modular architectures linking basal ganglia, cerebellum, and cerebral cortex: their role in planning and controlling action[END_REF][START_REF] Khamassi | Actor-Critic Models of Reinforcement Learning in the Basal Ganglia: From Natural to Artificial Rats[END_REF]. While the dopaminergic input to the basal ganglia seems to cater to this function [START_REF] Aosaki | Effect of the nigrostriatal dopamine system on acquired neural responses in the striatum of behaving monkeys[END_REF][START_REF] Knowlton | A Neostriatal Habit Learning System in Humans[END_REF]Costa, 2007), how information flows in the wider reward circuit is unclear. Based on studies in the rat (Mitrofanis, 2005), the zona incerta (ZI), located just above the STN, might provide a link between cortical and subcortical reward areas. Our last objective was, therefore, to establish the ZI as a crucial node of the reward circuit in primates.

Here, I shall first review the anatomy of the basal ganglia and specifically that of the STN. We will discuss the evidence in favour and against the extension of the decision model to all functional territories, and isolate the lack of a limbic cortico-subthalamic projection in the primate as the main limitation. Given the discrepancies with the rodent anatomy, a section will be devoted to how they may influence the interpretation of functional data. We will conclude this first chapter by exposing the tools at our disposal to study these missing connections and their applicability to Man.

The second chapter will be concerned with the initial motor selection models, how they failed to account for more complex data behavioural data and how mathematical models may provide a unifying theory. The analysis of the literature will bring out the lack of direct experimental support for this theory. We will see how emotional and motivational responses of the STN are only explained partly within that framework. This will naturally lead to the presentation of the reward circuit and its tight links to the selection network, our main object. It will also reveal how the anatomy underlying reward processes is much less understood and we will propose the zona incerta as a new node, linking the various region. Finally, we will present deep brain stimulation and how it may be used to access the basal ga glia s a ti it i hu a s. We ill also i t odu e o sessi e-compulsive disorder, which a p o ide a e pathologi al odel of the asal ga glia, o ple e ti g Pa ki so s disease. Based on its psycho-and physio-pathology, we will attempt to derive some fu tio al h potheses hi h ill e of p a ti al use i testi g the "TN s ole ithi the decision models. The remainder of the volume will serve to present our experimental results addressing these questions.

Anatomy Chapter I:

1. The Basal Ganglia

Composition

Figure 1: The Basal Ganglia. Four coronal, frozen sections of a Macaca brain at different rostro-caudal levels. ac: anterior commissure; Cd: caudate nucleus; GPe: globus pallidus pars externalis; GPi: globus pallidus pars internalis; Pu: putamen; Thal: thalamus; SN: substantia nigra; STN: subthalamic nucleus; VP: ventral pallidum; VS: ventral striatum; ZI: zona incerta.

The basal ganglia are a network of bilateral structures, located deep within the brain, of mixed diencephalic and telencephalic origins. While the intrinsic organisation of this network is conserved throughout vertebrate evolution [START_REF] Parent | Comparative Neurobiology of the Basal Ganglia[END_REF], the presentation, location and names of its various elements differ between classes and we will, therefore, focus on mammalian anatomy. Mammalian basal ganglia are composed of five, visually distinct and enclosed nuclei: the striatum, the external and internal segments of the pallidum, the substantia nigra and the subthalamic nucleus (Figure 1).

The striatum is the largest. It takes its name from the many fibre fascicles 1 coursing through it, down towards the cortex, giving it a serrated aspect [START_REF] Ramón Y Cajal | Histologie du système nerveux de l'Homme et des vertébrés[END_REF][START_REF] Wilson | An Experimental Research Into The Anatomy And Physiology Of The Corpus Striatum[END_REF][START_REF] Fox | The radial fibers in the globus pallidus[END_REF]. In cats and primates, most of the striatum is divided dorsally by the fibres from the internal capsule, giving the impression of two separate nuclei, the caudate nucleus and the putamen, joined, rostrally and ventrally by the nucleus accumbens or ventral striatum (Figure 2.A). However, caudate nucleus and putamen remain one single structure. There is an anatomical continuum between the two in the form of the ventral striatum and of numerous grey matter bridges across the internal capsule. In addition, they form one single functional entity, with the same neuronal types and connections. The ventral striatum (VS) has a number of specific characteristics. Developmentally, it is strongly linked to the olfactory bulb into which it seems to flow seamlessly; it is also the target of amygdala projections and has strong relations with the autonomic system, thus earning the a e of li i st iatu (Zahm & Heimer, 1987;[START_REF] Heimer | Specificity in the projection patterns of accumbal core and shell in the rat[END_REF][START_REF] De Olmos | The concepts of the ventral striatopallidal system and extended amygdala[END_REF] The main neuronal population in the striatum is made of medium spiny neurons (MSN) with prolific dendritic spines and numerous recurrent axons (Figure 2.B) [START_REF] Kemp | The Structure of the Caudate Nucleus of the Cat: Light and Electron Microscopy[END_REF][START_REF] Chang | A Golgi study of rat neostriatal neurons: Light microscopic analysis[END_REF][START_REF] Yelnik | Morphological taxonomy of the neurons of the primate striatum[END_REF]. The primary input to the MSN is from intratelencephalic (layer III) and pyramidal-tract (layer V) neurons which target mainly distal dendrites [START_REF] Royce | Laminar origin of cortical neurons which project upon the caudate nucleus: A horseradish peroxidase investigation in the cat[END_REF][START_REF] Lei | Evidence for Differential Cortical Input to Direct Pathway versus Indirect Pathway Striatal Projection Neurons in Rats[END_REF][START_REF] Reiner | Corticostriatal projection neuronsdichotomous types and dichotomous functions[END_REF]. This cortical input stems from the entire cortical surface, bilaterally, with the exception of V1 [START_REF] Kemp | The Cortico-Striate Projection In The Monkey[END_REF][START_REF] Royce | Laminar origin of cortical neurons which project upon the caudate nucleus: A horseradish peroxidase investigation in the cat[END_REF][START_REF] Tanaka | Differential laminar distribution of corticostriatal neurons in the prefrontal and pericruciate gyri of the dog[END_REF]McGeorge & Faull, 1989;Alloway et al., 2006;Haber et al., 2006). Interestingly, the intra-telencephalic neurons have a wider arborisation onto the MSN [START_REF] Zheng | Corticostriatal combinatorics: the implications of corticostriatal axonal arborizations[END_REF]. MSN also receive an input from the thalamus, mainly intralaminar nuclei [START_REF] Veening | The topical organization of the afferents to the caudatoputamen of the rat. A horseradish peroxidase study[END_REF][START_REF] Fenelon | Topographic distribution of the neurons of the central complex (centre median-parafascicular complex) and of other thalamic neurons projecting to the striatum in macaques[END_REF][START_REF] Francois | Topography of the projection from the central complex of the thalamus to the sensorimotor striatal territory in monkeys[END_REF], and are the main target of the dopaminergic neurons of the substantia nigra (SN) [START_REF] Francois | Localization of nigrostriatal, nigrothalamic and nigrotectal neurons in ventricular coordinates in macaques[END_REF]Haber et al., 2000). An important particularity of the MSNs is the need for strong, multiple, and concurrent inputs to elicit action potential because of a hyperpolarised basal state [START_REF] Kawaguchi | Intracellular recording of identified neostriatal patch and matrix spiny cells in a slice preparation preserving cortical inputs[END_REF][START_REF] Mahon | Intrinsic properties of rat striatal output neurones and time-dependent facilitation of cortical inputs in vivo[END_REF]. A characteristic trait of the striatum is the division of the medium spiny neurons into two populations. A first group is enkephalinpositive, contains D2 dopamine receptors, and projects mainly to the globus pallidus pars externalis (GPe); the second is substance P-positive, contains D1 dopamine receptors and projects mainly to the globus pallidus pars internalis (GPi) and the substantia nigra (SN) [START_REF] Gerfen | The neostriatal mosaic. I. Compartmental organization of projections from the striatum to the substantia nigra in the rat[END_REF][START_REF] Kawaguchi | Projection subtypes of rat neostriatal matrix cells revealed by intracellular injection of biocytin[END_REF]. [START_REF] Yelnik | Morphological taxonomy of the neurons of the primate striatum[END_REF].

The pallidum or globus pallidus earns its name from its pale colour under the microscope. In primates, it can be divided in an external and an internal part, the GPe and the GPi, whereas in rodents the equivalent of the GPi is found under the form of the entopeduncular nucleus.

For practical reasons the primate nomenclature will be used hereafter (Figure 3.A.). The GPe receives its main inputs from the striatum [START_REF] Wilson | An Experimental Research Into The Anatomy And Physiology Of The Corpus Striatum[END_REF][START_REF] Papez | Reciprocal connections of the striatum and pallidum in the brain of Pithecus (Macacus) rhesus[END_REF]Francois et al., 1994a) and the STN [START_REF] Nauta | Efferent projections of the subthalamic nucleus: an autoradiographic study in monkey and cat[END_REF]Shink et al., 1996); the striatum on distal dendrites and the STN on dendritic shafts and somata (Hazrati & Parent, 1992b;a). Its neurons are GABAergic and project to the STN (Kita & Kita, 1994;Shink et al., 1996;[START_REF] Baufreton | Sparse but selective and potent synaptic transmission from the globus pallidus to the subthalamic nucleus[END_REF], the couple GPi/SN pars reticulata (SNr) [START_REF] Hazrati | Evidence for interconnections between the two segments of the globus pallidus in primates: a PHA-L anterograde tracing study[END_REF][START_REF] Bolam | Convergence of synaptic terminals from the striatum and the globus pallidus onto single neurones in the substantia nigra and the entopeduncular nucleus[END_REF]Kita & Kita, 1994), and also back to the striatum where they synapse onto interneurons (Kita & Kita, 1994;[START_REF] Bevan | Selective Innervation of Neostriatal Interneurons by a Subclass of Neuron in the Globus Pallidus of the Rat[END_REF][START_REF] Bolam | Synaptic organisation of the basal ganglia[END_REF]. The GPi receives its input from striatum, GPe and STN [START_REF] Carpenter | Efferent fibers of the subthalamic nucleus in the monkey. A comparison of the efferent projections of the subthalamic nucleus, substantia nigra and globus pallidus[END_REF][START_REF] Hazrati | Evidence for interconnections between the two segments of the globus pallidus in primates: a PHA-L anterograde tracing study[END_REF][START_REF] Bolam | The striatum and the globus pallidus send convergent synaptic inputs onto single cells in the entopeduncular nucleus of the rat: A double anterograde labelling study combined with postembedding immunocytochemistry for GABA[END_REF][START_REF] Shammah-Lagnado | Efferent connections of the caudal part of the globus pallidus in the rat[END_REF][START_REF] Bolam | Synaptic organisation of the basal ganglia[END_REF]. It is the output nucleus of the basal ganglia and projects in a topographic manner to various thalamic nuclei (ventrolateral, ventral anterior, medio-dorsal, centre médian-parafascicular complex) [START_REF] Kuo | Organization of pallidothalamic projections in the rhesus monkey[END_REF][START_REF] Fenelon | Topographic distribution of pallidal neurons projecting to the thalamus in macaques[END_REF][START_REF] Arecchi-Bouchhioua | Threedimensional morphology and distribution of pallidal axons projecting to both the lateral region of the thalamus and the central complex in primates[END_REF][START_REF] Parent | The pallidofugal projection system in primates: evidence for neurons branching ipsilaterally and contralaterally to the thalamus and brainstem[END_REF][START_REF] Kha | Study of projections from the entopeduncular nucleus to the thalamus of the rat[END_REF]. The ventral pallidum (VP) is the pallidal counterpart to the ventral striatum (Zahm & Heimer, 1987;[START_REF] Sanavio | Obsessions and compulsions: the Padua Inventory[END_REF][START_REF] Haber | Topographic organization of the ventral striatal efferent projections in the rhesus monkey: an anterograde tracing study[END_REF]. It is mainly the subcommissural part of the pallidum but its borders are ill-defined and it forms part of the substantia innominata alongside the basal nucleus of Meynert and other cell groups [START_REF] Haber | Ramifications of the globus pallidus in the rat as indicated by patterns of immunohistochemistry[END_REF][START_REF] Zahm | Ventral striatopallidal parts of the basal ganglia in the rat: I. Neurochemical compartmentation as reflected by the distributions of neurotensin and substance P immunoreactivity[END_REF]. It is itself a heterogeneous structure, containing cells with either GPe-or GPi-like properties. These target, respectively, the medial tip of the STN, or the mediodorsal and intralaminar nuclei of the thalamus [START_REF] Young | The ventral pallidal projection to the mediodorsal thalamus: a study with fluorescent retrograde tracers and immunohistofluorescence[END_REF]Zahm et al., 1987;[START_REF] Groenewegen | Organization of the output of the ventral striatopallidal system in the rat: ventral pallidal efferents[END_REF].

Figure 3: The Pallidum and Substantia Nigra. A: 3D posterior view of the GPe (purple), GPi (blue), SN (green) and dopaminergic neurons of the SN (orange dots). B: Coronal section from a macaque brain. The Nissl stain allows one to identify the dense neuronal population of the SNc, protruding into the SNr.

The substantia nigra is divided in two. Traditionally Nissl stained tissue will allow one to distinguish a pars compacta (SNc) composed of tightly packed cells, and a pars reticulata (SNr) with a looser network of neurons. The SNr is the largest part, extremely similar to the GPi in its cytology and connectivity and the two are often treated as one functional entity in models: the output nuclei of the basal ganglia (Albin et al., 1989b;[START_REF] Alexander | Basal ganglia-thalamocortical circuits: their role in control of movements[END_REF]Mink, 1996). Nonetheless, the organisation of its afferences is slightly different [START_REF] Gerfen | The neostriatal mosaic. I. Compartmental organization of projections from the striatum to the substantia nigra in the rat[END_REF][START_REF] Bolam | Convergence of synaptic terminals from the striatum and the globus pallidus onto single neurones in the substantia nigra and the entopeduncular nucleus[END_REF]Francois et al., 1994a), as will be detailed in section 2, and its efferences would target preferentially brainstem nuclei and the motor nuclei of the thalamus [START_REF] Francois | A topographic study of the course of nigral axons and of the distribution of pallidal axonal endings in the centre medianparafascicular complex of macaques[END_REF][START_REF] Francois | Distribution and morphology of nigral axons projecting to the thalamus in primates[END_REF]. The SNc lays on the pars reticulata and has digitations protruding ventrally into it in primates but not in rodents (Figure 3.B). It is classically considered to contain the A9 dopaminergic cell group; however, while the two do for the most part overlap, they are not completely identical. The strongest projection of the A9 group is to the striatum [START_REF] Francois | Dopaminergic cell group A8 in the monkey: anatomical organization and projections to the striatum[END_REF]Haber et al., 2000), although it also innervates the other basal ganglia [START_REF] Takada | A note on the projections of pars compacta neurons within pars reticulata of the substantia nigra in the rat[END_REF][START_REF] Jan | Dopaminergic innervation of the pallidum in the normal state, in MPTP-treated monkeys and in parkinsonian patients[END_REF][START_REF] Anaya-Martinez | Substantia nigra compacta neurons that innervate the reticular thalamic nucleus in the rat also project to striatum or globus pallidus: implications for abnormal motor behavior[END_REF], the thalamus [START_REF] Anaya-Martinez | Substantia nigra compacta neurons that innervate the reticular thalamic nucleus in the rat also project to striatum or globus pallidus: implications for abnormal motor behavior[END_REF][START_REF] Melchitzky | Dopamine innervation of the monkey mediodorsal thalamus: Location of projection neurons and ultrastructural characteristics of axon terminals[END_REF], brainstem structures [START_REF] Ryczko | Forebrain dopamine neurons project down to a brainstem region controlling locomotion[END_REF] and the cortex [START_REF] Lewis | The distribution of tyrosine hydroxylase-immunoreactive fibers in primate neocortex is widespread but regionally specific[END_REF][START_REF] Haber | The primate substantia nigra and VTA: integrative circuitry and function[END_REF][START_REF] Cho | Heterogeneous dopamine populations project to specific subregions of the primate amygdala[END_REF]. The A9 group is often not distinguished from A10 (ventral tegmental area) and A8 (retrorubral field) and the three are often considered as a single functional unit [START_REF] Francois | Dopaminergic cell group A8 in the monkey: anatomical organization and projections to the striatum[END_REF].

The subthalamic nucleus is the smallest but also the only glutamatergic nucleus of the network [START_REF] Hammond | Electrophysiological demonstration of an excitatory subthalamonigral pathway in the rat[END_REF]Albin et al., 1989a;[START_REF] Robledo | Excitatory influence of rat subthalamic nucleus to substantia nigra pars reticulata and the pallidal complex: electrophysiological data[END_REF]. It receives its main inputs from the cortex and the GPe and projects primarily to the GPe and GPi. A lengthier description is provided in Chapter I:2. Classically, the basal ganglia have been organised into three pathways: a direct pathway, stemming from the striatum to the output nuclei; an indirect pathway from the striatum to the output nuclei via GPe and STN; and, finally, a hyperdirect pathway which was included u h late i odels i hi h the o te passes the st iatu to p oje t di e tl to the STN [START_REF] Alexander | Functional architecture of basal ganglia circuits: neural substrates of parallel processing[END_REF]Mink, 1996;Nambu et al., 2002)(Figure 4.A). First, we disag ee ith the o ept of h pe di e t path a as opposed to di e t a d i di e t because they do not refer to the same layer of the basal ganglia (Figure 4.B). Second this view ignores a u e of the asal ga glia s o e tio s, i ludi g the "TN-GPe or the GPe-GPi ones (Figure 4.C). [START_REF] Alexander | Functional architecture of basal ganglia circuits: neural substrates of parallel processing[END_REF]Nambu et al., 2002), opposing direct, indirect and hyperdirect pathways. B: A rearrangement of the boxes shows that the hyperdirect pathway is not on the same level as the direct and indirect ones. Moreover, the direct/indirect division seems to also apply to STN projections. C: Full connection system, without the neuromodulatory inputs.

Functional topography and information flow

The ho izo tal o ga isatio of the asal ga glia is o ple . Diffe e t t pes of i fo atio appea to e p o essed sepa atel , i disti t a ato i al ha els [START_REF] Hoover | Multiple output channels in the basal ganglia[END_REF].

One usually identifies three functional territories: limbic, associative, and motor (Figure 5.A) [START_REF] Parent | Extrinsic connections of the basal ganglia[END_REF]Yelnik, 2008), although some authors prefer to consider five divisions [START_REF] Alexander | Parallel organization of functionally segregated circuits linking basal ganglia and cortex[END_REF]. These channels are identified based on cortical inputs to the striatum (Alloway et al., 2006;Haber et al., 2006) and can be subsequently followed throughout the network, to the output structures, using a combination of retrograde and anterograde labelling techniques [START_REF] Percheron | A Golgi analysis of the primate globus pallidus. III. Spatial organization of the striato-pallidal complex[END_REF][START_REF] Alexander | Parallel organization of functionally segregated circuits linking basal ganglia and cortex[END_REF]Zahm & Heimer, 1987;[START_REF] Alexander | Functional architecture of basal ganglia circuits: neural substrates of parallel processing[END_REF][START_REF] Hoover | Multiple output channels in the basal ganglia[END_REF]Francois et al., 1994a;Sidibé et al., 1997;[START_REF] Middleton | Basal-ganglia 'projections' to the prefrontal cortex of the primate[END_REF]Karachi et al., 2005) or trans-synaptic viral tracers [START_REF] Kelly | Macro-architecture of basal ganglia loops with the cerebral cortex: use of rabies virus to reveal multisynaptic circuits[END_REF][START_REF] Miyachi | Somatotopically arranged inputs from putamen and subthalamic nucleus to primary motor cortex[END_REF]. STN territories, as we will see, have also been defined based on cortical inputs (Afsharpour, 1985b;Nambu et al., 1996;Nambu et al., 1997).

The limbic territory is associated with emotion and motivation-related functions. It is defined by cortical inputs from the ventromedial prefrontal cortex (vmPFC) and the orbitofrontal cortex (OFC), as well as the amygdala and olfactory bulb which project onto the VS (Haber et al., 1995;Haber et al., 2006). The VS projects in turn on the VP [START_REF] Heimer | The ventral striatopallidothalamic projection: I. The striatopallidal link originating in the striatal parts of the olfactory tubercle[END_REF]Haber et al., 1990) which is connected to the ventromedial tip of the STN [START_REF] Carpenter | Interconnections and organization of pallidal and subthalamic nucleus neurons in the monkey[END_REF]Haber et al., 1993). The output of the limbic loop is to the mediodorsal (MD) thalamus [START_REF] Young | The ventral pallidal projection to the mediodorsal thalamus: a study with fluorescent retrograde tracers and immunohistofluorescence[END_REF][START_REF] Ilinsky | Organization of the nigrothalamocortical system in the rhesus monkey[END_REF]Zahm et al., 1987;[START_REF] Groenewegen | Organization of the output of the ventral striatopallidal system in the rat: ventral pallidal efferents[END_REF]Haber et al., 1993). The associative territory is associated with cognitive and executive functions such as attention or behavioural planning. It is defined by dorsolateral prefrontal (DLPFC) and anterior cingulate (ACC), as well as parietal inputs in the case of the striatum. It occupies most of the caudate nucleus and the rostral, ventral part of the putamen (Alloway et al., 2006;Haber et al., 2006), and projects to the medial and rostral GPe and GPi/SNr [START_REF] Percheron | A Golgi analysis of the primate globus pallidus. III. Spatial organization of the striato-pallidal complex[END_REF]Francois et al., 1994a), which are connected to the central STN [START_REF] Carpenter | Interconnections and organization of pallidal and subthalamic nucleus neurons in the monkey[END_REF]. The associative loops projects onto the ventral anterior (VA) and also, to a lesser extent, onto the ventrolateral (VL) and ventromedian (VM) nuclei of the thalamus [START_REF] Ilinsky | Organization of the nigrothalamocortical system in the rhesus monkey[END_REF]Sidibé et al., 1997). The motor territory is defined by its inputs from the primary motor cortex (M1) as well as premotor areas (PMC) to the striatum [START_REF] Kemp | The Cortico-Striate Projection In The Monkey[END_REF]Alloway et al., 2006) as well as the STN (Hartmann-von Monakow et al., 1978;Afsharpour, 1985b;Nambu et al., 1996), which is then continued in the pallidal complex (Percheron et al., 1984). The output of the motor loop is to VL and to VA in a lesser amount (Sidibé et al., 1997). Thus, one may consider that there are several parallel loops through the basal ganglia, each treating different information. A: Cortical projections to the basal ganglia define three functional territories: limbic (yellow), associative (purple) and motor (green). These different territories are kept throughout the basal ganglia circuit. However, some neurons have dendritic fields that span multiple territories. These are represented by the rectangles in the GP and STN. Adapted from (Yelnik, 2008). B: Interaction of functional territories is also supported by the convergence of cortical inputs, here multiple prefrontal inputs (identified by colour) to the striatum. Adapted from (Haber et al., 2006).

Despite their topographical organisation, limbic, associative and motor territories are not segregated. Indeed, there is some degree of overlap amongst cortico-striatal (Figure 5.B) (Haber et al., 2006), pallido-STN (Shink et al., 1996) as well as pallido-thalamic (Sidibé et al., 1997) projections. In addition, the large dendritic fields of striatal [START_REF] Chang | A Golgi study of rat neostriatal neurons: Light microscopic analysis[END_REF], pallidal [START_REF] Percheron | A Golgi analysis of the primate globus pallidus. III. Spatial organization of the striato-pallidal complex[END_REF], nigral [START_REF] Francois | Golgi study of the primate substantia nigra. II. Spatial organization of dendritic arborizations in relation to the cytoarchitectonic boundaries and to the striatonigral bundle[END_REF] and subthalamic neurons (Yelnik & Percheron, 1979) appear to span several, functionally different, projection fields (e.g. Bevan et al., 1997). This provides an additional substrate for convergence. Finally, the injection of a trans-synaptic retrograde tracer in M1 labels neurons in the VS in addition to the lateral putamen [START_REF] Kelly | Macro-architecture of basal ganglia loops with the cerebral cortex: use of rabies virus to reveal multisynaptic circuits[END_REF][START_REF] Miyachi | Somatotopically arranged inputs from putamen and subthalamic nucleus to primary motor cortex[END_REF] 1 . This demonstrates the convergence of the limbic and motor loop. Unfortunately, the level at which they converge was not discussed. Therefore, the basal ganglia should be considered as having a functional gradient, from limbic functions rostral, medial and ventral to motor functions caudal, lateral and dorsal. The three territories continue to be used as such for practical reasons but should not be considered to reflect functional segregation in the basal ganglia as some authors do (e.g. [START_REF] Alkemade | Do we need to revise the tripartite subdivision hypothesis of the human subthalamic nucleus (STN)?[END_REF].

The STN

General Description

The Subthalamic Nucleus was first mentioned by Jules Bernard Luys (1865) but was only described later as the Corpus Luysii by Forel (1877), Dejerine (1901) and others. It is a small ovoid structure located ventrally to the zona incerta from which it is separated by the lenticular fasciculus/field H2 of Forel, and dorsally to the substantia nigra (Figure 6). Laterally, the internal capsule and the beginning of the cerebral peduncle border it, whereas medially it has no clear boundary and appears to merge seamlessly into the lateral hypothalamic area and fields of Forel (Figure 6.A). It is oriented along a rostral ventromedial to caudal dorsolateral direction, measuring 5.5 mm in Macaca and 13.2 in Homo sapiens (Yelnik & Percheron, 1979). Visually, the STN is a densely vascularised structure (Whittier & Mettler, 1949a;[START_REF] Chang | The fine structure of the rat subthalamic nucleus: an electron microscopic study[END_REF]. The ventromedial part of the nucleus has a higher cell density when observed with Nissl or NeuN1 colorations (Yelnik & Percheron, 1979;[START_REF] Hardman | Comparison of the basal ganglia in rats, marmosets, macaques, baboons, and humans: Volume and neuronal number for the output, internal relay, and striatal modulating nuclei[END_REF][START_REF] Levesque | GABAergic interneurons in human subthalamic nucleus[END_REF]. A similar difference is also found between the lateral and medial STN when looking at calcium-binding proteins. The ventromedial tip of the STN contains neurons stained for calretinin in the squirrel monkey (Saimiri scureus) and Homo [START_REF] Fortin | Calretinin as a marker of specific neuronal subsets in primate substantia nigra and subthalamic nucleus[END_REF][START_REF] Augood | Localization of calcium-binding proteins and GABA transporter (GAT-1) messenger RNA in the human subthalamic nucleus[END_REF], whereas dorsolateral neurons are immunopositive for parvalbumin [START_REF] Augood | Localization of calcium-binding proteins and GABA transporter (GAT-1) messenger RNA in the human subthalamic nucleus[END_REF][START_REF] Levesque | GABAergic interneurons in human subthalamic nucleus[END_REF]. A similar organisation of calcium-binding proteins is found in the other basal ganglia and is thought to reflect the functional topography of the system. Parvalbumin would be dominant in motor territories, Calbindin in associative and Calretinin in limbic territories (Francois et al., 1994b;[START_REF] Karachi | Threedimensional cartography of functional territories in the human striatopallidal complex by using calbindin immunoreactivity[END_REF]Yelnik et al., 2007).

From an evolutionary standpoint, the STN is a conserved structure. It is present throughout the vertebrate phylum from lampreys [START_REF] Stephenson-Jones | Evolution of the basal ganglia: dual-output pathways conserved throughout vertebrate phylogeny[END_REF] to birds [START_REF] Jiao | Identification of the Anterior Nucleus of the Ansa Lenticularis in Birds as the Homolog of the Mammalian Subthalamic Nucleus[END_REF] and mammals (see also [START_REF] Parent | Comparative Neurobiology of the Basal Ganglia[END_REF][START_REF] Hardman | Comparison of the basal ganglia in rats, marmosets, macaques, baboons, and humans: Volume and neuronal number for the output, internal relay, and striatal modulating nuclei[END_REF]. Nonetheless, its volume expands exponentially, from 0.8 mm 3 in rats (Rattus norvegicus) to 34 mm 3 in Macaca to 240 mm 3 in Homo [START_REF] Hardman | Comparison of the basal ganglia in rats, marmosets, macaques, baboons, and humans: Volume and neuronal number for the output, internal relay, and striatal modulating nuclei[END_REF]. The decrease in the proportion of parvalbuminpositive neurons to total number of neurons in humans compared to rats [START_REF] Hardman | Comparison of the basal ganglia in rats, marmosets, macaques, baboons, and humans: Volume and neuronal number for the output, internal relay, and striatal modulating nuclei[END_REF] suggests that the increase is driven primarily by the limbic and/or associative subsector.

Cytology

The STN is, cytoarchitectonically, an extremely dense structure. Neurons are as numerous as i the GPi o "N , although the "TN s olu e is u h smaller [START_REF] Hardman | Comparison of the basal ganglia in rats, marmosets, macaques, baboons, and humans: Volume and neuronal number for the output, internal relay, and striatal modulating nuclei[END_REF]. The neuropil is also extremely dense, dominated by thinly myelinated fibres and thin dendrites [START_REF] Chang | The fine structure of the rat subthalamic nucleus: an electron microscopic study[END_REF]. Neurons are closely group by three or four, with no interposed glial sheet (Yelnik & Percheron, 1979;[START_REF] Chang | The fine structure of the rat subthalamic nucleus: an electron microscopic study[END_REF]. Membrane appositions between somadendrite, dendrite-dendrite and dendrite-initial axon are also found. The main neuronal population is made of the glutamatergic projection cells [START_REF] Smith | Neurons of the subthalamic nucleus in primates display glutamate but not GABA immunoreactivity[END_REF]. The existence of a second, small population of GABAergic interneurons is the subject of debate because of contradictory morphological, neurochemical and electrophysiological findings but now seems to be established [START_REF] Levesque | GABAergic interneurons in human subthalamic nucleus[END_REF].

Principal cells

Principal cells of the STN are Golgi Type I neurons. Their somata are fusiform, oriented along the main axis of the nucleus and measure 35-40 µm long and ~10 µm wide {Rafols, 1976 #2254} (Yelnik & Percheron, 1979). While [START_REF] Rafols | The neurons in the primate subthalamic nucleus: a Golgi and electron microscopic study[END_REF] had suggested there might be two types of principal neurons, radiating and elongated fusiform, Yelnik (1979) demonstrated through the use of 3D reconstructions that the aspect of the soma was mainly dependent on the angle of sections. Principal neurons have on average 6 dendritic stems that then divide to give approximately 20 dendritic tips. These dendrites are very thin, 4µm at the stem to less than 1µm at the tips, and notably thinner than in thalamic or nigral neurons, making it easy to distinguish them. They are also, very long, especially with regards to the size of the STN. In cats (Felis felis), as well as different primates (Papio, Macaca, Homo), the dendritic field is of an ovoid shape, long of 350-400µm, and covers ½ (Felis) to 1 / 9 (Homo) of the STN (Figure 7). The longest dendrites measure 750-780µm but never reach outside of the "TN s o de s. I deed, the de d iti fields of neurons at the edge of the STN shy away from the border and appear like a normal field, truncated by the border [START_REF] Rafols | The neurons in the primate subthalamic nucleus: a Golgi and electron microscopic study[END_REF][START_REF] Iwahori | A Golgi study on the subthalamic nucleus of the cat[END_REF]Yelnik & Percheron, 1979)(Figure 8). The only area where dendrites are seen to reach outside of the nucleus, in Macaca, is in an area immediately caudal to the mammillary bodies, dorsal to the substantia nigra [START_REF] Rafols | The neurons in the primate subthalamic nucleus: a Golgi and electron microscopic study[END_REF] but deemed by the authors not to be part of the lateral hypothalamic area. One can wonder whether such a region might be the same as the one drawn by Déjerine who extends the medial STN nearly to the midline (Dejerine, 1901). STN neurons of the dog (Canis lupus familiaris) appear to have a similar shape and organisation but have not been described in detail [START_REF] Leontovich | The Specificity of the Neuronal Structure and Topography of the Reticular Formation in the Brain and Spinal Cord of Carnivora[END_REF]. (Yelnik & Percheron, 1979) In opposition, principal neurons in Rattus norvegicus, while having the same morphology (fusiform somata 25x10µm, dendritic length of 400µm, ovoid dendritic field), do not respect the "TN s ou da ies. I deed, de d ites, e e f o e t all lo ated eurons, are seen to extend into the cerebral peduncle, the zona incerta, the substantia nigra and the lateral hypothalamic area. One can even find somata outside the nucleus, embedded within the fibres of the cerebral peduncle or of field H2 [START_REF] Chang | The fine structure of the rat subthalamic nucleus: an electron microscopic study[END_REF][START_REF] Hammond | Intracellular labelling of rat subthalamic neurones with horseradish peroxidase: computer analysis of dendrites and characterization of axon arborization[END_REF]Afsharpour, 1985a). Axons are difficult to stain in Golgi and electron microscopy studies. The axon hillock stems most often from the soma but can also stem from a proximal dendrites [START_REF] Rafols | The neurons in the primate subthalamic nucleus: a Golgi and electron microscopic study[END_REF]Yelnik & Percheron, 1979;[START_REF] Chang | The fine structure of the rat subthalamic nucleus: an electron microscopic study[END_REF]. The initial portion is thin, for the first 50µm, but thickens (beginning of myelination?) before leaving the nucleus. The axons appear to lea e the "TN the sho test a . That is, a o s f o edial eu o s lea e f o the medial aspect of the nucleus, into the Field H2 (lenticular fasciculus) and H/H3 (ansa lenticularis); whereas axons from lateral neurons cross directly into the internal capsule/cerebral peduncle, towards the pallidal complex. About half of the axons bifurcate within the vicinity of the nucleus, the branches going in opposite directions: medial vs lateral, rostral vs caudal. The existence of axon collaterals seems anecdotic as only one occurrence has been described in Felis [START_REF] Iwahori | A Golgi study on the subthalamic nucleus of the cat[END_REF] and none in other species [START_REF] Leontovich | The Specificity of the Neuronal Structure and Topography of the Reticular Formation in the Brain and Spinal Cord of Carnivora[END_REF]Yelnik & Percheron, 1979). Thus, it appears that the morphology of STN neurons is conserved across species; however, the organisation of the dendritic field with respect to the STN in its entirety is extremely different in rats compared to carnivorous and primate species, as it can extend far outside the nucleus. This may have strong implications for the functional specificity of the STN and its role in physiology, and will be discussed in Chapter I:3.

Interneurons

After 30 years of controversy, it appears that the existence of a small population of interneurons in the STN has been demonstrated. The first argument towards their existence was made by [START_REF] Rafols | The neurons in the primate subthalamic nucleus: a Golgi and electron microscopic study[END_REF] looking at Golgi preparations. He isolated a small population of neurons, based on smaller (12-18µm), round somata, tortuous dendrites, the presence of de d iti appe dages, the la k of a lea a o a d the p ese e of a o -like processes o distal dendrites. Their number was reportedly small but no exact proportion was given. These results were contradicted by subsequent Golgi studies in rodents, primates and cats [START_REF] Iwahori | A Golgi study on the subthalamic nucleus of the cat[END_REF]Yelnik & Percheron, 1979;Afsharpour, 1985a;[START_REF] Pearson | Subclassification of neurons in the subthalamic nucleus of the lesser bushbaby (Galago senegalensis): a quantitative Golgi study using principal components analysis[END_REF] which identified only one population of STN, based on both visual inspection and unimodal distributions of parameters such as somatic size, dendritic length and branching index neurons {with the exception of 1 neuron in \Yelnik, 1979 #33;Pearson, 1979Pearson, #1494, albeit diffe e t f o 'afols }. Whe e a i i g 'afols esults i o e detail, o e a ote that the somatic size of the so-called interneurons is roughly similar to that of principal neurons in a coronal section (Yelnik & Percheron, 1979), and that the dendritic field also stems from about 4 dendritic stems to take an ovoid, bipolar shape. [START_REF] Iwahori | A Golgi study on the subthalamic nucleus of the cat[END_REF] described neurons in the cat that had similar dendritic appendages as those described by Rafols, but considered them as a subset of principal neurons. The main difference between interneurons and principal neurons would then be due to the lack of an axon a d the e iste e of the a olike p o esses . Ho e e , a o s of p i ipal eu o s ha e ee des i ed the othe authors as being notoriously difficult to stain in Golgi preparation. More convincingly, Yelnik (1979) and [START_REF] Pearson | Subclassification of neurons in the subthalamic nucleus of the lesser bushbaby (Galago senegalensis): a quantitative Golgi study using principal components analysis[END_REF] each described one small round cell with a small, rather isotropic dendritic field; however, its rarity (1/191 human neurons in Yelnik & Percheron, 1979), if not a methodological artefact, questions the functional significance of such a cell type (Figure 9.A). A. Morphology of one of the rare small neurons observed in Golgi preparations. Adapted from (Yelnik & Percheron, 1979). B & C. Different stains of interneurons from [START_REF] Levesque | GABAergic interneurons in human subthalamic nucleus[END_REF]. B. The cell on the right is stained for GAD, the enzyme used to synthesise GABA (blue). It is also stained for NeuN (brown), demonstrating the neuronal nature of the cell. The neuron on the right is not stained for GAD and is one of the principal neurons. C. Interneurons (GAD, red) The definitive demonstration of interneurons was made possible by the advent of immunohistochemistry techniques. [START_REF] Nisbet | Glutamate decarboxylase-67 messenger RNA expression in normal human basal ganglia and in Parkinson's disease[END_REF] was the first to show the existence of GAD-65 positive cells in the human STN 1 . The neuronal nature of these cells was confirmed by a double stain with NeuN [START_REF] Levesque | GABAergic interneurons in human subthalamic nucleus[END_REF])(Figure 9.B&C). The latter study demonstrates elegantly the existence of numerous GABAergic interneurons (10% of neurons observed, estimated at ~17 000) intermingled with the principal cells. These cells are, as expected, much smaller than the principal cells and have an isotropic dendritic field. Moreover, this study demonstrates that only principal cells are parvalbumin or calretinin positive.

Afferences

Axonal afferents to the STN are organised orthogonally to the dendritic fields [START_REF] Iwahori | A Golgi study on the subthalamic nucleus of the cat[END_REF]Yelnik & Percheron, 1979) and form two types of synapses. The first type of synapse is asymmetrical and includes often two post-synaptic elements; it is generally made with thin (i.e. distal) dendrites. The second type is symmetrical. It is often coupled with adherent junctions (but no gap junctions), has large vesicles and contains several active zones. This organisation would correspond to that of the two main afferents to the STN: the frontal cortex and the GPe, excitatory and inhibitory [START_REF] Chang | The fine structure of the rat subthalamic nucleus: an electron microscopic study[END_REF]. The pallidal input is, historically, the first one to have been described with any consistency through the use of various fibre degeneration methods {for review, see \Whittier, 1979\Whittier, #2296;;Wilson, 1914 #3779}; however, it is only with the apparition of axonal transport methods that the topography of this projection was dissected. Whereas the VP was found to project to the medial border of the STN, extending into the lateral hypothalamic area (Figure 10, left), the GPe projection occupies most of the STN (Figure 10, right) [START_REF] Carpenter | Interconnections and organization of pallidal and subthalamic nucleus neurons in the monkey[END_REF]Haber et al., 1993;Bevan et al., 1997). Within GPe projections, it appears that the more ventral and medial regions of the GPe axons terminate in the rostral and medial STN, while dorsal and lateral GPe axons terminate in the caudal and lateral STN [START_REF] Canteras | Afferent connections of the subthalamic nucleus: a combined retrograde and anterograde horseradish peroxidase study in the rat[END_REF]Percheron et al., 1991). The implications for a functional topography were rough at first: the VP projection defined a limbic sector clearly, but the bulk of the STN was included in an indistinct motor and associative GPe projection. A more detailed topography came to light when these results were compared to the topography of the cortical projection (Afsharpour, 1985b) and were confirmed with combined anterograde and retrograde injections in the pallidum (Karachi et al., 2005). At the cellular level, the pallidal axons synapse primarily onto the soma or proximal dendrites of the STN principal cells {Bevan, 1995#2298;Romansky, 1980Romansky, #2300;;Bevan, 1997 #32;Moriizumi, 1978, forming a basket innervation of the said perikarya (Shink et al., 1996;Bevan et al., 1997;[START_REF] Levesque | GABAergic interneurons in human subthalamic nucleus[END_REF]. VP axons would appear to synapse more onto dendrites than GPe ones (Bevan et al., 1997). Most of the pallidal synapses are type II as defined by Chang {, 1986 #2248}. The axonal boutons are large, the synapse is symmetrical, may be reinforced by local puncta adherentia and it often contains multiple active zones {Moriizumi, 1978{Moriizumi, #2301;;Shink, 1996 #14;Bevan, 1997 #32}. However, some asymmetrical synapses (usually considered to be excitatory) have also been reported {Moriizumi, 1978 #2301}. Bevan (1997) also reported asymmetrical GABAergic synapses but did not discuss their origin, while Shink (1996) believes them to be axon collaterals of STN neurons. In addition, electron microscopy studies have demonstrated the convergence of VP and GPe axons onto single STN neurons (Shink et al., 1996;Bevan et al., 1997), confirming the observation of overlapping projections at a more macroscopic level. A similar convergence is observed for cortical afferents {Bevan, 1995 #2298;Moriizumi, 1978 #2301}; however, unlike the GPe afference, cortical terminals synapse onto small -presumably distal -dendrites and dendritic spines [START_REF] Bevan | The glutamate-enriched cortical and thalamic input to neurons in the subthalamic nucleus of the rat: convergence with GABApositive terminals[END_REF]{Bevan, #2298;;Moriizumi, 1978Moriizumi, #2301;;Romansky, 1979 Although cortical projections to the STN have been included only recently in basal ganglia functional models (Nambu et al., 2002), their existence has been suggested since the 1940s based on fibre degeneration following prefrontal lesions in humans and hemispheric ablation in monkeys (Dejerine, 1901;Nisino, 1940;Meyer et al., 1947). Once again, it is with the advent of anterograde axonal tracing techniques that the organisation of this h pe di e t path a has ee dissected. Although, in rats and cats, it appears that the entire frontal lobe projects to the STN in an organised, topographic manner (Afsharpour, 1985b;[START_REF] Miyata | Interconnections between the subthalamic nucleus and the cerebral cortex of the cat[END_REF][START_REF] Canteras | Afferent connections of the subthalamic nucleus: a combined retrograde and anterograde horseradish peroxidase study in the rat[END_REF], only a projection from the primary motor cortex (BA 4, somatotopic), premotor areas (BA 6, BA 8 and cingulate motor area), and caudal BA 9 have been demonstrated in the primate (Kunzle & Akert, 1977;Hartmann-von Monakow et al., 1978;Kunzle, 1978;[START_REF] Huerta | Frontal eye field as defined by intracortical microstimulation in squirrel monkeys, owl monkeys, and macaque monkeys: I. Subcortical connections[END_REF]Nambu et al., 1996;[START_REF] Takada | Organization of inputs from cingulate motor areas to basal ganglia in macaque monkey[END_REF](Figure 11). These regions, as in other species, project in an organised (left) and premotor (right) projections to the STN, illustrated at three different rostro-caudal levels (top to bottom). One will note that the medial part of the STN is devoid of any cortical projections. Adapted from (Hartmann-von Monakow et al., 1978). manner to the STN. Motor projections are the most dorsal, lateral and caudal, premotor projections are ventral and medial to it, and the projections from areas 8 and 9 are even more ventral and medial. Of note, only these specific frontal areas were seen to project to the STN in the monkey (and not others like BA 46), and the rostral pole and medial tip of the STN have always been described as clear of any cortical projection (Hartmann-von Monakow et al., 1978). Given the existence of prefrontal, limbic projections to the tip of the STN in both rodents and felines, and potential methodological issues with the longer axonal transport in monkeys, we hypothesise the existence of prefrontal projections to the STN to complement the input from the VP to its medial half. Also, the layout of the known cortical terminals in the STN in relation to the orientation of the dendritic field suggests that there is a measure of overlap between cortical projection fields but this has not been studied as it was for the pallidum. Interestingly, studies in rats (Afsharpour, 1985b) as well as in monkeys (Hartmann-von Monakow et al., 1978) have failed to find any projection from the parietal lobe (except for a small portion of S1 in the rodent but S1 and M1 are not as clearly segregated in rodents as in primates). If the frontal lobe is to be considered, summarily, as the location of executive functions, the STN might then serve to assert this executive control on the rest of the basal ganglia, and on the information that has flown from the entire cortex through the striatum. This notion will be developed in Chapter II:. In addition to the cortex, the STN receives a glutamatergic input from the centre médian and parafascicular nuclei of the thalamus (CmPf). This projection has been consistently reported across species [START_REF] Sugimoto | Direct projections from the centre median-parafascicular complex to the subthalamic nucleus in the cat and rat[END_REF][START_REF] Canteras | Afferent connections of the subthalamic nucleus: a combined retrograde and anterograde horseradish peroxidase study in the rat[END_REF][START_REF] Bevan | The glutamate-enriched cortical and thalamic input to neurons in the subthalamic nucleus of the rat: convergence with GABApositive terminals[END_REF] and seems to originate from a different population than the thalamostriatal projection [START_REF] Feger | The projections from the parafascicular thalamic nucleus to the subthalamic nucleus and the striatum arise from separate neuronal populations: a comparison with the corticostriatal and corticosubthalamic efferents in a retrograde fluorescent double-labelling study[END_REF]. Axons from the CmPf descend ventrally, through the fields of Forel and the ZI to encapsulate the STN. The projection is topographic [START_REF] Marini | Descending projections arising from the parafascicular nucleus in rats: trajectory of fibers, projection pattern and mapping of terminations[END_REF][START_REF] Lanciego | Thalamic innervation of striatal and subthalamic neurons projecting to the rat entopeduncular nucleus[END_REF]. Axons from the medial CmPf enter mainly the medial third of the STN where they make en passant synapses as well as short collaterals with en-passant and terminal varicosities. Some, but few, also terminate laterally in the rostral sections. Conversely, axons from the lateral CmPf enter mainly the lateral two thirds of the STN where they terminate, making a few synapses in the medial rostral part. [START_REF] Lanciego | Thalamic innervation of striatal and subthalamic neurons projecting to the rat entopeduncular nucleus[END_REF]. The synapses are asymmetrical, like those from the cortex; however, the postsynaptic elements tend to be larger, dendritic shafts more often than spines [START_REF] Sugimoto | Direct projections from the centre median-parafascicular complex to the subthalamic nucleus in the cat and rat[END_REF][START_REF] Bevan | The glutamate-enriched cortical and thalamic input to neurons in the subthalamic nucleus of the rat: convergence with GABApositive terminals[END_REF]. A putative function has yet to be ascribed to this connection. The STN is, finally, the target of most neuromodulating systems (Figure 12). precisely from its pars compacta, which contains most cholinergic cells [START_REF] Canteras | Afferent connections of the subthalamic nucleus: a combined retrograde and anterograde horseradish peroxidase study in the rat[END_REF][START_REF] Stephenson-Jones | Evolution of the basal ganglia: dual-output pathways conserved throughout vertebrate phylogeny[END_REF]. Like the CmPf afference, they form mainly asymmetrical synapses on the dendritic shaft, but symmetrical synapses have also been observed {Moriizumi, 1978 #2301}. Retrograde axonal transport studies have also shown the presence of labelled cells in the dorsal raphe nucleus after injections in the STN, thereby suggesting the existence of a serotoninergic projection [START_REF] Canteras | Afferent connections of the subthalamic nucleus: a combined retrograde and anterograde horseradish peroxidase study in the rat[END_REF], and confirmed by the existence of SERT1 positive varicosities in the STN in monkeys and humans [START_REF] Parent | Serotonin innervation of basal ganglia in monkeys and humans[END_REF]. Serotoninergic fibres course dorsal from the raphe nucleus, into the hypothalamus from which a fascicle splits off towards the STN. Once inside the STN, axonal varicosities are seen either in asymmetrical synapses with dendritic spines and small distal dendrites or outside of any synapse, suggesting local as well as diffuse neurotransmission [START_REF] Parent | Serotonin innervation of basal ganglia in monkeys and humans[END_REF]. In addition, a greater number of varicosities are seen in the medial than in the lateral part of the nucleus. This could be a simple consequence of the increased cell density in the medial STN or an increased innervation of each neuron. The functionality of these synapses has been demonstrated with the recording of spontaneous serotonin release in the STN by voltammetry [START_REF] Cragg | Synaptic release of dopamine in the subthalamic nucleus[END_REF] The existence of a dopaminergic projection has been strongly established in all three species. Fibres positive for tyrosine-hydroxylase (TH)2 are seen to flow around the STN in the rat [START_REF] Cragg | Synaptic release of dopamine in the subthalamic nucleus[END_REF], monkey [START_REF] Francois | Dopaminergic innervation of the subthalamic nucleus in the normal state, in MPTP-treated monkeys, and in Parkinson's disease patients[END_REF] and human [START_REF] Hedreen | Tyrosine hydroxylase-immunoreactive elements in the human globus pallidus and subthalamic nucleus[END_REF][START_REF] Augood | Localization of dopaminergic markers in the human subthalamic nucleus[END_REF] (see also Meibach & Katzman, 1979, in the cat), probably belonging to the mesostriatal pathway. From these bundles emerge a number of thin fibres that disperse throughout the STN and display multiple varicosities which make mainly symmetrical synapses with distal dendrites [START_REF] Cragg | Synaptic release of dopamine in the subthalamic nucleus[END_REF]. As TH is also involved in the synthesis of norepinephrine, the dopaminergic quality of those fibres has been assessed in different ways. [START_REF] Francois | Dopaminergic innervation of the subthalamic nucleus in the normal state, in MPTP-treated monkeys, and in Parkinson's disease patients[END_REF] used retrograde injections in the STN and anterograde injections in dopaminergic areas A8 and A9 combined with TH staining to demonstrate that A8 and A9 populations project to the STN with TH positive axons. As A8 and A9 are not known to contain norepinephrine neurons, this confirms the dopaminergic nature of the projection. Interestingly, whereas A8 cells (retrorubral field) project to the entire STN, the A9 group (substantia nigra pars compacta) seems to project predominantly to the rostromedial STN. These cell groups also project to the pallidum but tend to be different from those projecting to the striatum [START_REF] Hassani | Evidence for a dopaminergic innervation of the subthalamic nucleus in the rat[END_REF][START_REF] Gauthier | The axonal arborization of single nigrostriatal neurons in rats[END_REF]. Complementarily, [START_REF] Cragg | Synaptic release of dopamine in the subthalamic nucleus[END_REF] o pa ed the patte of TH stai i g to that of dopa i e β h d o lase, the e z e spe ifi to o epi eph i e s thesis. TH fi es a e u h o e u e ous tha dopa i e β hydroxylase fibres. Furthermore, the distribution of basic synaptic properties between the two is different. The majority of TH-positive axons appear to make symmetrical synapses ith s all de d ites, he eas dopa i e β h d o lase-positive axons appear to make only asymmetrical synapses with thicker dendrites. Thus, the majority of TH fibres which make s et i al s apses a e dopa i e gi . I a e e t, dopa i e β h d o lase-positive axons are present; thereby establishing the existence of a weak noradrenergic input to the STN. Additional elements supporting the dopaminergic innervation are: recorded dopamine release in the STN [START_REF] Cragg | Synaptic release of dopamine in the subthalamic nucleus[END_REF], presence of DAT mRNA (dopamine transporter) [START_REF] Flores | Expression of dopamine receptors in the subthalamic nucleus of the rat: characterization using reverse transcriptase-polymerase chain reaction and autoradiography[END_REF][START_REF] Cragg | Synaptic release of dopamine in the subthalamic nucleus[END_REF] and the physiological effect of dopamine agonists and a tago ists o the "TN s a ti it [START_REF] Rommelfanger | Extrastriatal dopaminergic circuits of the Basal Ganglia[END_REF]. Nonetheless, which types of receptors are involved and where they are located is subject to controversy.

As few sensitive and specific antibodies are available, studies have focused mainly on autoradiographic revelation of tritiated ligands specific of each subtype of receptor, and on in-situ hybridisation of the corresponding mRNA. These methods produce contradictory results depending on technique and species. Binding to D1 and D2-like (D2 D3 D4) receptors has been consistently demonstrated in rats [START_REF] Boyson | Quantitative autoradiographic localization of the D1 and D2 subtypes of dopamine receptors in rat brain[END_REF]Bouthenet et al.;[START_REF] Dawson | The D1 dopamine receptor in the rat brain: quantitative autoradiographic localization using an iodinated ligand[END_REF][START_REF] Johnson | Characterization of dopamine receptor binding sites in the subthalamic nucleus[END_REF][START_REF] Flores | Expression of dopamine receptors in the subthalamic nucleus of the rat: characterization using reverse transcriptase-polymerase chain reaction and autoradiography[END_REF]; although no D1 binding was found by Johnson and no D2 by Boyson . D1, D2 and D3 binding have been considered too weak to be significant in humans [START_REF] Augood | Localization of dopaminergic markers in the human subthalamic nucleus[END_REF]. The difference may be due to species difference but also to the quality of the brain tissue harvested in humans post-mortem. Anatomical studies on the post-synaptic presence of those receptors have not been very convincing. RT-PCR (reverse transcriptase-polymerase chain reaction) demonstrates the presence of D1, D2 & D3 mRNAs [START_REF] Flores | Expression of dopamine receptors in the subthalamic nucleus of the rat: characterization using reverse transcriptase-polymerase chain reaction and autoradiography[END_REF] but in situ hybridisation is inconsistent (Bouthenet et al.;[START_REF] Svenningsson | Dopamine D1/5 receptor stimulation induces c-fos expression in the subthalamic nucleus: possible involvement of local D5 receptors[END_REF]. Once again, no mRNAs have been found in humans. Concerning D4 receptors, only one study reports binding but without mRNA, suggesting a presynaptic location [START_REF] Flores | Expression of dopamine receptors in the subthalamic nucleus of the rat: characterization using reverse transcriptase-polymerase chain reaction and autoradiography[END_REF]. D5 expression was shown postsynaptically in rat and monkey through immunocytochemistry techniques [START_REF] Ciliax | Dopamine D(5) receptor immunolocalization in rat and monkey brain[END_REF] and hybridisation [START_REF] Svenningsson | Dopamine D1/5 receptor stimulation induces c-fos expression in the subthalamic nucleus: possible involvement of local D5 receptors[END_REF] but not ligand binding {Ciliax, 2002 #2357}. It is only with cellular electrophysiology that, in rats and monkeys, the presence of pre-and postsynaptic D2 receptors as well as postsynaptic D1 and D5 receptors has been confirmed (Bevan et al., 2006).

Efferences

Axons of principal neurons often leave from the closest edge of the STN to form one or two branches. The rostral branches gather around the lateral edge of the nucleus and cross to the audal pole of the GPi i palisades appea i g to a p the fa i of the i te al apsule (Whittier & Mettler, 1949a;[START_REF] Nauta | Efferent projections of the subthalamic nucleus: an autoradiographic study in monkey and cat[END_REF]. The projection to the pallidal complex is one of the first to have been described. Constantin von Monakow reported in 1909 [START_REF] Monakow | Der rote Kern, die Haube und die Regio hypothalamica hei eingen Saugetieren und beim Menschen[END_REF] that the STN degenerated after experimental lesions to the pallidum, in line with dozens of other observations made at the turn of the 20 th century (for review, see Whittier & Mettler, 1949a). [START_REF] Nauta | Efferent projections of the subthalamic nucleus: an autoradiographic study in monkey and cat[END_REF] was the first to use axonal transport to replicate degeneration results in the monkey. STN axons were shown to ascend rostrally through the pallidal complex, forming complex arborisations and terminals. STN axons make a dense plexus organised in bands parallel to the external, internal and accessory medullary laminae (Figure 13) [START_REF] Nauta | Efferent projections of the subthalamic nucleus: an autoradiographic study in monkey and cat[END_REF][START_REF] Smith | Efferent projections of the subthalamic nucleus in the squirrel monkey as studied by the PHA-L anterograde tracing method[END_REF]Hazrati & Parent, 1992b). As axons course further rostrally, the bands seen first in the GPi move to surround the internal lamina before shifting to the GPe and the external lamina. A contingent of axons continues forward to invade the striatum where they make a much more diffuse arborisation whether in bands (putamen) or not (caudate nucleus) [START_REF] Nauta | Efferent projections of the subthalamic nucleus: an autoradiographic study in monkey and cat[END_REF][START_REF] Smith | Efferent projections of the subthalamic nucleus in the squirrel monkey as studied by the PHA-L anterograde tracing method[END_REF][START_REF] Koshimizu | Quantitative analysis of axon bouton distribution of subthalamic nucleus neurons in the rat by single neuron visualization with a viral vector[END_REF]. Some authors report that branches continue into the external capsule before being lost [START_REF] Nauta | Efferent projections of the subthalamic nucleus: an autoradiographic study in monkey and cat[END_REF].

The caudal branch of STN axons either penetrates directly into the substantia nigra or collects into the fibre stratum dividing the two and then plunges in. Terminal arborisations are organised in patches and not bands and, while they are located in both the SNr and SNc, they appear to avoid the columns of TH stained cells1 (Figure 14) [START_REF] Nauta | Efferent projections of the subthalamic nucleus: an autoradiographic study in monkey and cat[END_REF][START_REF] Sato | Axonal branching pattern of neurons of the subthalamic nucleus in primates[END_REF]. Sometimes, the axons continue caudally and dorsally, out of the SN, towards the mesencephalic reticular formation (Whittier & Mettler; Kita & Kitai), the retrorubral field and the pedunculo-pontine nucleus [START_REF] Marburg | Vergleichend-anatomische Studien über den Nucleus hypothalamicus[END_REF][START_REF] Papez | Reciprocal connections of the striatum and pallidum in the brain of Pithecus (Macacus) rhesus[END_REF]Whittier & Mettler, 1949a;[START_REF] Nauta | Efferent projections of the subthalamic nucleus: an autoradiographic study in monkey and cat[END_REF]Kita & Kitai, 1987;[START_REF] Koshimizu | Quantitative analysis of axon bouton distribution of subthalamic nucleus neurons in the rat by single neuron visualization with a viral vector[END_REF]. Some authors even describe a projection to the pontine reticular formation and the central grey/periaqueductal grey matter (Kita & Kitai, 1987;[START_REF] Smith | Efferent projections of the subthalamic nucleus in the squirrel monkey as studied by the PHA-L anterograde tracing method[END_REF]). It appears, that the caudal branch makes many less synaptic boutons than the rostral one (in the rat, [START_REF] Koshimizu | Quantitative analysis of axon bouton distribution of subthalamic nucleus neurons in the rat by single neuron visualization with a viral vector[END_REF]. The exact proportion of neurons that bifurcate is debated. Whereas rodent studies have found that the majority do (Van Der Kooy & Hattori; [START_REF] Chang | The fine structure of the rat subthalamic nucleus: an electron microscopic study[END_REF][START_REF] Koshimizu | Quantitative analysis of axon bouton distribution of subthalamic nucleus neurons in the rat by single neuron visualization with a viral vector[END_REF], primate studies are more ambiguous (Yelnik & Percheron, 1979;[START_REF] Parent | Organization of efferent projections of the subthalamic nucleus in the squirrel monkey as revealed by retrograde labeling methods[END_REF][START_REF] Sato | Axonal branching pattern of neurons of the subthalamic nucleus in primates[END_REF]. In addition, a few particular neurons have also been described as emitting a single rostral branch which, after arborizing in either the GP or the EP, retraced their steps to terminate in the SN {single neuron tracing study, \Koshimizu, 1979 #2373}. This species difference could be due to methodological issues. Indeed, one of the branching studies in primates looked for double retrograde labelling after injections in the GP and SN [START_REF] Smith | Efferent projections of the subthalamic nucleus in the squirrel monkey as studied by the PHA-L anterograde tracing method[END_REF]) [START_REF] Parent | Organization of efferent projections of the subthalamic nucleus in the squirrel monkey as revealed by retrograde labeling methods[END_REF]. These injections might have targeted nigral and pallidal populations that do not receive the same STN input. In addition, Sato and colleagues (2000) describe in their single neuron tracing study that tracer uptake was notably less good in the caudal branch of neurons for which a bifurcation could be seen. On the other hand, the morphological analysis performed on Golgi material tends to indicate that most axons bifurcate (Yelnik & Percheron, 1979). Given the longer axons in the monkey, the various authors may also have missed the few axons doubling back from the GP to the substantia nigra. The STN projection is topographic, in both branches. The nigral projection has a simple, conserved medio-lateral topography. The pallidal projection, on the other hand, appears more complex. Axons to the pallidal complex run diagonally, becoming more dorsal as they move more rostral. Thus, the axons from the medial, rostral and ventral STN which course rostral to the others, terminate medially and rostrally, but also dorsally to those from the lateral and caudal STN. The former are also seen to terminate in the ventral pallidum; however, the plexus take the shape of patches rather than bands, in probable consequence of the heterogeneous organisation of that structure [START_REF] Nauta | Efferent projections of the subthalamic nucleus: an autoradiographic study in monkey and cat[END_REF][START_REF] Carpenter | Interconnections and organization of pallidal and subthalamic nucleus neurons in the monkey[END_REF][START_REF] Koshimizu | Quantitative analysis of axon bouton distribution of subthalamic nucleus neurons in the rat by single neuron visualization with a viral vector[END_REF] At an ultrastructural level, the plexus are made of a dense perisomatic meshwork of axons displaying numerous varicosities and boutons en passant or boutons terminaux. Contact is made the most often with the perikarya or dendritic shafts, with a thick post-synaptic density (Kita & Kitai, 1987;[START_REF] Smith | Efferent projections of the subthalamic nucleus in the squirrel monkey as studied by the PHA-L anterograde tracing method[END_REF]Hazrati & Parent, 1992b;[START_REF] Koshimizu | Quantitative analysis of axon bouton distribution of subthalamic nucleus neurons in the rat by single neuron visualization with a viral vector[END_REF]. In the rat, the boutons are big, from 1 to 3µm, contain abundant pleiomorphic vesicles and a few mitochondria suggesting an intense activity (Kita & Kitai, 1987) and colocalise with the transporter VGLUT2 confirming the glutamatergic nature of those terminals [START_REF] Koshimizu | Quantitative analysis of axon bouton distribution of subthalamic nucleus neurons in the rat by single neuron visualization with a viral vector[END_REF]. In the monkey (Hazrati & Parent, 1992b), the varicosities are seen to increase in size as they synapse closer to the soma and are generally larger in the GPi than the GPe. Very interestingly, this arborisation pattern is complementary to the striatal arborisation pattern in the pallidum. Indeed, striatal fibres are seen to sheath the pallidal dendrites over long distances, making numerous synapses to give them the appearance of woolly fibres (Hazrati & Parent, 1992b;a). This is, however, less prominent in the ventral pallidum (Hazrati & Parent, 1992a). In addition to these efferences, the literature has begun to question the unidirectionality of the cortico-subthalamic connection. Indeed, where [START_REF] Nauta | Efferent projections of the subthalamic nucleus: an autoradiographic study in monkey and cat[END_REF] described a small proportion of fibres continuing beyond the striatum into the internal capsule, Koshimizu and colleagues (2013) have followed a few axons to M1, the primary motor cortex. In addition, Miyata and colleagues, having placed injections of retrograde tracers in various frontal areas of the cat, reported the presence of labelled cells in the STN [START_REF] Miyata | Interconnections between the subthalamic nucleus and the cerebral cortex of the cat[END_REF]. *** immediately descend into the SN. While they may cross through parts of the SNc, they consistently avoid the dopaminergic neurons (DA neurons). One will also note ho the a h to the GP fo s palisades as it osses the internal capsule. Adapted from [START_REF] Nauta | Efferent projections of the subthalamic nucleus: an autoradiographic study in monkey and cat[END_REF].

The STN is a small nucleus which has a key role amongst the basal ganglia, been the only glutamatergic structure. It is has a topographic organisation which is finely established by its cortical inputs and supported by its interconnection with the pallidum. Ventromedial territories, merging into the lateral hypothalamus, are connected to limbic structures whereas the dorsolateral territories are motor. Histologically, a number of gradients can be observed that match this topography: cells are more numerous but smaller in the ventromedial half and are stained by calretinin rather than parvalbumin. This ventromedial section also appears to receive a greater serotoninergic input from the dorsal raphe. However, this apparent difference could just be compensating for the increased number of cells, in which case the seemingly homogeneous cholinergic innervation would show a bias for motor areas. At the cellular level, the dendritic fields of principal neurons are oriented along the main axis of the nucleus, crossing multiple functional territories, and thus provide an opportunity for the integration of multiple information flows. Cortical inputs target the distal dendrites and dendritic spines, pallidal axons form synapses with the soma and dendritic shafts, while the weaker projection from CmPf and the various neuro-modulating systems appear to terminate somewhere in between. Axons from the STN most often bifurcate into two branches, a rostral one which travels upwards through the GPi, GPe, to the striatum and perhaps to the cortex, and a caudal one stopping in the substantia nigra en route for the pedunculopontine nucleus and other brainstem structures. At this point, I would like to ask the reader to bear in mind the following points:

-The e t o edial, li i "TN is a ato i all ot e ti el si ila to the est of the nucleus, being open onto the lateral hypothalamic area and denser in neurons. -The cortico-subthalamic projection has only been demonstrated from motor and premotor cortical areas in monkey. In addition, the convergence of these cortical inputs has yet to be studied. -The rodent STN receives inputs only from the frontal lobe unlike the striatum which is innervated by the whole cortex. -STN axons synapse with the soma and proximal dendrites of the GPe, GPi and SNr, unlike striatal axons which sheath the distal dendrites. -Reciprocally, GPe axons synapse onto the soma and proximal dendrites of STN neurons. 

Methodological considerations

Of interspecies differences

Our review of the literature emphasises a number of anatomical differences between species, mainly between rodents and primates. The resolution of such differences may have a strong impact on the transferability of functional observations made in one species to the others.

Fi st, e ill o side the s alle size of the ode t "TN i elatio to "TN eu o s de d iti fields, a d its o ga isatio as a ope u leus he othe spe ies displa losed u leus characteristics (i.e. dendrites not extending outside the capsule of the nucleus) (Yelnik & Percheron, 1979;[START_REF] Hammond | Intracellular labelling of rat subthalamic neurones with horseradish peroxidase: computer analysis of dendrites and characterization of axon arborization[END_REF]. The origin of this may, hypothetically, be found in development and evolution. Subthalamic neurons appear early in the hypothalamus [START_REF] Jiao | Identification of the Anterior Nucleus of the Ansa Lenticularis in Birds as the Homolog of the Mammalian Subthalamic Nucleus[END_REF] and seem to be closely related to neurons from the mammillary group [START_REF] Marchand | Histogenesis of the subthalamic nucleus[END_REF]. In anamniotes, these neurons do not migrate and remain as a scattered cell group within the confines of the vague lateral hypothalamic area. In mammals, and probably other amniotes, the subthalamic neurons soon migrate laterally and dorsally, into the fibres of the proto-internal capsule/cerebral peduncle under the control of one specific gene: Pitx2 [START_REF] Martin | PITX2 is required for normal development of neurons in the mouse subthalamic nucleus and midbrain[END_REF][START_REF] Skidmore | Cre fate mapping reveals lineage specific defects in neuronal migration with loss of Pitx2 function in the developing mouse hypothalamus and subthalamic nucleus[END_REF].

Based on this, one can identify several, non-exclusive, mechanisms to explain the different appearance of the rodent STN. First, the shorter gestation period may limit the lateral migration of subthalamic neurons and, consequently, their encapsulation in white matter tract. Second, the greater number of neurons in the STN of higher order species might simply provide a bigger mass to penetrate the white matter and be encapsulated. Indeed, one must not forget that the STN in all species retains a ope e t o edial tip.

Additionally, one may consider that because of the expansion of cortex in cats and primates, there is a subsequent increase in the number of axons descending in the internal capsule/cerebral peduncle as well as towards the hypothalamus. This may provide a thicker white matter sheath to bound STN dendrites laterally and ventrally. A similar argument may be made about the increased sizes of STN and GP and the ansa lenticularis for the dorsal sheath. The increase of myelination in white matter tracts concurrent with the increase in brain size [START_REF] Wang | Functional Trade-Offs in White Matter Axonal Scaling[END_REF] might amplify this phenomenon.

What are the implications of this difference?

The rat STN is much smaller than its primate counterpart. Given the great development of association cortices in primates, we will assume that the difference in size comes mainly from a matching increase of the STN (and generally basal ganglia) associative areas. Roughly, the STN of the rat would be reduced to a limbic and a motor division, with little association area between. The STN limbic areas are open in all species so there is no anatomical basis for different functions. In the dorsolateral STN, the fu tio al i pa t of ope ess depe ds o the range of additional inputs to the transgressing dendrites. Dendrites reaching dorsally may reach into the ventral zona incerta. This is also a motor zone (Mitrofanis, 2005) and should not affect the general function of motor STN; however, the zona incerta also receives subcortical motor inputs, from the spinal cord, cerebellum and other brainstem nuclei (Mitrofanis, 2005). The efo e, the o t ol of the oto "TN s a ti it is e tai l i flue ed, if not controlled, by lower order motor regions in rodents unlike cats and primates. STN dendrites that reach laterally or ventrally are not as numerous. These end mainly in the internal capsule or the cerebral peduncle and may be of little functional significance.

The efo e, it is u e tai that the ope ess of the "TN i ats ould ha e a outsta di g consequence on its function. In any event, this should be of less effect than the changes in cortical size and the complexity of cortico-subthalamic inputs.

On the other hand, we believe that the great increase in size of the STN in primates may be important, not because it would change the function of the nucleus but because it may strongly influence the result of lesion, stimulation, or even recording studies and their transfer to other species. First the nucleus of rat is smaller, thus lesions or stimulations will necessarily affect a wider set of basal ganglia channels. Second, neurons in higher order a als spa fe e fu tio al te ito ies a d ha e a ess to a o e a o a ge of information. This has certainly the potential to produce qualitative differences in cell recordings. Cells might, for example, express less multimodality. We do not think, however, that there is less convergence but rather that the convergence accommodates a much more complex and refined set of information, inexistent in the rodent.

Other rodent-primate inconsistencies are found in the extent of cortical regions giving rise to a cortico-subthalamic projection and the types of dopamine receptors expressed in the STN. These are, in our opinion, methodological issues. We will skim briefly over the dopamine receptor issue by saying that studies in the primate are few and old, not taking into account the existence of D4 and D5 receptors and suffer from the lack of good species-specific antibodies. The difference in the cortico-subthalamic projection is crucial, if monkeys were to have only motor and premotor projections to the STN, the latter, by way of a different connectivity, would be computing different operations on motor and non-motor information. However, this seems unlikely given the simple structure of the STN and the otherwise extremely well conserved basal ganglia circuit. Thus, the interspecies discrepancy might be due to a difference in tracing sensitivity.

Overall, we believe that the anatomical differences between the STN of rodents and the STN of other mammals are unlikely to affect the basic computation that is applied by the STN to its inputs. However, as described above, the expansion the brain may affect the convergence of information throughout the basal ganglia loops, pushing the limbic information ever further from the motor output.

Connectivity studies in anatomy

Modern studies of connectivity are based on the axoplasmic transport of locally injected molecules, the tracers. Tracers can be either anterograde, retrograde or bidirectional.

Anterograde tracers are taken up by the soma of neurons around the injection site. They are the t a spo ted do the a o , to a ds its te i atio the ell s to otoskeleto (Figure 16.A&B). Conversely, retrograde tracers are taken up in the terminals and transported back to the soma (Figure 16.C&D). Bidirectional tracers have both properties. Thus, retrograde tracers allow o e to stud a st u tu e s i put a d a te og ade t a e s a st u tu e s output. Classi t a e s i lude heat ge aggluti i WGA, et og ade ,

Tritiated aminoacids (AA, anterograde), Phaseolus vulgaris leucoagglutinin (Pha-L, anterograde), fluorogold (FG), fluororuby (FR), fluorescein (FS) and lucifer yellow (LY, all bidirectional) [START_REF] Lasek | Evaluation of a radioautographic neuroanatomical tracing method[END_REF][START_REF] Gerfen | An anterograde neuroanatomical tracing method that shows the detailed morphology of neurons, their axons and terminals: immunohistochemical localization of an axonally transported plant lectin, Phaseolus vulgaris leucoagglutinin (PHA-L)[END_REF]1985;[START_REF] Schmued | Fluoro-Gold: a new fluorescent retrograde axonal tracer with numerous unique properties[END_REF]. These are injected into the targeted structures during a stereotactic neurosurgical intervention. The animal is placed in recovery for a variable amount of time, which depends on the speed of uptake and axonal transport 1 . During a second neurosurgical intervention, monkeys are perfused intracardially with saline and a formalin/sucrose solution to fix the tissues. The brain is harvested and tracer deposits are visualised by immunohistochemistry techniques, using either chromophores or fluorophores 2 . These methods also allow one to demonstrate convergent inputs to a structure. If two or more anterograde injections are made, they can be revealed in adjacent sections and compared using tissue landmarks, or revealed in the same sections with different fluorophores (double immunofluorescence) and compared directly. One can then investigate 1 Usually two weeks in the monkey 2 An exception is the use of tritiated amino-acids (although it is now discontinued). These amino-acids are normal aminoacids in which the hydrogen atoms have been replaced with tritium. They are used by the cell bodies as normal amino-acids would be in proteosynthesis. Labelled proteins are then revealed by autoradiographic techniques. Most of the proteosynthesis in neurons is considered to have a synaptic destination, explaining why this tracing method is considered to be mainly anterograde (Haber et al., 2006;[START_REF] Fassier | Microtubule-targeting drugs rescue axonal swellings in cortical neurons from spastin knockout mice[END_REF]. When one combines models of each case into a single 3D space, this helps not only to understand the 3D topography of projections to any given structure, but also to get an impression of the quantity of overlap between terminal fields in relation to structure sizes.

Although these techniques are the gold standard for anatomic tract-tracing, they still have a number of limitations. The first is linked to nature of axoplasmic transport: it is relatively slow and can take a few weeks to get to the end of long axons (e.g. cortico-spinal tracts but also cortico-midbrain tracts). If one factors in individual variations, the time between surgery and killing can have a strong influence on what is observed under the microscope and the number of false negatives. Other issues may stem from the differences in tissue quality, quality of the antibodies, of the immunohistochemistry process et … As a ule, te h i al issues will most often lead to false negatives. The main cause of false positives is the uptake of tracers by zones along the needle track or around the target of the injection1 . This can be controlled in three different ways. First, by comparing the results from multiple animals with an injection in the same location. Second, by comparing the results to injections in the potentially contaminating areas. Third, by comparing results to the same injection made with other tracers. These limits may explain why the cortico-subthalamic pathway has only been demonstrated from motor and premotor areas in primates. Prefrontal areas have been the object of few investigations, not allowing one to exclude a false negative. Moreover, the greater distance between the prefrontal cortex and the STN, compared to rats, puts primate studies at a disadvantage. Finally, the connection has not been explored with modern tracers.

Thus, the first objective of this thesis was to establish the existence of a cortico-subthalamic pathway from the entire frontal lobe in Macaca through the use of anterograde tracers injected at various locations in the frontal lobe. In addition, a study of its topography was conducted in order to confirm the existence of functional gradient and overlaps.

How to access connectivity in humans?

Anatomical tract-tracing using axoplasmic transport is impossible for evident ethical reasons: it requires a scheduled killing of the subject after the injection. The post-mortem study of fibre dege e atio afte li i al lesio s i fa t, hae o hage, tu o , e te al t au et … is a possibility that was exploited during the early 20 th century and gave the first indications of a frontal-subthalamic connection (Nisino, 1940;Meyer et al., 1947). However, it remains that the degeneration is intrinsically a pathological process, which is precisely why axoplasmic transport, which uses physiological functions was advocated [START_REF] Lasek | Evaluation of a radioautographic neuroanatomical tracing method[END_REF]. In addition, the access to post-mortem brain tissue is difficult, and the access to post-mortem brain tissue in good condition nearly impossible. Also, pathological lesions are often not well circumscribed and prevent one from performing fine topographical analyses.

Our understanding of the connections in the human brain comes from a comparative anatomy argument. One considers that if a connection exists in the monkey, it probably exists in Man. If it also exists in the rat, a much more distant species, the conservation from rat to monkey more or less guarantees its existence in Man. Nonetheless, this argument does not answer the question of connections in Man not found in the monkey or how common connections may yet use different pathways. The latter is of little significance for functional models but of great interests to clinicians assessing which networks a lesion or a surgery might affect.

A promising tool is diffusion magnetic resonance imaging (dMRI), and tractography, the method to analyse these images. Although this technique has not yet received full anatomical validation, it brings interesting information provided one keeps the inherent limits in mind.

Diffusion MRI

Water molecules in a free environment have a Brownian movement. This movement is random and causes water molecules to diffuse equally in every direction. This is called isotropic diffusion (Figure 17.A). In a constrained environment, water molecules may be impeded in their movement by a number of obstacles (e.g. cell membranes, extracellular matrix). If the arrangement of these obstacles is random itself, the diffusion of water molecules will remain isotropic; however, because of the hindrance, the apparent diffusion coefficient is smaller than true diffusion (Figure 17.B). In an organised environment, the obstacles provide non-random disturbances to the diffusion of the water molecules. Diffusion is spatially constrained and becomes anisotropic, with one or more favoured directions (Figure 17.C). In the case of the white matter, the assumption is made (see below for discussion) that the main constraint on water diffusion is created by the cell membranes of axons (along with the myelin sheath). The preferred diffusion direction is then considered to be parallel to the orientation of the axon [START_REF] Alexander | Deterministic White Matter Tractography[END_REF][START_REF] Le Bihan | Magnetic Resonance Diffusion Imaging: Introduction and Concepts[END_REF].

These diffusivity properties are the basis of diffusion MRI. Schematically, one adds a magnetic gradient to a standard MRI acquisition sequence, along direction d. Therefore, the magnetic properties of the water molecule at position i is affected by a transformation T d,i , while the molecule in j is affected by a different transformation T d,j . The subsequent reading si pl looks at ho ole ules ith p ope ties T d,i and T d,j have moved since the impulsions, resulting in a diffusion vector v d . The trick is then to repeat the operation along multiple directions to estimate the 3D diffusion coefficient at any point. The more directions one samples, the better the estimate is going to be. This is called angular resolution. The acquisition can also be repeated with different gradient strengths to improve sensitivity to different speeds of diffusion but is not usual (Le Bihan, 2010). There are different ways of estimating the diffusion coefficient from the measures. The standard and fastest method is to calculate the diffusion tensor at each voxel. The tensor models the entire set of diffusion vectors by three orthogonal vectors representing principal, intermediate and minor diffusion directions (Figure 17.D). The resulting image is called a diffusion tensor image (DTI), although the name DTI is often used for diffusion MRI as a whole. Other methods such as q-ball imaging provide much more complex continuous 3D estimates of the diffusion coefficient. While theoretically more precise, these methods require high angular-resolution images, much greater calculating power and might be more sensitive to noise in the data [START_REF] Basser | Anisotropic Diffusion: From the Apparent Diffusion Coefficient to the Apparent Diffusion Tensor[END_REF][START_REF] Le Bihan | Magnetic Resonance Diffusion Imaging: Introduction and Concepts[END_REF].

Tractography

Tractography is an attempt at creating a representation of white matter tracts. It is based on the diffusion tensor at each voxel (or other models of water diffusion) (Figure 18.A). The driving assumption is that the principal vector at each voxel is tangent to the orientation of fibres in the voxel, and different algorithms have been developed to follow this tensor from one voxel to the next to reconstruct fibre tracts (Figure 18.B&C). This so-called streamlining approach is deterministic tractography. It does not take into account the error inherent to the tensor, to the tracking algorithms which include some stochastic processes, and to the noise in the data [START_REF] Alexander | Deterministic White Matter Tractography[END_REF]. Probabilistic tractography is designed to take into account these uncertainties insofar as it is possible, and to provide a probability distribution of each tract rather than the best estimate. To do so, probabilistic tracking uses the probability distribution function of orientation at each point rather than the principal method. The impact of these probabilities on the tract is then measured using Monte-Carlo simulation on the streamlines [START_REF] Parker | Probabilistic Fiber Tracking[END_REF].

While, visually, probabilistic tractography appears to give a good representation of each white matter bundle [START_REF] Hansen | Diffusion tensor microscopy in human nervous tissue with quantitative correlation based on direct histological comparison[END_REF], its accuracy in finding anatomically plausible point to point connections has not been firmly established. Indeed, the paucity of the literature comparing this method to neuroanatomical tracing techniques is glaring. To confirm tractography results and identify contention points, one needs to oppose them to axonal tracing in the same species, if not the same individual. In the case of non-human primate models, one may then consider extending these results to humans. The exact trajectories will be different but one can assume that the relative positions of bundles will be conserved (Jbabdi et al., 2013). Given the unique anatomical and MRI properties of each pathway, it appears necessary to validate the tractography connections one by one. Within species validation has been performed for frontal-thalamic and frontal striatal pathways [START_REF] Dyrby | Validation of in vitro probabilistic tractography[END_REF]Gao et al., 2013), and for the main outputs of the orbito-frontal cortex (Jbabdi et al., 2013).

In light of the recent interest for the STN, a few authors have attempted to track the corticosu thala i o e tio i hu a s a d o elate its st e gth to a ious pa a ete s. O l one study discussed the anatomical validity of the paths taken between motor cortex and STN, admitting that there were a number of false positives (e.g. a tract going through the idli e a d alo g the e t al o de of the e t i le ; ho e e , a u e of the sig ifi a t connections are never mentioned in primate or rodent literature and were not requalified (Brunenberg et al., 2012). The other studies place much more emphasis on their behavioural results and do not discuss at all the anatomical validity of their tracking (Aron et al., 2007;[START_REF] Forstmann | Cortico-striatal connections predict control over speed and accuracy in perceptual decision making[END_REF]Forstmann et al., 2012). The connectivity maps seeded in the STN appear plausible in both cases but there is no information to be found on precise connections, not to mention on their mutual positions.

It is unfortunate as the mapping of the hyperdirect pathway in humans is of great clinical importance. Indeed, a number of studies have suggested that the effects of deep brain sti ulatio i the "TN fo Pa ki so s disease (Benabid et al., 1994;Welter et al., 2014) or obsessive-compulsive disorder (Mallet et al., 2002;Mallet et al., 2008) may be the result of antidromic actions on the cortex (Haslinger et al., 2005;Haegelen et al., 2010;Le Jeune et al., 2010a;Le Jeune et al., 2010b). Thus, a detailed mapping of the corticosubthalamic bundles in the immediate vicinity of the STN would allow one to know exactly which fibres may be affected. In addition, the effects of capsular stimulation in obsessive-compulsive disorder (Greenberg et al., 2010) might be due to the stimulation of the very same fibres.

The second objective of my thesis was, therefore, to map the pathway taken by corticosubthalamic axons from each frontal area in Macaca using anterograde tracers, to extract the rules governing the trajectory of each bundle, independently and in relation to each other, to study the consistency of probabilistic tractography in Macaca, and to apply our observations to probabilistic tracking in Homo.

Function Chapter II:

The first foray into the function of the basal ganglia, and especially of the STN, was made by neurologists. Indeed, the lesion of the STN, whether in clinical or experimental settings, produces hemiballismus (Whittier & Mettler, 1949b;[START_REF] Carpenter | Analysis of somatotropic relations of the corpus luysi in man and monkey; relation between the site of dyskinesia and distribution of lesions within the subthalamic nucleus[END_REF]Carpenter, 1955;[START_REF] Trillet | Hemiballismus with logorrhea and thymo-affective disinhibition caused by hematoma of the left subthalamic nucleus[END_REF]. This interest heightened when partial lesions or highfrequency stimulation were demonstrated to improve Parkinsonian symptoms [START_REF] Bergman | Reversal of experimental parkinsonism by lesions of the subthalamic nucleus[END_REF]Benabid et al., 1994;[START_REF] Limousin | Effect of parkinsonian signs and symptoms of bilateral subthalamic nucleus stimulation[END_REF][START_REF] Limousin | Electrical stimulation of the subthalamic nucleus in advanced Parkinson's disease[END_REF]. Naturally, the basal ganglia took on the role of regulator of motor output, and the STN was attributed the role of temporal regulator (Mink, 1996;Nambu et al., 2002;[START_REF] Grillner | Mechanisms for selection of basic motor programsroles for the striatum and pallidum[END_REF]. However, we will review here how these models fail to take into account an important part of the anatomical and functional literature. Subsequently, we will discuss the potentially unifying decision-making model, brought by computational studies.

Motor selection

Recordings in the SNr demonstrated early on that the inhibition of the latter's activity induced a burst of activity in the superior colliculus which preceded the onset of saccades (Handel & Glimcher, 2000;[START_REF] Sato | Role of Primate Substantia Nigra Pars Reticulata in Reward-Oriented Saccadic Eye Movement[END_REF][START_REF] Bayer | Eye position and memory saccade related responses in substantia nigra pars reticulata[END_REF]. Similar effects were observed in the GPi before limb movements [START_REF] Georgopoulos | Relations between parameters of step-tracking movements and single cell discharge in the globus pallidus and subthalamic nucleus of the behaving monkey[END_REF]Mink & Thach, 1991b;[START_REF] Gdowski | Context dependency in the globus pallidus internal segment during targeted arm movements[END_REF][START_REF] Turner | Context-dependent modulation of movement-related discharge in the primate globus pallidus[END_REF]. In addition, the coding of motor programs by cell populations in the striatum was known [START_REF] Schultz | Neuronal activity in the monkey striatum during the initiation of movements[END_REF][START_REF] Kimura | Behaviorally contingent property of movement-related activity of the primate putamen[END_REF][START_REF] Romo | ROLE OF PRIMATE BASAL GANGLIA AND FRONTAL-CORTEX IN THE INTERNAL GENERATION OF MOVEMENTS .2. MOVEMENT-RELATED ACTIVITY IN THE ANTERIOR STRIATUM[END_REF][START_REF] Kermadi | Activity in the caudate nucleus of monkey during spatial sequencing[END_REF][START_REF] Hikosaka | Role of the Basal Ganglia in the Control of Purposive Saccadic Eye Movements[END_REF]. Accordingly, it was considered that the basal ganglia, at rest, exert a tonic inhibition on downstream motor structures (superior colliculus, mesencephalic locomotor formation, VA/VL nuclei of the thala us . The odel that as su se ue tl de eloped opposed a di e t st iato-SNr/GPi Figure 19. Motor Selection A: Mink's conception opposing a focused direct pathway which activates a specific program (centre column), while the supposedly diffuse indirect pathway inhibits competing programs (outer circle). Adapted from (Mink, 1996). B: Nambu's model. Adds a temporal dimension to Mink's model. The hyperdirect pathway acts first to inhibit all programs, acting as a kind of system reboot. The direct pathway activates one specific program which is then ended by the indirect pathway. Adapted from (Nambu et al., 2002).

pathway which promoted movement by disinhibiting downstream structures, and an i di e t path a , ia the GPe and STN, which added to the inhibition of downstream structures [START_REF] Chevalier | Disinhibition as a basic process in the expression of striatal functions[END_REF]. The balance achieved between the two was hypothesised to adjust the amplitude or other physical characteristics of the movement (Albin et al., 1989b). Thereafter, Mink (1996) proposed that the role of the subthalamopallidal connection was rather to inhibit competing motor programs (Figure 19.A). His hypothesis was based on the postulate that the STN has a globally divergent projection to the pallidum, although we have seen that this connection follows the topography present throughout the basal ganglia (Chapter I:2.4. ) [START_REF] Baufreton | Sparse but selective and potent synaptic transmission from the globus pallidus to the subthalamic nucleus[END_REF]. In addition, none of these odels took i to a ou t that the i di e t path a is t i-synaptic and that, o se ue tl , its sig al ea hes the GPi/"N late tha th ough the di e t path a , too late to suppress competing programs. Independently, it was demonstrated that a direct electrical stimulation of the cortex (primary motor, frontal eye fields, or prefrontal) elicits a tri-phasic response in STN neurons: two peaks of excitation, separated by a return to baseline or an inhibition [START_REF] Giuffrida | Influences of pyramidal tract on the subthalamic nucleus in the cat[END_REF][START_REF] Fujimoto | Response characteristics of subthalamic neurons to the stimulation of the sensorimotor cortex in the rat[END_REF][START_REF] Maurice | Relationships between the Prefrontal Cortex and the Basal Ganglia in the Rat: Physiology of the Corticosubthalamic Circuits[END_REF][START_REF] Janssen | Subthalamic neuronal responses to cortical stimulation[END_REF]. A number of STN neurons reproduce this behaviour before limb movement [START_REF] Cheruel | Activity of neurons of the subthalamic nucleus in relation to motor performance in the cat[END_REF][START_REF] Kempf | Premovement activities in the subthalamic area of patients with Parkinson's disease and their dependence on task[END_REF] or saccade (Matsumura et al., 1992), prompting these authors to consider that the basal ganglia participate to the initiation of movement and not its control. In line, Nambu (2002) suggested that the role of the STN is to regulate the timing of information flow along the di e t path a . The o ti o-STN-GPi h pe di e t path a ould eset the oto system to an all-out inhibition before each motor selectio . The di e t path a ould e p ess the p og a , a d the i di e t path a ould te i ate it (Figure 19.B). This model, although tempting, is not entirely supported by the data. Indeed, very few have described a matching tri-phasic activity in the SNr, although there appears to be some evidence in the GPi. In addition, lesions of the striatum provoke a decrease of the second excitation, but also an increase in the duration of the inhibition. This suggests that the middle inhibition in GPi neurons is due to a cortico-STN-GPe pathway rather than to the i di e t o e [START_REF] Maurice | Relationships between the Prefrontal Cortex and the Basal Ganglia in the Rat: Physiology of the Corticosubthalamic Circuits[END_REF]. Finally, as mentioned by Nambu himself, neither the GPe-GPi nor the STN-striatum connections are taken into account. What model, then, to des i e the asal ga glia s ole i oto output? It seems clear from electrophysiological that the release of inhibition by the SNr/GPi allows the initiation of movement, but is it, as Albin (1989b) had initially suggested, involved in the control of movement itself? What has been omitted until now is that the neurons of the SNr are not depressed for each and every eye saccade. All studies clearly report that saccaderelated activity in the SNr is related only to task-relevant saccades (Handel & Glimcher, 2000;[START_REF] Sato | Role of Primate Substantia Nigra Pars Reticulata in Reward-Oriented Saccadic Eye Movement[END_REF][START_REF] Bayer | Eye position and memory saccade related responses in substantia nigra pars reticulata[END_REF], and more cells are recruited to code for the most relevant saccade (i.e. to the target) than the least (i.e. return to fixation) (Handel & Glimcher, 2000), as well as for the most rewarded [START_REF] Sato | Role of Primate Substantia Nigra Pars Reticulata in Reward-Oriented Saccadic Eye Movement[END_REF][START_REF] Bayer | Eye position and memory saccade related responses in substantia nigra pars reticulata[END_REF]. In addition, cell activity is not correlated to physical parameters of the movement, such as velocity, angle or amplitude. Movement-related activities in the pallidum [START_REF] Georgopoulos | Relations between parameters of step-tracking movements and single cell discharge in the globus pallidus and subthalamic nucleus of the behaving monkey[END_REF][START_REF] Mitchell | The primate globus pallidus: neuronal activity related to direction of movement[END_REF][START_REF] Turner | Pallidal Discharge Related to the Kinematics of Reaching Movements in Two Dimensions[END_REF] are modulated by task settings in a similar manner (Mink & Thach, 1991b;a;[START_REF] Turner | Context-dependent modulation of movement-related discharge in the primate globus pallidus[END_REF]. A si ila ki d of ele a e-d i e a ti it a e o se ed i the "TN. "a ade-related neurons also respond only to saccades performed during a task, for the task; however, they can respond either way. Fixation-related neurons are excited during the whole duration of fixations mandated by the task. Neurons responding to visual events have in their majority a receptor field for the task-relevant target area and are insensitive to distractors introduced elsewhere. Finally, all these neurons also have preferential activity for rewarded stimuli (Matsumura et al., 1992). A first hypothesis is that the basal ganglia are only involved in the control of voluntary, goal directed behaviour. However, there is ample evidence to support procedural learning and habitual behaviour in the basal ganglia (cf. Chapter II:5. ). A second hypothesis is that, in the context of a task, the individual is confronted to a limited number, but competing, motor. The role of the basal ganglia would then be to authorise or deny these pre-potent programs. One will notice the likeness to 'edg a e s (1999) conception of the basal ganglia as a circuit which selects amongst programs vying for a limited resource. If the basal ganglia control the initiation of movement and if a dip in STN activity releases motor activity, one could conclude that the STN controls the timing of movement, in line with the temporal regulation described by Nambu. Thus, impulsivity, which is an inappropriate timing of behaviour, might count the STN amongst its physiological substrates. Furthermore, impulsi it i plies that the e e ists a ight ti e to e e ute to the a tio ; therefore, it excludes exploratory behaviours and is limited to task settings or at least precise goal-directed behaviours.

From Motor inhibition to behavioural planning

The increased impulsivity in parkinsonian patients stimulated in the STN (e.g. Frank et al., 2007) and in STN-lesioned rats (e. g. Baunez et al., 2001) suggests that the STN has a role in context-dependent, temporal regulation of voluntary behaviour. This was formalised by Frank (2006), a o gst othe s, ut his lassi hold ou ho ses see s to e idel misconstrued as a manifestation of pure inhibitory control.

Response Inhibition, or switching?

Decisions and their execution are always separated by a time lapse during which the conditions may change and require the abortion of the initiated response to switch to another (e.g. Resulaj et al., 2009). Response inhibition is, thus, critical in enabling us to adapt our behaviour to the environment in the smoothest manner [START_REF] Verbruggen | Response inhibition in the stop-signal paradigm[END_REF]. Gi e the "TN s i ol e e t i i pulsi it a d the ti i g of eha iou , a u e of autho s have placed it at the heart of an inhibition network. To study this hypothesis, most have used the stop-signal task [START_REF] Logan | On the ability to inhibit simple and choice reaction time responses: a model and a method[END_REF] 1 either while recording or while stimulating the STN of parkinsonian patients. The stoppi g et o k has ee des i ed as a o ti o-subcortical pathway involving the inferior frontal gyrus and the pre-supplementary motor area and, to some extent, the STN {e.g., Mattia, 2012 #2515} [START_REF] Aron | Cortical and subcortical contributions to Stop signal response inhibition: role of the subthalamic nucleus[END_REF]Aron et al., 2007;Eagle & Baunez, 2010). Using functional MRI, [START_REF] Aron | Cortical and subcortical contributions to Stop signal response inhibition: role of the subthalamic nucleus[END_REF]2007) described an increase of the BOLD signal in the STN in successful stop trials; however, the activation actually seems to be in the VL nucleus of the thalamus more than anywhere else. [START_REF] Li | Subcortical processes of motor response inhibition during a stop signal task[END_REF] provides anatomically more convincing evidence and also more subtle. The authors demonstrated a greater activation of the STN in failed stop trials compared to successful error trials, and in successful stop trials compared to go trials. In addition, the subthalamic region was activated preferentially in trials with long stop-signal reaction times. On the other hand, the success of stop trials was linked to the BOLD signal in the striatum. According to the authors, the STN would, therefore, be involved in the processing of the stop signal whereas the rest of the basal ganglia would be involved in its execution. Local field potentials (LFP) recorded in the STN provide access to the temporal course of activities and their relation to the task at hand. It appears that changes in the oscillatory spectrum are of more importance than phasic responses (evoked potentials). Indeed, a decrease in the power of β oscillations is consistently observed several hundred milliseconds before response in go trials and seems to be predictive of reaction time [START_REF] Kuhn | Event-related beta desynchronization in human subthalamic nucleus correlates with motor performance[END_REF][START_REF] Ray | The role of the subthalamic nucleus in response inhibition: Evidence from local field potential recordings in the human subthalamic nucleus[END_REF]. In stop trials, this decrease is immediately followed by an increase, and the success of the inhibition appears to be dependent on the amplitude of this secondary increase (Figure 20) [START_REF] Ray | The role of the subthalamic nucleus in response inhibition: Evidence from local field potential recordings in the human subthalamic nucleus[END_REF]. In a stop-signal task, the STN's activity is inhibited for go trials (bold line). This activity rebounds after the stop signal, more so for successful stops (thin line) than failed stops (dashed line) suggesting that the STN is involved in the release and stopping of movement. Local field potentials in Parkinsonian patients. Adapted from [START_REF] Ray | The role of the subthalamic nucleus in response inhibition: Evidence from local field potential recordings in the human subthalamic nucleus[END_REF].

That the STN exerts an inhibitory control on motor output is undeniable, that its sole function is to stop an action based on inputs from the prefrontal cortex is reductive. First, it does not take into account that an inhibitory role is reported only for long latency stops; nor does it explains why effects are found in countermanding tasks [START_REF] Li | Subcortical processes of motor response inhibition during a stop signal task[END_REF][START_REF] Neubert | Cortical and subcortical interactions during action reprogramming and their related white matter pathways[END_REF] but not in the simple motor inhibition required of a go-no go task (van den [START_REF] Van Den Wildenberg | Stimulation of the Subthalamic Region Facilitates the Selection and Inhibition of Motor Responses in Parkinson's Disease[END_REF]. Also, the countermanding paradigm might be inappropriate for the purpose at hand. Indeed, although this paradigm is used to study a role of the STN in stopping, the stop signal may also be considered as a switch signal, indicating to shift from a reaching behaviour to a static behaviour. The latter hypothesis has never been tested per se, but is coherent with the switching-related activity of the STN [START_REF] Anzak | A gamma band specific role of the subthalamic nucleus in s it hi g du i g e al flue tasks i Pa ki so s disease[END_REF] and the other observations describedhereafter.

Different types of Impulsivity

In rats, the lesion of the STN produces not only a shortening of reaction times but also an increase in premature responses in a reaction time task (akin to a simple GO motor paradigm in humans). STN-lesioned rats are generally unable to wait for the signal to release the lever (Baunez et al., 1995). In a similar fashion, the electrical stimulation of the STN in parkinsonian patients interferes with their ability to do rhythmic finger tapping at intervals of over 5 s [START_REF] Wojtecki | Modulation of Human Time Processing by Subthalamic Deep Brain Stimulation[END_REF]. However, motor functions do not appear to be affected. Thus, the STN seems to regulate action impulsivity 1 (Baunez et al., 1995). In complex tasks, the lesion of the STN produces an increase in perseverative behaviours and a matching reduction of spontaneous switching behaviour (Baunez & Robbins, 1997;Baunez et al., 2001). Consequently, the STN seems involved in the selection of the appropriate behaviour rather than in the regulation of its execution, and would thereby affect reflection impulsivity rather than action impulsivity (as defined by [START_REF] Evenden | Varieties of impulsivity[END_REF][START_REF] Dalley | Impulsivity, Compulsivity, and Top-Down Cognitive Control[END_REF]. This type of impulsivity is characterised by an inadequate sampling of evidence before choice, and, indeed, lesioned rats do not take full advantage of predictive cues to make their choices 1 Evenden Evenden, J.L. (1999) Varieties of impulsivity. Psychopharmacology (Berl), 146, 348-361. has identified three types of impulsivity:

-Action or motor impulsivity: Failure of motor inhibition -Reflection impulsivity: deciding too fast, not taking enough time to sample all the evidence available -Choice impulsivity: preferring immediate outcomes over delayed ones (Baunez et al., 2001). On the other hand, in a delay-discounting task1 , STN-lesions reduce choice impulsivity; that is, rats become better at waiting for larger reward (Winstanley et al., 2005). Whethe su h a effe t is i deed a i p o e e t of the at s ase eha iou a e discussed. Indeed, foraging theory describes how optimal exploratory behaviour involves the ability to switch to a new goal, as waiting too long for a large reward may be detrimental to the acquisition of the largest total reward [START_REF] Stephens | The adaptive value of preference for immediacy: when shortsighted rules have farsighted consequences[END_REF][START_REF] Stephens | Discrimination, discounting and impulsivity: a role for an informational constraint[END_REF]Hayden & Walton, 2014). Thus, the propensity of STN-lesioned rats for reduced choice impulsivity would be suboptimal and might reveal another facet of perseverative behaviour (as discussed by Winstanley et al., 2005). Overall, the STN appears to participate in the selection and timing of appropriate behaviour. STN-lesioned rats also make more omission errors (i.e. forget to answer) (Baunez & Robbins, 1997) and benefit less from advance information (Baunez et al., 2001). This is evocative of a disorder of attention. It could occur alongside, or upstream from, the behavioural selection deficits. The STN lesion might decrease attentional resources, thereby preventing the animal from acquiring the information necessary to an informed choice, resulting in the reflection i pulsi it . A othe optio , i li e ith 'edg a e s (1999) hypothesis, is that the lesion might disturb the proper allocation of attention, just as it seems to disturb proper action selection. Matsumura (1992) reported that STN neurons seem to fire only for task-relevant behaviours. More recently, Sauleau (2009a) de o st ated that the "TN s espo se to isual sti uli as li ited to eha iou all sig ifi a t o es. Co se ue tl , the "TN s lesio ight disrupt the encoding, or at least the transmission, of the behavioural context during the asal ga glia s a tio a d atte tio sele tio e ha is s. Therefore, one may consider that the STN has a role in the regulation of behaviour beyond motor control, in domains that involve complex action plans or the allocation of attention. More specifically, it seems to regulate according to context, and only those behavioural plans of particular significance regarding that context. A striking example can be found in local field potential (LFP) activities recorded during different motor verbal tasks [START_REF] Anzak | A gamma band specific role of the subthalamic nucleus in s it hi g du i g e al flue tasks i Pa ki so s disease[END_REF][START_REF] Mirabella | Stimulation of subthalamic nuclei restores a near normal planning strategy in Parkinson's patients[END_REF]. Verbal production during a verbal fluency task is preceded by increased oscillations and decreased β oscillations, whereas the same words said without ea i g i a o t ol oto task eli it o ha ges i the "TN s a ti it . Mo eo e , activity predicts switching when a word category has been exhausted, perhaps reflecting the change in contingencies and the need for a different verbal productions. Accordingly, the perseverative behaviour caused by STN lesions might reflect the inability to update the context representation according to which the STN regulates output. *** A global take on these various results reveals that the role of the basal ganglia, and particularly of the STN, extends beyond motor selection to the selection of complex behavioural plans, which include motor and non-motor components. Upstream from execution, the basal ganglia would choose between any two competing option. Specifically, this selection would require the STN to make the best use of available information (e.g. time, predictive cues) to filter behaviour initiated by the striatum. Building on these data and the architecture of the network, computational models have proposed a detailed mechanism of how the basal ganglia would be the optimal selector; giving a unified framework for most experimental evidence.

Decision-making in the basal ganglia

The selection problem

In the previous section, we have alluded to computational models of the basal ganglia that build upon the initial action-selection models and develop a seemingly all-inclusion decision framework. However, the literature on decision-making is already vast and is mostly focused o o ti al a eas. Thus, e ill fi st atte pt to defi e the s ope of the o ds de isio aki g . "e o d, e ill dis uss the data obtained on the parietal cortex and the i te tio al et o k i hi h a de isio o l e ists i tue of its e e utio . Thi d, data from studies on the prefrontal cortex will demonstrate a very different theoretical approach in which the selection of the goal is independent from the selection of the behaviour to attain it. Finally, we shall describe why adding the basal ganglia system at the end of the parietal or prefrontal circuits resolves a number of issues raised by the cortical literature

Anatomy of a decision

To make a decision, for most people, is to choose between two courses of action, whether immediate (e.g. eat another slice of cake or not) or long term (e.g. choose a job). Intuitively, one can consider this decision process as the accumulation of evidence supporting one or the other choice. Once evidence in favour of one option is sufficient, that option is implemented. One of the most successful description of that process is the drift-diffusion model. In this model the speed of evidence accumulation is called the drift rate 1 , and the level at which evidence is considered sufficient is called the decision threshold or decisionbound [START_REF] Baum | A sequential procedure for multihypothesis testing[END_REF][START_REF] Ratcliff | A diffusion model account of the lexical decision task[END_REF]Bogacz & Gurney, 2007). Once evidence passes the threshold, the option is selected (Figure 21). However, this selection can be changed online in light of new evidence if necessary (Resulaj et al., 2009). To most, once the goal is selected, its execution would be automatic, yet, arbitrations remain to be made. If one decides to eat another slice of the cake, then one needs to reach the said slice. One would usually rea h ith o e s p efe ed ha d ut if the latter happened to be holding a cup of tea, some alternative strategy would be needed. The behaviour is still subject to decisions and selections, however unconscious they may be. Ironically, in neuroscience, the te de isioaki g applies to both the selection of the goal as well as the selection of the behaviour to execute it. It also applies to a third field which is perceptual discrimination/ categorisation, value-based goal selection and action selection. Perceptual discrimination covers a range of arbitrations performed on sensory 1 Strictly speaking, it is the difference in evidence between the two options which is integrated over time. The speed at which evidence is accumulated is the drift rate (angle of the slope). An option is selected when the sum of evidence passes a predefined level (i.e. the decision bound or decision threshold).

inputs and designed to ascertain the presence or nature of environmental features [START_REF] Ding | The basal ganglia's contributions to perceptual decision making[END_REF]. These a e si ple : is the e ake o the ta le? o o e o ple : is the ake real, a picture or a play-doh model? Goal selection is self-explanatory and probably closest to the common acception of decision-making. Action selection is designed to select the most appropriate behavioural plan to attain the goal. Thus, these three processes might appear to be sequential. However, distinguishing between the three is difficult because our access to perceptual decisions and goal selections is conditioned to their behavioural selection. Neuroscience, by giving access to the neural signatures of the processes, may allow one to formulate falsifiable hypotheses about the underlying processes and test them (Padoa-Schioppa, 2011).

Parietal cortex and the intentional network

"o e o side de isio to happe i a i te tio al et o k {Gold, # } i hi h the decision (here perceptual) cannot be distinguished from its behavioural expression. Specifically, the regions coding for the evidence would also encode the preparation of the movement matching the evidence. This concept stems from recordings in the parietal cortex during perceptual decision tasks. The do i a t task i this field has ee the dot-otio task i hi h o ke s ha e to indicate the main direction of moving dots presented on-screen (Newsome et al., 1989;[START_REF] Gold | The neural basis of decision making[END_REF]. Neuronal populations in the lateral inferior parietal cortex (LIP) are shown to track the evidence in a favour of left or right dominant motion. When the activity of one of these populations reaches a certain level, the monkey responds with a saccade to the left or right. Mean firing rate of LIP neurons during a dot-motion task. At stimulus onset, the rate of increase in firing is proportional to the quality of the evidence (coherence levels). When aligned to the motor response, one observes that in all conditions the firing rate reaches the same maximum just before decision. This maximum would represent the decision threshold but how it is set is unknown. Adapted from [START_REF] Mazurek | A Role for Neural Integrators in Perceptual Decision Making[END_REF].

The firing rate of LIP neurons increases faster when the decision is easier. Moreover, once it reaches a certain level (which is not defined further), the monkey executes the saccade to give its choice (Figure 22). Thus, the variations in firing rate would code the drift rate. The level of activity attained before the saccade would be the decision threshold. In addition, when aligned to the motor response, the activity is predictive of the direction of the saccade (Figure 22). Therefore, it has been considered that the LIP was encoding at the same time the evidence and the preparation of the matching motor program [START_REF] Schall | Neural basis of deciding, choosing and acting[END_REF][START_REF] Shadlen | Neural basis of a perceptual decision in the parietal cortex (area LIP) of the rhesus monkey[END_REF]. There is a major methodological limit to these interpretations. The same system (visual/oculomotor) is used to access the stimulus and respond; moreover, the choice to movement mapping is held constant. Accordingly, the LIP activities could simply be reflecting the gradual preparation of motor execution independently from stimulus encoding [START_REF] Freedman | A proposed common neural mechanism for categorization and perceptual decisions[END_REF], as shown in other tasks [START_REF] Gaymard | The parietocollicular pathway: anatomical location and contribution to saccade generation[END_REF][START_REF] Johnston | Neurophysiology and neuroanatomy of reflexive and voluntary saccades in non-human primates[END_REF][START_REF] Chen | Parietal cortical neuronal activity is selective for express saccades[END_REF]. In an attempt to answer these questions, another team has used an indirect mapping of visual categories to behavioural options 1 . They demonstrate that, at least in the context of decision tasks, the LIP is involved in the evidence accumulation and not the planning of associated responses (Williams et al., 2003b;[START_REF] Freedman | Experience-dependent representation of visual categories in parietal cortex[END_REF]. Furthermore the use of limb movements instead of saccades excludes oculomotor activities (Williams et al., 2003b;[START_REF] Freedman | Experience-dependent representation of visual categories in parietal cortex[END_REF]. The evidence accumulation function can be extended to any visual categorisation task. When [START_REF] Freedman | Experience-dependent representation of visual categories in parietal cortex[END_REF] changes the categories into which directions have to be sorted from left and right to up and down, LIP neurons also change their selectivity. In a task where the direction of saccades is set by the location or the colour of the cue, LIP neurons are more selective, respectively, for location or cue, irrespective of the direction of the resulting saccade [START_REF] Toth | Dynamic coding of behaviourally relevant stimuli in parietal cortex[END_REF][START_REF] Stoet | Single Neurons in Posterior Parietal Cortex of Monkeys Encode Cognitive Set[END_REF]. Thus, the interposition of an abstract rule between the perceptual variables and their behavioural mapping identifies the existence of separate perceptual categorisation and eha iou al sele tio e ha is s. The i te tio al et o k is ot suppo ted data. However, one might consider the basal ganglia as providing the subsequent motor selection. I depe de tl , "hadle s o k dis usses ho LIP eu o s might code for the drift rate but not how the decision threshold they need to reach is set (Shadlen, 2014, personal communication). Finally, how the encoding of decision variables in the LIP is transformed into behavioural outputs is unclear [START_REF] Ding | The basal ganglia's contributions to perceptual decision making[END_REF]. The basal ganglia provide a system to answer these questions, which we will describe later (cf. Chapter II:3.3. )

Prefrontal cortex and neuroeconomical decisions.

If one were to look at value-based (i.e. neuroeconomical) decision-making, one would initially believe matters to be much clearer: there is little doubt that the primary motor o te s ole is to se d di e t o a ds to us les o that eu o s i the o itof o tal cortex (OFC) compute the value of options at hand (Rolls, 2000;O'Doherty, 2007). One would then imagine, per classical decision theory, that this makes an easy tool to distinguish the value-based decision (i.e. the goal selection) from the selection of the behaviour to implement it. Unfortunately, it appears that rather than occur sequentially, goal-selection and behavioural-selection occur in parallel, the one constantly influencing and updating the state of the other [START_REF] Klein-Flügge | Time-Dependent Changes in Human Corticospinal Excitability Reveal Value-Based Competition for Action during Decision Processing[END_REF]. At the neuronal level, activity in the premotor cortex (PMC) corresponding to each potential action is modulated by the stimulus value [START_REF] Pastor-Bernier | Neural Correlates of Biased Competition in Premotor Cortex[END_REF]. As a target acquires more weight, so does the matching motor program, underlain by increased firing. Conversely, cells coding for the unfavoured option(s) see their activity die out [START_REF] Cisek | Neural Correlates of Reaching Decisions in Dorsal Premotor Cortex: Specification of Multiple Direction Choices and Final Selection of Action[END_REF]. Such an influence of value, however, is not observed in forced-choice trial, when value is irrelevant to behaviour [START_REF] Pastor-Bernier | Neural Correlates of Biased Competition in Premotor Cortex[END_REF]. Thus, prefrontal neurons would encode the decision variable (i.e. value) which would be transformed, online, into the behavioural options.

To confirm that goal-and behavioural-selection are indeed in parallel, Klein-Flügge and colleagues (2012) investigated the variations in cortico-spinal excitability during free and forced choice tasks. This was done by measuring cortico-spinal excitability, stimulating motor cortex with transcranial magnetic stimulation (TMS) and recording median nerve evoked potentials. The task was based on pairs of stimuli each associated to a probabilistic reward, responses was given with either hand. The last 60% of reaction times always showed a hemispheric difference in excitability, predictive of movement, thereby suggesting that this period is devoted only to motor planning and execution. However, in free choices, the difference occurred even earlier, starting at 20% of reaction time, clearly indicating cooccurring goal-and behavioural-selection. Likewise, a magneto-encephalographic (MEG) study has demonstrated in a visual discrimination task, that activities in M1 started changing before directional evidence stopped being processed by the mediotemporal cortex [START_REF] Donner | Buildup of Choice-Predictive Activity in Human Motor Cortex during Perceptual Decision Making[END_REF]. However, like perceptual decisions in the parietal cortex, how the decision variable is transformed into its matching output is unknown, so is the selection process.

Why we need the basal ganglia

Overall there appears to be 3 gaps in the decision-making literature; these concern:

-How decision variables are matched to behavioural outputs.

-How the selection between variables and/or outputs actually occurs, as only driftrelated activities have been shown. -At which level the selection occurs: between decision variables, between behavioural outputs, both.

Padoa-Schioppa (2011) argues that information like dot-motion or value only become decision variables when the individual needs to choose between competing behavioural outputs associated to those variables. Thus, while prefrontal neurons might track one the preferred stimulus, the other the unwanted stimulus, decision would only occur if required to choose the one over the other. Therefore, selection processes would be applied only to the competing behavioural outputs matching each decision variable. How does one define competing behavioural outputs? The easiest definition would be of two or more behavioural plans whose expressions are incompatible, because using the same resource. That is, one cannot turn left and turn right at the same time, but one can turn left and talk at the same time. Such competition needs not be restricted to motor outputs, it can extend to complex motor behaviours (being polite or rude), non-motor behaviours such as attention (one can only be attentive to a limited number of objects at once) or perhaps even emotions. How to arbitrate between these competing programs is what Peter Redgrave (1999) te ed the sele tio p o le . He de onstrated that the basal ganglia are the optimal system to solve that problem. The basal ganglia are in a central position in the brain. They receive inputs from most of the cortex and some from the thalamus, thereby gaining potential access to all possible types of decision variables. In addition, by their outputs to the brainstem and the thalamus, they can influence most behavioural actuators. Therefore, they are anatomically in a position to transform decision variables into their matching behaviour. Moreover, we have seen previously (Chapter II, 1), that different neuronal populations in the striatum code for different motor plans and that the GPi/SNr only inhibit their firing in relation to the chosen program. Thus, the basal ganglia also appear in a position to perform the selection. This reinforced by the fact that GPi/SNr activity is unrelated to movement parameters and really seem to be coding the event of the choice itself. In this network, the STN, by its antagonist effect on programs from the striatum, could set the decision-threshold. These and other arguments led Redgrave (1999) to argue that the basal ganglia were the solution to the sele tio p o le .

Set for selection

The eade ill ha e oti ed that ultiple ut lose i te p etatio s of the asal ga glia s function have been published. Systematically, it appears that the models are flawed because they do not take into account the full anatomy of the circuit. Here, I will try to demonstrate ho a a eful o side atio of the i uit s a ato a d asi ele t oph siologi al properties may already lead to a precise functional hypothesis, upstream from any behavioural data. The GPi receives two competing inputs: an inhibitory one from the striatum on its distal dendrites, and an excitatory one from the STN on its soma. Anatomically, it makes most sense for the STN to be gating striatal signals through the GPi because striatal inputs would have little influence on the STN because of their location. Physiologically, the GPi fires spontaneously at a high frequency [START_REF] Delong | Activity of pallidal neurons during movement[END_REF]{Surmeier, 2005 #2568}, so does the excitatory STN (Bevan et al., 2006) but not the hyperpolarised and mostly silent striatum [START_REF] Mahon | Intrinsic properties of rat striatal output neurones and time-dependent facilitation of cortical inputs in vivo[END_REF]{Czubayko, 2002 #2564}. Thus, it makes most sense for the occasional u sts of a ti it f o a othe ise sile t st iatu to a the ost ea i g . This is confirmed functionally by the fact GPi inhibition carries the most behavioural significance [START_REF] Bayer | Eye position and memory saccade related responses in substantia nigra pars reticulata[END_REF]. The macroscopic aspect of the subthalamic arborisation in the GPi, orthogonal to the cortico-striatal pathway may also remind one of a filter. This provides our first selection mechanism 1 . MSNs are naturally hyperpolarised. They only fire under the influence of convergent cortical inputs which need to accumulate strength over time [START_REF] Kawaguchi | Intracellular recording of identified neostriatal patch and matrix spiny cells in a slice preparation preserving cortical inputs[END_REF][START_REF] Mahon | Intrinsic properties of rat striatal output neurones and time-dependent facilitation of cortical inputs in vivo[END_REF]{ref}. In addition, any given corticostriatal neuron will make only very few synapses on any single MSN [START_REF] Zheng | Corticostriatal combinatorics: the implications of corticostriatal axonal arborizations[END_REF], meaning the MSNs need convergent inputs from multiple cortical neurons to emit an action potential. They are therefore considered as coincidence detectors [START_REF] Charpier | In vivo induction of striatal long-term potentiation by low-frequency stimulation of the cerebral cortex[END_REF][START_REF] Lustig | Not "just" a coincidence: frontal-striatal interactions in working memory and interval timing[END_REF]. With the sheer reduction in neuronal numbers between cortex and striatum and the extent of their dendritic fields, each MSN receives an input from up to 5400 different cortical neurons {Kincaid, 1998 #2577} which is virtually unique {Gerfen, 2010 #2578}. Thus, each MSN can be considered as the detector of a very precise cortical state. Nonetheless, one can assume that neighbouring MSN will have a similar input pattern creating small assemblies. This is important, as there is yet a reduction in numbers from striatum to GPi, and striatal convergence should then only slightly blur the mapping of a specific cortical state to a specific neuronal population. Each striatal population is responsive to a specific cortical state, and fires depending on its salience. Thus, the GPi does not gate striatal inputs continuously, but instead filters cortical activation patterns according to their salience. The hyperpolarised resting-state of MSNs may in this context be considered to filter out noise and the random appearance of any cortical state, although behaviourally it is considered to threshold the binding of a cortical state to an action [START_REF] Gurney | A computational model of action selection in the basal ganglia. I. A new functional anatomy[END_REF]. MSN have many (inhibitory) collaterals. It would be tempting to consider them as another selection mechanism: the one with the strongest activity gets selected at the expense of its neighbours which it has inhibited. However, it is shown that most MSN collaterals are not reciprocal. In additio , GABA is depola isi g i.e. e itato at the e a e s hyperpolarised resting state and boosts cortical inputs {Czubayko, 2002 #2564}. These properties might then lead to the sequential activation of specific striatal population (and thus motor programs?) [START_REF] Kermadi | Activity in the caudate nucleus of monkey during spatial sequencing[END_REF][START_REF] Carrillo-Reid | Encoding network states by striatal cell assemblies[END_REF][START_REF] Carrillo-Reid | Activation of the cholinergic system endows compositional properties to striatal cell assemblies[END_REF]. In contrast, the STN has a low frequency tonic activity and its membrane properties make it extremely sensitive to excitatory inputs [START_REF] Nakanishi | Electrical membrane properties of rat subthalamic neurons in an in vitro slice preparation[END_REF]Bevan et al., 2006){Atherton, 2008 #2566}. Therefore, it may allow a quasi-instantaneous regulation of basal ganglia activity by the frontal cortex. Given the functions attributed to the frontal cortex, one may then consider that this cortico-subthalamic projection is implementing an executive control on information flow through the basal ganglia. The GPe's somatic input to the STN could at first be considered as another filtering mechanism; however, the connection is reciprocal between the two nuclei, from soma to soma. Given each structure's spontaneous tonic firing, this direct feedback loop can lead to the apparition of an oscillatory burst pattern [START_REF] Plenz | A basal ganglia pacemaker formed by the subthalamic nucleus and external globus pallidus[END_REF]. As both structures project to the GPi, this oscillation might provide a temporal modulation of the gating phenomenon. The transition between oscillatory and non-oscillatory patterns is controlled by the STN's cortical and dopaminergic inputs [START_REF] Plenz | A basal ganglia pacemaker formed by the subthalamic nucleus and external globus pallidus[END_REF]Bevan et al., 2006){Shen, 2000#2583}{Baufreton, 2005 #2584}. In addition, the frontal cortex regulates the timing rather than the frequency (which seems to depend on the GPe){Wilson, 2011 #2567}, and tonic dopamine levels seem to control Cortex-STN-GPe transmission [START_REF] Magill | Dopamine regulates the impact of the cerebral cortex on the subthalamic nucleus-globus pallidus network[END_REF] Thus, the frontal cortex may exert a fine temporal tuning on how specific cortico-striatal activation patterns are gated in the GPi. In addition, corticosubthalamic neurons originate in layer 5 whereas cortiostriatal neurons are mainly located in layer 3 [START_REF] Bauswein | Corticostriatal cells in comparison with pyramidal tract neurons: contrasting properties in the behaving monkey[END_REF][START_REF] Maurice | Relationships between the Prefrontal Cortex and the Basal Ganglia in the Rat: Physiology of the Corticosubthalamic Circuits[END_REF][START_REF] Ballion | Intratelencephalic corticostriatal neurons equally excite striatonigral and striatopallidal neurons and their discharge activity is selectively reduced in experimental parkinsonism[END_REF][START_REF] Kita | The Subthalamic Nucleus Is One of Multiple Innervation Sites for Long-Range Corticofugal Axons: A Single-Axon Tracing Study in the Rat[END_REF]. This suggests that, despite the strictly conserved topography {e.g., [START_REF] Baufreton | Sparse but selective and potent synaptic transmission from the globus pallidus to the subthalamic nucleus[END_REF]#2585}(Karachi et al., 2005), different cortical cells participate to the activation of striatal patterns and to their regulation [START_REF] Bauswein | Corticostriatal cells in comparison with pyramidal tract neurons: contrasting properties in the behaving monkey[END_REF][START_REF] Reiner | Corticostriatal projection neuronsdichotomous types and dichotomous functions[END_REF]Shepherd, 2013). The STN-striatum projection, which is much lighter than the STN-pallidal ones, might serve to boost specific striatal populations, and thus promote a subset of cortico-striatal patterns. Finally the striatal-GPe connection, by increasing the probability of the next pallidal burst (and thus the next high frequency STN burst) [START_REF] Plenz | A basal ganglia pacemaker formed by the subthalamic nucleus and external globus pallidus[END_REF] might simply be assimilated to a feed-forward inhibition. To conclude, specific cortical patterns activate specific striatal populations. They need to accumulate sufficient strength over time to pass two barriers: one set by the MSN themselves, the other by the GPi. The gating activity of the GPi is modulated in time by the STN-GPe oscillator, itself controlled by another cortical input and dopamine. Thus, the two inputs-one output structure of the basal ganglia becomes a selector of cortical patterns. At this level, there does not appear to be a competition mechanism between cortical patterns but the small bands of STN axons in the striatopallidal complex suggest that neighbouring, functionally similar (Haber et al., 2006) striatal assemblies face the same barrier.

Modelling the basal ganglia

The models

The basal ganglia are a circuit too complex to be explained by box and arrows diagrams. Computational models have been created at different levels of observation to render circuitwide dynamics and to gain insight on its possible function. [START_REF] Humphries | A Physiologically Plausible Model of Action Selection and Oscillatory Activity in the Basal Ganglia[END_REF] used a bottomup approach with spiking neuron models. Each model neuron was designed to reproduce known membrane current properties. These were grouped into structures in plausible u e s a d o e ted to ea h othe i a ealisti a e , i ludi g eights to a ou t for the proximal/distal synapses and appropriate numbers of synapses. The model reproduces physiological firing rates in all structures. It also mimics the effects of cortical ablation, dopaminergic hyperactivity, and dopamine depletion. It also demonstrates that the basal ganglia network can select between two striatal signals elicited by artificial cortical inputs to the model.

In perceptual decisions, cortical firing rate represents the strength of evidence (in MT) and its integration over time (in LIP) [START_REF] Britten | Responses of neurons in macaque MT to stochastic motion signals[END_REF][START_REF] Shadlen | Neural basis of a perceptual decision in the parietal cortex (area LIP) of the rhesus monkey[END_REF]Bogacz, 2007). One can extend this to consider firing rate to represent the propensity for an action to be executed [START_REF] Gurney | A computational model of action selection in the basal ganglia. I. A new functional anatomy[END_REF]. In addition, if an action/program is a behaviour determined by a set of neurons; the topography of the basal ganglia circuit suggests that each action can be mapped to a basal ganglia channel [START_REF] Alexander | Parallel organization of functionally segregated circuits linking basal ganglia and cortex[END_REF][START_REF] Gurney | A computational model of action selection in the basal ganglia. I. A new functional anatomy[END_REF], characterised by a unique combination of striatal cells (cf. Chapter II:3.2. ). The cortico-striatal projection then constitutes a mapping of sensoryor otherevidence to behaviour, and the signal selection operated by the basal ganglia becomes a behavioural selection. In addition, if programs are represented by the salience of the matching evidence, the encoding of this salience as striatal fi i g ates p o ides a o o u e fo e e type of motor, attentional or other selection (Redgrave et al., 1999;[START_REF] Gurney | A computational model of action selection in the basal ganglia. I. A new functional anatomy[END_REF]. Similar models but based on mean population firing rates yield similar results [START_REF] Gurney | A computational model of action selection in the basal ganglia. I. A new functional anatomy[END_REF]Frank, 2006).

In parallel, Bogacz (2007) used an opposite approach, attempting to match the parts of the Multiple Sequential Probability Ratio Test equations [START_REF] Baum | A sequential procedure for multihypothesis testing[END_REF] to the different elements of the basal ganglia (Figure 23). This test is an extension of the statistical test underlying the drift diffusion model and is considered to describe optimal decisionmaking, in terms of behaviour, between multiple options [START_REF] Baum | A sequential procedure for multihypothesis testing[END_REF][START_REF] Ratcliff | A diffusion model account of the lexical decision task[END_REF]Bogacz & Gurney, 2007). As operations on the signal are assigned to basal ganglia components, they form strong predictions on the electrophysiological input-ouput transformation at the neuronal level (gain function of the neuron). These predictions appear to be verified by patch-clamp recordings (see the discussion of Bogacz & Gurney, 2007).

Concretely, the models translate in neurophysiological terms the drift diffusion model. Striatal channels accumulate evidence in favour of each option. The STN sets the decision threshold based not on the total evidence necessary but rather on the difference of evidence between each programs. In other words, it is function of uncertainty or conflict levels. Evidence and threshold are confronted in the GPi/SNr. Finally, the model makes the use of lateral inhibition in striato-pallidal systems unnecessary: the threshold is a function of the evidence for all options and thus guarantees a winner-takes-all characteristic. (Bogacz & Gurney, 2007).

Frank offers a similar model which was developed for neuroeconomic decisions [START_REF] Frank | Dynamic dopamine modulation in the basal ganglia: a neurocomputational account of cognitive deficits in medicated and nonmedicated Parkinsonism[END_REF]2006). The original model focused on reinforcement learning through striato-nigral interactions and demonstrated an accurate depiction of behaviour and neuronal activities in associating values to actions through trial and error [START_REF] Frank | Dynamic dopamine modulation in the basal ganglia: a neurocomputational account of cognitive deficits in medicated and nonmedicated Parkinsonism[END_REF]. With contrasted high and low reward-probability stimuli, the simplified network and striatal plasticity were sufficient to provide an accurate description. However, when stimuli pairs were shuffled after the learning phase and a decision had to be made between two high or two low reward probability stimuli, the simplified model was suboptimal. The change to a more complete model of the basal ganglia, including the STN and most of its connections (with the notable absence of the SNc-STN dopaminergic projection), provides a more accurate description of behaviour (Frank, 2006). F a k o side s that the "TN s ole is to p o ide the ti e e essa for a proper accumulation of information in the cortico-striatal system to make the best de isio . This e o es appa e t i high-o fli t situatio s i.e. t o highl e a ded stimuli) where, without the STN, the decision happens too fast and is too sensitive to the noise in the evidence accumulation (Frank, 2006;Frank et al., 2007). Most people e e e ed the hold ou ho ses ph ase a d ha e si e o side ed the "TN as a ake.

However, the increase in decision-time is linked, by the authors, to an increase of the decision-bound/threshold (Cavanagh et al., 2011;Coulthard et al., 2012). Indeed, decisions can be speeded by an increase of the drift rate or of the decision-bound, but an increased drift rate would not lead to a decrease in performance accuracy as is seen in a STN-less odel. The ua e o pa ed to Boga z odel is that the STN would not compute the threshold but only implement it according to conflict signals from prefrontal areas such as the PFC (Frank, 2006;Frank et al., 2007;Cavanagh et al., 2011). Another is that the two models yield different prediction of the time course of STN activities (Frank, 2012, personal communication). I light of these odels, it appea s that 'edg a e s (1999) predictions on the function of the circuit were accurate. Whether based on neuronal membrane properties or on optimal decision equations, whether from teams interested in perceptual decisions or reward-based selection, models of the basal ganglia agree that the basal ganglia are involved in the behavioural selection associated with decision-making. Specifically, the role of the STN would be to set the decision threshold based on relevant contextual information provided by the cortex (Figure 24) (Frank, 2006;[START_REF] Humphries | A Physiologically Plausible Model of Action Selection and Oscillatory Activity in the Basal Ganglia[END_REF]Bogacz & Gurney, 2007;[START_REF] Frank | Computational models of motivated action selection in corticostriatal circuits[END_REF]. The mapping of the decision parameters to adequate responses would be made by cortico-striatal projections and learned as well as controlled by the nigro-striatal projections [START_REF] Frank | Dynamic dopamine modulation in the basal ganglia: a neurocomputational account of cognitive deficits in medicated and nonmedicated Parkinsonism[END_REF][START_REF] Frank | Anatomy of a decision: striato-orbitofrontal interactions in reinforcement learning, decision making, and reversal[END_REF]Bogacz & Larsen, 2011). As this system seems to control behavioural output, the functional territories of the basal ganglia could then be understood as controlling different modalities of behavioural expression. Motor territories would control basic behavioural plan-to-movement mapping; associative territories could be involved in attributing attentional resources to competing stimuli or in selecting between complex motor strategies; limbic territories might arbitrate between primary autonomic behavioural responses such as feeding vs. mating vs. fighting, or regulate the balance between sympathetic and parasympathetic systems.

Nonetheless, these models have several limits. They are, of course, incomplete and do not include st u tu es likes the C Pf despite the latte s e te si e, e ip o al o e tio s ith most of the basal ganglia. However, as little information is available on the electrophysiological signals to and from the CMPf or on its potential function, such lacks are currently inevitable. More problematic is the reliance on Parent (1995) a d Mi k s (1996) unfounded description of a diffuse and divergent STN-pallidal projection. Indeed, although studies have demonstrated that each STN neuron projects to 2% of pallidal neurons and vice-versa [START_REF] Baufreton | Sparse but selective and potent synaptic transmission from the globus pallidus to the subthalamic nucleus[END_REF], all of the afore-mentioned models implement a widely di e ge t "TN output ased o these e ie s. F a k s odel goes to the e t e e of considering that any single neuron projects to every pallidal neuron (Frank, 2006). While the general function of the network may be unaffected by the implementation of this divergent projection, one can assume that it modifies the balance of oscillatory and spontaneous firing in the STN-GPe loop and, therefore, influences the temporal parameters of the models upon which the different models disagree.

Experimental evidence

The first argument in support of the decision-making models is that they provide a framework which accounts for most of the experimental evidence published to date (cf.

Chapter II:1. & 2. ). For instance, impulsivity after an STN lesion can be easily explained by the collapse of de isio th esholds. Without th eshold, p og a s do ot ha e to fight so much to be expressedwhich explains the shorter reaction timesbut decision is also very much influenced by noise which now is bigger compared to the residual threshold, thereby explaining the drop in accuracy. Likewise, if the STN sets the threshold according to the current context, a lesion will prevent this threshold from being updated when the environment changes and would explain the shift from switching to perseverative behaviour.

Few studies have directly investigated the role of the STN in setting decision thresholds (Cavanagh et al., 2011;Coulthard et al., 2012;Zaghloul et al., 2012). Indeed, most have focused on one of its consequences: conflict-induced slowing (the hold ou ho ses F a k et al., 2007). A conflict can be characterised by the appearance of two strongly-competing behavioural options. This might be due to an ambiguous stimulus, similar reward p o a ilities, et … Co se ue tl , the th eshold ill e aised i o de to a i ise the evidence and make the best possible choice. A behavioural sign of such an increase in th eshold is a slo i g of ea tio ti es. This has ee do u e ted i a u e of o fli t tasks, whether classic Stroop [START_REF] Stroop | Studies of interference in serial verbal reactions[END_REF]Brittain et al., 2012) and Flanker tasks [START_REF] Eriksen | Effects of noise letters upon the identification of a target letter in a nonsearch task[END_REF]Zavala et al., 2013), o F a k s o flicting rewards task (Frank et al., 2007). While a task-ele a t de isio al a s see s to e a o pa ied a de ease i β a d a i ease i os illatio s, it is θ s h o hi h is o elated to o fli t (Brittain et al., 2012;Zavala et al., 2013); moreover, the conflict-elated θ a ti it see s to e d i e the medial PFC, probably the anterior cingulate cortex (Cavanagh et al., 2011). No etheless, β desynchronisation is consistently correlated with reaction times (Brittain et al., 2012;Zavala et al., 2013). As "TN a ti ities i the β spectrum have been related to the motor system (e.g. [START_REF] Kuhn | Modulation of beta oscillations in the subthalamic area during motor imagery in Parkinson's disease[END_REF], this desynchronisation might reflect later motor arbitrations. A direct test of the odel de o st ated that θ a ti it losel t a ked the de isio -threshold (Figure 25) (Cavanagh et al., 2011), and was underlain by an increase in firing rate at the single-unit level (Zaghloul et al., 2012).

Independently, it has been shown that subthalamic activity is only modulated by behaviourally relevant stimuli (Williams et al., 2003a;Sauleau et al., 2009a), supporting the hypothesis that the STN integrates contextual information in order to establish the decision threshold. This context integration was tested directly in an integration task by electrically High conflict situations (when both options are associated to rewards of the same magnitude) induce a θ synchronisation.

Adapted from (Cavanagh et al., 2011).

stimulating the STN (Coulthard et al., 2012). The integration consisted in a binary response to a series of stimuli, each of which had been associated with a reward probability. The participant had to integrate these different probabilities to derive the best response. All of these participants were parkinsonian with STN DBS electrodes, and were tested on and off stimulation, the on stimulation condition being assimilated to an STN-lesion and modelled as such (Frank et al., 2007;Coulthard et al., 2012). STN stimulation significantly impaired the integration process, although it did not affect the acquisition of the reward associations.

***

Overall, decision-making models of the basal ganglia offer a unifying framework in which motor and non-motor functions of the STN can be explained. These models make strong p edi tio s a out the "TN s a ti it i a task setti g. The "TN s a ti it should e i eased prior to decision and this increase should be proportional to the decision threshold. As a o se ue e of a i ease i th eshold, ea tio ti es a e i eased a d so the "TN s activity should also be proportional to reaction times. As of yet, these predictions have been alidated i o l i F a k s eu oe o o i de isio task a d o l fo Pa ki so ia patie ts.

Therefore, we wanted to test the decision-making model in the dot-motion task which was the ase of Boga z s odel. Mo eo e , e a ted to test these p edi tio s i a othe population than parkinsonian patients, namely obsessive-compulsive disorder to which deep brain stimulation procedures has been extended (cf. Chapter III:).

Limbic functions

The reader will have seen how the basal ganglia are in a position to select between behavioural plans, be they overt motor plans or covert cognitive plans such as attentional strategies. However, the STN also comprises a limbic territory of which we have made little e tio u til o . The s ope o e ed the o d li i has o lea defi itio , ost ill reduce it to emotion and motivation. However, we shall, a it a il , defi e li i as the individual's primary drives and basic behavioural repertoire. Examples of such may be found in feeding and mating or fight/flight responses. Occupying such a fundamental place in our behaviour, these limbic processes are tightly connected to the autonomic system, using it as an output, to control the body at a basic level (e.g. the sympathetic system), but also as an input, in the form of information, (e.g. hormonal variations being tightly linked to emotions, themsel es a u ial assess e t of o e s su ou di g [START_REF] Sander | A systems approach to appraisal mechanisms in emotion[END_REF][START_REF] Grandjean | Conscious emotional experience emerges as a function of multilevel, appraisal-driven response synchronization[END_REF].

In the Chapter I:, I broached upon the relationship between the medial and ventral parts of the basal ganglia with pure limbic and autonomic structures, like the olfactory bulb with the VS and the hypothalamus with the ventral STN, sometimes mingling the different cell populatio s. O e a easil d a the o lusio that the asal ga glia s ole as i itiall to select amongst this basic behavioural repertoire. Concerning the STN, DBS offers striking markers of a limbic/autonomic role. Indeed, a number of patients report after surgery with uncharacteristic behaviour. The symptoms range from aggressivity [START_REF] Bejjani | Aggressive behavior induced by intraoperative stimulation in the triangle of Sano[END_REF][START_REF] Sensi | Explosive-aggressive behavior related to bilateral subthalamic stimulation[END_REF], hypersexuality [START_REF] Absher | Hypersexuality and hemiballism due to subthalamic infarction[END_REF][START_REF] Romito | Transient mania with hypersexuality after surgery for high frequency stimulation of the subthalamic nucleus in Parkinson's disease[END_REF][START_REF] Witjas | Addiction in Parkinson's disease: impact of subthalamic nucleus deep brain stimulation[END_REF] and hypomania (e.g. [START_REF] Mandat | Hypomania as an adverse effect of subthalamic nucleus stimulation: report of two cases[END_REF]Mallet et al., 2007) to laughter [START_REF] Krack | Mirthful laughter induced by subthalamic nucleus stimulation[END_REF]Okun et al., 2004a) and tears (Okun et al., 2004b). Weight gain [START_REF] Ruzicka | Weight gain is associated with medial contact site of subthalamic stimulation in Parkinson's disease[END_REF] due to metabolic modifications [START_REF] Perlemoine | Effects of subthalamic nucleus deep brain stimulation and levodopa on energy production rate and substrate oxidation in Parkinson's disease[END_REF]Sauleau et al., 2009c) and probably increased appeal for food [START_REF] Barutca | Subthalamic nucleus tumor causing hyperphagia--case report[END_REF][START_REF] Serranova | Subthalamic nucleus stimulation affects incentive salience attribution in Parkinson's disease[END_REF] is also described. Such as it is, experimental approaches to the limbic STN have focused on the drivers of behaviour, emotion and motivation (mainly from the angle of reward), and not on the subsequent outputs just described. In addition, they have been constrained by methodological considerations: emotions can hardly be accessed in animal models but the dopamine depletion in parkinsonian patients has a confounding influence on emotional and motivational states [START_REF] Czernecki | Motivation, reward, and Parkinson's disease: influence of dopatherapy[END_REF][START_REF] Chaudhuri | Non-motor symptoms of Parkinson's disease: dopaminergic pathophysiology and treatment[END_REF] and related activities in the STN [START_REF] Buot | Processing of emotional information in the human subthalamic nucleus[END_REF][START_REF] Huebl | Oscillatory subthalamic nucleus activity is modulated by dopamine during emotional processing in Parkinson's disease[END_REF].

Emotion

Most stimulation studies have focused on how the STN might influence the use of emotional information rather than how it is involved in the experience of emotion. The former use emotion recognition paradigms, in which the subject must rate the emotions expressed by the face (Dujardin et al., 2004a;Dujardin et al., 2004b;[START_REF] Biseul | Fear recognition is impaired by subthalamic nucleus stimulation in Parkinson's disease[END_REF][START_REF] Drapier | Emotion recognition impairment and apathy after subthalamic nucleus stimulation in Parkinson's disease have separate neural substrates[END_REF] or the voice (Peron et al., 2010a;[START_REF] Bruck | Effects of subthalamic nucleus stimulation on emotional prosody comprehension in Parkinson's disease[END_REF][START_REF] Aiello | Emotion recognition in Parkinson's disease after subthalamic deep brain stimulation: differential effects of microlesion and STN stimulation[END_REF] that is presented. All face recognition experiments agree that stimulated patients present a deficit i the ide tifi atio of egati e e otio s: sad ess (Dujardin et al., 2004b;[START_REF] Drapier | Emotion recognition impairment and apathy after subthalamic nucleus stimulation in Parkinson's disease have separate neural substrates[END_REF][START_REF] Aiello | Emotion recognition in Parkinson's disease after subthalamic deep brain stimulation: differential effects of microlesion and STN stimulation[END_REF], anger (Dujardin et al., 2004b), fear [START_REF] Biseul | Fear recognition is impaired by subthalamic nucleus stimulation in Parkinson's disease[END_REF]Drapier et al., 2008;[START_REF] Le Jeune | Subthalamic nucleus stimulation affects orbitofrontal cortex in facial emotion recognition: a PET study[END_REF] and disgust (Dujardin et al., 2004b). The deficit is less obvious for emotional prosody: whereas Péron (2010a) reproduces the results of facial emotions, [START_REF] Aiello | Emotion recognition in Parkinson's disease after subthalamic deep brain stimulation: differential effects of microlesion and STN stimulation[END_REF] finds no deficit in a cohort that did show a deficit for faces. [START_REF] Bruck | Effects of subthalamic nucleus stimulation on emotional prosody comprehension in Parkinson's disease[END_REF] finds no deficits either but only looked at the categorisation of stimuli and not at the perceived intensity. Interestingly, Péron (2010a) also reports that stimulated patients are less specific in their ratings, giving more weight to non-target emotions. This has also been reported when patients were asked to rate their subjective feeling after short video clips (Vicente et al., 2009).

The interpretation of such results within the decision-making framework is complex. One might consider that the categorisation paradigm is akin to a decision paradigm and, indeed, results have sometimes been described in terms of accuracy and reactions times [START_REF] Bruck | Effects of subthalamic nucleus stimulation on emotional prosody comprehension in Parkinson's disease[END_REF]. Based on the literature, one would then predict that DBS ultimately induces a decrease in accuracy and shorter reaction times. The decrease in accuracy is flagrant in the various facial emotion recognition studies, while [START_REF] Bruck | Effects of subthalamic nucleus stimulation on emotional prosody comprehension in Parkinson's disease[END_REF] identifies faster reactions in stimulated patients. However, in both cases, these modifications concern only negative emotions. This bias could happen at a number of places in the chain of treatment: in attention, in visual treatment, in theory of mind (in this case, ascribing an emotion to so eo e else et … Although the STN is involved in the regulation of attention, there is little reason to think that DBS would induce a consistent bias rather than a general decrease of performance as seen in other tasks. Nor is there any reason to believe that it would be involved in identifying the displayed emotion in a theory of mind network. However, DBS of the STN is known to affect cortical limbic structures such as the amygdala and the OFC [START_REF] Schroeder | Subthalamic nucleus stimulation affects striato-anterior cingulate cortex circuit in a response conflict task: a PET study[END_REF][START_REF] Hilker | Subthalamic nucleus stimulation restores glucose metabolism in associative and limbic cortices and in cerebellum: evidence from a FDG-PET study in advanced Parkinson's disease[END_REF]Le Jeune et al., 2010a), maybe through antidromic mechanisms. As the latter two structures are known to participate in the process underlying the facial emotion paradigm (e.g. Adolphs & Tranel, 2003), their modulation under DBS may explain the behavioural results. Accordingly, DBS-induced metabolic activations in PET are correlated to accuracy in this paradigm (Le Jeune et al., 2008). DBS also affects performance in theory of mind tasks and the related cortical network (Peron et al., 2010b), which could be another explanation for the bias in emotion attribution. Ultimately, a bias of cortical origin could lead to biased striatal activations, explaining the asymmetry in performance; or, might provide different inputs to the STN, resulting in different thresholds for the different conditions. Also, a cortical mechanism would explain the discrepancy between the face and prosody paradigms, as the two are processed by different cortical networks (e.g. Adolphs et al., 2003).

A second option has to do with dopamine. While the change in medication after surgery seems independent from performance [START_REF] Mondillon | The combined effect of subthalamic nuclei deep brain stimulation and L-dopa increases emotion recognition in Parkinson's disease[END_REF], DBS in the STN could affect the many dopaminergic fibres coursing nearby [START_REF] Francois | Dopaminergic innervation of the subthalamic nucleus in the normal state, in MPTP-treated monkeys, and in Parkinson's disease patients[END_REF], if not the SNc itself. Through this action, or by its general effect on the basal ganglia, DBS could exacerbate an underlying characteristic of the parkinsonian state. Indeed, parkinsonian patients already have a poor accuracy at the facial recognition task, before the DBS surgery (Dujardin et al., 2004a).

A o e p e ise o ept of the e otio al "TN a e uilt f o ele t oph siologi al recordings. The passive view of emotionally charged images evokes a desynchronisation in the α a d, f o to s afte the stimulus presentation (Kuhn et al., 2005a). This modulation is more pronounced for negative than positive stimuli; however, it is not influenced by emotional arousal [START_REF] Brücke | The subthalamic region is activated during valence-related emotional processing in patients with Parkinson's disease[END_REF]. In addition, Huebl (2011) demonstrates that the magnitude of the desynchronisation for negative images is correlated to the depressive state of the patient; in a manner reminiscent of relevance coding reported elsewhere (Sauleau et al., 2009a). Complementarily, our team demonstrated an evoked potential peaking between 300 and 400 ms after the stimulus, of a wider amplitude for emotional vs. neutral stimuli [START_REF] Buot | Processing of emotional information in the human subthalamic nucleus[END_REF]. The late of this peak is sho te tha the α des h o isatio a d see s to at h the ea l θ s h o isatio a d β des hronisation which are not modulated by emotion [START_REF] Huebl | Oscillatory subthalamic nucleus activity is modulated by dopamine during emotional processing in Parkinson's disease[END_REF]. Notwithstanding, the later phase of this potential is modulated by valence, from the peak to 1.5s, matching the timespan of the α des h o isatio . I oth ases, pleasa t sti uli i du e s alle a iatio s tha unpleasant ones off dopaminergic treatment but return to the same level on treatment (Figure 26) [START_REF] Buot | Processing of emotional information in the human subthalamic nucleus[END_REF][START_REF] Huebl | Oscillatory subthalamic nucleus activity is modulated by dopamine during emotional processing in Parkinson's disease[END_REF]. [START_REF] Buot | Processing of emotional information in the human subthalamic nucleus[END_REF].

Thus, the STN seems to respond preferentially to emotion-laden stimuli. Given that an emotions are markers of situations of potential importance for the individual, an influence on the STN and the decisional threshold seems logical. Indeed, if a situation is flagged as important by an emotion, a rise of the decisional threshold, mediated by a rise of STN activity, ensures that more time is taken to consider the decision properly. [START_REF] Buot | Processing of emotional information in the human subthalamic nucleus[END_REF] did not find an interaction between the motor task at hand and the images that were presented; however, one may argue that the emotional stimulus might have been too irrelevant in this case.

Motivation

As described in the beginning of the section, DBS of the STN tends to induce modifications in basic registers of behaviour, including food consumption and sexuality [START_REF] Romito | Transient mania with hypersexuality after surgery for high frequency stimulation of the subthalamic nucleus in Parkinson's disease[END_REF][START_REF] Witjas | Addiction in Parkinson's disease: impact of subthalamic nucleus deep brain stimulation[END_REF][START_REF] Serranova | Subthalamic nucleus stimulation affects incentive salience attribution in Parkinson's disease[END_REF][START_REF] Ruzicka | Weight gain is associated with medial contact site of subthalamic stimulation in Parkinson's disease[END_REF]. These behavioural symptoms ould efle t a ha ge i the i di idual s i te al d i es a d oti atio . Mo e di e tl , it seems that DBS shares a role with dopaminergic treatments in the expression of parkinsonian apathy [START_REF] Czernecki | Does bilateral stimulation of the subthalamic nucleus aggravate apathy in Parkinson's disease?[END_REF][START_REF] Drapier | Does subthalamic nucleus stimulation induce apathy in Parkinson's disease?[END_REF][START_REF] Czernecki | Apathy following subthalamic stimulation in Parkinson disease: a dopamine responsive symptom[END_REF][START_REF] Le Jeune | Subthalamic nucleus stimulation in Parkinson disease induces apathy: a PET study[END_REF], and seems to reduce incentive motivation (Sauleau et al., 2009b).

Experimentally, the lesion of the STN in rats induces an increase in motivation for food, as measured with a progressive ratio schedule1 : rats are ready to press more and are faster to press than control rats [START_REF] Baunez | Enhanced food-related motivation after bilateral lesions of the subthalamic nucleus[END_REF][START_REF] Baunez | The subthalamic nucleus exerts opposite control on cocaine and 'natural' rewards[END_REF][START_REF] Bezzina | Effect of quinolinic acid-induced lesions of the subthalamic nucleus on performance on a progressive-ratio schedule of reinforcement: a quantitative analysis[END_REF]. Taken with the other effects of lesions described heretofore, such changes may also be reduced, respectively, to the increased perseverations2 and increased impulsivity described elsewhere (cf. Chapter II:2. ), and be simply the expression of a diminished decision threshold. However, STN-lesioned rats also show an increase in conditioned place preference 3 (Baunez et al., 2005), are ready to wait more for those larger rewards (Winstanley et al., 2005;[START_REF] Uslaner | Subthalamic nucleus lesions increase impulsive action and decrease impulsive choice -mediation by enhanced incentive motivation?[END_REF] in a way similar to the readiness to press more -, and also seem to display more intense sign-tracking behaviour4 [START_REF] Uslaner | The influence of subthalamic nucleus lesions on sign-tracking to stimuli paired with food and drug rewards: facilitation of incentive salience attribution[END_REF]. A number of observations which cannot be so easily explained by a fall in decision threshold.

A basal ganglia-wide effect needs to be considered. Indeed, in rats with access to cocaine, the same STN lesion produces an increase in c-fos in the shell of the nucleus accumbens and the ventral and medial striatum that is not reproduced in sham-operated animals. In parallel, the STN-lesioned rats display increased preference for the cocaine as measured by the progressive ratio schedule [START_REF] Uslaner | Subthalamic nucleus lesions enhance the psychomotor-activating, incentive motivational, and neurobiological effects of cocaine[END_REF]. Consequently, it has been hypothesised that the "TN lesio [ eleases] positi el ei fo ed eha iou s f o lea ed i hi ito o t ol [START_REF] Bezzina | Effect of quinolinic acid-induced lesions of the subthalamic nucleus on performance on a progressive-ratio schedule of reinforcement: a quantitative analysis[END_REF]. The statement is uncannily close to what one would expect from decision-modelling. The idea is that by eliminating the STN and the threshold that it implements, decision becomes mainly a matter of cortico-striatal synaptic weights and how much they have been reinforced by the dopaminergic system. Thus, the magnitude of the outcome becomes the main determinant of behavioural selection. A crucial observation at this point is that in rats exposed to alcohol, an STN lesion increases the intake of rats that were heavy drinkers while it decreases the intake of those that drank less. An effect described once again in terms of "threshold" on "incentive salience" by the authors [START_REF] Lardeux | Alcohol preference influences the subthalamic nucleus control on motivation for alcohol in rats[END_REF]. In line with those results, food restrictions and amphetamine injections, which act directly on the primary reward system, have little effect in a delay discounting task in intact animals but strengthen the preference for the delayed, larger reward [START_REF] Uslaner | Subthalamic nucleus lesions increase impulsive action and decrease impulsive choice -mediation by enhanced incentive motivation?[END_REF]. This exemplifies how the disappearance of the STN may give free reins to the reward system to dictate behavioural selection, which is then based on value alone. Nonetheless, reward related activities have been recorded in single units the rat [START_REF] Teagarden | Subthalamic and Striatal Neurons Concurrently Process Motor, Limbic, and Associative Information in Rats Performing an Operant Task[END_REF][START_REF] Lardeux | Beyond the reward pathway: coding reward magnitude and error in the rat subthalamic nucleus[END_REF]Lardeux et al., 2013), as well as in the monkey (Matsumura et al., 1992;[START_REF] Darbaky | Reward-related neuronal activity in the subthalamic nucleus of the monkey[END_REF]Espinosa-Parrilla et al., 2013). Most of these studies report activities that can be modulated towards either an increase or a decrease by rewards and reward-predictive cues. The proportion of excited to inhibited populations does not appear stable either, as both possibilities have been described [START_REF] Teagarden | Subthalamic and Striatal Neurons Concurrently Process Motor, Limbic, and Associative Information in Rats Performing an Operant Task[END_REF]Espinosa-Parrilla et al., 2013). This variety of responses suggests that the STN does not pa ti ipate to the p i a e odi g of e a d. Gi e the "TN s o e tio s, these e a drelated activities are probably driven by a phasic firing of the dopaminergic inputs. The latency of reward-related responses, from 400-700ms in (Espinosa-Parrilla et al., 2013)(see also Figure 27), is also in favour of a downstream position of the STN in the chain of information. A complex interaction between pre-and post-synaptic D1-like and D2-like receptors might then account for the range of responses [START_REF] Cragg | Synaptic release of dopamine in the subthalamic nucleus[END_REF][START_REF] Loucif | Depolarisation and suppression of burst firing activity in the mouse subthalamic nucleus by dopamine D1/D5 receptor activation of a cyclic-nucleotide gated non-specific cation conductance[END_REF]. One may argue that these reward-related activities could rather reflect prefrontal inputs to the STN; however, this projection is topographic (cf. Chapter I:) whereas reward-related activities have been recorded throughout the nucleus (Espinosa-Parrilla et al., 2013). No role has been ascribed to dopaminergic-STN phasic input in decision-making models, and the connection is not even taken into account into the computations. Nevertheless, one can hypothesise that the phasic dopaminergic input participates to short and long term adaptation of the cortico-subthalamic synapses [START_REF] Yamawaki | Frequency selectivity and dopamine-dependence of plasticity at glutamatergic synapses in the subthalamic nucleus[END_REF], and, therefore, to learning by adjusting the threshold, in addition to striatal learning by adjusting the weight of behaviours coded along the cortico-striatal pathway. Another type of activity that may or may not be linked to the dopaminergic has been ide tified: the oops dis ha ges afte a e o [START_REF] Lardeux | Beyond the reward pathway: coding reward magnitude and error in the rat subthalamic nucleus[END_REF]Lardeux et al., 2013). In eu o s fi i g ate i elatio to e a d. The e is a late 500ms) inhibition after reward delivery. Adapted from [START_REF] Darbaky | Reward-related neuronal activity in the subthalamic nucleus of the monkey[END_REF].

the rat, this activity is seen after premature trials, predicting a negative outcome, and seems to be independent from the reward-related activities described earlier. Indeed, it is coded by different neurons that seem to have a lower baseline firing rate (Lardeux et al., 2013). In humans (parkinsonian patients), a comparable error-specific modulation in amplitude can be observed in local field potentials. This modulation arrives with a delay similar to reward processes (200-400 ms). It depends on external feedback signals as no modulations are observed when visual feedback is removed, but is not just a reflection of a negative external event, as there are no evoked potentials when a feedback is given without an action [START_REF] Brown | Involvement of Human Basal Ganglia In Offline Feedback Control of Voluntary Movement[END_REF].

Post-e o slo i g des i es a phe omenon by which an error is often followed by i eased ea tio ti es a d a u a , a ea ti e i ease of oto th eshold [START_REF] Siegert | Error signals in the subthalamic nucleus are related to post-error slowing in patients with Parkinson's disease[END_REF]. Accordingly, its simplest model-wise representation is given by an increase of the decision threshold [START_REF] Dutilh | Testing theories of post-error slowing[END_REF]Cavanagh et al., 2014). This appears logical: an error can be considered as a reaction that did not take evidence sufficiently into account. An adaptive rise of the threshold ensures that more evidence is integrated at the next trial. Electrophysiologically, post-error slowing at trial n is correlated to the amplitude of the error-evoked potentials at trial n-1 [START_REF] Siegert | Error signals in the subthalamic nucleus are related to post-error slowing in patients with Parkinson's disease[END_REF]. Unlike complicated stimuli which eli it θ s h o isatio , e o s i du e a eset of os illato a ti it i the θ a d α a ds as seen by an increased phase-locking (Cavanagh et al., 2014). These error-related modifi atio s a e li ked to the "TN s dopa i e gi i put like the reward-elated o es. Ho e e , at the si gle u it le el, oops eu o s al a s espo ded an increase in their firing rates unlike reward-related ones which could be modulated either way (Lardeux et al., 2013). Furthermore, the dopaminergic treatment administered to the parkinsonian patients did not systematically affect the error-evoked potential, as would be expected if it were the consequence of a dopaminergic input [START_REF] Siegert | Error signals in the subthalamic nucleus are related to post-error slowing in patients with Parkinson's disease[END_REF] 1 . An option is for these error related activities to be driven by the anterior mid-cingulate cortex (Cavanagh et al., 2014), which projects to the STN [START_REF] Takada | Organization of inputs from cingulate motor areas to basal ganglia in macaque monkey[END_REF] and would initiate the late error positivity (Pe) in frontoparietal regions that is also related to post-error slowing [START_REF] Murphy | Dissociated conditional-associative learning in anorexia nervosa[END_REF]. *** Th ee t pes of li i i fo atio appea to i flue e the "TN s a ti it : e otio s, e a ds and errors (although the latter one may also be considered as a cognitive process). Errors a d e otio s oth lead to a i ease of the "TN s a ti it , a pe fe tl adapti e phenomenon if the STN sets the decision threshold. Errors indicate a suboptimal selection which may reflect insufficient information integration; emotions flag events of particular importance for the individual. A subsequent increase of the threshold ensures that enough information is integrated to either restore optimal selection or satisfy the high demand of the situation. We hypothesise that both error and emotion-related activities are driven by cortical inputs. On the other hand, reward-related activities are extremely heterogeneous and cannot be compared to the error-related ones. Although these results have not been included in the current models, we suggest that they are the reflection of threshold adjustments through dopamine-driven plasticity of cortico-subthalamic synapses.

Beyond the actor: the critic

In neuroeconomics, behaviour can be narrowed down to two operators: an actor and a critic. The actor acts, that is selects behaviour and executes it. Meanwhile the critic analyses, judges outcomes and informs the actor so that it can improve performance over time [START_REF] Houk | Distributed modular architectures linking basal ganglia, cerebellum, and cerebral cortex: their role in planning and controlling action[END_REF][START_REF] O'doherty | Dissociable roles of ventral and dorsal striatum in instrumental conditioning[END_REF][START_REF] Khamassi | Actor-Critic Models of Reinforcement Learning in the Basal Ganglia: From Natural to Artificial Rats[END_REF]. The mechanism by which the critic informs the actor and the actor updates its selection process is also known as reinforcement learning. We have until now focused on the actor, the basal ganglia, of which I hope to have demonstrated the fitness in this capacity. I will now briefly touch upon the critic (Figure 28). What structures underlie the critic is not clear but the midbrain dopaminergic cells are surely a key element. Indeed, the dopamine signal is very analogous to what one would expect from a critic: it tracks outcomes and signals whether they were expected or not (i.e. the prediction error signal) [START_REF] Ljungberg | Responses of monkey dopamine neurons during learning of behavioral reactions[END_REF]Schultz, 1998). The dopaminergic signal also informs the actor. Not only does dopamine transiently modulate cortico-striatal [START_REF] Kitai | Cholinergic and dopaminergic modulation of potassium conductances in neostriatal neurons[END_REF][START_REF] Surmeier | Dopaminergic modulation of striatal neurons, circuits, and assemblies[END_REF] and cortico-subthalamic transmission (Bevan et al., 2006;[START_REF] Baufreton | D2-like dopamine receptor-mediated modulation of activity-dependent plasticity at GABAergic synapses in the subthalamic nucleus[END_REF], it is also responsible for long term plasticity at those levels (Calabresi et al., 1992a;Calabresi et al., 1992b;[START_REF] Reynolds | Substantia nigra dopamine regulates synaptic plasticity and membrane potential fluctuations in the rat neostriatum, in vivo[END_REF][START_REF] Yamawaki | Frequency selectivity and dopamine-dependence of plasticity at glutamatergic synapses in the subthalamic nucleus[END_REF]. Consequently, the dopamine signal is thought to induce a durable bias towards or against specific behavioural programs encoded in corticostriatal networks [START_REF] Aosaki | Effect of the nigrostriatal dopamine system on acquired neural responses in the striatum of behaving monkeys[END_REF][START_REF] Knowlton | A Neostriatal Habit Learning System in Humans[END_REF][START_REF] Reynolds | A cellular mechanism of reward-related learning[END_REF]Costa, 2007). For this reason, it has claimed the better part of the striatal literature in recent years and is seen as the core element of procedural learning and adaptive behaviour [START_REF] Frank | Anatomy of a decision: striato-orbitofrontal interactions in reinforcement learning, decision making, and reversal[END_REF]Bogacz & Larsen, 2011;[START_REF] Hsiao | A Plastic Cortico-Striatal Circuit Model of Adaptation in Perceptual Decision[END_REF].

Two sides of the same coin: habits vs. goal-directed behaviour

A concept that is tightly linked to that of reinforcement learning is habits. Habits can be considered, after a fashion, to be the ultimate expression of reinforcement learning. They are behavioural sequences that have been learned so well that they are initiated and executed automatically in a given set of circumstances [START_REF] Adams | Instrumental responding following reinforcer devaluation[END_REF][START_REF] Dickinson | Actions and Habits: The Development of Behavioural Autonomy[END_REF]. Not only do these habits occur unconsciously, they are thought to be, up to a point, impervious to conscious interference. In other words, the weights of the cortico-striatal synapses responding to a set environment have been reinforced by dopamine to the point that they can hardly be modulated by a change in contingencies [START_REF] Faure | Lesion to the Nigrostriatal Dopamine System Disrupts Stimulus-Response Habit Formation[END_REF]. Thus, authors often oppose a habitual system to a goal-directed system [START_REF] Balleine | Goal-directed instrumental action: contingency and incentive learning and their cortical substrates[END_REF], which could be reflected in different (lateral vs. medial) cortico-striatal loops [START_REF] Balleine | Human and Rodent Homologies in Action Control: Corticostriatal Determinants of Goal-Directed and Habitual Action[END_REF]. Part of this last assumption is based on a shift of striatal activities as behaviour becomes more habitual. The shift is spatial: lesions of the motor loop affect habits and lesions of the associative loop affect goal-directed behaviour [START_REF] Miyachi | Differential roles of monkey striatum in learning of sequential hand movement[END_REF][START_REF] Yin | Lesions of dorsolateral striatum preserve outcome expectancy but disrupt habit formation in instrumental learning[END_REF]2005;2006). Neural activity and BOLD signal follow the same pattern [START_REF] Miyachi | Differential activation of monkey striatal neurons in the early and late stages of procedural learning[END_REF][START_REF] Lehéricy | Distinct basal ganglia territories are engaged in early and advanced motor sequence learning[END_REF]. The shift is also and temporal: responses are increasingly aligned to the beginning and end of the sequence rather than to each action [START_REF] Jog | Building Neural Representations of Habits[END_REF]. Alternatively, some authors have preferred to distinguish cortico-striatal and corticothalamic loops as mediating automatic and conscious behaviour (Graybiel, 1998;Graybiel & Rauch, 2000). These schematics are inherently in contradiction with a section of the literature on the striatum and the wider basal ganglia. A first issue is the incoherence with the anatomical connectivity of the VS vs. the dorsolateral putamen. The VS receives its input from the OFC and amygdala and projects to the VP, as part of a limbic loop, whereas the putamen is part of the primary motor loop (cf.Chapter I:1. ). Yet, both should code for the same motor program depending on the goal-directed or habitual nature of its expression. If this were to be t ue, it ould uestio the ealit of the asal ga glia s fu tio al topog aph ; o eo e , it would require two different mechanisms to be implemented by two circuits that have fundamentally the same architecture. Nonetheless, one cannot deny the existence of different electrophysiological correlates, so how can they be reconciled with the anatomy? The segregation between habits and goal-directed behaviours appears driven by number of priors, the first being that they must result from distinct psychological mechanisms [START_REF] Balleine | Goal-directed instrumental action: contingency and incentive learning and their cortical substrates[END_REF]. One such argument is that habits are insensitive to changes in contingencies and incentive values. While this may be true in a pathological setting (cf. Chapter III:2. ), I would like to stress that a habit is a behaviour that has been exceedingly ei fo ed e a d, hi h is o e t ai ed , a d that, a o di gl , it p o a l eeds excessive devaluation to be extinguished. I would promote the hypothesis that the difference lies in the conscious awareness of the behavioural selection process [START_REF] Redgrave | Goal-directed and habitual control in the basal ganglia: implications for Parkinson's disease[END_REF]. Indeed, to achieve habit status, a behavioural program needs to be consistently and reliably associated with a positive outcome. In such conditions, when the outcome is more or less guaranteed, sparing conscious attentional resources may be deemed superfluous. Thus, cortico-striatal interactions will shift so that circumstances (cortical patterns) activate directly the relevant motor sequence (putamen neuronal assemblies) and not upstream motor plans (caudate neuronal assemblies). Indeed most selections at the asi oto le el a e ot o s ious: o e o es o e s a a d does ot o s iousl o t a t the biceps while relaxing the biceps, except perhaps for gymnasts or dancers. This does not exclude a sudden conscious intrusion in a particular setting which could rise from additional inputs to the STN or striatum. The strong reinforcement at the origin of habits also supposes a strong prediction on outcomes. Thus, if the habit fails too often it should be demoted as part of a procedure called extinction or devaluation, and the transition between the two states should be quite fluid.

A missing link

A point that is conspicuously passed under silence is the origin of the reward prediction error encoded by the midbrain dopaminergic cells. Where is reward detected? How is reward prediction computed? Is the SNc/VTA tandem part of a greater critic circuit, just as the cortico-basal ganglia loop forms the actor circuit? Other regions have reward-related activities. For instance, the lateral habenula (LHb) displays the same type of activity as the SNc but for opposite valence: it increases its firing rate for negative outcomes and negative prediction errors (Matsumoto & Hikosaka, 2007;[START_REF] Regier | Obsessive-compulsive behavior spectrum: Refining the research agenda for DSM-V[END_REF]. In the prefrontal cortex, OFC, vmPFC, and dACC establish the subjective values of outcomes, link outcomes to stimuli and actions and track these associations over time; which some time leads to the development/identification of secondary reinforcers (Tremblay & Schultz, 1999;Rolls, 2000;O'Doherty et al., 2001;[START_REF] O'doherty | Dissociating valence of outcome from behavioral control in human orbital and ventral prefrontal cortices[END_REF]Rushworth et al., 2007;[START_REF] Walton | Adaptive decision making and value in the anterior cingulate cortex[END_REF]Noonan et al., 2011;Padoa-Schioppa & Cai, 2011;Cai & Padoa-Schioppa, 2012). Yet another region is the group of neurons known as the border cells of the pallidum (GPb) [START_REF] Tremblay | Responses of pallidal neurons to striatal stimulation in intact waking monkeys[END_REF][START_REF] Bezard | Pallidal border cells: an anatomical and electrophysiological study in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated monkey[END_REF]Parent et al., 2001). These seem to predict negative outcomes (Hong & Hikosaka, 2008;Bromberg-Martin et al., 2010;[START_REF] Hong | Diverse sources of reward value signals in the basal ganglia nuclei transmitted to the lateral habenula in the monkey[END_REF]. Prefrontal areas identify reward and bind it to behaviour, SNc and LHb compute reward prediction errors. One would think, logically, that the information from the former is provided to the latter but there is only limited evidence for asparsedirect connection from the PFC to the SNc (Naito & Kita, 1994a;Frankle et al., 2006) and to the LHb (Kim & Lee, 2012). An indirect projection from the PFC to the SNc via the striatum might of course be considered (Haber et al., 1985;Parent et al., 2001). Its equivalent to the LHb could be via the border cells of the pallidum (GPb). However, whereas the GPb-LHb component has been demonstrated extensively (Haber et al., 1985;[START_REF] Groenewegen | Organization of the output of the ventral striatopallidal system in the rat: ventral pallidal efferents[END_REF][START_REF] Spooren | Descending efferent connections of the sub-pallidal areas in the cat: projections to the lateral habenula[END_REF] see also [START_REF] Parent | The pallidofugal projection system in primates: evidence for neurons branching ipsilaterally and contralaterally to the thalamus and brainstem[END_REF]Parent et al., 2001) and might be cholinergic [START_REF] Kha | Study of projections from the entopeduncular nucleus to the thalamus of the rat[END_REF], the evidence supporting a cortico-pallidal projection is limited (Leichnetz & Astruc, 1977;Naito & Kita, 1994b) and the specificity of the projection to the GPb has only been established in the lamprey (Stephenson-Jones et al., 2013). Notwithstanding, the critic network would be made of two independent pathways: a PFC-striatum-SNc pathway and a PFC-GPb-LHb pathway. These would be connected only at their end by a projection from the LHb to the SNc via the rostromedial tegmental nucleus (RmTg) (Jhou et al., 2009b;Bromberg-Martin et al., 2010). This organisation, however, has a gaping hole. Reward prediction error is, summarily, the difference between a predicted outcome1 and the actual outcome. The predicted outcome would be computed/conveyed by both the PFC-striatum-SNc and the PFC-GPb-LHb [START_REF] Frank | Anatomy of a decision: striato-orbitofrontal interactions in reinforcement learning, decision making, and reversal[END_REF]Hong & Hikosaka, 2008;Bromberg-Martin et al., 2010;Bogacz & Larsen, 2011); remains the question of where the actual outcome is detected and how it is transmitted to the SNc and the LHb. As the SNc and the LHb react with very similar latencies to positive reward prediction errors (Matsumoto & Hikosaka, 2007), there is a strong possibility that they might share a common input, and that this input provides the a tual e a d sig al.

This suggests that the two structures share a common input and do not communicate only via the RmTg2 . Based on anatomical studies in the rodent, the zona incerta (ZI) seems to be in a position to fill this gap in the reward circuit.

The ZI is a small structure which has gained the little notoriety it has from subthalamic DBS [START_REF] Hamel | Deep brain stimulation of the subthalamic nucleus in Parkinson's disease: evaluation of active electrode contacts[END_REF], as some neurologists believe that it might be responsible for the therapeutical effects [START_REF] Plaha | Stimulation of the caudal zona incerta is superior to stimulation of the subthalamic nucleus in improving contralateral parkinsonism[END_REF][START_REF] Plaha | Bilateral caudal zona incerta nucleus stimulation for essential tremor: outcome and quality of life[END_REF][START_REF] Fytagoridis | Long term follow-up of deep brain stimulation of the caudal zona incerta for essential tremor[END_REF]Sandvik et al., 2012). It is a structure with uncertain borders, lying between the VLo/VP nuclei of the thalamus and the STN, and was named by Forel (1877) during his description of the subthalamic region. Athough cytoarchitectonics would divide it into four (Ma et al., 1992;[START_REF] Mitrofanis | Chemoarchitectonic heterogeneities in the primate zona incerta: clinical and functional implications[END_REF], anatomical connectivity in the rodent seems to distinguish two subregions: the ZIv, ventral and caudal, and the ZId, dorsal and rostral (Mitrofanis, 2005). The ZIv is connected to primary motor and sensory cortices (Mitrofanis & Mikuletic, 1999;Shaw & Mitrofanis, 2002), motor brainstem and cerebellar regions (Roger & Cadusseau, 1985;Kolmac et al., 1998;Mitrofanis & deFonseka, 2001), and the spinal cord (Romanowski et al., 1985). Functional data suggest that it participates to the motor gating of sensory inputs (Mitrofanis, 2005;Urbain & Deschênes, 2007). In contrast, the ZId is connected with the infralimbic, prelimbic and cingulate areas (Roger & Cadusseau, 1985;Mitrofanis & Mikuletic, 1999), the LHb (Araki et al., 1988) and the hypothalamus (Conrad & Pfaff, 1976;Sim & Joseph, 1991;Risold et al., 1994). Importantly, this part of the ZI also projects to the substantia nigra, including the SNc (Gorbachevskaya, 2010). Based on these rodent studies, it appears that the ZI, at least its dorsal component, is in a position to connect detectors of primary (e.g. hypothalamus) and secondary (e.g. OFC) rewards to the SNc and the LHb. It would at the same time provide the common input discussed above. Thus, another of our objectives was to study the anatomical connectivity of the ZI in the nonhuman primate using axonal transport techniques. Given the expansion of the PFC from rodents to primate, one of our specific aims was to identify which frontal subregions project to the ZI in primates. A second was to determine whether the ZI might provide a common, specific input to the LHb and the SNc.

Summary

Overall, the STN has been associated to many functions: motor selection, motor planning, inhibitory control, attention, error processing or emotion. Not only do neuronal population code for each of these functions, they often code for many of these different types of events over the course of a single task, in rats (Lardeux et al., 2013), monkeys (Matsumura et al., 1992;Espinosa-Parrilla et al., 2013) or humans (Burbaud et al., 2013). Additionally, most of these functions seemed linked to cortical rather than pallidal inputs as demonstrated, for example, by functional disconnections or coupled recordings (e.g. [START_REF] Chudasama | Functional disconnection of the medial prefrontal cortex and subthalamic nucleus in attentional performance: evidence for corticosubthalamic interaction[END_REF][START_REF] Eagle | Stop-signal reaction-time task performance: role of prefrontal cortex and subthalamic nucleus[END_REF][START_REF] Siegert | Error signals in the subthalamic nucleus are related to post-error slowing in patients with Parkinson's disease[END_REF]. Most current models, mainly box and arrows, fail to explain all of these observations and their paramount peculiarity, that they are all taskrelated. Rather, these models focus on specific subsets of data (e.g. motor). Furthermore, most models are also oversimplifying the basal ganglia network, limiting it to three, even sometimes two, pathways: the direct, indirect and hyperdirect pathways (Mink, 1996;Nambu et al., 2002). Admittedly, box and arrows models are limited in the degree of information that they can include and cannot, for instance, give a fair representation of complex temporal dynamics such as the STN-pallidal oscillations. The computational models of the basal ganglia that have been developed recently (Frank, 2006;[START_REF] Humphries | A Physiologically Plausible Model of Action Selection and Oscillatory Activity in the Basal Ganglia[END_REF]Bogacz & Larsen, 2011) may provide an answer to most of these limits. Although each set of authors focused on a specific type of decision (economic, perceptual), they offer a general mechanism that can be applied to any type of information.

In this, they meet the thesis that I developed in Chapter I: by which, because of their architecture, the basal ganglia can be considered as a black box applying the same transformation to all types of information entering the network (see also Chapter II:3.2. ). This is particularly true of the STN, a simple, relatively homogeneous structure of which I find difficult to believe that it would perform numerous complex and different operations depending on its inputs. Nevertheless, these decision theories have yet to receive full experimental validation, which, given the time resolutions at hand, will require direct electrophysiological recordings of the STN in an ad-hoc setting.

Probing the human brain Chapter III:

1. Probing the STN

When science highjacks therapeutics

Although neurosurgeons had been experimenting with electrical stimulation of the brain to improve various neurological disorders for decades [START_REF] Hassler | Indications and localization of stereotactic brain operations[END_REF][START_REF] Hassler | Stereotaxic treatment of tics and inarticulate cries or coprolalia considered as motor obsessional phenomena in Gilles de la Tourette's disease[END_REF], it is with the ground-breaking work of Benabid and colleagues that DBS was established as one of the most successful techniques in functional surgery and the treatment of movement disorders [START_REF] Benabid | Combined (thalamotomy and stimulation) stereotactic surgery of the VIM thalamic nucleus for bilateral Parkinson disease[END_REF][START_REF] Benabid | Long-term suppression of tremor by chronic stimulation of the ventral intermediate thalamic nucleus[END_REF]. The principle is straightforward: an electrode is lowered deep into the brain and connected to a pacemaker to deliver an electrical current into the target structure (Figure 29). The first surgeries targeted the Ventral intermediate nucleus of the thalamus against parkinsonian and essential tremor [START_REF] Benabid | Combined (thalamotomy and stimulation) stereotactic surgery of the VIM thalamic nucleus for bilateral Parkinson disease[END_REF][START_REF] Benabid | Long-term suppression of tremor by chronic stimulation of the ventral intermediate thalamic nucleus[END_REF][START_REF] Troster | Chronic electrical stimulation of the left ventrointermediate (Vim) thalamic nucleus for the treatment of pharmacotherapy-resistant Parkinson's disease: a differential impact on access to semantic and episodic memory?[END_REF].

Ho e e , ased o o se atio s i the MPTP o ke odel of Pa ki so s disease [START_REF] Benazzouz | Reversal of Rigidity and Improvement in Motor Performance by Subthalamic High-frequency Stimulation in MPTP-treated Monkeys[END_REF], neurosurgeons soon shifted the DB" ta get fo Pa ki so s to the STN to improve rigidity and akinesia in addition to the tremors (Benabid et al., 1994;[START_REF] Limousin | Effect of parkinsonian signs and symptoms of bilateral subthalamic nucleus stimulation[END_REF][START_REF] Kumar | Double-blind evaluation of subthalamic nucleus deep brain stimulation in advanced Parkinson's disease[END_REF][START_REF] Schupbach | Stimulation of the subthalamic nucleus in Parkinson's disease: a 5 year follow up[END_REF]. Since, hundreds of patients have been operated worldwide (e.g. [START_REF] Hamani | Bilateral subthalamic nucleus stimulation for Parkinson's disease: a systematic review of the clinical literature[END_REF]Welter et al., 2014). After Pa ki so s disease a d esse tial t e o , the te h i ue as e te ded to othe eu ologi al disorders: the GPi is a target for dystonia [START_REF] Krauss | Chronic stimulation of the globus pallidus internus for treatment of non-dYT1 generalized dystonia and choreoathetosis: 2-year follow up[END_REF][START_REF] Wohrle | Risperidoneresponsive segmental dystonia and pallidal deep brain stimulation[END_REF][START_REF] Roze | Deep brain stimulation of the globus pallidus for generalized dystonia in GM1 Type 3 gangliosidosis: technical case report[END_REF][START_REF] Vidailhet | Bilateral, pallidal, deep-brain stimulation in primary generalised dystonia: a prospective 3 year followup study[END_REF], a d o e e e tl Hu ti gto s disease [START_REF] Moro | Bilateral globus pallidus stimulation for Huntington's disease[END_REF]. Nowadays, DBS is under investigation for a number of refractory psychiatric disorders such as depression [START_REF] Mayberg | Deep brain stimulation for treatment-resistant depression[END_REF][START_REF] Schlaepfer | Deep Brain Stimulation to Reward Circuitry Alleviates Anhedonia in Refractory Major Depression[END_REF][START_REF] Malone | Deep brain stimulation of the ventral capsule/ventral striatum for treatment-resistant depression[END_REF] and obsessive-compulsive disorder (OCD) (Nuttin et al., 1999;Mallet et al., 2002;Sturm et al., 2003;[START_REF] Jimenez | Neuromodulation of the inferior thalamic peduncle for major depression and obsessive compulsive disorder[END_REF]Mallet et al., 2008;Denys & Mantione, 2009;Jimenez-Ponce et al., 2009;Greenberg et al., 2010). In addition to renewed therapeutical perspectives for patients who had reached the end of options, DBS has also proved to be an extraordinary tool for scientists wishing to study the deeper reaches of our brain. Indeed, DBS brought a heretofore unheard possibility of interacting with and recording from the human basal ganglia. Indeed, the electrical current that is injected disrupts the neuronal activity and is often used to investigate a causal role of the STN in specific behavioural processes and related cortical activities (e.g. Frank et al., 2007;Swann et al., 2011). However, although DBS studies like to model the effect of the stimulation as an inhibition of the STN [START_REF] Benazzouz | Reversal of Rigidity and Improvement in Motor Performance by Subthalamic High-frequency Stimulation in MPTP-treated Monkeys[END_REF][START_REF] Beurrier | High-Frequency Stimulation Produces a Transient Blockade of Voltage-Gated Currents in Subthalamic Neurons[END_REF][START_REF] Anderson | Selective Attenuation of Afferent Synaptic Transmission as a Mechanism of Thalamic Deep Brain Stimulation-Induced Tremor Arrest[END_REF]Coulthard et al., 2012), the effects of the electrical current are far from being so straightforward (Deniau et al., 2010). The first element is that DBS in the STN produces its therapeutical effects without creating hemiballismus. At the circuit level, the stimulation of STN neurons at a high-frequency induces the release of neurotransmitters by the axons (Windels et al., 2000), it also affects the activity in other structures, both upstream [START_REF] Li | Resonant Antidromic Cortical Circuit Activation as a Consequence of High-Frequency Subthalamic Deep-Brain Stimulation[END_REF][START_REF] Kang | Effects of antidromic and orthodromic activation of STN afferent axons during DBS in Parkinson's disease: a simulation study[END_REF] and downstream [START_REF] Maurice | Spontaneous and evoked activity of substantia nigra pars reticulata neurons during high-frequency stimulation of the subthalamic nucleus[END_REF][START_REF] Hahn | Pallidal burst activity during therapeutic deep brain stimulation[END_REF][START_REF] Wu | Effect of deep brain stimulation on substantia nigra neurons in a rat model of Parkinson's disease[END_REF][START_REF] Cleary | Deep brain stimulation entrains local neuronal firing in human globus pallidus internus[END_REF][START_REF] Kang | Effects of antidromic and orthodromic activation of STN afferent axons during DBS in Parkinson's disease: a simulation study[END_REF]. In addition, current also spreads and might affect unrelated structures and fibre bundles (McIntyre et al., 2004;[START_REF] Miocinovic | Computational analysis of subthalamic nucleus and lenticular fasciculus activation during therapeutic deep brain stimulation[END_REF]Chaturvedi et al., 2010). Thus, DBS cannot be reduced to an inhibition of the STN and the functional meaning of its behavioural effects is, therefore, obscure.

Electrophysiology in Parkinson's, the impossible conclusion

Ho e e , DB" offe s a othe possi ilit to a ess the "TN s fu tio : electrophysiological recordings. The first option is to take advantage of the micro-electrodes that are used during the surgery to find the electrical signature of the STN (Figure 30, left) [START_REF] Zonenshayn | Comparison of anatomic and neurophysiological methods for subthalamic nucleus targeting[END_REF][START_REF] Sterio | Neurophysiological refinement of subthalamic nucleus targeting[END_REF]. Indeed, as patients can be awoken at this stage of the surgery, one can record the activity of the STN either at rest (Welter et al., 2011) or during a task (Zaghloul et al., 2012;Burbaud et al., 2013). Most activities recorded at this point are extracellular single or multi-units (Figure 30). The second option is to make use of the timeslot between the surgery for the DBS electrodes and the surgery for the pacemaker. As the electrode used is much bigger at this point1 , one can only access the local field potentials (LFP). LFPs can be considered as the second part of the electrophysiological signal, once the action potentials have been removed. That is, they represent the background activity from the local neuron population (Figure 31). Wherefrom this signal originates is still in debate, but most assume that it is an integrated representation of local slow variations in membrane potentials [START_REF] Mitzdorf | Current source-density method and application in cat cerebral cortex: investigation of evoked potentials and EEG phenomena[END_REF]. More specifically it would be the combination of all the postsynaptic potentials in the neighbouring neurons [START_REF] Eccles | Interpretation of action potentials evoked in the cerebral cortex[END_REF][START_REF] Creutzfeldt | Relations between EEG phenomena and potentials of single cortical cells. I. Evoked responses after thalamic and epicortical stimulation[END_REF]. Exactly how big that neuronal population is and how their potentials are combined depends on the electrode itself [START_REF] Nelson | Review of signal distortion through metal microelectrode recording circuits and filters[END_REF][START_REF] Nelson | Physical model of coherent potentials measured with different electrode recording site sizes[END_REF] as well as the microarchitecture of the surrounding tissue [START_REF] Nelson | Microscale inhomogeneity of brain tissue distorts electrical signal propagation[END_REF]. Indeed, these parameters influence the shape of the signal and how far it may have come from. Studies in the cortex have demonstrated that the LFP signal is influenced by neurons 200-300 µm from the electrode [START_REF] Katzner | Local Origin of Field Potentials in Visual Cortex[END_REF][START_REF] Lindén | Modeling the Spatial Reach of the LFP[END_REF]. Gi e the de sit of the "TN s eu opil (cf. Chapter I:2.1. ), and a more haphazard neuronal population, subthalamic LFPs could stem from an even smaller population [START_REF] Nelson | Microscale inhomogeneity of brain tissue distorts electrical signal propagation[END_REF]. On the other hand, the DBS macro-electrodes have lower impedance than the microelectrodes that are used in these experiments and would extend the spatial range of the recording [START_REF] Nelson | Physical model of coherent potentials measured with different electrode recording site sizes[END_REF]. LFPs may also be driven by action-potentials, provided that they are numerous and synchronised across neurons [START_REF] Magill | Synchronous unit activity and local field potentials evoked in the subthalamic nucleus by cortical stimulation[END_REF]Kuhn et al., 2005b;[START_REF] Buzsáki | The origin of extracellular fields and currents -EEG, ECoG, LFP and spikes[END_REF]. This last p ope t is of pa ti ula i po ta e i Pa ki so s. I deed, e ha e see that the STN is engaged in an oscillatory loop with the GPe, which is characterised by regular bursts A B of action-potentials in the STN [START_REF] Plenz | A basal ganglia pacemaker formed by the subthalamic nucleus and external globus pallidus[END_REF]. Not only is this burst pattern regulated by dopamine (Bevan et al., 2006), its long-term adaptation to cortical inputs is reversed in the absence of the neuromodulator [START_REF] Yamawaki | Frequency selectivity and dopamine-dependence of plasticity at glutamatergic synapses in the subthalamic nucleus[END_REF]. Consequently, this casts a doubt as to how published LFPs and single-units, mostly recorded in parkinsonian patients, should be interpreted. It seems unlikely that the types of events to which the STN responds would changethe inputs remain the samebut the manner in which the STN responds might. For example, one might imagine that instead of β desynchronisation before o e e t, the o al "TN displa s i eased β synchrony. Any attempt to test the predictions of the various decision-making models suddenly appears futile. Fortunately, recent developments have given us a trump card.

OCD: the new paradigm

Indeed, subthalamic stimulation has recently been extended to obsessive-compulsive disorder (OCD) (Mallet et al., 2008). This indication was created on the basis of three case studies concerning parkinsonian patients with concomitant OCD. These patients had u de go e DB" su ge fo Pa ki so s, ut displa ed a i p o e e t of thei OCD symptoms rather than their neurological ones. It turned out that the stimulating electrode as o e a te io a d edial tha the sta da d ta get fo DB" i Pa ki so s, possi l i the limbic STN (Mallet et al., 2002;Fontaine et al., 2004). The subsequent full-fledged clinical trial confirmed the efficacy of STN-DBS for OCD (Mallet et al., 2008). Research-wise, this has allo ed s ie tists to a ess the "TN s a ti it i a othe t pe of patie ts, ith o o ious lesion and synaptic modification. In addition, OCD makes an interesting pathological model in which to study decision-making and the actor-critic circuit.

When habits run amok

Since the 19th century, clinicians have identified the recurring association of stereotyped repetitive behaviour to repetitive intrusive thoughts, which the patient cannot repress for fear of being assailed and beset with horrendous anxiety. Then as now, the most common themes have concerned dirtiness, impurity and the necessary cleansing thereof; fear of a task not done and the ensuing painstaking verifications [START_REF] Esquirol | Des Maladies mentales, considérées sous les rapports médical, hygiénique et médico-légal[END_REF]. A striking feature of this particular illness, compared to all others, was the absolute lucidity of the patients as to their own state: conscious of the absurdity of their behaviour yet unable to stop it. The egodystonic characteristic was so pronounced that the s d o e as a ed lu id ad ess [START_REF] Trélat | La folie lucide[END_REF] o easo i g o o a ia [START_REF] Esquirol | Des Maladies mentales, considérées sous les rapports médical, hygiénique et médico-légal[END_REF]. Nowadays the behaviour is at the forefront; repetitive behaviours have become compulsions, associated to anxiety-filled obsessions to form Obsessive-Compulsive Disorder. Although ego-dystonia is still an essential part of the diagnosis (APA 2000), it is not the centre of the disease anymore. Since the advent of Pavlov and the conditioning literature, anxiety has been erected as the e t al pilla of OCD s e ha is s. Beha iou ists o side that it is asso iated to a sti ulus through classical conditioning. Compulsions are performed to reduce the anxiety; they are reinforced through operant conditioning by the disappearance of anxiety brought about by the ritual [START_REF] Mowrer | Learning Theory and Behavior[END_REF]. Cognitivists have focused more on the obsessional side. While i t usi e thoughts is the doo losed? a e dee ed o al, the auto ati all t igge , i OCD patie ts, a set of i atio al eliefs if it is t ife ill e u de ed . This auto ati thought pattern would be responsible for the anxiety. The relief provided by the compulsion would validate the belief and reinforce their association to the stimulus [START_REF] Salkovskis | Obsessional-compulsive problems: a cognitive-behavioural analysis[END_REF][START_REF] Rachman | A cognitive theory of obsessions[END_REF][START_REF] Salkovskis | Cognitive-behavioural approach to understanding obsessional thinking[END_REF]. This model has found its validity in its clinical application as cognitive and behavioural therapyone of the two effective treatments [START_REF] Cottraux | A randomized controlled trial of cognitive therapy versus intensive behavior therapy in obsessive compulsive disorder[END_REF])yet it seems that anxiety might not be such a driving force in OCD: patients with a dominant form of verification will always verify, whatever their anxiety levels might be [START_REF] Clair | Excessive checking for non-anxiogenic stimuli in obsessive-compulsive disorder[END_REF]. [START_REF] Janet | Les obsessions et la psychasthénie[END_REF] considered that the emergence of an obsession was due to a weakening of psychological tension (psychoasthenia) which allowed inferior mental structures to express themselves, unhindered. In direct reference to his work, psychoanalysis interpreted the emergence of both obsessions and compulsions as the Id manifesting itself despite the Super-ego. This intra-psyche conflict would generate anxiety and culpability, while the Ego in an attempt at reconciliation would create the obsessional thought [START_REF] Freud | La prédisposition à la névrose obsessionnelle[END_REF][START_REF] Freud | Remarques sur un cas de névros obsessionnelle[END_REF]. The loss of control by the Super-ego is here at the core of the syndrome and earned it the name of Zwangneurose1 . Thus, OCD would be the consequence of a loss of conscious control over o e s o eha iour. Combined to the cognitive and behavioural theories which emphasise ei fo e e t a d o ditio i g, o e s i d atu all g a itates to a ds the asal ga glia, a dysregulation of the actor and critic system (cf.Chapter II:5. ) and loss of cortical control over subcortical habits. The fi st i di atio of the asal ga glia s i ol e e t i OCD is a se ies of ase studies i hi h so e fo of lesio a e ous, as ula , et … of the st iatu (Croisile et al., 1989;Daniele et al., 1997;Chacko et al., 2000;Carmin et al., 2002;Thobois et al., 2004) or the pallidum (Laplane et al., 1981;Laplane et al., 1982;[START_REF] Laplane | Obsessive-compulsive and other behavioural changes with bilateral basal ganglia lesions. A neuropsychological, magnetic resonance imaging and positron tomography study[END_REF]. These secondary forms of OCD share the same clinical characteristics (Berthier et al., 1996) and respond to the same treatments: serotonin reuptake inhibitors (Chacko et al., 2000) and cognitive and behavioural therapy (Carmin et al., 2002). Experimentally, evidence converges towards a dysfunction in the entire cortico-subcortical limbic loop (Menzies et al., 2008;Haynes & Mallet, 2010). Indeed, numerous studies indicate that OCD is associated with modifications of the glucose metabolism in PET or the BOLD signal2 in fMRI. Albeit some discrepancies from one study to another (Crespo-Facorro et al., 1999;Busatto et al., 2000), the consensus is that the activity of the OFC and ACC is increased both at rest (Nordahl et al., 1989;Swedo et al., 1989;Sawle et al., 1991;Rubin et al., 1992;Alptekin et al., 2001;Whiteside et al., 2004) and during symptom-provocation tasks (McGuire et al., 1994;Rauch et al., 1994;Breiter et al., 1996;Rotge et al., 2008). (Cottraux et al., 1996;Schienle et al., 2005). In addition these hyperactivities are correlated to the intensity of symptoms (Swedo et al., 1989;Busatto et al., 2000) and corrected after a successful treatment (Benkelfat et al., 1990;Swedo et al., 1992;Schwartz et al., 1996;Morgieve et al., 2013). Subcortically, a similar pattern is found for the head of the caudate nucleus/ventral striatum (Baxter et al., 1987;Rubin et al., 1992;Lucey et al., 1995;Lacerda et al., 2003b;Whiteside et al., 2004), the pallidum (Rotge et al., 2008) and the medial thalamus3 (Swedo et al., 1989;Mallet et al., 1998;[START_REF] Saxena | Neuroimaging and frontalsubcortical circuitry in obsessive-compulsive disorder[END_REF]Alptekin et al., 2001;Saxena et al., 2001;Lacerda et al., 2003a). Furthermore, most authors report increased connectivity between the OFC/ventromedial prefrontal cortex and ACC on the one hand and the ventral striatum (Schwartz, 1998;Harrison et al., 2009;Fitzgerald et al., 2011;Harrison et al., 2013) or the MD on the other hand [START_REF] Baxter | Neuroimaging studies of obsessive compulsive disorder[END_REF]Schwartz, 1998), corrected by treatment (Schwartz et al., 1996). Therefore, it seems that OCD is linked to a dysfunction of the limbic prefrontalbasal ganglia loop. However, functional connectivity is only a measure of association or correlation between two signals (BOLD or radioactivity) and provides no information on the existence of a physical modification of the network. A study of anatomical connections per se has yet to be performed in OCD. Nonetheless, a number of authors have investigated an intermediate step: fractional anisotropy (FA) which gives an indication of the local structure of white matter tracts. This index is derived from diffusion MRI and is used as a representation of local fibre coherence in any white matter voxel. A decrease in FA indicates a local loss of cohesion but yields no information as to which and how fibre bundles (i.e. connections) may be affected, knowing that a change could also be due to glial or microvascular modifications (Jones et al., 2013). In OCD, FA comparisons have reported modifications of white matter regions known to contain axons connecting either the OFC or the ACC to the striatum and/or thalamus. For instance, the cingulum bundle transports the afferences and efferences of the ACC and presents local reductions in FA (Szeszko et al., 2005;Cannistraro et al., 2007;Garibotto et al., 2010;Lochner et al., 2012). The superior longitudinal fasciculus, which collects fibres from and to the prefrontal cortex (Garibotto et al., 2010;Koch et al., 2012), and the anterior limb of the internal capsule, through which transit prefrontal fibres connecting the basal ganglia, present similar decreases in FA (Cannistraro et al., 2007;Koch et al., 2012;Lochner et al., 2012). Together, these data are consistent with a physical modification of the anatomical connections in the prefrontal-basal ganglia network, which remains to be tested directly. Placed alongside the psychological theories of OCD and the decision-making theories of the basal ganglia, a resemblance emerges. Since the beginning, OCD has been characterised by a loss of control over lower order behaviour [START_REF] Janet | Les obsessions et la psychasthénie[END_REF][START_REF] Freud | Remarques sur un cas de névros obsessionnelle[END_REF], and specifically reinforced behaviour [START_REF] Mowrer | Learning Theory and Behavior[END_REF][START_REF] Salkovskis | Obsessional-compulsive problems: a cognitive-behavioural analysis[END_REF]. Across the table, the basal ganglia select between conscious behavioural plans from the PFC, before dopamine and reinforcement learning steal the control away from the conscious mind and deliver it to the direct but unconscious orders of sensory inputs (cf. Chapter II:3. & 5. ). In the middle, neuroscience demonstrates that prefrontal-subcortical loops are altered in the disease. Thereon, there is but one step to link the loss of conscious control over automatic behaviours to the loss of cortical control over the basal ganglia (Schwartz, 1998;Graybiel & Rauch, 2000).

From Freud to the basal ganglia

Actor or critic, who's the culprit?

In light of the prefrontal-su o ti al loop s ole i oth the a to f. Chapter II:3. ) and critic (cf. Chapter II:5. ) components of behaviour, the question arises as to whether the loss of conscious cortical control over reinforced behaviour in the basal ganglia is the result of a deficit in selection or an issue in outcome monitoring. Non mutually exclusive arguments can be made in favour of both.

Sloppy acting

In a matching-to-sample task, OCD patients perform just as well as controls. Yet, when given an opportunity to review the trial to check their answer, they will do so many more times than the controls. One specific patient was even stuck on a single trial for over 10 min. And while the total amount of checking was correlated to anxiety, OCD patients checked more than controls even without anxiety [START_REF] Clair | Excessive checking for non-anxiogenic stimuli in obsessive-compulsive disorder[END_REF]. This clearly suggests that anxiety is not a driving force of OCD 1 . In this study, the patients were given an explicit decision to make between continuing and checking, unlike the clinical setting where checking is activated implicitly. However, in both cases, it is not the initiation of the checking behaviour that is pathological but its repetition. Experimentally, this was represented by a systematic bias towards checking in this decision task; therefore, one could consider that OCD is the result of a faulty selection process.

In this selection framework, it seems that checking1 is favoured over the continuation of behaviour, but why? As postulated by behavioural and cognitive theories, checking may have been strongly reinforced initially2 , and engaged in a self-reinforcing loop [START_REF] Salkovskis | Obsessional-compulsive problems: a cognitive-behavioural analysis[END_REF]Graybiel, 1998). Therefore, it would override any other, cortically-driven, program in the striatum. However, this only explains the compulsion symptomcheckingwhen OCD patients present a global deficit in asserting cognitive control over habits (i.e. switching back to goal-directed behaviour) [START_REF] Gillan | Disruption in the balance between goal-directed behavior and habit learning in obsessive-compulsive disorder[END_REF]. Two hypotheses are possible: either cortical inputs are too weak or dopaminergic reinforcement is too strong. One could think in a disorganisation of the striatum itself. However, experimentally, the resistance to habit extinction has been associated with the putamen [START_REF] Yin | Inactivation of dorsolateral striatum enhances sensitivity to changes in the action-outcome contingency in instrumental conditioning[END_REF][START_REF] Kim | Distinct Basal Ganglia Circuits Controlling Behaviors Guided by Flexible and Stable Values[END_REF], but it is the caudate nucleus and VS that are modified in OCD (e.g. Lacerda et al., 2003b;Whiteside et al., 2004). The unbalance between cortical and dopaminergic inputs could be due to an increase of dopaminergic inputs, in number or weight. There is some evidence for a modification of the dopaminergic afferences to the striatum. Indeed, the binding of radioligands to D1 or D2/D3 receptors is decreased in OCD (as measured in PET) [START_REF] Denys | Low level of dopaminergic D2 receptor binding in obsessive-compulsive disorder[END_REF][START_REF] Olver | Dopamine D1 receptor binding in the striatum of patients with obsessive-compulsive disorder[END_REF][START_REF] Denys | Dopaminergic activity in Tourette syndrome and obsessive-compulsive disorder[END_REF], but this could indicate a decrease in the number of receptors or a decrease in receptor availability because of increased dopamine release. The use of neuroleptics as an adjuvant to OCD treatment [START_REF] Vulink | Quetiapine Augments the Effect of Citalopram in Non-Refractory Obsessive-Compulsive Disorder: A Randomized, Double-Blind, Placebo-Controlled Study of 76 Patients[END_REF] and the apparition of OCD symptoms in parkinsonian patients treated by dopamine agonist [START_REF] Gopalan | Pramipexole-induced obsessive-compulsive symptoms in a patient with Parkinson's disease and disgust sensitivity[END_REF] suggest increased release. On the other hand, effective DBS of the nucleus accumbens decreases receptor-binding short-term and increases homovanillic acid3 levels long-term [START_REF] Figee | Deep Brain Stimulation Induces Striatal Dopamine Release in Obsessive-Compulsive Disorder[END_REF], which supports a therapeutic effect of dopamine release. Consequently, it is impossible to conclude on a role of dopamine afferences to the striatum in OCD. Concerning the cortex, a decrease of anatomical inputs has not been studied, but a decrease of their functional weight may be considered. OCD patients display a lack of confidence in most tasks despite performing as well as controls (Hermans et al., 2003;[START_REF] Moritz | Enhanced perceived responsibility decreases metamemory but not memory accuracy in obsessivecompulsive disorder (OCD)[END_REF]Hermans et al., 2008;[START_REF] Clair | Excessive checking for non-anxiogenic stimuli in obsessive-compulsive disorder[END_REF]. Confidence judgements and other metacognitive abilities have been linked to the OFC [START_REF] Hsu | Neural systems responding to degrees of uncertainty in human decision-making[END_REF]Kepecs et al., 2008) and the ACC [START_REF] Moritz | Neural correlates of memory confidence[END_REF]Chua et al., 2009). These are precisely the regions affected in OCD. Thus, in OCD, conscious cortical input to the basal ganglia may be seen as untrustworthy, weakened, and subsequently overridden by reinforced habits. Modifi atio s a e fou d else he e i the asal ga glia. I deed, the "TN s a ti it is alte ed in OCD patients and is correlated to the severity of symptoms (Piallat et al., 2011;Welter et al., 2011;[START_REF] Bastin | Changes of oscillatory activity in the subthalamic nucleus during obsessivecompulsive disorder symptoms: Two case reports[END_REF]. Moreover, it is increased prior to checking in the matching-tosample task described earlier (Burbaud et al., 2013). The "TN s a ti it has e e ee described as coding specific action plans or action parameters (cf. Chapter II:1. ), thus, one ust look fu the to e plai this p edi ti e ha ge i a ti it . If the "TN s ole is i deed to set the decision threshold, the increased activity prior to checking represents an increase in threshold. This may lead to the slower reaction times observed in OCD patients (e.g. [START_REF] Moritz | Negative priming (cognitive inhibition) in obsessivecompulsive disorder (OCD)[END_REF], and even to the lack of a decision. After a while, this dithering may cause anxiety and doubt and activate a default behaviour designed to correct it: checking. As the symptoms are not permanent, a primary dysfunction of the STN seems unlikely. On the other hand, recordings have been made in the associative-limbic STN, a region that would receive an input from OFC and ACC according to decision models. Thus, the lack of confidence could cause the increase in decision threshold1 . We have described how selection processes may be awry in OCD due to modifications of the actor circuit, either because of a cortical input weakened by low confidence or because of a too p ese t dopa i e gi i put. Ho e e , a e it is ot the a to a d its use of the iti s information that are dysfunctional but rather the information that the critic provides.

Careless criticism

One of the most influential neurocognitive models of OCD [START_REF] Pitman | A cybernetic model of obsessive-compulsive psychopathology[END_REF] is that the monitoring system of patients is unduly biased towards the detection of error. Errors would be signalled unexpectedly and erratically, this would generate anxiety and the need to reestablish certainty by repeating the action. A first neurological basis could be an overactive detection of errors and conflicts by the ACC2 [START_REF] Fitzgerald | Error-related hyperactivity of the anterior cingulate cortex in obsessivecompulsive disorder[END_REF][START_REF] Stern | Hyperactive error responses and altered connectivity in ventromedial and frontoinsular cortices in obsessive-compulsive disorder[END_REF]. This faulty monitoring of outcome would lead to anormalpost-error increase in decision threshold, mediated by the STN (Burbaud et al., 2013), with the consequences described above. Alternatively, the SNc/LHb system could be biased towards negative prediction error. They would always detect that the outcome is less than what was expected. This would lead to the repetition of behaviour to obtain the desired outcome. Such a change in how events are coded might also explain the contradictory PET and pharmacological results described above. Another suggestion is that critic fails to inform the actor. Indeed, patients do not seem to integrate feedback or reinforcement in economic decisions (Figee et al., 2011) and in reversal learning/switching tasks [START_REF] Chamberlain | Orbitofrontal dysfunction in patients with obsessive-compulsive disorder and their unaffected relatives[END_REF][START_REF] Gillan | Disruption in the balance between goal-directed behavior and habit learning in obsessive-compulsive disorder[END_REF]. Moreover, this failure to adapt is correlated to the severity of the OCD symptoms [START_REF] Morein-Zamir | Punishment promotes response control deficits in obsessivecompulsive disorder: evidence from a motivational go/no-go task[END_REF]. This lack is also perceived strongly by the patient which have an enhanced emotional reaction (Gillan et al., 2014b), reflecting once more the dissociation bet ee the patie t s conscious experience and his decision mechanisms. In addition to improper reinforcement in the striatum, if the outcome is not integrated, the threshold will not be adjusted and the decision will be made according to the wrong parameters. *** Overall, what we know of OCD pathophysiology suggests that there is no fundamental lesion as i Pa ki so s disease. 'athe the e see s to e a diso ga isatio of the o ti o-basal ganglia loops linked to a loss of control of contextual information on the expression of habits. Henceforth, the specific hypothesis that we will use is that of a decrease in confidence levels at the cortical level leading to an increase in STN activity and decision threshold.

Probing the circuit

Researchers can now record the "TN s a ti it i t o patie t populatio s, the e a aili g themselves of the incredible opportunity that is subthalamic DBS. Data from OCD patients oupled to st o g ps hopathologi al h potheses a d o pa ed to data f o Pa ki so s open the possibilit of isolati g pa t of the "TN s o al ole. Most pu lished e o di gs (cf. Chapter II, 3) have focused on slowing and braking functions, never really testing the "TN s h pothesised ole i de isio -making. Only one study has tested the model directly, in a neuroeconomic setting (Cavanagh et al., 2011). Ho e e , e ause F a k s task holds a element of direct conflict which could also support a simple stopping mechanism under ACC influence, we endeavoured to record from the STN during the classic dot-motion task (Newsome et al., 1989). It remains that even a good representation of threshold by subthalamic activity is not enough to validate the decision models. Indeed, the model also depends on which information is sent from one node of the network to another. Attempts to study cortical information flow to the STN have combined electroencephalographic recordings with LFPs [START_REF] Siegert | Error signals in the subthalamic nucleus are related to post-error slowing in patients with Parkinson's disease[END_REF][START_REF] Zavala | Midline Frontal Cortex Low-Frequency Activity Drives Subthalamic Nucleus Oscillations during Conflict[END_REF], but the surgical context limits the number of scalp electrodes as well as the sensitivity of recordings. However, an alternative exists: magnetoencephalography (MEG). This technique measures the magnetic fluctuations induced by the ai s ele t i al u e ts i stead of the u e ts the sel es. No ele t odes eed to be used. Instead, subjects are placed within an array of magnetic sensors that do not need to touch their skin. The signal that is recorded has a similar spatial resolution to high-resolution electroencephalograms and can be analysed as any other continuous signal (e.g. LFP). Thus, o i ed to LFP, o e a stud the ausalit of o ti al sig als o the "TN s [START_REF] Zavala | Midline Frontal Cortex Low-Frequency Activity Drives Subthalamic Nucleus Oscillations during Conflict[END_REF]. This would also allow one to confirm the functionality of the limbic corticosubthalamic projection in humans. The ventral striatum and caudate nucleus are also being used as targets in DBS for OCD, with varying levels of success (Sturm et al., 2003;[START_REF] Denys | Deep brain stimulation of the nucleus accumbens for treatment-refractory obsessive-compulsive disorder[END_REF]Greenberg et al., 2010) 1 . In order to establish the better of the striatal and subthalamic targets, or whether they cater to different clinical subtypes, our team in Paris has just finished a clinical trial in which OCD patients received four electrodes, bilaterally in the ventral striatum and the STN2 . This provided a simultaneous electrophysiological access to the entire dorso-ventral span of the caudate nucleus and the STN.

Given the rare opportunity to combine Cortex-STN recordings and Striatum-STN recordings in two cohorts of OCD patients, our final objective was to validate as many elements of the basal ganglia decision-network as were readily accessible. Namely, we wanted to demonstrate That the STN sets the decision-threshold That this threshold is influenced by confidence levels That it is driven by prefrontal activities That the striatum integrates the decision variables for each choice option

That the striatu a tivity does ot have a stro g ausal i flue e o the "TN's, as ight e

predicted by old models of the direct & indirect pathways

The invariance of the Basal Ganglia network throughout vertebrate evolution suggests a fu da e tal ole i o ga isi g eha iou . A lose a al sis of the i uit s a hite tu e e eals that the ould p o ide the ai s e t al sele tio e ha is . "pe ifi all , subthalamic output is physically in a position to filter striatal output to the GPi/SNr, by targeting pallidal somata rather than distal dendrites. Computational models have confirmed that the STN could select between striatal signals based on its own cortical inputs. In addition, each node of the basal ganglia circuit seems to match a term of the drift diffusion equations, the standard model to describe decision-making behaviour. An experimental validation of these models would be of a crucial importance for the understanding of the complex neuro-og iti e effe ts of DB" i Pa ki so s disease a d OCD. However, the models are still in need of anatomical validation. Indeed, the corticosubthalamic projection, in primates, has only been shown from motor areas, preventing the extension of the model to all types of behavioural selection.

 Thus, our first objective was to demonstrate the existence of the cortico-subthalamic projection from all areas of the prefrontal cortex using axonal tracing in the monkey While one can extrapolate these results to man, they do not provide the detailed topographical information necessary to study the effects of DBS. On the other hand, tractography has proved unreliable until now to estimate anatomically plausible tracts between the cortex and the STN  Our second objective was twofold: to map the anatomical pathway taken by axons from the cortex to reach the STN in monkeys, and to use this mapping to inform tractography algorithm in humans.

Having established the anatomical basis of the decision-making models, we endeavoured to test their functional reality. DBS trials in OCD offer the possibility of recording the single unit activity and LFPs of the STN and the striatum. Given that the literature points towards a dysfunction of the limbic cortico-subcortical loop in OCD, the dynamics of the basal ganglia in decision-making might be modified in these patients.  Our third objective was to characterise the anatomical cortico-subcortical connectivity in OCD patients using tractography. Based on the literature, we hypothesised a deficit of cortical inputs to the basal ganglia.

Decision-odels p edi t that the "TN s a ti it should efle t the de isio th eshold a d e associated to the level of decision conflict. These predictions have been tested only once, in a neuroeconomic decision-task.  Ou fou th o je ti e as to e o d the "TN s a ti it du i g a pe eptual de isio task. We hypothesised that it would be increased in relation to reaction times and difficulty, and correlated to decision-threshold.

Pa ki so s disease is li ked to dopa i e gi de e atio ; OCD ould pe haps e asso iated to d sfu tio al lea i g e ha is s. Yet, ou u de sta di g of the iti pa t of the Actor-Critic model and how it may be affected by subthalamic DBS is limited. One issue is the absence of an identified link between cortical and sub-cortical reward-related areas.

 Our last objective was to demonstrate that the ZI fills this gap in the reward system and provides a link from the prefrontal cortex to the SNc and LHb

Introduction

The subthalamic nucleus (STN), once considered as a relay nucleus of the basal ganglia involved in inhibiting unwanted motor programs (Mink, 1996), is now also known to regulate cognition, motivation, and impulsivity (Kuhn et al., 2005;Eagle and Baunez, 2010;Huebl et al., 2011). Pallidal projections support a tripartite STN organization comprising a dorsolateral motor area, a central associative region, and a ventromedial limbic component (Haber et al., 1993;Shink et al., 1996;Karachi et al., 2005). The demonstration of direct motor and premotor cortical inputs (hyperdirect pathway) (Nambu et al., 1996) coupled with its pallidal input from the indirect pathway first suggested that the STN was involved in the temporal bounding of motor programs (Nambu et al., 2002). The hyperdirect pathway is currently thought to exert top-down executive control over all behavioral programs transiting through the basal ganglia, by establishing decisional thresholds (Bogacz and Larsen, 2011;Cavanagh et al., 2011). This complex function probably involves direct inputs from multiple frontal regions. Although motor and premotor cortices terminate in a large lateral portion of the STN and caudal prefrontal areas terminate medial to those [START_REF] Ku ¨nzle | Thalamic projections from the precentral motor cortex in Macaca fascicularis[END_REF]Hartmann-von Monakow et al., 1978;Nambu et al., 1996), little is known about the projections from rostral and ventral prefrontal areas. Given the importance of the hyperdirect pathway in filtering behavioral output, including cognition and emotion, our first goal was to delineate the terminal organization of all prefrontal inputs to the STN, distinguishing them from the related passing fibers.

With the development of STN deep brain stimulation (DBS) for obsessive-compulsive disorder (OCD) (Mallet et al., 2008) and possibly addiction [START_REF] Luigjes | Deep brain stimulation in addiction: a review of potential brain targets[END_REF], which targets the medial STN, a clearer definition of the STN areas associated with emotion and motivation is crucial. Early descriptions of the STN boundaries point out the difficulty in delineating a clear medial border (Luys, 1865;Dejerine, 1901). The separation between STN and lateral hypothalamus (LH) is obscure, considering both cytoarchitectonics (Dejerine, 1901) and ventral pallidal (VP) connections (Fig. 1) (Haber et al., 1993). Therefore, our second goal was to use ventromedial PFC (vmPFC), orbitofrontal (OFC), and dorsal anterior cingulate (dACC) afferent projections to help delineate the "limbic" STN.

Convergence between cortical terminals from functionally diverse areas exists in both the striatum and thalamus (McFarland and Haber, 2002;Haber et al., 2006). Consistent with the possibility of a similar pattern of convergence in the hyperdirect pathway, DBS for Parkinson's disease shows a variation in non-motor responses despite electrode locations centered in the dorsal motor region (Mallet et al., 2007;Hershey et al., 2010). Our third goal was to determine whether there is also convergence of cortico-STN fibers from functionally diverse cortical areas.

Our results show both a functional topography and a convergence of cortico-STN projections from different functional regions, and support the idea that the lateral LH may be considered as part of the limbic STN. Finally, passing fibers from each functional region travel widely through the STN. These data impact the functional models of STN and DBS approaches in neurology and psychiatry.

Materials and Methods

To examine the organization of frontal cortico-subthalamic projections, we injected anterograde and bidirectional tracers into different frontal cortical regions. Corticocortical, corticostriatal, and corticothalamic labeling was used to verify the specificity of the injection sites. We charted the entire projection field and passing fibers throughout the STN in each case. In addition to the traditional charting of individual terminating fibers, we outlined dense projection fields for each case to create 3D maps of these dense fields. These maps were then compiled to delineate the entire subthalamic region that receives its primary input from each of the frontal areas that was injected. A 3D map combining all the dense projection fields and fibers outside of those fields (diffuse projections) was created to determine the extent of a possible interaction between different frontal cortex regions. Surgery and tissue preparation. Forty-three adult male macaque monkeys (4 Macaca nemestrina,39Macaca fascicularis) were used for the tracing study. All experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council, 1996) and were approved by The University Committee on Animal Resources.

Monkeys were tranquilized by intramuscular injection of ketamine (10 mg/kg). A surgical plane of anesthesia was maintained by intravenous injections of pentobarbital (initial dose of 20 mg/kg, i.v., and maintained as needed). Temperature, heart rate, and respiration were monitored throughout the surgery. Monkeys were placed in a David Kopf Instruments stereotactic frame, a midline scalp incision was made, and the muscle and fascia were displaced laterally to expose the skull. A craniotomy (ϳ2-3 cm 2 ) was made over the region of interest, and small dural incisions were made only at injection sites. To guide deep cortical injections, serial electrode penetrations were made to locate fiber tracts as indicated by absence of cellular activity (Haber et al., 1993) (i.e., corpus callosum and anterior commissure). We calculated the anterior/posterior position of various prefrontal regions based on the location of the anterior commissure. Accurate placement of tracer injections was achieved by careful alignment of the injection cannulas with the electrode. In several animals, we obtained magnetic resonance images to guide our injection sites. The dorsolateral injections sites were determined by visual inspection of frontal cortical gyri, indicating general frontal cortical areas.

Monkeys received an injection of one or more of the following anterograde/bidirectional tracers: Lucifer yellow (LY), fluororuby (FR), or fluorescein (FS) conjugated to dextran amine [40 -50 nl, 10% in 0.1 M phosphate buffer (PB), pH 7.4; Invitrogen], or tritiated amino acids (100 nl, 1:1 solution of [3H]-leucine and [3H]-proline in dH 2 O, 200 mCi/ml; NEN). Tracers were pressure injected Ͼ10 min using a 0.5 l Hamilton syringe. After each injection, the syringe remained in situ for 20 to 30 min. Twelve to 14 days after the operation, monkeys were again deeply anesthetized and perfused intracardially with saline, followed by a 4% paraformaldehyde/1.5% sucrose solution in 0.1 M phosphate buffer, pH 7.4. Brains were postfixed overnight and cryoprotected in increasing gradients of sucrose (10, 20, and 30%). Serial sections of 50 m were cut on a freezing microtome into 0.1 M phosphate buffer or cryoprotectant solution as previously described (Haber et al., 2000).

Immunocytochemistry. Immunocytochemistry was performed on freefloating sections (1 in 8 for each tracer) to visualize LY, FR, and FS tracers. Before incubation in primary antisera, tissue was treated with 10% methanol and 3% hydrogen peroxide in 0.1 PB to inhibit endogenous peroxidase activity and rinsed 1 to2hi nP Bwith 0.3% Triton X-100 (TX) (Sigma). Sections were preincubated in 10% normal goat serum (NGS) and 0.3% TX in PB for 30 min. Tissue was placed in the primary anti-LY (1:3000 dilution; Invitrogen), anti-FS (1:1000; Invitrogen), anti-FR (1: 1000; Invitrogen) in 10% NGS, and 0.3% TX in PB for 4 nights at 4°C. After extensive rinsing, the tissue was incubated in biotinylated secondary antibody, followed by incubation with the avidin-biotin complex solution (Vectastain ABC kit; Vector Laboratories). Immunoreactivity was visualized using standard DAB procedures. Staining was intensified by incubating the tissue for 5 to 15 min in a solution of 0.05% 3,3Јdiaminobenzidine tetra-hydrochloride (DAB), 0.025% cobalt chloride, 0.02% nickel ammonium sulfate, and 0.01% H 2 O 2 to yield a black reaction product. Sections were mounted onto gel-coated slides, dehydrated, defatted in xylenes, and coverslipped with Permount. In cases in which more than one tracer was injected into a single animal, adjacent sections were processed for each antibody reaction. To visualize amino acid staining, sections were mounted on chrome-alum gelatin-subbed slides for autoradiography. Sections were defatted in xylene for 1 h, and then dipped in Kodak NTB 2 photographic emulsion. Exposure time of the autoradiograms ranged from 6 to 9 weeks. The sections were then developed in Kodak D for 2.5 min, fixed, washed, and counterstained with cresyl violet.

Data analysis. A total of 48 injections were placed throughout the frontal cortex. Five of the 43 monkeys had 2 tracer injections, each in a different part of cortex. We focused on prefrontal cortex; however, we also included a few motor and premotor cases for comparison purposes. Specifically targeted prefrontal areas were as follows: the vmPFC (areas 14, 25, and ventral 32), the OFC (areas 11, 13, 12, and orbital proisocor- tex), the dACC (area 24), the DPFC (areas 10, 9, and 46). Motor regions included area 6 and medial M1 (area 4). Five animals received two injections into different regions of the frontal cortex.

Cortical injections with contamination or weak labeling were eliminated from the analysis (16 cases). Contamination refers to all injections in which the tracer was not limited to a single cortical region but had leaked into an adjacent area or into the underlying white matter. Weak labeling refers to relatively few labeled fibers in the thalamus, indicating that little if any would be transported to the STN. This was typically the result of injection sites centered in superficial cortical layers. Eleven cases that had injection sites in which there were other outstanding cases were not fully charted. These cases were used to validate those cases that were fully charted and modeled. Thus, a total of 21 injection sites were charted and modeled.

All thin, labeled fibers containing boutons were charted for LY, FR, and FS injections. Areas where those fibers formed clusters sufficiently dense to be visualized at low magnification (4ϫ) were labeled as dense terminal fields and were outlined as distinct objects. Terminating fibers outside of these dense areas were also charted, but were considered to form a diffuse projection system (Haber et al., 2006). Thick fibers without clear terminal boutons were assumed to be passing fibers and were charted separately. Fiber distribution for each case was charted throughout the rostrocaudal extent of the STN. For cases with tritiated amino acid injections, only the dense terminal fields were charted. Indeed, diffuse projections could not be distinguished from passing fibers due to the lack of morphological identification of individual fibers.

3D reconstruction. The 3D reconstructions of focal and diffuse projection fields in the STN were developed to (1) address how each projection lies within the STN space and (2) study a possible convergence of the different inputs. For each case, a stack of 2D coronal sections was created from its Neurolucida chartings and Nissl images. This stack was imported into IMOD, a 3D rendering program (Boulder Laboratory for 3D Electron Microscopy of Cells, University of Colorado, Boulder, CO) (Kremer et al., 1996), and a 3D reconstruction that contained the dense and diffuse projections was created for each case separately. To merge several cases together, we developed a reference model of the STN from one animal. This model was created by sampling 1 in 8 sections (at 400-m intervals) throughout the STN, using alternate high resolution photographs of frozen sections, taken as they were cut, and Nissl-stained sections. Data from each case was then transposed into the reference STN using landmarks of key internal structures (anterior commissure, caudate nucleus, putamen, midline, mammillary bodies, internal globus pallidus, substantia nigra, optic tract). After the transposition of dense and diffuse projections from each case, every contour placed in the reference model was checked with the original for medial/lateral, dorsal/ventral, and anterior/posterior placement and relative size. This ensured that the dense projection field from each case was accurately placed with respect to its position and the proportion of the STN it occupied. Thus, a 3D rendering was created first for each single case and then for the combination of cases.

Results

We charted the subthalamic projections resulting from 21 injections. Two injections were located in area 14, 1 in area 11/13, 1 in area 12 orbital proisocortex, 3 in area 24, 1 in area 10, 3 in area 9, 2 in area 46, 4 in area 6, and 4 in medial area 4. All injection sites were confined, covering a relatively small portion of each cortical area. Tracer uptake and axonal transport varied across cases, thereby influencing the amount and density of labeling in the STN. Therefore, we did not attempt to correlate injection location to projection volumes and density. In addition, we found that, in general, the more rostral injections resulted in less transport compared with injections closer to the STN. This was evident not only in the STN but in thalamic labeling as well. Therefore, we concluded that distance might affect the robustness of the terminal field. Nonetheless, although the density may vary between each case in this manner, the center of the projection area for each cortical region was consistent.

For analysis, we divided the STN into thirds along the rostrocaudal axis (anterior third, central third, posterior third). In addition, we isolated the rostral and caudal poles because they had specific characteristics. Three medial-lateral divisions were used: medial and lateral halves, and the medial tip. The medial tip was also isolated from the rest of the medial half as it appeared to have a different organization (Fig. 2). We selected one representative case of each region for illustration purposes.

Overall, descending cortical fibers traveled to the STN through the internal capsule (IC). Caudal to the anterior commissure, fiber bundles from each cortical region split into two bundles (Lehman et al., 2011): one branch sent fibers to the thalamus, the other to the brainstem. Axons branched off from the brainstem portion of the IC at different rostrocaudal levels to enter the STN. The level at which fibers split off from the IC depended on the cortical region they originated from.

vmPFC/OFC

Axons from the vmPFC/OFC traveled ventral to, or within the anterior commissure and thus within the most ventral portion of the IC (Lehman et al., 2011). Although these fibers entered the STN through the ventromedial aspect of the anterior third, they mainly coursed along the medial tip, in the lateral hypothalamus (LH). Overall, there were few terminals within the STNЈs conventional borders. Indeed, the majority of vmPFC terminal fields were located medially to the medial tip of the STN, in the general area of the LH (Fig. 3A). Diffuse terminals surrounded the dense projection fields and extended into the medial STN. Those from the OFC surrounded the medial tip of the STN, also straddling its border (Fig. 3B). This organization was seen primarily in the anterior third of the nucleus. We observed few terminals in the Figure 2. Schematic of the STN divisions. The STN was divided into thirds along the rostrocaudal axis, the rostral and caudal poles were considered as additional, distinct entities as they had specific properties. The medial tip also had specific properties and was isolated from the medial half.

central and posterior thirds (Fig. 4A). OFC and vmPFC terminal fields overlapped extensively, and therefore we combined their distributions in Figure 3A. dACC Three injections were placed at different rostrocaudal positions in area 24. One was located in the most rostral part of area 24, the second was immediately anterior to the genu of the corpus callosum, and the third was in the caudal part of area 24, above the genu (but rostral to the midcingulate cortex). dACC fibers traveling to the STN were located dorsal to those from the vmPFC/OFC in the IC. Fibers left the brainstem component of the IC just rostral to the STN and were in a position to enter the nucleus through the center of its rostral pole. Thereafter, they traveled primarily in the medial tip, extending into the medial half. In addition, some passing fibers traveled in the lateral half.

dACC fibers terminated throughout the rostral pole, with the exception of its most lateral aspect. In the anterior and central thirds, fibers collected into a dense projection field that was located in the medial tip. Part of this field extended outside the STNЈs medial boundary into the LH, partially overlapping with those from the vmPFC/OFC (compare Figs. 3A-C). Diffuse terminals surrounded this terminal field, occupying the medial half of the STN and also extending outside of the conventional boundaries, into the adjacent LH. The dense projection did not extend into the posterior third of the STN. Indeed, the number of diffuse terminating fibers decreased steadily in the caudal sections. Those that did extend posteriorly were confined to a small area in the medial tip of the STN, as well as outside of the medial border (Fig. 4B).

DPFC

Descending fibers from all DPFC injection sites traveled in the IC dorsally to the fibers from the ventral prefrontal regions. These fibers traveled in the IC with the brainstem axons until the anterior pole of the STN. Unlike dACC axons that entered the rostral pole of the STN centrally, DPFC axons entered the rostral pole from its lateral aspect. However, the axons then crossed to the medial half of the STN, where the terminal fields were concentrated. A few passing fibers remained in the lateral half and some could also be seen in the medial tip.

In the anterior third, the main terminal field from area 10 was confined to the dorsal portion of the medial half. The surrounding diffuse terminals occupied most of the anterior third and extended to the rostral pole and ventromedial part of the central third. There were few terminals in the rostral pole or in the posterior third. Diffuse terminals from area 9 occupied the medial half of the anterior third, with the notable exception of the medial tip. In the central third, the dense projection field from area 9 was located ventromedially, overlapping with the diffuse projections from area 10, but somewhat lateral to the dense terminals from the dACC injections (Figs. 3D,4C). As with projections from the dACC, diffuse terminals from area 9 were scattered in the medial tip of the posterior third and no terminals were seen in the caudal pole (Fig. 4C). Consistent with area 10 and area 9 projections, diffuse terminals from area 46 were also scattered throughout the anterior pole of the STN. There was a dense projection in the center of the anterior third. In the central third, this dense projection was somewhat dorsal to that from area 9. Unlike the other DPFC projections, this terminal field continued throughout the posterior third of the STN and diffuse terminals were observed in the caudal pole (Fig. 4D).

Motor areas

In contrast to PFC terminals that entered at the rostral pole, descending fibers from area 6 and M1 entered the STN through the dorsolateral aspect of the anterior and central thirds respectively. Whereas area 6 axons then descended to occupy the medial and lateral halves of the STN (rostral and caudal area 6, respectively), M1 axons remained in the dorsolateral portion. Neither area 6 nor M1 injections gave rise to terminals in the rostral pole of the STN. Area 6 diffuse terminals occupied the dorsal half of the anterior third, where there were few from PFC areas. In the central and posterior thirds, there was rostrocaudal topography to area 6 inputs. Rostral area 6 projected ventrally in the medial half, somewhat lateral to, but overlapping area 46 projections (Figs. 3F,4E). The caudal area 6 projected to the lateral half, caudal and lateral to PFC projections (Fig. 4F ). Surrounding these dense projections, diffuse fibers were scattered throughout the STN, avoiding the medial tip of the STN in the anterior and central thirds. In contrast to area 6, terminals from M1 occupied a dorsal position in the lateral half of the STN, throughout its rostrocaudal extent. The projection was most dense in the central third (Fig. 3I ). There were a small dense projection and some diffuse terminals in the center of the caudal pole (Fig. 4G).

General topography

Taken together, cortico-subthalamic projections defined a functional, rostral to caudal, ventromedial to dorsolateral topography within the STN. The anterior third of the STN contained primarily PFC dense terminal fields. dACC dense projections straddled the medial tip, while combined DPFC dense projections occupied the medial half of the nucleus. The central third contained dense projections from the entire frontal cortex. dACC dense terminal fields remained in the medial tip, DPFC projections occupied the medial STN, whereas M1 dense projections were concentrated dorsal in the lateral half, and area 6 terminals took a more central location, between DPFC and M1 projections. The posterior third contained primarily motor projections, with M1 dense terminal fields occupying the center of the nucleus, whereas rostral and caudal area 6 dense terminal fields extended in a gradient from the medial tip to the M1 dense projection. The remainder of the DPFC terminal fields was confined to the medial tip at this level (Fig. 5).

In addition to projections within the conventional boundaries of the STN, dACC terminals in the anterior and central thirds of the STN, and DPFC terminals in the posterior third, straddled the medial boundaries to extend into the adjacent LH. This projection pattern established a topographic continuity with the vmPFC/OFC dense terminal fields that were concentrated outside of the conventional STN boundaries, along its medial tip, but located within the LH (Fig. 5).

Topology

The OFC/vmPFC projected to an area overlapping with terminals from the medial component of the dACC dense projection (those lying within the LH; Figs. 5 A,B). While medial dACC terminals overlapped with those from the vmPFC/OFC in the LH, its dense projection system was primarily located within the conventional boundary of the STN. The lateral part of the terminal field overlapped with inputs from the DPFC (Figs. 5 A,B). These lateral dACC projections also overlapped, but to a much lesser extent, with rostral area 6 projections (Fig. 5B). The lateral DPFC fibers terminated in the same area as those from the rostral area 6 (Figs. 3F-H, 5B). Finally, the dorsal portion of the area 6 dense projection field also received inputs from M1 (Fig. 5 B,C).

Diffuse projections (Fig. 6A), although centered on their respective dense projections (Fig. 6B), extended over a greater territory. Thus, despite a relatively conserved medial to lateral and rostral to caudal organization (Fig. 6A), diffuse projection fields from each area overlapped much more extensively than their dense counterparts (Fig. 6C,D). This topology allowed extended interfaces between prefrontal (dACC, DPFC) and motor regions (Fig. 6E). Moreover, motor diffuse projections also extended into the medial, prefrontal territories of the STN (Fig. 6F ). The most striking example of this extended convergence is the DPFC projection, of which the dense component primarily converged with the dACC and area 6 dense projections, whereas its diffuse projections interfaced with the projections from all frontal areas. The diffuse projections increased the convergence both between different prefrontal projections (Fig. 6C), as well as between premotor and motor projections (Fig. 6D).

Overall, the different functional territories, although topographically organized, were not completely segregated. This topology showed two types of overlap. The first type was the convergence between dense terminal fields from different frontal regions (Figs. 5,6B). This occurred primarily, but not entirely, between projections from neighboring cortical regions (e.g., vmPFC and dACC, dACC and DPFC). The second type involved the wider spread of diffuse fibers, allowing an overlap from functionally more distant cortical areas (e.g., DPFC and M1) (Fig. 6).

Passing fibers also followed this topology (Fig. 7A). vmPFC/ OFC fibers were located primarily medial to the medial tip and dACC fibers within the medial tip, extending partly through the medial half (Fig. 7B). The DPFC axons traveled primarily in the medial half, but also in the medial tip and the lateral half (Fig. 7C). The rostral area 6 axons traveled in the medial half in a similar region as those from the DPFC. However, these rostral area 6 axons were positioned more laterally. Thus, they also intermingled with the axons from the caudal area 6. Passing fibers from M1 were concentrated in the lateral half and did not travel through the medial half (Fig. 7D). The rostrocaudal organization of passing fibers is illustrated in Figure 7E-G.

Discussion

General topography

All prefrontal areas project to or within the immediate region of the STN, following a general functional topography. Prefrontal projections are concentrated in the anterior, ventral, and medial half of the STN. dACC dense terminal fields are located in the anterior, medial tip, an area previously described as devoid of cortical inputs (Hartmann-von Monakow et al., 1978). DPFC projections occupy the medial half of the STN. Consistent with the literature, we found that M1 projects to the dorsolateral STN and the area 6 projects ventromedially to M1 projections (Kunzle and Akert, 1977;Hartmann-von Monakow et al., 1978;Nambu et al., 1996Nambu et al., , 1997)). Importantly, our injections did not sample the entire frontal cortex and injection sites were small. Therefore, the projection fields of each region may be larger than what we report here.

The limbic STN

One important finding is the location of the terminals from vmPFC/OFC and dACC. Whereas DPFC dense projections are contained within the conventional medial border of the STN, dACC projections straddle this border and vmPFC/OFC terminals are located outside of it in the adjacent LH. Thus, the coneshaped region that surrounds the ventromedial tip of the STN and is occupied by vmPFC/OFC and part of the dACC projections contains elements of the STN. Indeed, the cortical terminal fields in this area are in the topographic continuity of the other PFC projections. Moreover, terminals from, and cells to the VP, a known subthalamic input/output, are in the same location surrounding the medial tip of the STN (Fig. 1 B,C) ( Haber et al., 1993). Finally, these terminal fields are contained within the area that extends to the mammillary bodies which has been historically attributed to the STN based on cytoarchitectonics (Dejerine, 1901), but is not functionally well characterized.

The cognitive STN

Previous experiments reported STN terminals from areas 8, caudal 46, and caudal 9 (Hartmann-von Monakow et al., 1978). As described here, these were located ventral and medial to premotor and motor projections, but left the medial half of the STN free of cortical afferences. It is in this area that the projections from the more rostral injections located in areas 10, 9, and 46 terminate. The dACC, a cognitive and limbic structure, projects to the medial tip. Overlap between these different prefrontal projections is extensive, which suggests complex integration between the different cognitive inputs to the STN.

Overall, the hyperdirect pathway defines a topographic anatomic connection, composed of a rostral limbic component, concentrated in the medial tip of the STN and the adjacent LH, a cognitive component in the medial half, and a more lateral and caudal motor component, centered in the lateral half of the STN. This is consistent with the topography of the pallido-subthalamic interconnection (Haber et al., 1993;Shink et al., 1996;Karachi et al., 2005).

Physiological experiments support this organization. In monkeys, targeted pharmacological inactivations of the posterolateral STN induce contralateral ballistic movements, whereas anteromedial inactivations induce stereotyped and/or violent behavior [START_REF] Karachi | Dysfunction of the subthalamic nucleus induces behavioral and movement disorders in monkeys[END_REF]. In patients, DBS of the STN can induce a range of effects depending on the exact stimulation locus (Mallet et al., 2007;Hershey et al., 2010). Dorsal and lateral contacts induce pure motor manifestations, whereas stimulation with the more centrally located contacts provoke attentional issues, and stimulation at the ventral and medial contacts lead to manic symptoms (Mallet et al., 2007). Accordingly, the STN has become a target for DBS in resistant OCD, at a location rostral and medial to the one used for Parkinson's disease (Mallet et al., 2008). It is also a potential target for the treatment of severe addictions [START_REF] Luigjes | Deep brain stimulation in addiction: a review of potential brain targets[END_REF].

Topology: convergence and integration OFC and vmPFC terminals overlap with dACC dense terminals in the medial tip of the STN and the LH. dACC converges with DPFC. DPFC terminals also overlap with those from area 6. M1 dense terminals overlap primarily with area 6 dense terminals. The motor region appears to be relatively isolated from the other functional regions. However, the range of our motor injection sites was limited and previous results suggest that M1 projections might extend further into the ventrolateral STN, providing a greater degree of overlap with area 6 projections (Nambu et al., 1996(Nambu et al., , 1997)).

The length and orientation of the STN dendrites indicate that convergence between STN cortical inputs from different functional areas may be greater than it appears based on projection patterns. STN dendrites are oriented along the long axis of the nucleus and occupy approximately two-thirds of its volume (Yelnik and Percheron, 1979). Therefore, each dendrite stretches across multiple functional regions and receives inputs along its entire length. Inputs from the VP and globus pallidus have been shown to converge onto a single STN neuron (Bevan et al., 1997). Thus, STN neurons at the interface of functional territories are likely to receive convergent inputs onto their proximal dendrites. In addition, STN neurons at the center of a functional region may also receive inputs from functionally diverse cortical areas onto more distal dendrites (Bevan et al., 1997). Therefore, the output from each subthalamic neuron, although primarily driven by the cortical input matching the territory in which the neuron lies, is likely to result from the integration of functionally diverse information.

Functional considerations

The STN is thought to integrate contextual information through the hyperdirect pathway to set a decisional threshold. It is considered a filter that selects behavioral programs carried along the direct pathway. In other words, whereas potential behavioral programs pass through the striato-pallidal connection, the STN sends a signal to the internal globus pallidus that is driven by a direct cortical input. This signal arrives before that conveyed through the direct pathway (Nambu et al., 2002), allowing only the most appropriate program to be passed onto the thalamus. This functional construct is not limited to complex motor plans, but also includes perceptual decisions, making the assumption of a direct input from not only the caudal but also the rostral DPFC (Frank et al., 2007;Bogacz and Larsen, 2011). Our data demonstrate projections from throughout the DPFC (areas 10, 9, and 46). Moreover, we show that the vmPFC/OFC and dACC also contribute to the hyperdirect pathway. These findings extend the model to include more abstract cognitive and emotional selections. In addition, the convergence between terminals provides the anatomic substrate for the integration of emotional, motivational, and cognitive information toward the selection of complex behaviors. Of particular interest is that part of the LH is thought to integrate interoceptive, gustatory, olfactory, and nociceptive perceptions to regulate limbic behaviors [START_REF] Berthoud | The lateral hypothalamus as integrator of metabolic and environmental needs: from electrical self-stimulation to opto-genetics[END_REF]. This is consistent with the anatomic continuity between the STN and the LH: both regions appear to integrate contextual information to filter behavior, reinforcing the idea that a component of the LH might be considered as the limbic cone of the STN.

Implications for DBS

The delineation of limbic and cognitive hyperdirect pathways contributes to our understanding of non-motor effects of DBS in Parkinson's disease (PD) and as an experimental site for the treatment of OCD. Modeling studies indicate that, with the common clinical parameters, axons likely to be stimulated at the STN sites are within relative close proximity to the electrode, with large myelinated fibers being activated at greater distances from the electrode compared to those terminating (Chaturvedi et al., 2010). Here, we have shown that both terminating and passing fibers follow a functional topography, supporting the range of effects observed for different stimulation loci. However, axons passing through the stimulated area can originate from different functional regions and stimulation will affect these also. In addition, passing fibers (likely myelinated) will be sensitive to activation at a greater distance from the electrodes compared to terminating fibers. Taken together, stimulation of passing fibers from different cortical areas traveling through a given STN region coupled with the wider effective area of these axons indicates that stimulation likely impacts on cortical axons from adjacent functional regions. This may underlie nonmotor side effects seen in DBS for PD.

The presence of prefrontal STN inputs provides a more direct explanation of modifications in prefrontal activities observed after DBS in OCD (Le Jeune et al., 2010;Swann et al., 2011). DBS is thought to disrupt the pathological flow of information between motor cortex and STN caused by increased beta oscillations in PD [START_REF] Kuhn | Highfrequency stimulation of the subthalamic nucleus suppresses oscillatory beta activity in patients with Parkinson's disease in parallel with improvement in motor performance[END_REF]. This explanation can now be extended to prefrontal areas and OCD, in which abnormal alpha oscillations have been found in the dACC and the STN (Koprivova et al., 2011;Welter et al., 2011), the subthalamic oscillations being predictive of DBS efficacy (Welter et al., 2011).

Taken together, our results demonstrate a topographic organization of prefrontal and motor inputs to the STN. However, this topography is not strict and the convergence we observed provides an additional anatomical substrate to integrated decision-making in the basal ganglia. In addition, the organization of passing fibers from the frontal cortex brings new anatomical elements to models of DBS mechanisms.

Mapping the cortico-Chapter II:

subthalamic pathway: implications for deep brain stimulation

INTRODUCTION

DBS is a neurosurgical technique which has been widely applied to treat the later stages of Parkinson's disease (PD). Its objective is to deliver an electrical pulse to a subcortical nucleus, most often the subthalamic nucleus (STN) (Benabid et al., 1994). Given its striking and nearly immediate effects, it has been applied to hundreds of patients up to date (Welter et al., 2014). More recently, the indication of STN stimulation has been extended to a psychiatric illness: obsessive-compulsive disorder (OCD) (Mallet et al., 2008), on the basis of three case studies (Mallet et al., 2002;Fontaine et al., 2004). Nonetheless, in spite of its popularity, the mechanisms leading to a clinical improvement are still poorly understood. Originally thought to be equivalent to a lesion of the STN [START_REF] Rodriguez | The subthalamic nucleus and tremor in Parkinson's disease[END_REF] and still modelled as such in behavioural studies (e.g. Coulthard et al., 2012), DBS induces very complex and different effects on the dendritic, somatic and axonal activities of stimulated neurons (Deniau et al., 2010). Neighbouring myelinated axons are especially sensitive to exogenous electrical currents (McIntyre et al., 2004), leading some to consider that part of the therapeutical effects and of the side effects could be due to the stimulation of adjacent fibre bundles [START_REF] Herzog | Stimulation of subthalamic fibre tracts reduces dyskinesias in STN-DBS[END_REF][START_REF] Tommasi | Pyramidal tract side effects induced by deep brain stimulation of the subthalamic nucleus[END_REF]. Electroencephalography and positron emission tomography suggest that an antidromic activation of the cortico-subthalamic pathway may be of particular significance [START_REF] Hershey | Cortical and subcortical blood flow effects of subthalamic nucleus stimulation in PD[END_REF]Haslinger et al., 2005;[START_REF] Mackinnon | Stimulation through electrodes implanted near the subthalamic nucleus activates projections to motor areas of cerebral cortex in patients with Parkinson's disease[END_REF]Haegelen et al., 2010;Le Jeune et al., 2010a;Le Jeune et al., 2010b).

Because of the micro-architecture of the subthalamic region, moving the DBS electrode less than a millimetre can change radically the shape of the electrical, and thus which fibre tracts are affected (McIntyre et al., 2004;Chaturvedi et al., 2010). Therefore, to understand the mechanisms of DBS and the individual variability in clinical results, one needs to gain a precise knowledge of the fibre bundles entering or surrounding the STN. More specifically, the emphasis on antidromic cortical effects in the literature underlines the need for a detailed map of corticofugal axons, to the STN itself (Hartmannvon Monakow et al., 1978;[START_REF] Haynes | PFC-STN Hyperdirect Pathway[END_REF] or the neighbouring zona incerta [START_REF] Astruc | Corticofugal connections of area 8 (frontal eye field) inMacaca mulatta[END_REF], hypothalamus [START_REF] Ongur | Prefrontal cortical projections to the hypothalamus in macaque monkeys[END_REF] and red nucleus (Hartmann-von [START_REF] Hartmann-Von Monakow | Projections of precentral and premotor cortex to the red nucleus and other midbrain areas in macaca fascicularis[END_REF]. While the existence of these connections in humans has been extrapolated from the axonal tracing in the monkey that we just mentioned and from pathological fibre degeneration in human patients (Dejerine, 1901;Nisino, 1940;Meyer et al., 1947), the exact path that they take and that is directly relevant to the clinical setting has not been mapped. Tractography applied to diffusion magnetic resonance imaging (dMRI) provides the only mean to map brain connections in vivo and in humans. However, while tracts from the motor cortex to the STN appear to be anatomically accurate (Brunenberg et al., 2012), those from more rostral regions are less so (Brunenberg et al., 2012;Forstmann et al., 2012). One of the methodological issues lies with the difficulty to segment the STN with precision on standard T1 and T2 images. The coordinates-based approach that is sometimes palliatively can lead to the inclusion of the internal capsule in the mask and the matching risk of falsepositives (Aron et al., 2007). Thus, we had three goals.

Our first objective was to map the path of corticofugal axons to the subthalamic regions using anterograde axonal tracing in Macaca nemestrina and M. fascicularis, and to establish the rules that these axons use to reach their targets. The second was to develop and to optimise MRI structural sequences at high field strengths (7T) to delineate the human subthalamic region with precision. Our final objective was to map the pathways in humans using tractography, based on the axonal tracing obtained in the monkey and the precise segmentation obtained in humans. Unfortunately, due to time constraints, we were not able to complete this last part of the experiments.

METHODS

Axonal tracing

Briefly, we used five representative cases from a previous study on the existence of prefrontal-STN connexions in the monkey [START_REF] Haynes | PFC-STN Hyperdirect Pathway[END_REF] and mapped the path taken by the axons to the subthalamic region in each individual case. Subsequently, we modelled these paths in 3D and combined them in a single space to investigate their relative organisation, according to methods previously published (Lehman et al., 2011).

Animals and injections. We used five animals (4 M. fascicularis, 1 M. nemestrina) and placed one injection of anterograde/bidirectional tracer in each. The injection sites were the following: area 13 (tracer: ), area 24 (fluoro-ruby conjugated to dextran amin; 10-50 nl 10% in 0.1 M phosphate buffer, pH 7.4; Invitrogen, Carlsbad CA), area 9 (lucifer yellow, 40-50 nl, 10% in 0.1 M phosphate buffer, pH 7.4; Invitrogen), area 6 (fluoro-ruby) and area 4 (lucifer yellow). These five injections were selected from our previous study [START_REF] Haynes | PFC-STN Hyperdirect Pathway[END_REF] for their robustness, lack of contamination and quality of transport. Tracers were revealed using conventional immunohistochemistry techniques. Floating sections (coronal, 50 µm thick, one in eight for each animal) were treated with 10 %methanol and 3% hydrogen peroxide in 0.1 PB to inhibit endogenous peroxidase activity and rinsed 1-2 h in PB with 0.3% Triton X-100 (TX) (Sigma, St. Louis, MO). Sections were preincubated in 10% normal goat serum (NGS) and 0.3% TX in PB for 30 min. Tissue was placed in the primary anti-LY (1:3000 dilution; Invitrogen), anti-FS (1:1000; Invitrogen), anti-FR (1:1000; Invitrogen) in 10% NGS and 0.3% TX in PB for 4 nights at 4°C. After extensive rinsing, the tissue was incubated in biotinylated secondary antibody, followed by incubation with the avidin-biotin complex solution (Vectastain ABC kit; Vector Laboratories, Burlingame, CA). Immunoreactivity was visualized using standard DAB procedures. Staining was intensified by incubating the tissue for 5-15 min in a solution of 0.05% 3,3'diaminobenzidine tetra-hydrochloride (DAB), 0.025% cobalt chloride, 0.02% nickel ammonium sulfate, and 0.01% H2O2 to yield a black reaction product. Sections were mounted onto gel-coated slides, dehydrated, defatted in xylenes, and cover-slipped with Permount.

Axonal tracing and 3D reconstruction. Fibres were visualised using darkfield microscopy at 1.6 or 4x and charted in 2D with the NeuroLucida software (MicroBrightField, Colchester, VT). All thick fibres without clear terminal boutons were assumed to be passing fibres and were included in the analysis. Fibres traveling in bundles were outlined as a group. Orientation was indicated for each bundle by charting a few individual fibres within each outline. Fibres outside of the major bundles were traced individually. Each stack of 2D charts was brought together in 3D using IMOD, a 3-D rendering program (Boulder Laboratory for 3D Electron Microscopy of Cells, University of Colorado, Boulder, CO) (Kremer et al., 1996) and aligned to a stack of Nissl-stained sections from the same animal. Using major anatomical landmarks (e.g. anterior commissure, genu of the corpus callosum, substantia nigra), these 3D models were morphed to a reference model built from one animal. After the transformation, each contour was checked against the original charts for accurate placement.

Adaptation of structural MRI sequences

In the routine clinical setting, neurosurgeons identify the STN prior to DBS surgery using T1 and T2 at 1.5 T weighted images [START_REF] Benabid | Imaging of subthalamic nucleus and ventralis intermedius of the thalamus[END_REF]Yelnik et al., 2007). However, while the subthalamic region is identifiable, the exact boundaries of the STN, especially with the substantia nigra (SN) are blurry (Figure 1). After a review of the literature, we identified three types of sequences of possible interest for a precise delineation of the STN: susceptibility weighted imaging (SWI) [START_REF] Vertinsky | Localization of the subthalamic nucleus: optimization with susceptibility-weighted phase MR imaging[END_REF], Fast Gray Matter T1 Inversion Recovery (FGATIR ) [START_REF] Sudhyadhom | A high resolution and high contrast MRI for differentiation of subcortical structures for DBS targeting: the Fast Gray Matter Acquisition T1 Inversion Recovery (FGATIR)[END_REF], T2* map and T2 FLAIR images. Our objective was to adapt these sequences to a 7T magnet and to meet two criteria: optimal delineation of the STN and reasonable acquisition times.

SWI:

We were particularly interested in the phase component of SWI as it appears to mark clearly the border between structures. We tested resolutions of 0.9mm isotropic, 0.8mm isotropic, and 0.4x0.4x0.8mm.

FGATIR:

The FGATIR protocol is derived from a standard Magnetization Prepared RApid Gradient Echo (MPRAGE) sequence (i.e. T1 weighted), "by modifying the inversion pre-pulse from a 90° saturation pulse to a full 180° inversion pulse, allowing for magnetization to become negative and consequently increasing the possible T1 contrast range" [START_REF] Sudhyadhom | A high resolution and high contrast MRI for differentiation of subcortical structures for DBS targeting: the Fast Gray Matter Acquisition T1 Inversion Recovery (FGATIR)[END_REF]. Specifically, the inversion time (TI) was set at 400 ms to nullify the white matter signal, the other parameters (e.g. echo time TE, relaxation time TR) were adapted so that the TI was dominant factor in the contrast. We tested the following parameters. At 2mm isotropic, TR 3000/TE 2.1s/TI 300ms, 409ms, 600ms & 700ms. At 0.8mm isotropic, TR 3000/TE 2.9/TI 600ms, 550ms and TR 5000/TE 3.9/TI 900ms & 500ms. FGATIR contrast was compared to standard T1w contrast derived from the same sequence.

RESULTS

Axonal tracing

OFC axons, as described before (Lehman et al., 2011), left the OFC surface directly into the uncinated fasciculus. They entered the internal capsule (IC) at its most rostral extremity, where the putamen emerges. Thereafter, they travelled in the ventral most portion of the IC in such a way that part of the bundle was embedded in the VS, then in the anterior commissure or the VP. At the rostal pole of the ZI, a branch split medially to enter the ZI whereas the main bundle continued ventrally, in position to spear the rostral pole of the STN. The bundle then surrounded the ventromedial tip and extended to hypothalamus and the mammillary bodies. Axons could be found along the medial edge of the STN throughout the anterior half. Subsequently, the OFC axons entered the medial-most part of the cerebral peduncle, through the substantia nigra (Figure 2A). ACC axons followed a path similar to that of OFC axons, but more dorsal. They left the ACC medially and ventrally, travelled in the centre of the white matter. They passed dorsal to the head of the caudate nucleus and entered the IC dorsally, instead of rostrally like the OFC fibres. The ACC axons travelled in the ventral part of the IC, but without being embedded in the VS, VP or anterior commissure. They gave a branch to the IC at the same level as OFC axons, before the STN. This branch coursed through the anterior half of the dorsal ZI. The main bundle to the cerebral peduncle continued through the rostral pole of the STN and the rostral and medial edge of the substantia nigra. From those, a subset remained to ensnare the entire medial edge of the STN, throughout its rostro-caudal extent (Figure 2A). DLPFC axons travelled downwards from area 9, through the superior longitudinal fasciculus, and reached the IC caudally to OFC and ACC axons. Thereafter they travelled in the dorsal half of the anterior limb of the IC. They made a branch to the ZI at the level of the STN, and a second to the STN immediately caudal to that. The branch to the ZI had exactly the same characteristics as the one from the OFC and ACC. The STN branch mostly terminated in the central and lateral part of the STN [START_REF] Haynes | PFC-STN Hyperdirect Pathway[END_REF], but a number of axons continued along the STN's medial tip. These were much less numerous than axons from the ACC (Figure 2A).

SMA axons left the injection site towards the genu of the IC. In the IC they, the axons travelled mainly in a dorsal-ventral direction and slightly rostro-caudally. Thus, they reached the ZI, midway through its rostro-caudal extent. A subset of axons branched towards the ZI and the lenticular fasciculus, crossing the reticular nucleus on the way. They made en passant terminals in the ZI before continuing medially and ventrally towards the rubral area. This fascicle covered a substantial amount of the STN's dorsal surface (Figure 2B). The branch to the STN emerged more caudally and ventrally and was independent from the branch in the lenticular fasciculus. The STN branch entered the STN through its ventrolateral aspect, terminating immediately. M1 axons, like the SMA axons, left the injection site ventrally towards the IC, collecting to form the pyramidal tract. They travelled vertically in the IC until they reached the ZI. Unlike prefrontal regions, axons to the ZI and the STN left the main pyramidal tract in the same branch. This branch was centred on the lenticular fasciculus and extended dorsally into the ventral ZI and ventrally into the dorsal and lateral STN. Whereas most axons going through the STN terminated in the STN [START_REF] Haynes | PFC-STN Hyperdirect Pathway[END_REF], axons in the ZI continued onwards after having made many synapses (see 'The zona incerta: the missing link in the reward pathway', this volume). The final target of the ZI and lenticular fasciculus axons appeared to be the red nucleus. Thus, although there appeared to be only one branch to both the STN and the ZI/midline structures, the pattern of terminal arborisations suggests that the two branches were simply apposed to each other. Like the SMA projection, M1 axons lay across most of the dorsal surface of the STN (Figure 2B).

Topography of the fibre bundles

The fibre bundles had a very different topography from the organisation of terminals inside the STN [START_REF] Haynes | PFC-STN Hyperdirect Pathway[END_REF] and were more similar to the ZI (see 'The zona incerta: the missing link in the reward pathway', this volume). That is, the bundles from OFC, ACC, DLPFC, SMA and M1 travelled in ventro-dorsal, medio-lateral topography inside the internal capsule, as expected from previous studies (Lehman et al., 2011). However, at the level of the subthalamus, the bundles appeared to be dichotomised in a limbic group which approached from a mainly rostral perspective, and a motor group which approached mainly from a dorsal perspective (Figure 2C&D). Consequently, limbic and motor fibres were organised orthogonally. Limbic axons sheathed the medial edge and tip of the STN from rostral to caudal pole; whereas motor axons covered most of the dorsal concavity of the STN.

Structural imaging

Our objective was to develop and select MRI sequences that allowed an optimal delineation of the STN to be used for tractography in humans. We targeted three types of sequences: FGATIR, SWI and T2 derived images. Figure 3 shows the best images from each type. As predicted, the phase part of the SWI images gave the clearest delimitation of the STN, but also of the red nucleus (Figure 3A). The combination to the magnitude information for the SWI image per se was more blurry but nevertheless of good quality (Figure 3B). Among T2 derived images we only show an example of a T2FLAIR, the others (T2weighted, T2*) did not provide satisfactory images. The STN was also clearly identifiable on T2FLAIR images (Figure 3C), however, its borders were not as clearly outlined as on SWI images, giving the impression of a smoothed effect. Unexpectedly, we could not identify the STN at all on FGATIR images (Figure 3D). Detailed sequence parameters are provided in Table 1. 

DISCUSSION

In this study our objective was to provide an improved anatomical basis to the study of DBS mechanisms. Specifically, we wanted to map cortical axons in the subthalamic regions and identify new MRI sequences for a better delineation of the STN in humans. To do so, we traced axons from 5 cortical regions (OFC, ACC, DLPFC, SMA & M1) using anterograde axonal transport techniques in the monkey. We demonstrate that prefrontal axons provide a medial sheath to the STN, orthogonal to motor axons which sheath the dorsal concavity of the STN. In addition, prefrontal axons send a branch through most of the dorsal ZI. This complex topography is dissimilar to the mediolateral/rostro-caudal topography of axons within the STN that we described in our first study [START_REF] Haynes | PFC-STN Hyperdirect Pathway[END_REF]. Consequently, while DBS electrodes might affect the targeted functional territory in the STN, they can also easily affect a different functional subset in the immediate vicinity.

Given that the trajectory of electrodes is mainly dorso-ventral and rostro-caudal, stimulation through dorsal contacts is certain to activate motor fibres, wherever the medio-lateral and rostro-caudal level of the entry point may be. Therefore, dorsal contacts in OCD patients, even at the most 'limbic' locations, rostrally and medially, might produce motor effects. Depending on the spread of current at these locations, this might also explain why Mallet (2007) found motor effects for most stimulation sites. At associative/motor targets in Parkinson's disease, medially placed electrodes are likely to affect prefrontal fibres, especially if the electrode reaches beyond the ventral or the medial border. Indeed, OFC and ACC fibres cross through the medial SN to reach the cerebral peduncle. On the other hand, very dorsal (and therefore more rostral) contacts might reach the prefrontal afference to the ZI and produce counter-intuitive cognitive effects (Figure 2E).

Because these results have been obtained in the monkey, their direct application to the clinic borders on speculation. This is why our third objective, which we did not have the time to complete for this thesis, was to map the pathway in humans using tractography on diffusion MRI. However, the relative organisation of axonal bundles seems conserved at a number of locations throughout the brain (Thiebaut de [START_REF] Thiebaut De Schotten | Monkey to human comparative anatomy of the frontal lobe association tracts[END_REF][START_REF] Wedeen | The Geometric Structure of the Brain Fiber Pathways[END_REF], including the IC (Jbabdi et al., 2013) which includes most of the cortico-subthalamic pathway. Therefore, we can predict that fibre tracts in humans will be driven by one major organisational principal in the sub-thalamus: the orthogonality of rostrocaudal prefrontal axons and mediolateral motor axons. A second principle would be that fibres to the ZI separate from the main IC bundle before fibres to the STN.

Another issue before the application to the human is getting access to a precise anatomical description of the subthalamus in vivo. Indeed, the precise location of electrode contacts or f reconstructed fibre tracts with regards to the STN and the ZI's borders requires better images than the standard T2 weighted images used in the clinical setting (Figure 1). Here we took advantage of a 7T magnet and developed new MRI sequences for better images. The phase component of the SWI image is the best candidate; however, in a long-term clinical perspective, the full SWI image might be better as it provides a good venogram. In any event, both images result from the same acquisition.

Still in a clinical perspective, our updated T2FLAIR sequence might be more easily implementable as T2 FLAIR are used in clinical practice; this would require modification of the existing sequences instead of the creation of a new one. All these considerations remained conditioned to the applicability to standard magnets (e.g. 1.5 or 3T), which affects how molecules react to the signal in addition to resolution. One might, actually argue that the quality of our images is only due to the resolution; however, the FGATIR sequence provided no information on STN location despite being published for DBS surgery [START_REF] Sudhyadhom | A high resolution and high contrast MRI for differentiation of subcortical structures for DBS targeting: the Fast Gray Matter Acquisition T1 Inversion Recovery (FGATIR)[END_REF]. Also, we only show the optimised parameters, but not all of the tested TE and TI gave such spectacular images.

In conclusion, we identified Phase SWI images as providing an optimal delineation of the STN and surrounding nuclei. In addition, we mapped the path of cortical axons from the frontal cortex to the subthalamus region using axonal tracing. We identify as main organisational principle that prefrontal axons ensnare the medial STN while motor axons blanket its dorsal concavity. This provides a strong basis for our follow-up tractography study in humans and allows one to draw some preliminary hypothesis as to which bundles may be affected at different stimulation sites. 

Reduced

INTRODUCTION

Modifications of the ventral, limbic cortico-subcortical loop are widely assumed to be at the core of obsessive-compulsive disorder (OCD) 1-4 . Indeed, positron emission tomography (PET) and magnetic resonance imaging (MRI) report functional and anatomical alterations at the levels of the orbitofrontal and anterior cingulate cortices (OFC & ACC), the ventral striatum and the mediodorsal thalamus (MD) 5-7 , which are correlated to symptoms 8 and corrected by treatment 9, 10 . Moreover, most authors report increased connectivity, in patients, between the OFC/ventromedial prefrontal cortex and ACC on the one hand and the ventral striatum 11-14 or the MD on the other hand 14, 15 , corrected by treatment 9 . Therefore, it seems that OCD is linked to a dysfunction of the limbic prefrontal -basal ganglia loop. However, functional connectivity measures the correlation of signals (Blood oxygenation or glucose metabolism) between two regions; it does not provide information on the existence or absence of an underlying anatomical connection, or on its modification.

It is our understanding that a study of anatomical connections per se has yet to be performed in OCD. Nonetheless, a number of authors have investigated an intermediate step: fractional anisotropy (FA) which gives an indication of the local structure of white matter tracts 16-20 . This index is derived from diffusion MRI and is used as a representation of local fibre coherence in any white matter voxel. A decrease in FA indicates a local loss of cohesion but yields no information as to which and how fibre bundles (i.e. connections) may be affected, knowing that a change could also be due to glial or microvascular modifications 21 . In OCD, FA comparisons have reported modifications of white matter regions known to contain axons connecting either the OFC or the ACC to the striatum and/or thalamus. For instance, the cingulum bundle transports the afferences and efferences of the ACC and presents local reductions in FA 16-19 . The superior Anatomical Connectivity in OCD longitudinal fasciculus, which collects fibres from and to the prefrontal cortex 17, 20 , and the anterior limb of the internal capsule, through which transit prefrontal fibres connecting the basal ganglia, present similar decreases in FA 18-20 . Together, these data are consistent with a physical modification of the anatomical connections in the prefrontal-basal ganglia network that would underlie the functional connectivity results presented above. However, FA measurements only allow speculations as to which precise connections might be affected in OCD and how they are modified.

To test anatomical modifications of specific prefrontal-connections in OCD, we used probabilistic tractography on diffusion images. This method allows one to follow the orientation of water molecule from one voxel to the next as a proxy for fibre orientation 22, 23 . In addition, animal studies have demonstrated that the strength of connections in tractography is a good representation of anatomical connection strengths 24 . This property has been used to investigate the relation of tract strength with various personality traits 25 , and Huntington's disease 26 .

Schwartz et al. 14 theorised that OCD is due to a lack of frontal, executive control over automated behaviours stored in the basal ganglia (see also 3 ). We hypothesised that this lack of control is subserved by a reduction in frontal projections to the basal ganglia. Recruitment procedures were the same between both protocols and only data at inclusion were used. Briefly, patients were recruited from outpatient units and through an advertisement on the website of the French OCD association (AFTOC). All participants underwent a full interview with a clinical psychologist and were assessed using the Mini International Neuropsychiatric Interview 27 . Diagnosis of OCD was made according to the Diagnostic and Statistical Manual of mental disorders, 4 th edition, revised text (DSM-IV-TR). OCD severity and clinical subtypes were assessed using the Yale-Brown Obsessive Compulsive Scale (YBOCS), which has an obsession (YBOCS-O) and a compulsion (YBOCS-C) subscale, as well as a checklist which was used to identify the predominant type of symptoms (i.e. verification, contamination etc...) 28, 29 .

All selected patients scored >16/40 on the global YBOCS scale and had predominant verification symptoms. Participants completed the Padua Inventory to quantify subtypes of obsessivecompulsive symptoms. This inventory comprises 4 factors, the factor 3 being specific of verification (hereafter Padua 3) 30 . Patients had no axis 1 comorbidity and a stable treatment for at least two months. Controls were free of any axis 1 diagnoses and had no psychotropic medication.

The local ethics committee approved all procedures, including recruitment and consent. All participants were legal adults and gave a written, informed consent after a complete description of the study by the investigator.
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MRI apparatus and procedures

Magnetic Resonance Images (MRI) were acquired using a 3 Tesla scanner (Siemens TRIO 32 channel TIM) and a 12 channel head coil, including T1 weighted images and diffusion tensor imaging (DTI). Anatomical scans were acquired using axial three-dimensional inversion recovery MP-RAGE sequences TR/TE/flip angle 2.3s/4.18ms/9°, 208 axial slices, voxel size 1x1x1 mm 3 .

DTI was performed using echo-planar imaging (EPI) with the following parameters: TR/TE/flip angle 12s/86ms/90°, matrix size 128x128 mm 2 , field of view 256x256 mm 2 , slice thickness 2mm, 80 contiguous axial slices, voxel size 2x2x2 mm 3 . Diffusion weighting was performed along 50 independent directions and with a b-value of 1000s/mm 2 . One reference image was acquired with no diffusion weighting.

DTI image processing

Raw DTI images were processed using the Oxford Centre for Functional Magnetic Resonance Imaging of the Brain (FMRIB) Software Library (FSL, http://www.fmrib.ox.ac.uk/fsl/index.html) [START_REF] Smith | Advances in functional and structural MR image analysis and implementation as FSL[END_REF][START_REF] Jenkinson | Fsl[END_REF] . More specifically, we used the FMRIB Diffusion Toolbox (FDT) 23 . Images were corrected for head motion and eddy currents. Fractional anisotropy (FA) and mean diffusivity (MD) maps were then calculated.

*** Voxel-wise analyses

In order to have a comparison point between our dataset and the observations published in the literature, we performed voxel-by-voxel comparisons of FA and MD maps as well as voxel-based morphometry (VBM) before implementing the connectivity analysis.

Specific image processing:

In order to perform voxel by voxel analyses, FA and MD maps were processed further using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). Individual FA and MD maps were first co-registered to their matching T1 images. The images in T1 space were then Anatomical Connectivity in OCD normalised to the Montreal Neurological Institute (MNI 152) space using standard VBM procedures (12 degrees of freedom, 16 non-linear iterations). Normalised maps were smoothed with a 6mm isotropic Gaussian kernel.

Statistical analyses: Group comparisons were performed using a two-tailed t-test. ANCOVA using age and sex as covariates was not deemed necessary as Patients and Controls were matched for age and sex. We used a significance level of 0.05 corrected for family-wise error (FWE).

Correlations were performed on the Patient images with Y-BOCS scores, as well as the Y-BOCS-O and Y-BOCS-C subscales. Correlations were also performed with Padua 3, the checking factor of the Padua inventory. We adopted an FWE significance level of 0.0125, adjusted for multiple comparisons.

*** Anatomical connectivity

Segmentation of regions of interest

Four cortical and three subcortical regions of interest (ROI) were segmented on the T1 images.

As cortical ROIs, we subdivided the prefrontal cortex into ACC, DLPFC, OFC and Fpole which have been associated with OCD symptoms to various degrees. Subcortically, we isolated the Caudate nucleus, Putamen and Thalamus. Automatic segmentation was performed on the T1 images using the FreeSurfer package (https://surfer.nmr.mgh.harvard.edu/). Cortical segmentation was made according to the Destrieux Atlas 33 , subcortical segmentation was based on the Fischl parcellation 34 . Masks were then binned at .5 to avoid overlap. The list of the FreeSurfer labels included in each region is reported in Supplementary Table 1.

Probabilistic tracking: Probabilistic tractography was used to investigate anatomical connectivity.

We applied a probabilistic diffusion model on diffusion images using the probtrackx function of Anatomical Connectivity in OCD FDT 23 . Schematically, this algorithm samples fibre distribution at the current voxel and chooses the one closest to the previous voxel orientation to build streamlines. It was run from 3 different seed regions (Caudate nucleus, Putamen and Thalamus) to 4 target regions (ACC, OFC, DLPFC and Fpole), making a total of 12 connections in each hemisphere. Connections were only investigated in one direction for any given pair of ROIs, the smallest seed being the seed for maximum efficacy 23, 26 . Parameters for the tracking algorithm were defined as such: 5000 samples per voxel, path length of 2000x0.5mm steps, curvature threshold of |80|° and loopchecking criteria enabled. Streamlines were checked visually for anatomical plausibility.

This produced a connectivity map for each connection (i.e. 4 maps per seed), in which each seed voxel had a value representing the number of streamlines (i.e. connections) that had been made from this voxel to the given target over the 5000 samples.

Statistical analyses -connectivity:

In line with our hypothesis, we wanted to test whether there was any reduction in the prefrontal-basal ganglia connections. Such a reduction could result in either a reduction of the basal ganglia's area connected to prefrontal regions and/or a decrease in the density of connections at any given voxel.

To quantify the spatial spread of projections, we used the proportion of seed voxels that were connected to the target: = (Figure 1A). For each of the 24 connections (12 in each hemisphere), we tested the difference in mean PVox values between groups using permutation tests with 10 6 iterations and a significance level of 5%. P values were adjusted for multiple comparisons using a False Discovery Rate (FDR) of 10% 35-37 . For the patient population, potential correlations of PVox with YBOCS, YBOCS-O, Y-BOCS-C and Padua 3 scores were investigated using Spearman's rank correlation. Likewise, the significance was tested using permutation tests and an FDR of 10%.
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In addition, in a second set of analyses, we investigated whether the density of connections in these connected voxels was modified. Indeed, if PVox, the spatial extent is decreased but the total number of connections is unchanged, one might expect an increase in Density. Density was defined, for each connection, as the total number of connections from the seed to the target, normalised by the number of connected seed voxels: = (Figure 1B).

As for PVox, between groups comparisons and clinical correlations were investigated using permutation tests and FDR adjustment for multiple comparisons.

Statistical analyses -Topography and Overlap: Given the observed reduction of PVox (the spatial extent) of most connections in patients compared to controls, we investigated whether connections might be more segregated. First, we investigated whether the topography of the connections 38, 39 was conserved in patients; that is, whether connections to the OFC, ACC, DLPFC and Fpole were always in this order in space. For each subject and each seed, we extracted the barycentre of the connectivity maps resulting in 4 sets of 3D coordinates (e.g.

Caudate-ACC, Caudate-DLPFC, Caudate-OFC, Caudate-Fpole). In each subject, we fitted a 3D line to the 4 points and projected the 4 points onto the line using the geom3d toolbox (http://www.pfl-cepia.inra.fr/index.php?page=geom3d); thereby yielding an estimate of the points' order in space. Finally, we investigated whether the order of the barycentres was correlated to the nature of the target. We performed a linear regression on the rank of the barycentres, using three dummy variables to represent the different targets. This analysis was performed separately for patients and controls.

Having established the conserved topography, we tested an increase in the segregation of the different connections for each seed. For each seed voxel, we derived an index of segregation:

= , higher values (max=1) indicating more segregation Anatomical Connectivity in OCD (Figure 1C-E). Our hypothesis was therefore that I seg would be increased in OCD patients. We tested the difference in means between groups using a permutation test with 10 5 iterations and FDR correction at 10%.

All statistical analyses were performed using MATLAB (The MathWorks, Inc., USA) and additional toolboxes where so indicated.
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RESULTSs

Participants

Thirty seven OCD patients and 37 healthy controls, matched for age (37.54 ± 9.91 

Voxel-wise analyses

We performed between groups voxel-wise analyses on FA and MD maps. We observed a small cluster of reduced FA value in the ventral pregenual ACC of patients (Supplementary Figure 1, detailed cluster information is provided in Supplementary Table 3). We observed no significant difference between groups for MD maps, nor did we find any correlations of MD and FA maps with any clinical characteristic. There were also no significant differences or correlations for the standard VBM analysis. for each connection in Table 2.

Anatomical connectivity

Clinical correlations:

No clinical correlations were found to be statistically significant after correction for multiple comparisons. Moreover, we could not identify any trend as ρ was generally small (maximum ρ² of .17) and indiscriminately positive or negative.

Topography of the connections

Projection fields were in the same order in OCD patients as in healthy control. ACC, OFC, Fpole and DLPFC were in this order in both groups (regression equations, ρ² and p-values are reported in Supplementary Table 4). The correlations were not as strong for the putamens, probably because their roundish shape is less adapted to a linear regression.

Segregation -I seg

Given the observed reduction in PVox for most connections, we hypothesised that, should the order of the connections be conserved in patients, we would observe an increase in the segregation of connections, as measured by I seg , in OCD patients vs. controls.

The permutation tests reveal that I seg was increased significantly, bilaterally in the putamen and the thalamus. A similar trend could be observed in the case of the caudate nucleus (Table 3).

That is prefrontal projections to the striatum and thalamus were more segregated, less overlapping. This decrease was characterised, visually, by a marked increase of voxels with projections from a single cortical area (I seg = 1, Supplementary Figure 2).
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Discussion

Overall, we demonstrate a global reduction of the spatial spread (PVox) of prefrontal-subcortical anatomic connectivity, as well as of the Density of half the connections studied in OCD patients as compared to healthy controls. The immediate output of probabilistic tractography can be influenced by a number of methodological factors such as tract length and curvature. Thus, the number of streamlines connecting seed to target should not be considered as a direct estimate of the underlying number of axons 21 , especially at the single voxel level 24 . However, variations in connection strength in tractography are considered to be a fair estimate of variations in the strength of anatomical connections 21 , and even a good estimate thereof at the level of structures 24 .

Here we placed ourselves at the structure level, and derived novel indices for this purpose as previous attempts to use anatomical connectivity had been at the voxel level 25, 26 . In addition, we compared the same connections between patients and controls, which should minimise the effects of tract length and curvature.

The decrease in the number of connections between the prefrontal cortex and the basal ganglia probably leads to less dense and less consistent fibre bundles. Therefore, it could explain the decrease of FA values observed here in the subgenual cingulum and in a variety of white matter tracts in the literature (cf Introduction). Our results may, however, seem in contradiction with the functional connectivity literature which reports increases in functional connectivity between prefrontal cortex, striatum and thalamus. One can hypothesise that the increase in functional connectivity is a homeostatic attempt to compensate for the reduced anatomical connectivity.

Also unlike functional connectivity, we found no correlation of anatomical connectivity with either PVox or Density. This is probably due to the strong clinical homogeneity of our patient cohort. Another possibility is that anatomical connectivity provides an OCD trait which is then modulated functionally.

Anatomical Connectivity in OCD Although tractography does not allow one to infer the directionality of the connections studied, neuroanatomical studies describe that the striatum receives a projection from the cortex but does not project back to it, while the thalamus has bidirectional connections 38, 40 . Consequently, our results demonstrate a reduction of the prefrontal afferences to the basal ganglia and of the afferences and/or efferences to the thalamus.

OCD has been theorised as insufficient or dysfunctional cortical conscious control over subcortical automated behaviours 14 . Thus, a first conclusion is that the reduction in anatomical connectivity that we observe in patients mediates the decrease of conscious cortical control over the automated habits stored in the basal ganglia. However, the documented increase in functional connectivity would compensate for a simple decrease in anatomical connectivity and suggest a more complex disorganisation of prefrontal-subcortical connections.

Cortico-striatal projections and cortico-thalamic loops are organised according to a precise functional topography, with some measure of overlap between neighbouring areas 38, 39 .

Therefore, the decreased PVox in OCD patients suggests increased segregation of neighbouring cortical projection fields at the origin of more complex functional effects. Here, we show that there is a conserved ACC, OFC, Fpole, DLPFC topography in patients, excluding any gross disorganisation of prefrontal-subcortical afferences. Classically, one would expect an OFC, ACC, Fpole, DLPFC order 38 . This discrepancy can be explained by the use of a linear regression to study the topography of curved structures. For instance, ACC projections occupy the head of the caudate and are more rostral than the OFC projections which are in the ventral striatum. The striatum's longest dimension is rostrocaudal. Thus, with a linear regression, OFC projections may appear between ACC and Fpole.

We demonstrate a more subtle disorganisation of anatomical connectivity: a decrease of the overlap between the different projection fields. We suggest it results in less integrated cortical Anatomical Connectivity in OCD control over striatal and thalamic activities. As the cortico-basal ganglia-thalamic network is involved in reinforcement learning 41, 42 and behavioural selection 43, 44 , the loss of cortical convergence may result in the non-integration of the appropriate and necessary information to select, reinforce and extinguish behaviour. Practically, this may, for example, reflect in new conditions not being used by OCD patients to update behaviour 45 , leading to the repetition of compulsions and cognitive rigidity 46 .

Thus, we used probabilistic tractography to demonstrate that OCD is underlain by an anatomical disorganisation of prefrontal afferents to the striatum and of the thalamo-cortical loop. More specifically, it is characterised by a reduction in the spatial extent of each connection and, consequently, an increased segregation of cortical inputs to the basal ganglia. We hypothesize that this disorganisation leads to reduced and ineffective regulation by the prefrontal cortex of habit learning and expression. As the goal of cognitive and behavioural therapy -one of the few efficacious treatments of OCD -is precisely to reassert this cognitive control over compulsions, it might act on network plasticity and correct the deficits reported here. In this example we have 2 maps for the caudate: the blue connection in C and the green connection in D. These maps were overlaid (E) and we sought to establish a segregation index I seg at each voxel. I seg was defined as the maximum projection in each voxel normalised by the total number of projections in that voxel. From left to right: a voxel with no connection at all was excluded. A voxel with only one type of connection, here green, had I seg =1. A voxels with two types of connections had the maximum projection (here the green one with 2) normalized by the sum of all connections (here green 2 + blue 1 = 3) resulting in I seg =2/3. In the fourth delineated voxel, there were only blue connections and I seg was also 1. Supplementary Table 4: Topography of cortico-subcortical connections was assessed, for each seed, by extracting the barycentre of the connectivity map for each target, fitting a 3D line to the 4 barycentres and correlating the order of the barycentres on that line to the target (cf Methods). We present the regression equations where F is the rank of a barycentre as a function of the cortical targets A, D and O (ACC, DPFC and OFC; Fpole is not included as the information is redundant).

INTRODUCTION

The subthalamic nucleus (STN) has received a great deal of attention from neurologists and neuroscientists alike because of its role in hemiballismus (Whittier & Mettler, 1949;Carpenter, 1955) and its use as a target for deep brain stimulation (DBS) in Parkinson's disease (Benabid et al., 1994;Welter et al., 2014) and recently in Obsessive-Compulsive Disorder (OCD) (Mallet et al., 2002;Mallet et al., 2008). Original theories view the STN -and the wider basal ganglia-as a system of motor regulation (Mink, 1996;Nambu et al., 2002). Specifically, the STN would be in charge of inhibiting unwanted motor plans and of timing the execution of the wanted motor plan. However, electrophysiological recordings in the STN and the substantia nigra pars reticulata (one of the basal ganglia's output nuclei) find that the basal ganglia do not regulate every movement but only taskrelated ones (e.g. Matsumura et al., 1992;Handel & Glimcher, 2000). Thus, the basal ganglia may only be involved when there is a need to select between the competing options of the task.

Redgrave (1999) described how the architecture of the basal ganglia circuit was optimal to implement a central selection mechanism. Behavioural programs coded in cortico-striatal channels would be filtered by the STN at the pallidal level, based on its cortical inputs. Indeed, the STN's projections to the soma of pallidal neurons allow it to filter striatal inputs to distal dendrites (Hazrati & Parent, 1992). Accordingly, computational models have considered that the STN implements the decision threshold defined by diffusion models of decision (Frank, 2006;Bogacz & Larsen, 2011;[START_REF] Ratcliff | Reinforcement-Based Decision Making in Corticostriatal Circuits: Mutual Constraints by Neurocomputational and Diffusion Models[END_REF]. Predictions of these models are verified by the gain function of subthalamic neurons (Bogacz & Gurney, 2007) but in vivo functional data are still sparse (Cavanagh et al., 2011).

Deep brain stimulation (DBS) offers a unique opportunity to access the STN's single-unit activity in human patients, during tasks (Zaghloul et al., 2012;Burbaud et al., 2013) or at rest (Welter et al., 2011). However, most recordings are performed in parkinsonian patients in whom the dopaminergic depletion might affect the shape of the STN's response to its cortical and pallidal inputs (Bevan et al., 2006). Here, we avail ourselves of the new indication of STN-DBS in obsessive compulsive disorder (OCD) (Mallet et al., 2008), to record single units during a perceptual decision task.

OCD is the association of obsessions (intrusive, anxious thoughts) and compulsions (repetitive, stereotyped behaviour) which are egodystonic (expressing themselves in spite of the patient's will).

One hypothesis is that the doubt generated by the obsessions and the general lack of confidence of OCD patients (Hermans et al., 2003;Hermans et al., 2008) would lead to an increase in the decision threshold, thereby biasing decision towards checking (Haynes & Mallet, 2012). Accordingly, we hypothesised that lower confidence levels would be associated to a higher firing rate in the STN. The local ethics committee approved all procedures, including recruitment and consent. All participants were legal adults and gave a written, informed consent after a complete description of the study by the investigator.

METHODS

Patients

Surgery

The surgery was performed according to standard protocols (Mallet et al., 2008;Denys & Mantione, 2009). Briefly, stimulating electrodes were implanted bilaterally in the STN (Model 3389, Medtronic, Minneapolis, MN, USA) and in the ventral striatum (Model 3391, Medtronic INC??) in one session, using pre-and per-operative targeting. Preoperative targeting was performed using stereotactic methods on magnetic resonance imaging, with the help of a 3D histological atlas of the basal ganglia (Yelnik et al., 2007). The STN target was the same as in the previous cohort, as 2mm anterior and 1mm medial to the PD target, at the boundary of the associative and limbic subdivisions (Mallet et al., 2008). The striatal target was located 5.5mm anterior to the anterior commissure (AC), 6.5mm inferior and 9mm lateral to the AC-PC plane , based on published data in the literature (Denys & Mantione, 2009). Per-operative targeting was made according to the electrophysiological signature of the STN using standard procedure [START_REF] Andrade-Souza | Comparison of three methods of targeting the subthalamic nucleus for chronic stimulation in Parkinson's disease[END_REF]. Pharmacological treatments were discontinued the evening before surgery.

Micro-electrode recordings

The per-operative electrophysiological targeting offers a unique window to record extracellular singleor multi-unit of the targeted structures (Welter et al., 2011). Moreover, patients are routinely awake during this stage of surgery; thereby allowing one to record the activities of the targeted structures while patients perform a behavioural task (e.g. Burbaud et al., 2013).

Intraoperative micro-recordings were performed under local anaesthesia in patients fully awake.

Recordings were performed at all targets. Target order varied across patients depending on surgical considerations. Extracellular neuronal activity was recorded with two to five parallel coaxial leads (a central tungsten recording microelectrode, diameter: 25 µm; impedance: 10 MΩ; FHC, Instruments, Bowdoinham, ME, USA). Four of the leads were arranged, at a distance of 2 mm, around a central lead positioned according to the stereotactic coordinates, allowing recordings along a maximum of five trajectories (central, anterior, posterior, medial and lateral). Signals were amplified (x10), filtered (300 Hz-3 kHz), monitored acoustically, and stored when stable single unit activity was encountered in the STN and the caudate nucleus/NAc using a Guideline 4000 system. Event markers for the task were recorded online alongside neuronal activity on an auxiliary input channel (Figure 1). 

Behavioural Task

The behavioural task was a standard perceptual decision task based on the random dot-motion paradigm (Newsome et al., 1989;Resulaj et al., 2009). Schematically, patients had to indicate whether the general motion of the dots onscreen was towards the left or tight, knowing that a varying number of dots (coherence level) had a random motion to adjust difficulty. To explore the influence of confidence, per our hypothesis, the response was followed by an explicit rating of the patients' confidence in the decision, using an analogous scale in the form of a pie-chart with 19 levels. The starting level of the scale was set randomly at each trial. In detail, the task comprised the following elements: a black screen with a white fixation cross (500ms), the stimulus (750ms), a decision screen (no limit), the confidence scale (no limit), the feedback (500ms, 'OUI'/Yes in green letters or 'NON'/No in red letters). A 1 s (jitter) interval separated the end of a trial from the beginning of the next one. The task was designed using the Psychophysic Toolbox extension [START_REF] Brainard | The Psychophysics Toolbox[END_REF] of Matlab (MathWorks Inc., Natick, MA) (Figure 2).

Patients were familiarised and trained the task during the inclusion visit (one month before surgery), during which they performed a psychophysical staircase to find the coherence level for 60% 75% and 90% accuracy (HARD, MEDIUM and EASY conditions). They were re-acquainted with the task on the eve of the surgery and we adjusted the coherence levels if necessary. During surgery, a screen was to the 1/3 and 2/3 quantiles of each patient), and FEEDBACK-1 (feedback at the previous trial). We investigated the influence of ACCURACY and FEEDBACK-1 on reaction times (RT), with the hypothesis that RT would be slower for error trials [START_REF] Ratcliff | The diffusion decision model: theory and data for two-choice decision tasks[END_REF]; of DIFFICULTY on RT, Accuracy, and Confidence, with the hypothesis that RT are slower, Accuracy lower [START_REF] Ratcliff | The diffusion decision model: theory and data for two-choice decision tasks[END_REF] but Confidence unchanged for higher DIFFICULTY; of CONFIDENCE on RT and Accuracy, with the hypothesis that RT are slower and Accuracy is lower for lower CONFIDENCE. Comparisons were performed using Student T-tests for conditions with 2 levels and ANOVAs for conditions with three levels.

As our ultimate objective was to test that the STN sets the decision threshold, we extracted the parameters of the drift diffusion model using the distribution of RT and accuracy over the trials, for each patient independently. We tested whether DIFFICULTY was best represented by changes in the decision threshold (a) or the drift rate (ν), whether FEEDBACK and CONFIDENCE influenced a. The significance of the fit to the data cannot be tested directly, but the goodness of fit of different models can be compared using a χ² test [START_REF] Vandekerckhove | Fitting the Ratcliff diffusion model to experimental data[END_REF]. Thus, in each case, we fitted a 'null' model with fixed effects for the 7 model parameters, an 'interest' model in which only the factor of interest varied according to our condition of interest (e.g. decision bound according to confidence), and a 'full' model where all parameters varied freely. All model fitting analyses were performed using the DMAT toolbox (http://ppw.kuleuven.be/okp/software/dmat/) [START_REF] Vandekerckhove | Diffusion model analysis with MATLAB: a DMAT primer[END_REF].

Electrophysiological Analysis

Spike Sorting: Neuronal recordings were exported offline as Plexon files. Recordings were segmented to exclude artefacts. Only segments containing at least 5 trials were analysed further. Spikes were identified and sorted with the Spike 2 software suite (Version 5, Cambridge Electronic Devices, Cambridge, UK), using an automatic spike-sorting algorithm and post-hoc visual inspection of templates. In most recordings, one (or two) neurons could be identified. In the few cases where multiple units could not be isolated from each other, the traces were flagged as multiple unit activity (MUA) and subsequent analyses were performed independently from the single unit activity (SUA).

Timestamps of each neuronal trace were exported into Matlab.

Epochs. Event triggers were detected in Matlab using custom scripts to identify the square pulses matching each task event. Behavioural time-stamps were then realigned to the detected events to correct for clock-drift. SUA/MUA were binned in 50ms bins and epoched around stimulus onset [-0. Response to events. The frequency of each bin was compared to the baseline frequency using permutation tests with 10 000 iterations, which were then corrected for multiple comparisons using a False Detection Ratio of 10% (Benjamini & Hochberg, 1995). Neurons were considered to have a significant response to an event if at least one of the bins was significant after correction.

Modulation by condition. To study the impact of any condition on an epoch, we restricted the analysis to cells that had a significant response to the said epoch. For each cell and epoch, trials were split according to the condition of interest and compared, bin by bin using a permutation test with 10 000 iterations, with a False Detection Ratio of 10% Neurons were considered to have a significant response to an event if at least one of the bins was significant after correction. We investigated the influence of DIFFICULTY and CONFIDENCE on the stimulus and response epochs, we also investigated the influence of DIRECTION on stimulus epoch to exclude visual activities. Finally, we investigated the impact of FEEDBACK-1 and ACCURACY on the feedback epoch.

Correlation to behavioural parameters. As an increase in RT is the direct reaction to an increase in the decision threshold, we tested, as a first approximation, a correlation between STN activity and reaction times. This was performed at the cell level and at the population level by pooling the z-scores of each neuron's PSTH. In a second time we compared the mean z-scores for CONFIDENCE levels (split into 3 equal quantiles for each subject) and decision threshold level.

RESULTS

Behaviour

Overall, patients had very long RTs, extending over 10s in some (Table 1). In addition, at the group level, there was no difference in RT between correct and incorrect trials (3.4±5.5s vs. 3.9±5.8s, t-test: p=0.08) and no post-error slowing (post-error: 3.8±6.1s vs. post-correct: 3.3±5.4s; t-test: p=0.07).

DIFFICULTY had a significant effect on accuracy (easy: 74±2%, medium: 66±2%, hard: 55±3%; ANOVA, F= 1.44, p<10 -6 ), thereby indicating that the difficulty levels established before surgery were still valid during surgery; however, RT were not significantly slower for more difficult trials (easy: 3.0±0.29s, medium: 3.7±0.21s, hard: 3.9±0.30s, ANOVA, F= 2.35,p=NS.). CONFIDENCE had a significant influence on both RT (low: 4.6±0.34s, medium: 3.1±0.23s, high: 3.6±0.25s; ANOVA, F= 7.32, p<10 -3 ) and accuracy (low: 54±3%, medium: 73±2%, high: 63±2%, ANOVA, F= 16.63, p<10 -7 ).

One will note that the effect of CONFIDENCE was not linear. Confidence ratings were significantly influenced by the DIFFICULTY level (easy: 7.4±0.3, medium: 7.2±0.2, hard: 6.2±0.3; ANOVA, F= 6.83, p=10 -3 ): however, the difference between scores does not appear meaningful (the scale ranged from 0 to 19).

Upon detailed observation, the behaviour of patients was extremely heterogeneous. Consequently, we are also presenting their performance individually (Table 1). Two patients, P4 and P8 displayed a consistent influence of Difficulty and Confidence on RT and accuracy and were, therefore, shortlisted for the extraction of decision bound and drift rate (the lack of behavioural variability in the others makes pointless the use of diffusion model to associate different parameters to different conditions, as parameters risk to be adjusted according to random noise as much as conditions). However, P4 displayed extremely long reaction times (mean across all conditions: 8.3s, sd: 9.4s) which are too long to be accurately modelled by a drift diffusion model [START_REF] Ratcliff | The diffusion decision model: theory and data for two-choice decision tasks[END_REF]. Thus, we fitted only the data from P8.

To test the effect of difficulty on diffusion parameters, we compared a 'null' model (parameters fixed across conditions), a 'free-drift' model (drift rate free to vary over difficulty), a 'free-threshold' (same for the decision threshold) and a 'full' model in which all parameters could vary according to difficulty. This revealed that difficulty had mainly an effect on the drift rate and not on the decision threshold (p=0.009). The 'full' model did not provide a significant in information. To test the effect of confidence on the parameters, we compared a 'null' model, a 'free' model where decision threshold could vary across confidence levels, a 'free+difficulty' where drift rate varied according to difficulty and a 'full' model. A modulation of the threshold by confidence significantly improved the fit to the data, adding the influence of difficulty or other parameters did not. 

STN activities

We recorded 77 neurons in the 8 patients (mean 9.6/patient), with an average of 27.6 trials for each neuron and an average duration of recording of 488.27s ±309.44). Of those, we were only able to analyse the 29 neurons recorded in patients P6-P8 in relation to behaviour at this stage (mean duration 399.39s ± 204.99). Thirteen neurons responded to the stimulus, 12 to the response, 14 to the onset of the confidence rating, 15 to the end of the confidence rating and 13 to feedback. Of these, 18 responded to only 1 type of events and 11 responded to 2 or more types and were classified as multimodal. Also, responses could be either towards an inhibition or an excitation of the neuron.

Of neurons responding to the stimulus, all were modulated by the Direction of the dots, 10/13 were modulated by the nature of Feedback-1, but none were modulated by Difficulty and only one by Confidence. Among neurons responding to the response epoch, all modulated their response in relation to the nature of Response, 3/12 to Confidence and none to Difficulty. The response at the confidence epoch was modulated by Feedback-1 and Accuracy in 11/14 neurons. Finally, the nature of the feedback (i.e. Accuracy) modified the response at the feedback epoch, but not Confidence. In all cases, once again, the difference between conditions could be to an increase or a decrease of firing rates.

Firing rates, at the single neuron level or at the population level, were not correlated to RTs, whether in the [100ms 400ms] window post-stimulus onset, or the [-300ms 0] window prior to response. We were also unable to find a correlation when restricting our analysis to neurons recorded in P8, who had a 'normal' behaviour. We were also unable to find an influence of confidence on the firing rates, or of the matching decision threshold in P8. 

DISCUSSION

Our objective was to perform an electrophysiological validation of the basal ganglia decision model applied to a perceptual decision (Frank, 2006;Bogacz, 2007), and specifically to test the STN's role in setting the decision threshold. We recorded from the STN of 8 patients suffering from severe OCD and undergoing DBS surgery for that reason. We hypothesised that the deficit in confidence observed in these patients would lead to an increase of the decision-threshold, and thus the STN's activity.

Empirically, this would be characterised mainly by an increase in RT and also a change in accuracy [START_REF] Ratcliff | The diffusion decision model: theory and data for two-choice decision tasks[END_REF][START_REF] Ratcliff | Reinforcement-Based Decision Making in Corticostriatal Circuits: Mutual Constraints by Neurocomputational and Diffusion Models[END_REF].

Behaviourally, we demonstrate that confidence levels were unrelated to difficulty. In addition, a number of patients did not rate confidence scores superior to the lower third of the scale. The dissociation between confidence and difficulty confirms the pathological nature of the doubt expressed by OCD patients; they are constantly distrustful of the environment or of its perception. We also demonstrate that confidence levels were associated with accuracy and RT, suggesting that it could indeed drive the decision threshold. However, this effect seems to be driven by the data in P4 and P8.

The lack of effect in the other patients might be due to the lack of variation in their confidence levels. Unfortunately, RTs in P4 were much slower than the requirement of the diffusion model [START_REF] Ratcliff | The diffusion decision model: theory and data for two-choice decision tasks[END_REF]. Not knowing the robustness of the model to such a divergence, we fitted the diffusion equations only to data from P8. We demonstrate that variations in confidence were followed by variations in decision-threshold, per our hypothesis, while difficulty matched the drift-rate.

At the neuronal level, we show that about half of the neurons responded to each event in the task and that half of the neurons responded to more than one event. This is in line with published SUA data, in humans (Burbaud et al., 2013), in monkeys (Espinosa-Parrilla et al., 2013) and in rats (Lardeux et al., 2013). The multimodality provides a functional validation of the anatomical convergence that we demonstrated earlier [START_REF] Haynes | PFC-STN Hyperdirect Pathway[END_REF]. It also validates one of the postulates of decision models: that the STN integrate diverse cortical information to set the threshold. One might argue that the SUAs recorded here simply reflect motor preparation or visual processing; however, the lack of a consistent response (e.g. always excitation) to any of these stimuli is in favour of a more complex process.

Interestingly, the activity at stimulus onset was modulated by the nature of Feedback-1. This could reflect post-error adaptation as shown previously (Cavanagh et al., 2014), or a tentative to do so as Feedback-1 did not influence RTs in this cohort. On the other hand, Accuracy but not Difficulty modulated activity at the onset of the confidence rating scale, matching their influence on confidence levels. Thus, one may consider that the confidence level is coded by the STN. However, an influence of confidence levels themselves on firing rates was rarely observed. An interpretation is that the STN activity, which could reflect decision threshold, is read and interpreted a posteriori to establish confidence. If this were true, doubt would not participate to decision but be a metacognitive interpretation of the decision just elapsed.

Although a correlation of STN activity on RTs appears extremely robust from the literature (Brittain et al., 2012;Zavala et al., 2013;Cavanagh et al., 2014), we were unable to replicate it in our results. One will first consider a number of methodological reasons: sample sizes were small at every level: we had few neurons [START_REF] Mollard | French version of the Yale-Brown Obsessive Compulsive Scale[END_REF] and never more than 30 trials for each neuron. Moreover, RTs in those trials were much longer than those published in the literature (e.g. ~1.5s in Cavanagh et al., 2011). In this, studying a severe OCD population may have been a hindrance. Indeed, patients could have had lengthy pre-decision ruminations, thereby blurring any relationship of RT with STN activity. The surgical environment, including anaesthesia and analgesia may have played a part as well Therefore, we are unable, on the basis of these preliminary results, to support the prediction of the decision-models as to the role and activity of the STN. We cannot disprove it either as a number of methodological factors might have come into play. Increasing the population analysis to the 77 neurons might improve the power of our analyses and show an effect. In any event, follow-up analyses should include a comparison with LFP activities obtained in the more adequate post-operative setting.

The same task and recordings in parkinsonian patients should provide information concerning the role of the pathology, even though the STN target is not exactly the same. Finally, the role of the task itself should be considered by having OCD patients of future protocols perform different decision tasks. For instance, setting a time limit on responses might reduce the influence of obsessional thinking on the end performance.

The zona incerta: the Chapter V: missing link in the reward pathway

INTRODUCTION

The Zona Incerta (ZI) has lost little of its uncertainty since it was described by Forel (1877). This small subcortical structure lies immediately dorsal to the subthalamic nucleus (STN), and, based on studies in the rat, can be divided into a ventral/caudal (ZIv) and a dorsal/rostral portions (ZId). The ZIv is connected to primary motor and sensory cortices (Mitrofanis & Mikuletic, 1999;Shaw & Mitrofanis, 2002), motor brainstem and cerebellar regions (Roger & Cadusseau, 1985;Kolmac et al., 1998;Mitrofanis & deFonseka, 2001), and the spinal cord (Romanowski et al., 1985). While the function of the ZI is unknown, physiological data suggest that the ZIv participates to the motor gating of sensory inputs (Mitrofanis, 2005;Urbain & Deschênes, 2007). In contrast, the ZId is connected with the infralimbic, prelimbic and cingulate areas (Roger & Cadusseau, 1985;Mitrofanis & Mikuletic, 1999), the lateral habenula (LHb) (Araki et al., 1988) and the hypothalamus (Conrad & Pfaff, 1976;Sim & Joseph, 1991;Risold et al., 1994;[START_REF] Kanemaru | Efferent connections of the anterior hypothalamic nucleus: a biocytin study in the cat[END_REF]. Importantly, this part of the ZI also projects to the substantia nigra, including its pars compacta (SNc) (Gorbachevskaya, 2010). These connections suggest that the ZId may be an important link between cortical and subcortical regions in the reward circuit. Our overall goal was to determine the place of the ZI in the reward circuit. First, we focused on its connections to prefrontal cortical areas associated with reward, compared to those with other frontal regions. Second, we identified the output of the ZI to the LHb and SNc in the nonhuman primate.

The frontal areas most associated with reward and emotion are the orbital frontal cortex (OFC), the ventral medial prefrontal cortex (vmPFC) and the dorsal anterior cingulate cortex (dACC) (Tremblay & Schultz, 1999;Rolls, 2000;O'Doherty et al., 2001;O'Doherty, 2007;Rushworth et al., 2007;Cai & Padoa-Schioppa, 2012). These three cortical regions play a role to establish the subjective values of outcomes, link outcomes to stimuli and actions and track these associations over time; thus, they also create representations of secondary reinforcers and identify them (Noonan et al., 2011). Given the expansion of PFC in the monkey compared to the rat, our first objective was to determine which prefrontal areas project to the ZI. We hypothesized that the entire frontal cortex would project to the ZI, as this seems to be the case of all the other cortical projections to di-and telencephalic structures.

Frontal-subcortical projections to the striatum (McGeorge & Faull, 1989;Alloway et al., 2006;Haber et al., 2006), thalamus (Kunzle & Akert, 1977;Kunzle, 1978;[START_REF] Selemon | Common cortical and subcortical targets of the dorsolateral prefrontal and posterior parietal cortices in the rhesus monkey: evidence for a distributed neural network subserving spatially guided behavior[END_REF][START_REF] Siwek | Prefrontal projections to the mediodorsal nucleus of the thalamus in the rhesus monkey[END_REF][START_REF] Romanski | Topographic organization of medial pulvinar connections with the prefrontal cortex in the rhesus monkey[END_REF] and STN [START_REF] Haynes | PFC-STN Hyperdirect Pathway[END_REF] are generally organized topographically in a functional gradient. However, recent evidence clearly demonstrate that projections from difference functional regions also converge, providing a basis for integration across territories in the striatum and STN. In contrast, the connectivity of the ZI in rodents suggests a dichotomous organization that separates projections from the motor cortex from those from the PFC (Mitrofanis, 2005). Fibers from the motor cortex terminate in the ventral part of the ZI (ZId), while those from the PFC terminate in the dorsal part (ZId). A dorsal/ventral division is supported by neurochemistry and neuronal morphology, in both rats and monkeys (Ma et al., 1992;[START_REF] Kolmac | Distribution of various neurochemicals within the zona incerta: an immunocytochemical and histochemical study[END_REF]. Thus, our second objective was to investigate whether, in the primate, frontal inputs were segregated into dorsal and ventral functional zones.

The midbrain dopamine neurons play a prominent role in the reward circuit by calculating reward prediction errors. Recent evidence demonstrates that neurons in the LHb have a similar function [START_REF] Schultz | A neural substrate of prediction and reward[END_REF]Matsumoto & Hikosaka, 2007;[START_REF] Regier | Obsessive-compulsive behavior spectrum: Refining the research agenda for DSM-V[END_REF]). An important question is which connections might mediate the flow of reward information from the PFC to the SNc/LHb to predict outcome and calculate prediction errors. While there are some direct cortical connections to both the SNc and LHb, these are sparse (Naito & Kita, 1994a;Frankle et al., 2006;Kim & Lee, 2012). An indirect link may provide a more robust connection. A denser projection is made indirectly via the striatum (Haber et al., 1995;Haber & Knutson, 2010). Similarly, the direct projection from the PFC to the LHb is weak (Kim & Lee, 2012).

An indirect pathway to the LHb might also exist via the border cells of the pallidum (Stephenson- Jones et al., 2013). The border cell-LHb component is clearly established in rodents and primates (Haber et al., 1985;Parent et al., 2001), whereas the specificity of the cortico-pallidal connection (Leichnetz & Astruc, 1977;Naito & Kita, 1994b) to the border cells is demonstrated only in the lamprey (Stephenson- Jones et al., 2013). Therefore, it appears that the reward circuit is composed of two independent branches, one to the SNc, the other to the LHb. The LHb seems to project to theSNc via the rostromedial tegmental nucleus (RmTg) (Jhou et al., 2009). However, the activity of the SNc and the LHb are modulated with the same latency to positive reward prediction errors (Matsumoto & Hikosaka, 2007), suggesting that they may also share a common input. Based on connections in the rodent, we hypothesize that the ZId provides this common input, transmitting information from PFC simultaneously to SNc and LHb. Our third goal was to demonstrate simultaneously the existence of an input from cortical and subcortical reward-related areas, and of a dual output to the SNc and the LHb. An additional goal was to characterize the specificity of the projections to the SNc with regards to the dopaminergic neuronal population.

Using anterograde and retrograde axonal transport, we established, first, that most frontal areas project to the ZI. Second, we observed no strict boundary between motor and reward-related inputs as reported in the rodent. Finally, we demonstrate that the ZI is a crucial node in the reward circuit: reward-related prefrontal areas and the hypothalamus project to the ZI which in turn sends a substantial input to the LHb and, specifically, to the dopaminergic cells of the SNc.

Methods

To study the connectivity of the zona incerta in the primate, we performed three sets of experiments. The first one was designed to study cortical inputs to the ZI and use those inputs to investigate the existence of a reward-related ZId vs. motor ZIv division as in the rat. To do so, we placed 14 injections of anterograde tracers throughout the frontal lobe of 7 monkeys ( 5 Monkeys were tranquilized by intramuscular injection of ketamine (10 mg/kg). A surgical plane of anesthesia was maintained by intravenous injections of pentobarbital (initial dose of 20 mg/kg, i.v., and maintained as needed). Temperature, heart rate and respiration were monitored throughout the surgery.

Monkeys were placed in a David Kopf Instruments (Tujunga, CA) stereotactic frame, a midline scalp incision was made, and the muscle and fascia were displaced laterally to expose the skull. A craniotomy (~2-3 cm²) was made over the region of interest, and small dural incisions were made only at recording or injection sites. To guide deep cortical injections, serial electrode penetrations were made to locate the anterior commissure as described previously (Haber et al., 1993). The absence of cellular activity signaled the area of fiber tracts (i.e. corpus callosum, internal capsule and anterior commissure). We calculated the anterior/posterior position of various prefrontal regions based on the location of the anterior commissure.

Additional recordings were performed to determine the depth of the injection sites. Accurate placement of tracer injections was achieved by careful alignment of the injection cannulas with the electrode. In several animals, we obtained magnetic resonance images to guide our injection sites. The dorsolateral injections sites were determined by visual inspection of frontal cortical gyri, indicating general frontal cortical areas.

Monkeys received an injection of one or more of the following anterograde/bidirectional tracers: Hamilton syringe. After each injection, the syringe remained in situ for 20-30 min. Twelve to fourteen days after the operation, monkeys were again deeply anesthetized and perfused with saline, followed by a 4% paraformaldehyde/1.5% sucrose solution in 0.1 M phosphate buffer, pH 7.4. Brains were postfixed overnight and cryoprotected in increasing gradients of sucrose (10, 20, and 30%). Serial sections of 50µmwere cut on a freezing microtome into 0.1 M phosphate buffer or cryoprotectant solution as described previously (Haber et al., 2000).

Phaseolus
Immunocytochemistry was performed on free-floating sections (one in eight for each tracer) to visualize LY, FR, and FS tracers. Before incubation in primary antisera, tissue was treated with 10¨%methanol and 3% hydrogen peroxide in 0.1 PB to inhibit endogenous peroxidase activity and rinsed 1-2 h in PB with 0.3% Triton X-100 (TX) (Sigma, St. Louis, MO). Sections were preincubated in 10% normal goat serum (NGS) and 0.3% TX in PB for 30 min. Tissue was placed in the primary anti-LY (1:3000 dilution;

Invitrogen), anti-FS (1:1000; Invitrogen), anti-FR (1:1000; Invitrogen) in 10% NGS and 0.3% TX in PB for 4 nights at 4°C. After extensive rinsing, the tissue was incubated in biotinylated secondary antibody, followed by incubation with the avidin-biotin complex solution (Vectastain ABC kit; Vector Laboratories, Burlingame, CA). Immunoreactivity was visualized using standard DAB procedures. Staining was intensified by incubating the tissue for 5-15 min in a solution of 0.05% 3,3'-diaminobenzidine tetrahydrochloride (DAB), 0.025% cobalt chloride, 0.02% nickel ammonium sulfate, and 0.01% H 2 O 2 to yield a black reaction product. Sections were mounted onto gel-coated slides, dehydrated, defatted in xylenes, and cover-slipped with Permount. In cases in which more than one tracer was injected into a single animal, adjacent sections were processed for each antibody reaction. To visualize AA staining, sections were mounted on chrome-alum gelatin-subbed slides for autoradiography. Sections were defatted in xylene for 1 hour, then dipped in Kodak NTB 2 photographic emulsion. Exposure time of the autoradiograms ranged from 6-9 weeks. The sections were then developed in Kodak D for 2.5 minutes, fixed, washed, and counterstained with Cresyl violet (i.e. Nissl coloration).

Double immunofluorescence used the same preincubation stages. Tissue was then placed in 10% NGS with rabbit anti-FS (1:2000, Molecular Probes) and mouse anti-tyrosine hydroxylase (1:1000;

Immunostar) antibodies overnight. After extensive rinsing, the tissue was incubated in a solution of secondary goat anti-rabbit (1:200, green, Alexa 488) and goat anti-mouse (1:200,red,Alexa 555) fluorescent antibodies in 10% NGS. Sections were mounted on gelatin-subbed slides and cover-slipped without defatting using Vectashield mounting medium for fluorescence (Vector laboratories).

Data analysis -cortical injections

A total of 14 injections were placed throughout the frontal cortex, sampling motor as well as cognitive and limbic areas in order to verify the existence of a ZId/ZIv division as postulated in the rat. Specifically, we placed 2 injections in the OFC (areas 11/13), 3 in the anterior cingulate cortex (ACC, area 24b/c), 3 in the dorsomedial prefrontal cortex (dmPFC, 2 in area 9, 1 in area 8), 1 in lateral PFC (lPFC, area 46), 2 in the premotor cortex (PMC, area 6) and 2 in the primary motor cortex (M1, area 4). Three animals received multiple injections.

Cortical injections with contamination or weak labeling were eliminated from the analysis. Contamination refers to all injections in which the tracer was not limited to a single cortical region but had leaked into an adjacent area or into the underlying white matter. Weak labeling refers to relatively few labeled fibers in the thalamus, indicating that little if any would be transported to the ZI. This was typically the result of injection sites centered in superficial cortical layers.

All thin, labeled fibers containing boutons were charted. Areas where those fibers formed clusters sufficiently dense to be visualized at low magnification (4x) were labeled as terminal fields and were outlined as distinct objects. Terminating fibers outside of these dense areas also charted, but were considered to form a diffuse projection system (Haber et al., 2006). Thick fibers without clear terminal boutons were assumed to be passing fibers and were charted as a separately. Fiber distribution for each case was charted throughout the rostrocaudal extent of the ZI.

3D reconstruction

3D reconstructions of terminal fields and surrounding terminating fibers in the ZI were developed to [START_REF] Menzies | Integrating evidence from neuroimaging and neuropsychological studies of obsessivecompulsive disorder: the orbitofronto-striatal model revisited[END_REF] address how each projection lies within the ZI space and ( 2) study a possible convergence of the different inputs. For each case, a stack of 2-D coronal sections was created from its Neurolucida chartings and Nissl images. This stack was imported into IMOD, a 3-D rendering program (Boulder Laboratory for 3D

Electron Microscopy of Cells, University of Colorado, Boulder, CO) (Kremer et al., 1996), and a 3-D reconstruction that contained the dense and diffuse projections was created for each case separately. To merge several cases together, we developed a reference model of the ZI from one animal. This model was created by sampling one in eight sections (at 400 µm intervals) throughout the ZI, using alternate high resolution frozen photographs of frozen sections and Nissl-stained sections. Data from each case was then transposed into the reference ZI using landmarks of key internal structures surrounding the incertal region (e.g. 3 rd ventricle, SN, subthalamic nucleus, reticular nucleus of the thalamus, GPi). After the transposition of dense and diffuse projections from each case, every contour placed in the reference model was checked with the original for medial/lateral, dorsal/ventral, and anterior/posterior placement and relative size. This ensured that the dense projection field from each case was accurately placed with respect to its position and the proportion of the ZI it occupied. Thus, a 3-D rendering was created first for each single case and then for the combination of cases.

Data analysis -ZI injections

Two ZI injections were centered in the rostral ZI and 2 (including the AA injections) were halfway on the rostro-caudal extent of the ZI. However, in all cases, the tracer spread to include most of the ZI and appeared to leak somewhat dorsally (VLo), and ventrally (lenticular fasciculus/STN). We excluded contamination from the STN as there was no anterograde labelling in the GPe/GPi nor retrograde labelling in the GPe. However, an uptake by the VLo would have been consistent with pallido-nigral as well as cortical retrograde labelling. Our control injections were performed to assess this possibility.

As most of the ZI was involved in the injections, there was no possibility for a topographical study of outputs and non-cortical inputs. Thus, we charted neither retrogradely labelled cells nor anterogradely labelled fibers and present instead photomicrographs of our results. The presence of both types of labelling was investigated using 1.6x and 4x objectives in darkfield (anterograde) and brightfield (retrograde) light microscopy. Sections co-stained for FS and tyrosine hydroxylase were studied with a fluorescence microscope at 20x for cells and 63x for axonal arborisations.

RESULTS

Cortical projections to the ZI

In order to study the cortical input to the ZI and the functional topography that it might define, we placed 23 injections of anterograde tracers in 17 monkeys (Macaca mulatta & M. nemestrina), 2 in the OFC (areas 11/13), 3 in the vmPFC(areas [START_REF] Schwartz | Neuroanatomical aspects of cognitive-behavioural therapy response in obsessive-compulsive disorder. An evolving perspective on brain and behaviour[END_REF][START_REF] Cohen | Connectivity-based segregation of the human striatum predicts personality characteristics[END_REF][START_REF] Jenkinson | Fsl[END_REF], 4 in the anterior cingulate cortex (ACC, area 24b/c), 6 in the dorsomedial prefrontal cortex (dmPFC, 5 in area 9, 1 in area 8), 2 in lateral PFC (lPFC, area 46), 3 in the premotor cortex (PMC, area 6) and 3 in the primary motor cortex (M1, area 4). Of these, we analysed 10 in detail. Three animals received multiple injections. We used standard immunocytochemistry procedures and charted coronal sections every 400µm in 10x darkfield light microscopy. We distinguished axons with synaptic boutons (terminating fibres), axons without boutons (passing fibres) and dense axonal terminal arborisations (terminal fields).

The ZI extended from the mamillary bodies, rostrally, to the red nucleus, caudally, longer than the STN.

For analysis, we divided the ZI into thirds along the rostrocaudal axis (rostral, central and caudal). In the rostral and central thirds, the ZI appeared to be in the continuity of the reticular nucleus of the thalamus; however, in the caudal third, the ZI extended dorsally and laterally, as a thin sheet, between the reticular and ventrolateral nuclei of the thalamus. In addition, we distinguished the rostral and caudal poles, which have been described as cytoarchitectonically different (Ma et al., 1992) and also appeared to have a specific connectivity pattern.

Axons to the ZI travelled from the cortex through the internal capsule. Caudal to the anterior commissure, fibre bundles from each cortical region split into two bundles (Lehman et al., 2011): one branch sent fibres to the thalamus, the other to the brainstem. Axons to the ZI branched off from the brainstem portion, rostral to the STN branch [START_REF] Haynes | PFC-STN Hyperdirect Pathway[END_REF]). The exact level at which they depended on the cortical area of origin. Cortical axons entered the ZI from its lateral aspect. Most terminating fibres were observed to make boutons en passant on their way to midline structures rather than boutons terminaux.

OFC axons entered the ZI at its rostral pole. These axons immediately formed a terminal field which occupied the medial half of the rostral pole. The terminal field continued into the rostral third where it was medial and dorsal. It ended in the centre of the central third. The terminal field was surrounded by terminating fibres that were spread throughout the rostral pole and otherwise surrounded the terminal field. The caudal ZI contained a few terminating fibres and the caudal pole was devoid of any OFC projections. Axons left the ZI medially in the rostral third and dorsomedially in the central third, travelling towards the midline thalamic nuclei and the periventricular zone. (Fig. 1A&2A).

ACC axons entered the ZI rostrally, at the same level as those from the OFC. Likewise, the principal terminal field had its centre in the rostral pole, of which it occupied most of the surface. The terminal field was smaller in the rostral third, where it was located in the medial half, and finished in the centre of the central third. This terminal field was surrounded by a few scattered fibres which extended into the caudal third. There was a second terminal field which appeared in the rostral third and extended to the caudal pole. This terminal field lied on the ventral border of the ZI, laterally, just ventral to the reticular nucleus.

IT was surrounded by few terminating fibres. ACC axons left the ZI mainly from the dorsomedial aspect of its central third, travelling towards the periventricular region (Fig. 1B&2B).

Areas 9, 46 and 8 gave rise to similar projections and will be described together. As was the case for the OFC and ACC injections, axons entered the ZI at its rostral pole. The main terminal field appeared at this pole and was surrounded by terminating fibres which spanned most of its extent. It continued in the rostral third where it took a position along the dorsal border of the ZI. It was surrounded by terminating fibres which occupied most of the rostral third. In the central third, terminal field and terminating fibres were in the same location but smaller. There was no terminal field in the caudal third and caudal pole; however, a few terminating fibres were still present in these sections. There was no secondary terminal field as was the case with ACC injections. Like OFC and ACC fibres, axons from DPFC regions left the ZI from the dorsomedial aspect of the central third, towards midline thalamic and hypothalamic structures. (Fig. 1C&2C).

PMC axons entered the ZI through its rostral third. Thus, there were only few terminating axons in the rostral pole and only for the most rostral PMC injections. The main terminal field was located in the anterior third for rostral PMC injections and in the central third for caudal PMC injections. This terminal field was located along the ventral border of the ZI and was mainly confined to the ventral half of the ZI, unlike the PFC terminal which were more dorsal at these levels. This terminal field extended into the caudal third for rostral injections and the caudal pole for the caudal injections, where it became more medial. This terminal field was surrounded by scattered terminating fibres. The rostral injections gave rise to a second terminal field in the caudal third, which was located in the ZI's extension between the reticular nucleus and VL (Fig 1D). It was continued in the caudal pole by scattered fibres. Axons resulting from rostral injections left the ZI from the central and caudal thirds, dorsomedially, like the DPFC axons (Fig. 2D). Axons from caudal injections left from the medial aspect, towards the red nucleus (Fig 2 .G).

M1 axons entered through the central and caudal ZI, at the same level as those entering the STN. There were few if any terminating fibres in rostral pole and rostral thirds. In the central third, axons travelled towards the ventral border, making synapses on their way. They collected to form the main terminal field along the ventral border of the central and caudal third, which extended into the caudal pole. This terminal field occupied the same location as the premotor one. Scattered terminating fibres surrounded the terminal field and were also present in the ZI's extension between the reticular nucleus and VL, where the PMC's second terminal field was located. Axons left the ZI medially, towards the red nucleus (Fig. 1E&2H)).

Topography

Overall, there seemed to be a clear difference in the topography of projections from prefrontal areas and motor/premotor areas. PFC projections entered the ZI through its rostral pole where they had their main terminal field. These terminal fields extended into the rostral third, and sometimes the central third. They were mainly medial and dorsal. Surrounding terminating fibres could extend into the caudal ZI. We observed no clear topography in the organisation of these projections (see Fig 2E&F for an illustration of the overlap). Projections from M1 and caudal PMC had a distinct projection pattern. They entered the ZI in its central third where their main terminal field began. This terminal field extended into the caudal third and caudal pole. It was mainly medial, like PFC terminal fields, but ventral rather than dorsal. Few terminating fibres from these motor regions could be found in the rostral pole and rostral third. There appeared to be no topography between M1 and caudal PMC projections. Rostral PMC projections were intermediate between PFC and motor projections: they were mainly ventral but began in the rostral third.

Thus, there appeared to be a ZId / ZIv division in the primate ZI: the rostral and dorsal ZI received convergent PFC inputs and the caudal and ventral ZI received convergent motor inputs. However, ACC and PMC injections both gave rise to a second terminal field in the lateral caudal ZI. These had an inverse topography: the ACC projection was ventral to the reticular nucleus; whereas the PMC projection was dorsal, between the reticular and VL nuclei.

Despite this topography, PFC projections, especially individual terminating fibres, did not seem to be confined to the ZId, nor did motor projections seem to be confined to the ZIv. To confirm the possibility of an overlap, we investigated animals that had received multiple injections. We also constructed 3D models out of each set of 2D charts and merged them into a single space as described previously (Haber et al., 2006;[START_REF] Haynes | PFC-STN Hyperdirect Pathway[END_REF]. Cases with multiple injections confirm the existence of some overlap between area 9 and rostral area 6 projections, between area 6 and area 4, and to a limited extent between area9 and area 4. The 3D model reproduced the PFC-ZId vs. motor-ZIv. It confirms the existence of an extensive overlap between PFC and between motor projections. It also supports a non-segregated division between ZId and ZIv (Fig. 1F).

Subcortical inputs to the ZI

In a second set of experiments, we injected bidirectional tracers in the ZI of 3 animals. Two of the injections had their centre in the rostral ZI, whereas the other was centred in the central ZI. All injections spread to include most of the ZI. We investigated the presence of retrogradely labelled cells throughout the diencephalon, brainstem and pons, as well as in the frontal cortex to confirm our anterograde labelling experiment. We found two main inputs in addition to the cortex: the hypothalamus and the SNr.

Cortical cells were located in layer V of cortex. Groups of cells were observed in areas 11 /13, 24a/b, several in 24c, 9m, 9l, 46, 45 and 45/47 (data not shown). This labelling was consistent with our anterograde injections and adds the existence of a ventrolateral PFC projection (areas 45 and 47), in which we had no injections.

Hypothalamic cells were located along the third ventricle. The main population of retrogradely labelled cells was located ventrally, at a level rostral to the mamillary bodies, in the XX nucleus (Fig. 3A). This population extended caudally and some cells were also observed in the periaqueductal (PAG) and central grey.

Nigral neurons were located throughout the pars reticulata (Fig 3B). In one case, we double labelled the tracer with tyrosine hydroxylase to assess the specificity of the connection. We observed no colocation of markings, thereby reinforcing the specificity of the SNr as an input to the ZI. In addition to the SNr, we observed extensive cell labelling in the globus pallidus pars internalis (GPi), mainly lateral to the accessory lamina (Fig 3C). Although this is consistent with the SNr labelling as both are the output nuclei of the basal ganglia, our controls were inconclusive.

Additionally, we found some cells in the superior colliculus and, in a single case, three cells in the lateral habenula.

Control experiments

Given the small size of the ZI, leakage of the tracer into adjoining structures needs to be considered. We excluded leakage into the subthalamic nucleus because no cells were found in the GPe. On the other hand, the VLo, just dorsal, has similar inputs as the ones we describe for the ZI. We injected bidirectional tracers in the VLo at the same rostrocaudal level as one of the ZI injections. Cortical labelling was much more intense and continuous throughout cortex; moreover, cells were located in the deepest layers, at the edge of the white matter, unlike the cells labelled from the ZI injections (data not shown). Staining in the GPi was, on the other hand, much less extensive and seemed to concentrate in the central GPi (along the rostrocaudal axis), medial to the accessory lamina (data not shown). No cells were found in the SNr and very few in the hypothalamus.

As a second control, we injected anterograde tracers in the GPi (2 injections) and the SN [START_REF] Graybiel | Toward a neurobiology of obsessive-compulsive disorder[END_REF]. The SN injections gave rise to dense arborisation throughout the ZI, with a bias towards the ZId. Results from the GPi were more ambiguous. In one case terminating fibres could be observed in the ZId, in a location similar to area 9 terminals. In the other, the lenticular fasciculus and its dorsal continuation were extensively and intensely labelled. We could not observe any labelling in the ZI, but its dorsal aspect may have been obscured by field H1 sweeping into the thalamus.

ZI outputs

In addition to the three bidirectional cases described in the previous section, we used an additional case with a strictly anterograde tracer injection (tritiated amino-acids AA) in the ZI. We identified four major projections: to the LHb, the SNc, the PAG and the superior colliculus. . We observed some anterograde labelling in the lateral aspect of the rostromedial tegmental nucleus (RmTg) but were unable to establish whether this formed a specific projection or was the medial periphery of the SNc/VTA projection.

Fibres to the LHb travelled medially towards the nucleus reuniens of the thalamus and then dorsally and caudally, along the midline, towards the LHb in which they arborized profusely (Fig. 3D). Along the way, lighter terminals were observed in the reuniens, centromedian-parafascicular and mediodorsal nuclei (data not shown).

Part of these caudal fibres continued caudally into the brainstem and the pons. There, another major terminal field was observed in the superior colliculus (Fig 3E). In addition, we observed a less specific terminal field targeting mainly the reticular nucleus of the pons but which might also include neighbouring structures (Fig 3E).

Fibres to the hypothalamus/PAG left the ZI from its medial aspect and then coursed mainly caudally to the PAG, along the border of the 3 rd ventricle (Fig. 3E). Anterograde labelling showed the opposite gradient of retrograde labelling: it was most dense in the PAG and weakest in the anterior hypothalamus.

A last group of fibres left the ZI rostrally and entered the internal capsule. We were unable to follow this fascicle to its destination. Nonetheless, we surmise that it is at the origin of the weak cortical projection that we identified in the ACC and area 9m and which overlapped with the retrogradely labelled cell groups (data not shown).

Discussion

Through a combination of anterograde and retrograde tracer injections, we have demonstrated that the ZI is a keystone of the reward circuit in the primate. It receives strong, convergent inputs from most prefrontal areas, the hypothalamus and the output of the basal ganglia (SNr and maybe GPi); and has a strong and exceptionally specific output to the LHb and dopaminergic cells of the SNc as well as the superior colliculus and the PAG. In addition, we show that the distinction between ZId and ZIv is more a gradient than a clear cut separation as was described in the rat.

Interspecies considerations

In their majority, the connections found here, in the primate, reproduce what has been demonstrated in the rat, whether it be the hypothalamic [START_REF] Morrell | Hypothalamic, other diencephalic, and telencephalic neurons that project to the dorsal midbrain[END_REF]Roger & Cadusseau, 1985;Sim & Joseph, 1991;Risold et al., 1994), pallido-nigral (Kolmac et al., 1998;[START_REF] Heise | Evidence for a glutamatergic projection from the zona incerta to the basal ganglia of rats[END_REF]; see also in the dog [START_REF] Chivileva | Projections of the basal ganglia to the zona incerta of the dog diencephalon[END_REF] and cortical inputs (Roger & Cadusseau, 1985;Mitrofanis & Mikuletic, 1999) or the superior colliculus and nigral outputs [START_REF] Kim | Pathway from the zona incerta to the superior colliculus in the rat[END_REF]Kolmac et al., 1998;[START_REF] Heise | Evidence for a glutamatergic projection from the zona incerta to the basal ganglia of rats[END_REF]. Such consistency supports the specificity of our injections in the ZI. Our only misgiving was on the ambiguous results of our control injections in the GPi. However, as a GPi-ZI projection has already been described in primates (Sidibé et al., 1997) and because such a major difference of the GPi and SNr would be difficult to explain, we believe that the ZI receives a joint input from the basal ganglia's output nuclei.

The main species difference concerns the LHb which had been described primarily as an input of the ZI in rats (Araki et al., 1988), whereas we found it to be mainly an output structure with only a few cells found in one of three cases. However, when looking at the details of the anterograde labelling from the LHb injections in the rat, it appears that most of LHb axons terminated medial to the ZI in the fields of Forel or the lateral hypothalamus (Araki et al., 1988). The few retrogradely labelled cells that we observed in the LHb might, therefore, be due to medial leakage of the ZI injection.

A second difference with the rodent is the absence of a clear-cut separation between ZId and ZIv. In the rat, this division has been made based on neurochemical properties as well as the connectivity patterns.

They distinguished a limbic/autonomic ZId and motor ZIv (Mitrofanis, 2005). Similarly, neurochemistry in macaques has identified four subsectors: rostral, dorsal, ventral and caudal (Ma et al., 1992). Here, we used anterograde injections spanning most of the frontal cortex's functional subdivisions in order to verify the division of the ZI into ZId and ZIv based on its inputs. Albeit more caudal and ventral, projections from M1 were not segregated from PMC projections, which themselves overlapped extensively with PFC projections. Prefrontal inputs overlapped almost completely with each other. Thus, there is no clear-cut pathway (not studied here) would provide another primary reinforcer (pain) [START_REF] Masri | Zona incerta: a role in central pain[END_REF]. Thus, the ZI appears in a position to compute, or at least access, the 'raw' reward signal.

The output of the basal ganglia (GPi & SNr) signals the execution of a voluntary movement (Matsumura et al., 1992;Bogacz & Gurney, 2007). An efferent copy to the ZI might link an action to the reward signal. Indeed, it can act as an 'unexpectedness' detector by modulating the reward signal: the cooccurrence of an action (or stimulus via PFC inputs) could reduce the reward's salience before it is forwarded downstream. This is similar to the motor-gating of sensory stimuli which has been proposed (Mitrofanis, 2005;Urbain & Deschênes, 2007). On the other hand, the ZI could begin response-reward and stimulus-reward associations.

The ZI signal transferred to the SNc and LHb would explain the similar latencies of their activities in rewarded trials. The additional output to the superior colliculus, PAG and reticular pontine nucleus would underlie a rapid reallocation of attention to the reinforcer and initiate the appropriate autonomic response (e.g. fight/flight mode or salivation), even more so in front of unexpected stimuli.

Conclusion

We have demonstrated through the use of anterograde and retrograde tracers in the primate, that the ZI provides a direct link between reward-related prefrontal areas on the one hand and the LHb/SNc on the other. Based on its connectivity, we hypothesise that the ZI acts as a central detector of primary reinforcers which is then used by the SNc and LHb to elaborate reward prediction errors. We will first present a summary of our different results, how they answer our initial questions and what their direct implications may be. We will not discuss methodological issues here, as we hope that this topic will have been covered satisfactorily in the discussion of each specific article. Thereafter, we will discuss the broader significance of our research for the Actor-Critic models of the basal ganglia, especially the decision-making aspect, and outline areas of future research.

Summary of Results and Chapter I: Immediate Conclusions

Our objectives during this thesis were:

-To demonstrate the existence of a limbic and associative cortico-subthalamic projection in primates in order to validate the extension of decision models to nonmotor selections. -To map the path of cortical projections to the STN and adjacent areas in humans on the basis of axonal tracing. As axons are extremely susceptible to being activated by STN-DBS, such a map is a pre-requisite to an understanding of clinical and experimental results of DBS. An associated goal was to define new sequences for structural MRI to have a better delineation of the STN -To characterise cortico-subcortical connectivity in OCD patients in order to provide an anatomical framework to interpret behavioural and physiological data from this population. -To test the role of the STN in setting the decision threshold by recording SUA during a perceptual decision task OCD patients, with the specific hypothesis that low confidence levels would increase decision threshold and thus STN activity. -To provide an anatomical basis to the flow of information in the reward circuit, and characterise its interaction with the selection circuit.

Consequently, we demonstrated 1. The existence, in primates, of a cortico-subthalamic connexion from all prefrontal areas. This provides the anatomical basis to extend decision models of the basal ganglia to every type of behavioural output (Redgrave et al., 1999). 1.1. This projection is organised according to the functional topography found elsewhere in the basal ganglia. Nonetheless, the different cortical projections also overlap to some extent.

Anatomically, this provides yet another argument against the hypothesis of segregated loops through the basal ganglia. Functionally, it offers a substrate for the integration of multiple information. If the STN sets decision thresholds according to contextual information from the cortex, this convergence provides the substrate for an integrated threshold, responsive to multiple elements of the environment. 1.2. We redefine the medial border of the STN according to its limbic cortical and VP inputs as well as VP outputs. This border extends further medially than the traditional border but it is also blurry. This is of direct clinical and experimental significance. Indeed, DBS or recording electrodes that were thought to be in the limbic territory might in fact be in the associative territory. Thus, they might closer to the motor territories and explain why motor effects were found at most contacts in (Mallet et al., 2007). 2. In line with these DBS considerations, we mapped corticofugal axons in the vicinity of the STN and developed new structural MRI sequences for a better identification of the STN.

Unfortunately, because of time constraints and difficulties of collaborative work, we were unable to process with the mapping in humans using tractography. This should be done in the upcoming months.

3. We demonstrated for the first time a disorganisation of cortico-striatal and corticothalamic connections in OCD patients, providing a substrate to neurocognitive theories of OCD [START_REF] Salkovskis | Obsessional-compulsive problems: a cognitive-behavioural analysis[END_REF][START_REF] Salkovskis | Cognitive-behavioural approach to understanding obsessional thinking[END_REF]Schwartz, 1998).

3.1. The spatial extent (and also in part the intensity) of the connections were reduced in OCD patients compared to healthy control. This supports the afore-mentioned psychological models which are based on a lack of conscious, cortical control on the initiation of behaviour by the basal ganglia. 3.2. We also demonstrate that the connections were more segregated in OCD patients (probably because of the reduce extent). In the decision framework, this lack of convergence could explain an improper mapping of decision variables to behavioural possibilities, leading to unadapted behaviour. 3.3. Finally, we developed a new set of tools to analyse the output of tracking algorithms. These take into account the methodological limitations published so far and will hopefully be of use to other neurological and psychiatric disorders.

4. Behaviourally, we demonstrated that confidence levels influenced the decision threshold in OCD patients (when there was enough variability in the confidence levels to perform that analysis); however we were unable to find a link between either of these factors with STN activity. 4.1. Behaviourally, the influence of confidence levels on decision threshold offers an explanation as to how a primary metacognitive deficit would affect decision processes in OCD: pathological doubt would lead to a pathologically high threshold and bias decision towards repetition. 4.2. The association of confidence and decision threshold independently of difficulty provided the experimental conditions to study an influence of decision threshold on STN activity. We failed to verify our prediction electrophysiologically; however, this may be linked to methodological issues discussed earlier. 4.3. Nonetheless, we were still able to demonstrate multimodal activities in the STN which offers a functional validation to the anatomical convergence that we described.

5. We showed that the ZI is a central node of the reward circuit: it has a reciprocal connection to prefrontal areas and receives an input from the hypothalamus. In addition, its output is made to the LHb and specifically to the dopaminergic neurons of the SN and the VTA. This specificity has not been described for other SN afferents until now. Consequently, we suggest that the ZI might be involved in providing the SNc and LHb with the information about actual rewards (detected in the OFC/ACC or hypothalamus) that they need to calculate reward prediction errors.

Expanding the Actor circuit. Chapter II:

1. From limbic to autonomic decisions Redgrave (1999) described how, anatomically, the basal ganglia were the optimal network to e the ai s e t alised sele tio e ha is . Ph siologi all , the s ste see ed i ed to perform signal-selection on striatal inputs, without any condition on what these inputs may be [START_REF] Humphries | A Physiologically Plausible Model of Action Selection and Oscillatory Activity in the Basal Ganglia[END_REF]. However, the role of the basal ganglia in selection could not be truly expanded to associative and limbic decisions because evidence for a corticosubthalamic connexion in these territories was lacking in the primate. Our demonstration of this connexion from all prefrontal areas provides the possibility to extend the decision models [START_REF] Gurney | A computational model of action selection in the basal ganglia. I. A new functional anatomy[END_REF]Frank, 2006;Bogacz, 2007;[START_REF] Frank | Computational models of motivated action selection in corticostriatal circuits[END_REF] from the low-level decisions that they take as examples (e.g. perceptual discrimination in Bogacz, 2007) to every type of behavioural selection. The associative loop might serve to arbitrate between competing attentional processes (hinted at in [START_REF] Chevalier | Inhibitory nigral influence on tectospinal neurons, a possible implication of basal ganglia in orienting behavior[END_REF]; the limbic loop to arbitrate between emotional reactions. We also demonstrate how the limbic STN, as defined by its inputs and outputs, is not clearly circumscribed; rather, it merges into the lateral hypothalamic area (LHA) and its borders cannot be drawn. In this it is similar to the VS and the VP 36 . One might, therefore, consider that the continuum between with fundamentally limbic/autonomic structures is a defining feature of the limbic basal ganglia. Such a close interaction suggest that the basal ganglia might also be involved in the selection and regulation of basic reactions like the fight/flight modes, or perhaps even more fundamental like the balance of sympathetic and parasympathetic systems. In the case of the STN, this is clearly apparent in the effects that STN-DBS can have on aggressiveness [START_REF] Bejjani | Aggressive behavior induced by intraoperative stimulation in the triangle of Sano[END_REF][START_REF] Sensi | Explosive-aggressive behavior related to bilateral subthalamic stimulation[END_REF] or sexual drive [START_REF] Absher | Hypersexuality and hemiballism due to subthalamic infarction[END_REF][START_REF] Romito | Transient mania with hypersexuality after surgery for high frequency stimulation of the subthalamic nucleus in Parkinson's disease[END_REF][START_REF] Witjas | Addiction in Parkinson's disease: impact of subthalamic nucleus deep brain stimulation[END_REF]. Consistently, similar effects are also reported after LHA stimulation [START_REF] Berthoud | The lateral hypothalamus as integrator of metabolic and environmental needs: from electrical self-stimulation to opto-genetics[END_REF]. Currently, there are no specific markers of STN or LHA neurons. It is, therefore, impossible to identify whether OFC/vmPFC target one, the other or both of these regions. Likewise, electrical stimulation will not make a difference between the two populations, and optogenetics approaches are dependent on the identification of a marker. That being said, limbic STN and LHA may be a continuum rather than two intermingled populations. From an evolutio a sta d poi t, this sta ds to easo . The fi st e te ates eha iou al epe toi e was limited to motor output and autonomic reactions, one can hypothesise that the protobasal ganglia controlled both. With evolution, limbic then associative areas would have wedged themselves between the two, pushing the motor areas laterally to become the basal ganglia as we know them.

What is a channel

Decision models are based on the concept of channels running through the basal ganglia circuit, each coding for a potential behavioural program (Frank, 2006;Bogacz, 2007). The STN would have a divergent projection to multiple channels in order to set the same threshold to multiple competing programs. Our results of convergent cortical inputs from multiple functional areas might seem in favour of such a hypothesis; however, the quantitative study of the STN-pallidal projection demonstrates that if this projection is divergent in terms of absolute number, it is strictly topographic in terms of proportions. That is, 1 STN neuron projects to 2% of pallidal neurons and 1 pallidal neuron projects to 2% of STN neurons [START_REF] Baufreton | Sparse but selective and potent synaptic transmission from the globus pallidus to the subthalamic nucleus[END_REF], therefore, at this level of observation, there does not appear to be a blurring of the topography. On the other hand, in terms of absolute numbers, 1 STN neuron will project to more pallidal neurons than 1 pallidal neuron to STN neurons, which is why the STN-pallidal connection has often been considered as divergent. This raises the question of the size of a basal-ganglia channel. Indeed, if channels are defined i os opi all , at the si gle eu o le el o app oa hi g, the the assu ptio of a divergent STN-pallidal projection made by the decision models is verified. This allows multiple programs to be controlled by the same threshold and, therefore, to be in competition. On the other hand, if channels are defined at a macroscopic level, in terms of population proportion, then each program would be processed independently within the basal ganglia circuitry, according to a different decision threshold. In this event, selection between competing programs appears compromised. We demonstrated that the cortical afferences to the STN overlap widely. Consequently, while the macroscopic channels would be segregated inside the basal ganglia, they could still receive a similar input from the cortex. Consequently, neighbouring macroscopic channels could be setting similar thresholds, making it possible to consider the different channels as competing, if indirectly. In Chapter II, 3, we have seen that each MSN is the detector of a unique cortical state {Gerfen, 2010 #2578}. However, behavioural programs seem to be coded by larger neuronal assemblies [START_REF] Carrillo-Reid | Encoding network states by striatal cell assemblies[END_REF][START_REF] Carrillo-Reid | Activation of the cholinergic system endows compositional properties to striatal cell assemblies[END_REF]. To accommodate the potentially infinite number of programs, each program could be subserved by a unique combination of MSN themselves the representation of specific cortical inputs. At this point we are unable to say how the size of the MSN assemblies relates to the macro/microscopic definition of channels. Nonetheless, I will venture the hypothesis of a stratified architecture in which macro-and micro-channels coexist within the basal ganglia circuit. Macrochannels would allow very different types of programsfor example motor and attentionalto be processed independently. These could be assimilated to the functional territories with perhaps a finer resolution. Inside these macrochannels, a microchannel architecture would allow the decision making process by competition to take place. Notwithstanding the apparent segregation of macroscopic channels within the basal ganglia circuit, the convergence of cortical afferences on the STN (as we demonstrated) and the striatum would allow each distinct macro-channel to be modulated by a wide functional range of information. Further quantitative studies of the corticosubthalamic and striato-pallidal connections will be needed to elucidate the size of the functional unit that is a channel in the basal ganglia, and to test whether our layered macro-/micro-channel system is valid.

Outstanding anatomical questions

While we have cleared the uncertainty concerning the corticosubthalamic projection, necessary to a global decision in the basal ganglia, there remains a number of anatomical points that still need to be taken into account in these models. Mainly, they ignore the existence of a number of structures and connections. Here, we will focus on the main afferences and efferences of the basal ganglia that are the cortex and thalamus; and discuss how they might refine the current models.

Of cortical inputs to the basal ganglia

The decision models all consider that the striatum and the STN receive the same cortical input. One can find this assumption strange as ultimately it means that the cortical input regulates itself, that the same information is used to promote and inhibit behaviour. This assumption works within the models as these consider that the threshold implemented by the STN is only a function of the number of potential outputs. We will discuss here how taking into account the differences between cortico-striatal and cortico-subthalamic projection systems would allow a more integrated threshold, and offer a system that seems intuitively closer to reality.

The literature clearly states that the striatum receives an input from the entire cortical surface [START_REF] Kemp | The Cortico-Striate Projection In The Monkey[END_REF][START_REF] Royce | Laminar origin of cortical neurons which project upon the caudate nucleus: A horseradish peroxidase investigation in the cat[END_REF]Alloway et al., 2006;Haber et al., 2006). The extent of cortical projections to the STN, while less clear, seems to be limited to the frontal cortex. Our study was only concerned with these frontal projections; however, the personal examination of additional cases with injections in the posterior cingulate cortex or the temporal pole showed no labelling in the STN. At least in the case of the posterior cingulate, this did not appear to be an axonal transport or immunohistochemistry issue, as axons were clearly labelled in the ZI just above. Concerning the parietal cortex, Hartmann-von Monakow (1978) placed a number of injections in the primary somatosensory cortex and found no labelling; injections throughout the rat parietal cortex were not more successful (Afsharpour, 1985b).

If one considers, bluntly, that the parietal and temporal cortices are concerned with the analysis of the environment and that the frontal cortices have an executive function, this difference in the origin of cortical inputs brings an interesting perspective. Indeed, the decision models posit that the cortico-striatal pathway maps the decision variables coded in the cortex to behavioural programs stored in the striatum. A projection from the entire cortex is then necessary so that every type of decision variable can be entered into the basal ga glia s ste . O the othe ha d, the "TN s ole is to filte eha iou al p og a s. This a be considered as implementing executive control over behavioural output and only requires a frontal input. One might object that the STN and striatum still share the same frontal inputs. However, the STN only receives an input from layer V pyramidal tract neurons (PT) [START_REF] Maurice | Relationships between the Prefrontal Cortex and the Basal Ganglia in the Rat: Physiology of the Corticosubthalamic Circuits[END_REF][START_REF] Kita | The Subthalamic Nucleus Is One of Multiple Innervation Sites for Long-Range Corticofugal Axons: A Single-Axon Tracing Study in the Rat[END_REF], while the striatum receives an input from both PT and layer III intratelencephalic (IT) neurons [START_REF] Lei | Evidence for Differential Cortical Input to Direct Pathway versus Indirect Pathway Striatal Projection Neurons in Rats[END_REF], with ITs being the dominant input [START_REF] Ballion | Intratelencephalic corticostriatal neurons equally excite striatonigral and striatopallidal neurons and their discharge activity is selectively reduced in experimental parkinsonism[END_REF]. Moreover, the PTs and ITs carry different signals as demonstrated by SUA recordings [START_REF] Bauswein | Corticostriatal cells in comparison with pyramidal tract neurons: contrasting properties in the behaving monkey[END_REF][START_REF] Reiner | Corticostriatal projection neuronsdichotomous types and dichotomous functions[END_REF]. Thus, the threshold and the different behavioural programs are indeed driven by different cortical information. Exactly which information is carried by IT and PT neurons and how it differs would need to be explored, in an animal model or in epileptic patients with temporary microelectrodes. Anecdotally, the IT vs. PT innervation would explain why we observed that the strength of projections to the STN or the ZI was not predicted by the strength of the projection to the striatum but by the projection to the thalamus. Depending on the injection, uptake by one or the other layer may have been different. To our knowledge, a detailed study of the IT/PT origin of cortical inputs to the basal ganglia in the primate has yet to be published.

Thalamus and the case of the CmPf

While we consider the GPi/SNr to be the output of the selection network, and while this may be true of their action on brainstem structures such as the superior colliculus, the thalamus gates the way to the cortex. Functional hypotheses on the roles VA, VL and MD are few and functional data even fewer. However, basic electrophysiological properties of these neurons have been studied [START_REF] Chevalier | Inhibitory nigral influence on cerebellar evoked responses in the rat ventromedial thalamic nucleus[END_REF][START_REF] Buee | Nigral modulation of cerebello-thalamo-cortical transmission in the ventral medial thalamic nucleus[END_REF] and could be included in computational models to provide hypotheses that can be tested experimentally. One thing that appears certain is that the basal ganglia act on the thalamus more than through disinhibition, as the timing of pallidal/nigral spikes seems to modulate the transmission of cortical and cerebellar information [START_REF] Chevalier | Inhibitory nigral influence on cerebellar evoked responses in the rat ventromedial thalamic nucleus[END_REF][START_REF] Buee | Nigral modulation of cerebello-thalamo-cortical transmission in the ventral medial thalamic nucleus[END_REF]. The CmPf stands aside from the other thalamic nuclei, in that it sends projections to, more than it receives projections from, the basal ganglia [START_REF] Galvan | The primate thalamostriatal systems: Anatomical organization, fu tio al oles a d possi le i ol e e t i Pa ki so s disease[END_REF]. One of its particularities is that it sends a projection to every one of the basal ganglia [START_REF] Percheron | Anatomy of the thalamostriate system: the neuronal differentiation of nucleus centralis and nucleus parafascicularis thalami[END_REF][START_REF] Takada | Topographical projections from the thalamus to the putamen in the cat[END_REF][START_REF] Fenelon | Topographic distribution of the neurons of the central complex (centre median-parafascicular complex) and of other thalamic neurons projecting to the striatum in macaques[END_REF][START_REF] Feger | The projections from the parafascicular thalamic nucleus to the subthalamic nucleus and the striatum arise from separate neuronal populations: a comparison with the corticostriatal and corticosubthalamic efferents in a retrograde fluorescent double-labelling study[END_REF]Parent & Parent, 2005;[START_REF] Sadikot | The primate centromedian-parafascicular complex: Anatomical organization with a note on neuromodulation[END_REF]. In that, one is tempted to liken it to a neuromodulating system. In addition, the CmPf receives an input from the reticular formation, leading some to believe that it is involved in modulating arousal levels [START_REF] Van Der Werf | The intralaminar and midline nuclei of the thalamus. Anatomical and functional evidence for participation in processes of arousal and awareness[END_REF]. Applied to the basal ganglia, one could consider that the CmPf would modulate the general activity, and perhaps behavioural implication, of the system. In the same line, it seems that CmPf neurons respond to salience and are necessary to rapid reorientation; this activity would drive the salience-related activity of tonically active neurons in the striatum [START_REF] Matsumoto | Neurons in the thalamic CM-Pf complex supply striatal neurons with information about behaviorally significant sensory events[END_REF]. However, the most interesting hypothesis by far is that the CmPf would regulate which of the cortex or the basal ganglia controls behaviour [START_REF] Kimura | Monitoring and switching of cortico-basal ganglia loop functions by the thalamo-striatal system[END_REF][START_REF] Galvan | The primate thalamostriatal systems: Anatomical organization, fu tio al oles a d possi le i ol e e t i Pa ki so s disease[END_REF]. I hu a s, these h potheses ould e tested i Tou ette s s d o e o Pa ki so s disease patients undergoing surgery for DBS in the CmPf (Welter et al., 2008).

How to choose to decide

A constant theme of electrophysiological recordings in the STN, GPi and SNr is that their activity seems to be related only to task-relevant items (cf. Chapter II, 1). We offered two explanations in the introduction. The first was that the basal ganglia were involved only in voluntary behaviour; however, there is plenty of evidence that the basal ganglia are involved in automatic procedures. The second was that they were involved only when two processes e e o peti g, i li e ith 'edg a e s h pothesis. This aises the esse tial uestio of ho the ai k o s to eso t to the asal ga glia.

Conflict detection seems to be one of the many roles of the ACC (e.g. [START_REF] Botvinick | Conflict monitoring and decision making: reconciling two perspectives on anterior cingulate function[END_REF] and would participate to the elaboration of the decision threshold in the STN (Cavanagh et al., 2011) through the ACC-STN projection that we demonstrated. A first hypothesis is that outside of o fli t, the "TN s a ti it is lo e ough that a p og a a e e p essed. A second is that outside of conflict, the PT projection would be activated by itself and transmit orders directly to executing structures, like the spinal chord. During conflict, the main output would be redirected through IT neurons to the striatum and the basal ganglia selection process. A final possibility lies with the CmPf and its hypothesised role in switching between cortical and subcortical control of behaviour, although the exact mechanisms would need to be modelled. *** Thus, while we have provided anatomical evidence for the extension of the decision-models of the basal ganglia to every type of behaviour and consider that these models provide a unifying theory for the physiological data in the literature, a number of anatomical specificities still need to be taken into account. These, like the PT vs. IT distinction, could offer significant conceptual advances, in this case distinguishing between regulating and regulated information.

III. Expanding the Critic circuit. The basal ganglia, as an Actor, cannot function well without a Critic. Indeed, a Critic informs the Actor of the outcome of its decisions, allowing it to improve its selection process from one event to the next. The dopaminergic neurons in groups A8, A9, A10 (which we will refer to as SNc for practical reasons) seem to provide that feedback to the basal ganglia in the form of the reward prediction error signal. This signal indicates a difference between the desired or predicted outcome and the actual outcome. By its effect on synaptic plasticity, this signal allows the basal ganglia Actor to improve its selection process. However, how the dopaminergic neurons compute the prediction error remains, astonishingly, an open question.

Logically, the prediction error can be considered as the difference between the predicted and the observed outcome. Thus, one hypothesises that the SNc receives at least two inputs, one coding the prediction, the other the observed outcome. The SNc has only a few specific inputs: from the RmTg (Jhou et al., 2009b;[START_REF] Balcita-Pedicino | The inhibitory influence of the lateral habenula on midbrain dopamine cells: ultrastructural evidence for indirect mediation via the rostromedial mesopontine tegmental nucleus[END_REF] and from the striatum 37 (Haber et al., 2000). A PFC-striatum-SNc pathway would calculate predictions [START_REF] Frank | Anatomy of a decision: striato-orbitofrontal interactions in reinforcement learning, decision making, and reversal[END_REF]. Whether the RmTg codes for observed or predicted negative outcomes is unclear (Jhou et al., 2009a;[START_REF] Bourdy | A new control center for dopaminergic systems: pulling the VTA by the tail[END_REF]. Thus, the SNc seems to be missing a connection which provides information about observed (positive) outcomes. Hypothalamic nuclei, especially the paraventricular nucleus and the PAG contain neurons that respond to primary reinforcers such as food, fear and pain [START_REF] Hsu | Contributions of the paraventricular thalamic nucleus in the regulation of stress, motivation, and mood[END_REF][START_REF] Li | Lesions of the posterior paraventricular nucleus of the thalamus attenuate fear expression[END_REF][START_REF] Matzeu | The paraventricular nucleus of the thalamus is recruited by both natural rewards and drugs of abuse: recent evidence of a pivotal role for orexin/hypocretin signaling in this thalamic nucleus in drug-seeking behavior[END_REF] and may even be involved in pavlovian conditioning [START_REF] Haight | A potential role for the paraventricular nucleus of the thalamus in mediating individual variation in Pavlovian conditioned responses[END_REF]. PFC regions as a whole also encode secondary reinforcers (Tremblay & Schultz, 1999;O'Doherty et al., 2001;O'Doherty, 2007;[START_REF] Lara | Encoding of gustatory working memory by orbitofrontal neurons[END_REF]. However, the paraventricular nucleus does not project to the SNc and the projection from the PFC (Frankle et al., 2006) appears too weak for this purpose.

We demonstrated that the ZI receives a convergent input from these different areas. Moreover, it sends a specific projection to the SNc and the LHb. Thus, one can consider that the ZId integrates the information from different reward detection systems and provides a global view on observed outcomes to the SNc and the LHb to compute reward prediction error. One may argue that this proposed role is incompatible with the opposite activities of the SNc and LHb. An answer is that the striatum which provides the prediction to the SNc and the GPb, which provides the prediction to the LHb are, respectively, GABAergic and glutamatergic. In any event, electrophysiological experiments are being planned to test our hypothesis.

Interestingly with regards to the role of the CmPf, axons from the ZI to the LHb made collaterals to the CmPf. This indirect ZI-CmPf-basal ganglia pathway could provide an i ediate odulatio of the asal ga glia s a ti it a o di g to sti uli of pa ti ula relevance to the individual.

37

Specific if one considers that the projection to the SNc stems from a different population than the one to the GPe/GPi/SNr.

OCD, decision and DBS Chapter III:

1. Reckless Actor Since Janet (1903) and Freud [START_REF] Freud | La prédisposition à la névrose obsessionnelle[END_REF][START_REF] Freud | Remarques sur un cas de névros obsessionnelle[END_REF], models of OCD have insisted upon the inability of patients to impose their wilful control over (automatic) behaviour [START_REF] Salkovskis | Obsessional-compulsive problems: a cognitive-behavioural analysis[END_REF]Gillan et al., 2014a). This as the asis fo " h a tz (1998) theory of reduced cortical control over the basal ganglia. Here, not only did we show a reduction of cortical inputs to the striatum and the thalamus, confirming the neurocognitive models, we went further and demonstrated a pathological decrease in the overlap of the different prefrontal-subcortical connections. According to the different hypotheses that we developed at the beginning of this volume (cf.Chapter III:2. ), this decrease of cortical inputs could lead the dopaminergic input to have, comparatively, too much weight. For behaviour that is not reinforced this would have no specific consequence. On the other hand, in the case of strongly reinforced behaviour like compulsions, the cortex would be unable to counteract the dopaminergic system for fast adaptation and rely instead on slow extinction mechanisms. This inability for the cortex to implement its programs would characterise the ego-dystonia and generate the anxiety. We also show that the overlap between the cortical inputs to the striatum is reduced. This could lead to a lack of integrated control over behavioural selection. For instance, the OFC might promote a compulsion-like behaviour and the DLPFC would be unable to repress it/promote an alternative program due to the segregation between their projections. At the level of the MSN, the lack of synchronous convergent inputs from the various prefrontal areas would lead to the activation of the wrong cell assemblies. In our decision task, we also reveal that confidence levels in OCD patients are unrelated to difficulty or performance. Indeed, a number of patients never left the lower third of the confidence scale. This in line with the metacognitive hypothesis of OCD (Hermans et al., 2003;[START_REF] Moritz | Enhanced perceived responsibility decreases metamemory but not memory accuracy in obsessivecompulsive disorder (OCD)[END_REF]Hermans et al., 2008;[START_REF] Moritz | Negative priming (cognitive inhibition) in obsessivecompulsive disorder (OCD)[END_REF]. Indeed, patients are unable to assess their own performance accurately, in symptom-related or -unrelated settings. Such a deficit could be the consequence of the dysconnectivity that we demonstrated: the inability to assert control would lead to the egodystonic feeling and the eo to pathologi al dou t a out all of o e s o a ilities. I the de isio f a e o k, intuitively, one would link doubt to the need to gather more evidence. Thus, one would link confidence levels to the decision threshold: lower confidence levels would increase the threshold. In the patient whose confidence ratings were variable enough to investigate their impact on decision thresholds, we were able to demonstrate that the influence of confidence on reaction times was indeed well represented by a variation in the threshold.

According to the decision models, one would expect such an influence of confidence on th eshold to e ediated a i ease i the "TN s a tivity. This influence would be mediated by the ACC and OFC afferences to the STN which we just demonstrated, and which encode confidence [START_REF] Hsu | Neural systems responding to degrees of uncertainty in human decision-making[END_REF][START_REF] Moritz | Neural correlates of memory confidence[END_REF]. Published data are consistent with this argument: STN neurons in the limbic/associative territory of OCD patients have i eased θ a ti it (Welter et al., 2011), an activity that was related to decision threshold and ACC inputs in another study (Cavanagh et al., 2011;Brittain et al., 2012;[START_REF] Zavala | Midline Frontal Cortex Low-Frequency Activity Drives Subthalamic Nucleus Oscillations during Conflict[END_REF]. Moreover, the oscillato a ti it i the a d α a ds e e i eased i the li i territory in relation to the motor one and correlated to the symptoms (Welter et al., 2011), this was reproduced in LFP recordings [START_REF] Bastin | Changes of oscillatory activity in the subthalamic nucleus during obsessivecompulsive disorder symptoms: Two case reports[END_REF]. However, we were unable to find this predicted relationship between confidence levels and STN SUA activity. We were also unable to find a relationship of activity with reaction times, when, in LFP, this has been reproduced extremely well (Brittain et al., 2012;Zavala et al., 2013), nor to replicate the link to post-error slowing (Cavanagh et al., 2014). While we believe that these negative results are caused by methodological issues specific to our study (e.g. small sample sizes, lack of behavioural variability, very long reaction times), one cannot exclude an effect of the patient populatio as all othe e o di gs e e ade i the Pa ki so s disease, o of the e o di g method, as most of the published data is LFP.

Excited Critic

The second set of hypotheses that we had presented was centred on a deficit in outcome evaluation and integration by the Critic [START_REF] Pitman | A cybernetic model of obsessive-compulsive psychopathology[END_REF]Figee et al., 2011). The reward prediction error signal sent to the basal ganglia would have been incorrect leading to improper adaptation of the Actor over time. In light of our study on the ZI, a dysfunction of the reward detection in the ZI itself or upstream in the PFC could lead to the inconsistent pattern of dopamine release described in PET [START_REF] Denys | Low level of dopaminergic D2 receptor binding in obsessive-compulsive disorder[END_REF][START_REF] Olver | Dopamine D1 receptor binding in the striatum of patients with obsessive-compulsive disorder[END_REF].

Our tractography results demonstrate a pathological organisation of the Actor system (i.e. a disorganisation of cortical inputs to the basal ganglia); and evidence in the literature supporting a disorder of the reward system is sparse. Nonetheless, even if it is not involved in the pathophysiology of OCD, the Critic could underlie the therapeutical effect of behavioural therapy, DBS and maybe selective serotonin reuptake inhibitors. Behavioural therapy is based on extinction [START_REF] Cottraux | A randomized controlled trial of cognitive therapy versus intensive behavior therapy in obsessive compulsive disorder[END_REF][START_REF] Whittal | Treatment of obsessive-compulsive disorder: cognitive behavior therapy vs. exposure and response prevention[END_REF]. Extinction is a slow learning process (like creating a habit) which is mediated by the dopaminergic input to the basal ganglia. Therefore, behavioural therapy could act by recalibrating the dopaminergic input to take into account the cortico-striatal modifications. The paraventricular nucleus, an afference of the ZI, and the RmTg, and afference of the SNc receive a strong serotoninergic innervation, pharmacotherapy could therefore act upstream of the reward circuit and perhaps modulate the perception of anxiety or its reinforcing characteristics. Co e i g DB" effe ts, ou e te sio of the "TN s edial ou da ies suggest that the electrodes might be in the associative rather than in the limbic territory. Thus, antidromic effects might affect behavioural planning functions and restore cognitive control. The electrode is also close to the rostral ZI, which is connected to the prefrontal and subcortical reward areas. Consequently, DBS could act on the ZI-SNc projection and adapt the dopaminergic output to the weakened state of cortico-striatal connections, like behavioural therapy. Once completed, our mapping of fibre bundles around the STN, coupled with current diffusion models could help to determine which cortical areas may be activated antidromically and whether the ZI receives enough current to produce an effect.

Our purpose during this thesis was to improve our understanding of the subcortical circuits underlying the Actor-Critic models of behaviour. First, we demonstrated the existence of a cortico-subthalamic projection from prefrontal areas, in the primate. This allows one to extend decision-making models of the basal ganglia (the Actor) (Frank, 2006;Bogacz, 2007;[START_REF] Frank | Computational models of motivated action selection in corticostriatal circuits[END_REF] to every type of selection process, as hypothesised by Redgrave (1999). Second, we identified a new node of the reward circuit (the Critic) in the subthalamic region: the ZI. Given its connections, the ZI might serve as an aggregator of reward signals to be transferred to the SNc thereafter. Third, we mapped corticofugal axons in the subthalamic region and discussed the implications for clinical and experimental effects of DBS. Fourth, we wanted to characterise OCD as a model in which to test the decision-making model of the basal ganglia.

We demonstrated a reduction and disorganisation of cortico-subcortical anatomical connections. We suggest that this might lead to the improper control of the decision process a d to a e essi e eight of the C iti i the A to s de isio s. Fifth a d fi al, e tested ele t oph siologi all the p edi tio s of the "TN s fu tio ade f o a ato i al a d mathematical arguments. Our data supports the existence of functionally diverse and convergent inputs to the STN; however, we were unable to verify a threshold-related activity.

Overall, we have expanded our knowledge of the anatomy of the subthalamic region and discussed its functional implications. In the case of the STN and the Actor part of the model, the immediate follow-up to this thesis will be to analyse LFP activities of the STN recorded simultaneously to cortical activities with MEG, during the same decision task. This will provide complementary data to confirm or infirm the decision models in the case of OCD.

Like ise, LFP e o di gs i the st iatu ill e used to test the latte s ole i e odi g behavioural options. In a clinical perspective, a tractography study will study will soon be added to our tracing of corticofugal axons in the SubThalamus. Combined to our database of DBS contact location and effects, this will allow a precise clinical reasoning on the mechanisms of DBS. Thereafter, we believe that the predicted functions of the STN and the ZI need to be tested electrophysiologically in animal models. high-frequency stimulation of the STN [START_REF] Houeto | Subthalamic stimulation in Parkinson disease: behavior and social adaptation[END_REF]. The stimulation parameters were set to those normally used for the treatment of PD. After 2 weeks of stimulation, both patients reported the disappearance of compulsions with a decrease in obsessions. The effect on OCD symptoms was deemed relatively independent of the neurological results of the stimulation because OCD and PD appeared unrelated in both patients, and one patient presented experienced only a mild improvement of motor symptoms (specifically tremor), probably because of the very anterior location of electrodes in this patient. Furthermore, because PD and OCD are viewed as the result of opposite imbalances in the basal ganglia, it is theoretically unlikely that both would be affected in the same way by high-frequency stimulation of the STN [START_REF] Voon | Repetition, repetition, and repetition: compulsive and punding behaviors in Parkinson's disease[END_REF]). Fontaine et al. ( 2004) described a similar case, with marked improvement of PD symptoms and the disappearance of OCD symptoms. As in the first case reports, the effects on OCD symptoms appeared after 1 week of stimulation. This effect on compulsions and obsessions was attributed to a target more medial and anterior than the usual one. It was hypothesised that the therapeutic action on OCD symptoms was achieved through inhibition of the anterior tip of the STN, which belongs to the limbic basal ganglia-thalamocortical loop (Bevan et al. 1997). To test this hypothesis, we performed high-frequency stimulation of the STN at different plots of the electrodes with the electrodes using the same intensities in PD patients. On the basis of current models of current diffusion (McIntyre et al. 2004;Chaturvedi et al. 2010) and of our clinical observations, we were able to confirm the functional existence of the limbic, associative and motor territories in the STN (Mallet et al. 2007).

These first clinical results prompted the design of a larger double-blind crossover study of high-frequency stimulation of the STN as a therapeutic tool in cases of severe OCD resistant to conventional pharmacological and psychological treatments (e.g. selective serotonin reuptake inhibitors and cognitive and behavioural therapy) (Mallet et al. 2008). Sixteen patients were randomised into two groups. The first group received 3 months of active stimulation followed by 3 months of sham stimulation interspaced by 1 month of washout. The second group followed the opposite sequence of sham stimulation then active stimulation. The target used was 2 mm anterior and 1 mm medial to that used for PD surgery, in the limbic part of the STN as established by the 3D deformable atlas used by the team (Yelnik et al. 2007). The stimulation parameters were similar to those used for PD (pulse width 60 ls, 130 Hz, mean voltage 2.0 ± 0.8 V). The effectiveness of subthalamic stimulation was shown in two ways. First, active stimulation induced a fast and significant improvement in both OCD symptoms and global functioning compared with sham stimulation within each group (mean Yale-Brown Obsessive-Compulsive Scale-Y-BOCS-score 19 ± 8 versus 28 ± 7, P = 0.01; mean Global Assessment of Functioning score 56 ± 14 versus 43 ± 8, P = 0.005). Second, after the first 3 months, 70 % of patients in the group with active stimulation responded to treatment (reduction of 35 % or more of the Y-BOCS score) and 62 % achieved satisfactory global functioning compared to 12 % (Y-BOCS and Global Assessment of Functioning) in the group with sham stimulation. There was no carryover effect of stimulation in the washout period, with Y-BOCS scores promptly returning to the baseline. Moreover, the stimulation Concerning side effects, we observed seven serious and seven minor psychiatric/behavioural side effects linked to the stimulation (hypomania, anxiety and impulsivity). These were all transient and corrected by a modification of the stimulation parameters, as were the eventual motor side effects (mainly dyskinesia) (Mallet et al. 2008).

The preliminary results of the 3-year follow-up, together with open observations of patients operated on after the STOC study (not published), are in favour of a long-term efficacy of high-frequency stimulation of the STN for the treatment of severe and treatment-resistant OCD. High-frequency stimulation of the STN therefore appears to be a valid therapeutic tool in the treatment of severe and resistant OCD.

How Can One Explain the Effect of STN Stimulation on OCD Symptoms?

As most of the literature on the STN's role has focused on its motor functions, a first mechanism for these clinical results could be that high-frequency stimulation of the STN has an effect on fibre pathways nearby. Modifications of activities in the prefrontal areas could then be explained by the stimulation of fibres from/to these areas travelling in the internal capsule and in fields H and H2 of Forell or by a loop effect through the reciprocal connections of the STN to the ventral pallidum (Bevan et al. 1997). Although modelling studies have focused on the PD target, one can surmise that, given the very low intensities used, fibres need to be in the immediate vicinity of the electrode plot to be affected (Chaturvedi et al. 2010). Another option is for the stimulation to directly affect the STN and therefore its afferences and efferences. Indeed, there is an increasing amount of literature on the cognitive (Frank et al. 2007;Sauleau et al. 2009;Eagle and Baunez 2010) and emotional (Huebl et al. 2011) functions of the STN as well as the well-documented non-motor effects of DBS in PD (see Volkmann and Daniels, this volume), the said functions being supported by the STN's reciprocal connections to the ventral pallidum.

As DBS techniques allow one to record neuronal activities of the targeted structures before stimulation is set up, we were able to show that a number of parameters of the STN's activity were modified in OCD in comparison with to PD (Welter et al. 2011) and animal data (PD models and controls) in the literature. The firing rate was lower in OCD, which would be more 'normal', but burst activity was increased in the anterior ventromedial area, in line with the findings of a previous study (Piallat et al. 2011) and with the associative and limbic functions associated with that area (Mallet et al. 2007). Furthermore, a number of burst parameters and oscillatory activities (delta and alpha bands) were correlated to the severity of the symptoms, as assessed by the Y-BOCS, as well as to compulsion and obsession subscores; some of these characteristics were predictive of response to treatment by DBS (Welter et al. 2011). It is therefore likely that at least part of the effect is due to an effect directly on the STN's activity. Also, increased bursting activities and oscillatory activities are considered to reduce the transmission of information in the network and therefore to amount to a form of functional inhibition. DBS in PD is thought to disrupt this pathological oscillatory activity to restore information flow [START_REF] Kuhn | Highfrequency stimulation of the subthalamic nucleus suppresses oscillatory beta activity in patients with Parkinson's disease in parallel with improvement in motor performance[END_REF]. In OCD, alongside our observation of increased oscillation power in the delta band, EEG studies have shown an increased power in the same band in the medial wall (Koprivova et al. 2011). Part of the pathophysiological mechanisms of OCD could therefore be due to a synchronisation in the lower-frequency band of the cingulate and subthalamic activities, mediated by a hyperdirect prefronto-subthalamic pathway (Afsharpour 1985).

What Is the Role of the STN in the OCD Network?

A first, simple hypothesis is that, because of its loss of function in OCD, the STN is incapable of inhibiting unwanted motor programs through imbalance of the direct and indirect pathways. OCD would then be some kind of impulse disorder. This is difficult, if not impossible, to reconcile with what one knows of the proimpulsive effects of DBS in PD [START_REF] Voon | Repetition, repetition, and repetition: compulsive and punding behaviors in Parkinson's disease[END_REF]Frank et al. 2007), especially in the anterior tip (Hershey et al. 2010), or of subthalamic lesions in animal models (Eagle and Baunez 2010) as well as clinical observations. OCD would, therefore, rather seem to be due to an excess of cognitive control (Bradbury et al. 2011;[START_REF] Meiran | Cognitive rigidity in unipolar depression and obsessive compulsive disorder: examination of task switching, Stroop, working memory updating and post-conflict adaptation[END_REF].

bFig. 6.1 Subthalamic nucleus (STN), decisions and obsessive-compulsive disorder. a Behavioural selection in the basal ganglia. 1a various contextual information transits via the hyperdirect pathway from the cortex to the STN. This information is integrated in the STN (2a) to set the decisional threshold which is communicated to the globus pallidus pars internalis (3a). 1b depending on the environment, different behavioural programs are activated cortically. Information in favour of each is accumulated in the striatum (2b) before proceeding to the globus pallidus pars internalis. If the program has sufficient strength, it is able to go through the threshold and be selected (3b). Once the behaviour has been expressed, outcome is integrated, leading to an update of contextual information available in the cortex (4). Program weights and threshold are subsequently adapted to the new situation derived from (Bogacz and Larsen 2011;Frank et al. 2007). b Hypothesis 1. A primary hyperactivity of the STN results in an unusually high threshold [START_REF] Menzies | Integrating evidence from neuroimaging and neuropsychological studies of obsessivecompulsive disorder: the orbitofronto-striatal model revisited[END_REF]. Most programs are, therefore, rejected (2). This is perceived as a signal to gather more information, in order to choose/express a behaviour [START_REF] Graybiel | Toward a neurobiology of obsessive-compulsive disorder[END_REF]. The checking program thus receives a 'boost' and is able to pass (4). The checking compulsion is expressed [START_REF] Whiteside | A meta-analysis of functional neuroimaging in obsessive-compulsive disorder[END_REF]. The situation is assessed ( 6) and either found lacking again (3) or able to promote normal behaviour [START_REF] Rotge | Gray matter alterations in obsessive-compulsive disorder: an anatomic likelihood estimation metaanalysis[END_REF]. c Hypothesis 2. A first 'normal' checking behaviour is performed. Owing to faulty actionoutcome mechanisms [START_REF] Menzies | Integrating evidence from neuroimaging and neuropsychological studies of obsessivecompulsive disorder: the orbitofronto-striatal model revisited[END_REF], the result of this behaviour does not lead to an update of the environmental information available [START_REF] Haynes | High-frequency stimulation of deep brain structures in obsessivecompulsive disorder: the search for a valid circuit[END_REF]. Basal ganglia levels are not modified (3), and the same behaviour (checking) is selected again (4). d Hypothesis 3. Pathological doubt (1) takes predominance over other contextual information (2a) and results in an unusually high threshold (3a). This doubt also promotes doubt-assuaging behaviours, including verification (2b), making it the only program able to cross the doubt-driven threshold (3b) and be expressed. Because of the same doubt, the outcome of the checking behaviour is not trusted ( 4) and cycle starts again

Recent models of decision-making (action selection) in the basal ganglia posit that the STN's role is to gate motor programs, to establish the amount of information needed for motor expression. This 'decisional threshold' would be the result of the convergence of a variety of information from the motor, premotor and pre-supplementary motor area regions through the hyperdirect pathway (Bogacz and Larsen 2011) (Fig. 6.1a). Also, high-frequency stimulation of the STN and lesion studies in both humans and animals induce modifications in attentional, executive and limbic processes (Vicente et al. 2009;Eagle and Baunez 2010), while electrophysiological studies show that STN activity is influenced by the behavioural relevance and emotional properties of environmental cues (Sauleau et al. 2009;Huebl et al. 2011). Combining that information, one can consider that the STN's role in behavioural selection extends beyond simple motor selection.

The STN would therefore gather different types of information on the environment/context to set the amount of information any behavioural program needs in its favour to be expressed (Bogacz and Larsen 2011). In conflictual situations, more information would be required and behaviour would therefore be delayed (Frank 2006). One of the effects of high-frequency stimulation of the STN would be to decrease this threshold and therefore induce impulsive behaviour and choices (Frank et al. 2007). With this model, the dysfunction of the STN in OCD can be explained in one of three, non-exclusive, ways.

First, there could be a primary hyperactivity of the STN. This would result in a pathologically high behavioural/decisional threshold and would thus trigger checking compulsions in the attempt to gather more information to reach the threshold. The obsessional content would then be created by the patient to rationalise his or her need to check the compulsion (Fig. 6.1b).

Second, OCD patients would have difficulty integrating the outcome of their behaviour (i.e. processing reward) because of the nucleus accumbens dysfunction (Figee et al. 2011). They would therefore be unable to update the contextual information available (cortical level). Thus, the subthalamic decisional threshold would not be reset and adapted for the following set of actions. The behaviour just expressed would continue to appear the better one (cross the threshold) and be repeated (Fig. 6.1c).

Finally, the pathological doubt central to OCD (Are my hands really clean? Is my door really closed?), possibly caused by the cortical dysfunctions (Kepecs et al. 2008;Chua et al. 2009), would modify the decisional threshold so that only the doubt-assuaging behaviour could be expressed (Fig. 6.1d).

Conclusion

Subthalamic stimulation appears to be a promising option in severe, treatmentresistant OCD. However, one must remember that this is a delicate technique which requires the presence of a highly expert multidisciplinary team. The low voltages used tip the scale slightly in favour of the subthalamic target because of lower energy consumption. Nevertheless, the effects of DBS at the three targets (STN, nucleus accumbens, ventral capsule/ventral striatum) will need to be compared directly to conclude which is the best-suited approach. Aside from clinical considerations, the electrophysiological recordings that are possible provide one with a new model to study human STN function, and with a possibility to understand OCD pathophysiological mechanisms better. Preliminary results indicate that the nucleus is involved in behavioural gating, which would be deficient in OCD.

Introduction

Obsessive-compulsive disorder (OCD) affects 2-3% of the general population, and is one of the most disabling psychiatric disorders. It is characterized by intrusive, anxious thoughts (obsessions) and ritualized, repetitive behaviours (compulsions), most often performed to reduce the anxiety associated with the obsessions. To date, the best treatment remains a combination of pharmacotherapy [selective serotonin reuptake inhibitors (SSRIs)] and psychotherapy (cognitivebehavioural therapy); however, 25-30% of patients remain uncured.

The results of neuroimaging studies, animal experimentation and clinical observations being suggestive of a dysfunction in the basal ganglia-thalamocortical circuits, ablative neurosurgery has been proposed as a therapeutic option, but is now being progressively replaced by deep brain stimulation (DBS). This technique, first developed for Parkinson's disease and other movement disorders, consists of high-frequency stimulation (HFS) of various targets within the basal ganglia or related structures, and has the advantage of being fully reversible and adjustable to allow an optimal therapeutic effect to be achieved. Its use in OCD is currently experimental. This review will explore the scientific data that have led to the use of DBS in OCD (neuroimagery, animal models and fortuitous clinical discoveries), give the relative efficacy of the stimulation of each target [mainly the nucleus accumbens (NAc) and head of the caudate nucleus, the anterior limb of the internal capsule and the subthalamic nucleus], and discuss its implications for our understanding of OCD pathogenesis and pathophysiology. Clinical data, which have been extensively reviewed elsewhere (Denys & Mantione, 2009;[START_REF] Kuhn | Deep brain stimulation for psychiatric disorders[END_REF], will be discussed insofar as they provide information on these mechanisms.

Treatment of OCD by DBS: the scientific basis

Imaging

Imaging is one of the easiest and most common means of exploring the underlying neural correlates of OCD. Many modifications of both morphology and function have been observed in OCD patients, as much in cortical as in subcortical areas. We will deliberately focus on the subcortical modifications, after having discussed the two main cortical correlates, as these are directly involved in the choice of the various DBS targets.

The main cortical correlates of OCD seem to be the orbitofrontal cortex (OFC) and the anterior cingulate cortex (ACC); indeed, many magnetic resonance imaging and voxel-based morphometry studies have shown a reduction [START_REF] Szeszko | Orbital frontal and amygdala volume reductions in obsessive-compulsive disorder[END_REF][START_REF] Choi | Left anterior subregion of orbitofrontal cortex volume reduction and impaired organizational strategies in obsessivecompulsive disorder[END_REF][START_REF] Pujol | Mapping structural brain alterations in obsessive-compulsive disorder[END_REF][START_REF] Atmaca | Volumetric MRI study of key brain regions implicated in obsessivecompulsive disorder[END_REF] or an increase [START_REF] Valente | Regional gray matter abnormalities in obsessive-compulsive disorder: a voxel-based morphometry study[END_REF][START_REF] Christian | Gray matter structural alterations in obsessive-compulsive disorder: relationship to neuropsychological functions[END_REF][START_REF] Szeszko | Gray matter structural alterations in psychotropic drug-naive pediatric obsessive-compulsive disorder: an optimized voxel-based morphometry study[END_REF] in the volume of OFC grey matter in OCD patients. The increase was confirmed by a metaanalysis [START_REF] Rotge | Meta-analysis of brain volume changes in obsessive-compulsive disorder[END_REF], and is further supported by correlations with severity of symptoms [START_REF] Atmaca | Volumetric MRI study of key brain regions implicated in obsessivecompulsive disorder[END_REF][START_REF] Szeszko | Gray matter structural alterations in psychotropic drug-naive pediatric obsessive-compulsive disorder: an optimized voxel-based morphometry study[END_REF]. ACC involvement has also been shown, with a reduction of grey matter volume [START_REF] Valente | Regional gray matter abnormalities in obsessive-compulsive disorder: a voxel-based morphometry study[END_REF][START_REF] Atmaca | Volumetric MRI study of key brain regions implicated in obsessivecompulsive disorder[END_REF][START_REF] Yoo | Voxel-based morphometry study of gray matter abnormalities in obsessive-compulsive disorder[END_REF] and white matter abnormalities (Szeszko et al., 2005). Morphological modifications of other cortical regions have been reported, but they were much less consistent and will not be described here. Modifications of the basal activity of the ACC and OFC have also been found in positron emission tomography (PET) and single-photon emission computerized tomography studies; mainly an increase in OFC activity (Nordahl et al., 1989;Swedo et al., 1989;Sawle et al., 1991;Rubin et al., 1992;Alptekin et al., 2001), although some studies have found a decrease (Crespo-Facorro et al., 1999;Busatto et al., 2000). Dysfunctions were confirmed by meta-analysis (Whiteside et al., 2004). Once again, correlations with the severity of symptoms were reported (Swedo et al., 1989;Busatto et al., 2000), and a matching reduction of OFC hyperactivity was obtained after successful treatment (Benkelfat et al., 1990;Swedo et al., 1992;Schwartz et al., 1996). Furthermore, the OFC is the only structure that has been found to be modified in both function and activity in a metaanalysis, suggesting an important role in OCD pathogenesis (Rotge et al., 2010).

Subcortical modifications are diverse and not always consistent across studies: an increase in putamen size has been described in some studies [START_REF] Pujol | Mapping structural brain alterations in obsessive-compulsive disorder[END_REF][START_REF] Szeszko | Gray matter structural alterations in psychotropic drug-naive pediatric obsessive-compulsive disorder: an optimized voxel-based morphometry study[END_REF][START_REF] Yoo | Voxel-based morphometry study of gray matter abnormalities in obsessive-compulsive disorder[END_REF] but not in others [START_REF] Valente | Regional gray matter abnormalities in obsessive-compulsive disorder: a voxel-based morphometry study[END_REF][START_REF] Atmaca | Volumetric MRI study of key brain regions implicated in obsessivecompulsive disorder[END_REF], and was not confirmed by a subsequent meta-analysis [START_REF] Rotge | Meta-analysis of brain volume changes in obsessive-compulsive disorder[END_REF]. The volume of thalamic grey matter was increased in many studies [START_REF] Atmaca | Volumetric MRI study of key brain regions implicated in obsessivecompulsive disorder[END_REF][START_REF] Christian | Gray matter structural alterations in obsessive-compulsive disorder: relationship to neuropsychological functions[END_REF][START_REF] Yoo | Voxel-based morphometry study of gray matter abnormalities in obsessive-compulsive disorder[END_REF], and correlated with symptom severity [START_REF] Atmaca | Volumetric MRI study of key brain regions implicated in obsessivecompulsive disorder[END_REF]. This was confirmed by the meta-analysis of Rotge (2009). Another study found a correlation between the volume of the caudate nucleus grey matter and specific contamination ⁄ washing symptoms (Lacerda et al., 2003). Further PET and single-photon emission computerized tomography studies have found a dysfunction of the caudate nucleus, with either an increase (Baxter et al., 1987) or a decrease (Rubin et al., 1992;Lucey et al., 1995) of its activity in OCD patients; this was confirmed by Whiteside (2004) in a meta-analysis. Pretreatment hyperactivity was decreased by treatment (Benkelfat et al., 1990;Baxter et al., 1992;Schwartz et al., 1996). The thalamus has also been reported to be dysfunctional in OCD patients as compared with control subjects (Mallet et al., 1998), with hyperactivity (Swedo et al., 1989;Alptekin et al., 2001;Saxena et al., 2001;Lacerda et al., 2003) or hypoactivity (Lucey et al., 1995).

Neural correlates of OCD would therefore be the OFC and the ACC in the cortex, mostly the caudate nucleus among the basal ganglia nuclei, and the thalamus, the output structure of the basal ganglia, thereby suggesting dysfunction of the cortico-subcortical loop in its associative and limbic parts. The modifications of grey matter volume could be attributable to plasticity phenomena, designed to compensate for the structure's own loss of function [START_REF] Drevets | Neuroimaging studies of mood disorders[END_REF] or for the dysfunction of other regions [START_REF] Yoo | Voxel-based morphometry study of gray matter abnormalities in obsessive-compulsive disorder[END_REF], or due to overstimulation of those networks. Functional connectivity has rarely been studied, but OCD patients were seen to have increased connectivity along a ventral corticostriatal axis (mainly the OFC at the cortical level). The strength of this was predictive of symptom severity (Harrison et al., 2009).

To further investigate the involvement of these cortico-subcortical loops, brain activity has been studied under symptom-provoking conditions. Subjects were most often exposed to obsession-related images (McGuire et al., 1994;Rauch et al., 1994[START_REF] Rauch | Predictors of fluvoxamine response in contaminationrelated obsessive compulsive disorder: a PET symptom provocation study[END_REF]Breiter et al., 1996;[START_REF] Adler | fMRI of neuronal activation with symptom provocation in unmedicated patients with obsessive compulsive disorder[END_REF][START_REF] Hendler | Brain reactivity to specific symptom provocation indicates prospective therapeutic outcome in OCD[END_REF], although audio stimulation has also been used (Cottraux et al., 1996;[START_REF] Nakao | Brain activation of patients with obsessivecompulsive disorder during neuropsychological and symptom provocation tasks before and after symptom improvement: a functional magnetic resonance imaging study[END_REF]. In the symptomatic state, hyperactivity of the OFC, ACC, striatum and right thalamus was found as compared with the basal ⁄ resting state (McGuire et al., 1994;Rauch et al., 1994), with additional hyperactivity of the pallidum and the hippocampus being found by McGuire (1994). The same pattern of hyperactivity was found in OCD patients as compared with controls (Breiter et al., 1996), with increases in OFC, ACC (among other cortical regions) and striatum activities. A subsequent meta-analysis (Rotge et al., 2008) showed hyperactivity of the OFC, ACC and pallidum. Effective treatment with fluvoxamine or behavioural therapy induced a decrease in OFC, ACC, cerebellum and putamen activities [START_REF] Nakao | Brain activation of patients with obsessivecompulsive disorder during neuropsychological and symptom provocation tasks before and after symptom improvement: a functional magnetic resonance imaging study[END_REF]. To differentiate these hyperactive patterns from simple fear ⁄ anxiety, patients were shown two different sets of images; this confirmed hyperactivity of the OFC (among other cortical regions), thalamus and left caudate nucleus (Schienle et al., 2005). However, one PET study showed decreases in striatal and thalamic activities in association with OFC hyperactivity (Cottraux et al., 1996), and two others showed no subcortical modifications [START_REF] Adler | fMRI of neuronal activation with symptom provocation in unmedicated patients with obsessive compulsive disorder[END_REF][START_REF] Rauch | Predictors of fluvoxamine response in contaminationrelated obsessive compulsive disorder: a PET symptom provocation study[END_REF].

The involvement of some basal ganglia nuclei alongside the cortical modifications has led to the theory of a dysfunctional basal gangliathalamocortical loop in OCD (Aouizerate et al., 2004b) that would have its origin in the OFC (Rotge et al., 2010), and has thus opened the door to DBS, as this technique is known to modulate the whole loop's activity.

Animal models (from bedside to bench)

On the basis of these imaging data, a number of animal models of OCD have been proposed; some using genetic, pharmacological or physical manipulations of major components of basal ganglia circuitry (e.g. dopaminergic and serotoninergic systems), and others being purely based on behavioural conditioning [for a review, see [START_REF] Joel | Current animal models of obsessive compulsive disorder: a critical review[END_REF]]. Most studies have used rodents, and the induced stereotypies and perseverative behaviours, although far from human OCD, have been thought to be a reasonable representation of compulsions [they respond to SSRIs [START_REF] Welch | Cortico-striatal synaptic defects and OCD-like behaviours in Sapap3-mutant mice[END_REF][START_REF] Schilman | The role of the striatum in compulsive behavior in intact and orbitofrontal-cortexlesioned rats: possible involvement of the serotonergic system[END_REF]]. A few have preferred non-human primates [START_REF] Grabli | Behavioural disorders induced by external globus pallidus dysfunction in primates: I. Behavioural study[END_REF][START_REF] Baup | High-frequency stimulation of the anterior subthalamic nucleus reduces stereotyped behaviors in primates[END_REF][START_REF] Worbe | Behavioral and movement disorders induced by local inhibitory dysfunction in primate striatum[END_REF]. In addition to the insights that they have given into the underlying neuronal and biochemical modifications, these models have made it possible to study HFS effects on different circuits and nodes that are linked to behavioural modifications. One must, however, keep in mind that the differences in neuronal circuitry between species and the various stimulation parameters used make a direct comparison of studies difficult, and limit their applicability to human beings.

One such model is obtained by a series of quinpirole (a D2 ⁄ D3 receptor agonist) injections, which induce what could be considered to be compulsive checking [START_REF] Szechtman | Quinpirole induces compulsive checking behavior in rats: a potential animal model of obsessive-compulsive disorder (OCD)[END_REF]. Stimulation of the subthalamic nucleus (STN) in such rats induced a reproducible but transient attenuation of compulsive symptoms without affecting locomotion; on the other hand, it had no effect on naı ¨ve specimens (Winter et al., 2008c). The same effect of HFS was found in a behavioural [signal attenuation [START_REF] Joel | Excessive lever pressing following post-training signal attenuation in rats: a possible animal model of obsessive compulsive disorder?[END_REF][START_REF] Klavir | High frequency stimulation and pharmacological inactivation of the subthalamic nucleus reduces 'compulsive' lever-pressing in rats[END_REF][START_REF] Schilman | The role of the striatum in compulsive behavior in intact and orbitofrontal-cortexlesioned rats: possible involvement of the serotonergic system[END_REF]] rat model [START_REF] Klavir | High frequency stimulation and pharmacological inactivation of the subthalamic nucleus reduces 'compulsive' lever-pressing in rats[END_REF]. However, a slightly contradictory finding, if the effects of HFS are High-frequency stimulation of deep brain structures in obsessive-compulsive disorder 1119 to be considered as simple inactivation of the STN, was reported by the same team: lesions of the STN were seen to increase compulsive lever pressing in signal attenuation rats (Winter et al., 2008a). The effect of HFS on the NAc shell vs. core was also studied in control and quinpirole rats [START_REF] Mundt | High-frequency stimulation of the nucleus accumbens core and shell reduces quinpirole-induced compulsive checking in rats[END_REF]. In control rats, HFS of both parts of the NAc increased locomotion but had no effect on OCD-like symptoms. However, in quinpirole rats, stimulation of the shell did not affect locomotion, but attenuated OCD-like symptoms; stimulation of the core at the same intensity (100 lA) induced a slight decrease in symptoms, but stimulation at a higher intensity (150 lA) had much stronger effects on both the symptoms and locomotion (reduction), thereby suggesting a spread of current to the nearby shell. The effect on compulsions was independent from that on locomotion. One study found an increase in compulsions after stimulation of the NAc, but low-frequency stimulation was used instead of the standard highfrequency parameters [START_REF] Van Kuyck | Effects of electrical stimulation or lesion in nucleus accumbens on the behaviour of rats in a T-maze after administration of 8-OH-DPAT or vehicle[END_REF]. One could suggest that HFS and low-frequency stimulation have opposite effects on the targeted nucleus; however, as the rat model used was different from that in other studies and no direct comparison with HFS was made, it is difficult to draw a conclusion. Lesions of the striatum after signal attenuation conditioning were shown to reduce compulsions (but not if performed before conditioning) [START_REF] Schilman | The role of the striatum in compulsive behavior in intact and orbitofrontal-cortexlesioned rats: possible involvement of the serotonergic system[END_REF].

A genetic model of OCD in mice has confirmed the possible involvement of the striatum in its pathophysiology: a postsynaptic, striatum-specific scaffolding protein (SAPAP3) was inactivated. This led to excessive grooming (to the point of skin lesions) and increased anxiety that could not be linked to other exterior parameters. These symptoms were reduced by either fluoxetine, one of the SSRIs used as OCD treatment, or use of a lentiviral vector to restore SAPAP3 expression [START_REF] Welch | Cortico-striatal synaptic defects and OCD-like behaviours in Sapap3-mutant mice[END_REF].

Non-human primate models have shown that injection of bicuculline (a GABA antagonist) into the limbic (anterior and ventral) parts of the globus pallidus pars externalis (GPe) [START_REF] Grabli | Behavioural disorders induced by external globus pallidus dysfunction in primates: I. Behavioural study[END_REF] and the striatum [START_REF] Worbe | Behavioral and movement disorders induced by local inhibitory dysfunction in primate striatum[END_REF] induced responses of three different types, depending on the specific territory that was targeted. Contralateral movements that did not usually belong to the animal's repertoire (mostly dyskinetic) appeared after injection into the lateral and posterior parts of the GPe, thus confirming its sensorimotor attribution. Two types of behavioural modifications were observed after manipulation of the anterior part: complex stereotypies, which could be overcome (e.g. food-retrieval task) when injections were ventromedial; and a hyperactive state (with frequent switches between the behaviours of the normal repertoire) when injections were dorsolateral. This thus confirms the respective limbic and associative nature of those territories. Combination of two types of anomalies occurred when injections were performed near the border of the two territories, suggesting a functional gradient inside the GPe. Striatal injections yielded similar, though more diverse, results, with clonic or choreic movements in the sensorimotor part, hypoactive or hyperactive states in the associative part, and stereotypies or sexual manifestations in the limbic part. These also followed a topographical gradient. Lesions of the limbic components of the GPe and the striatum were therefore associated with complex stereotyped behaviours; furthermore, those behaviours often included what could be termed as anxious manifestations, by analogy (finger-biting ⁄ nailbiting) and because of their spontaneous appearance in anxiogenic conditions. This could be a model for the anxiety-driven compulsions that are found in OCD.

In a subsequent study [START_REF] Baup | High-frequency stimulation of the anterior subthalamic nucleus reduces stereotyped behaviors in primates[END_REF], the effects of STN stimulation were tested on two monkeys that had received injections in the limbic (ventromedial) part of the GPe. The effects of the injections were the same (stereotypies). Contacts 0 of the electrodes (most distal and ventral) were in the anterior tip of the STN, contacts 1 were in the zona incerta, and contacts 2 and 3 were in the ventral and dorsal parts of the motor thalamus. Contact 1 was excluded because the intensity threshold for dystonic effects was too low. Prior to injections, stimulation by contact 0 was found to reduce spontaneous behaviour in the one monkey that was not naturally resting. After injections, the length of stereotypies was reduced by more than 50% in both monkeys when contact 0 was used; no effects were observed with the others. Moreover, no motor or affective (e.g. vocalization and fear) sideeffects were seen. Stimulation of the limbic ⁄ anterior part of the STN, which has direct connections with the limbic GPe and indirect ones with the striatum [START_REF] Francois | Behavioural disorders induced by external globus pallidus dysfunction in primates II. Anatomical study[END_REF]Karachi et al., 2005), could therefore have an effect on several OCD symptoms, especially anxiety-driven compulsions.

Fortuitous clinical observations

Alongside the development of imaging and animal models, a number of case reports have suggested that basal ganglia do indeed play a major role in OCD development. The first articles reported the late appearance of OCD in patients with known basal ganglia degenerative diseases, among which were Parkinson's and Huntington's diseases [START_REF] Cummings | Obsessive-compulsive disorder in Huntington's disease[END_REF][START_REF] Maia | Relationship between obsessive-compulsive disorders and diseases affecting primarily the basal ganglia[END_REF][START_REF] Alegret | Obsessive-compulsive symptoms in Parkinson's disease[END_REF][START_REF] Harbishettar | Is there a relationship between Parkinson's disease and obsessive-compulsive disorder?[END_REF]. Most articles, however, have reported cases of OCD that began after focal lesions of basal ganglia. Three patients with bilateral infarcts and one with bilateral calcifications of the basal ganglia (with no further topographic details given), along with one patient who had an ischaemic lesion of the head of the right caudate nucleus, developed obsessions and obsession-related compulsions that had first been mistaken for psychotic disorders. They all responded well to classic SSRI therapy (Chacko et al., 2000). Another patient who had developed OCD after a lesion of the caudate nucleus was successfully cured by cognitive-behavioural therapy (Carmin et al., 2002). It seems, in a general way, that lesion-created OCD is similar to idiopathic OCD in terms of psychiatric and neuropsychiatric characteristics; both respond to the same treatments (Berthier et al., 1996). On the other hand, some lesions provoked only compulsions, without any associated obsessions, as was reported after a unilateral caudate nucleus and putamen haemorrhage resulting from a cavernoma (Thobois et al., 2004), after bilateral pallidal (Laplane et al., 1981(Laplane et al., , 1982;;[START_REF] Laplane | Obsessive-compulsive disorders caused by basal ganglia diseases[END_REF], after bilateral caudate (Croisile et al., 1989) or after unilateral putaminal (Daniele et al., 1997) lesions.

Moreover, HFS of the STN of three patients with OCD comorbidity for their Parkinson's disease made their compulsions disappear and their obsessions become minimal (Mallet et al., 2002;Fontaine et al., 2004).

Numerous studies using a wide range of methods have incriminated the OFC and the basal ganglia in the pathophysiology of OCD. Given the anatomical and functional convergence of fibres and information transmission from the cortex to basal ganglia (Yelnik, 2008), stimulation of the subcortical structures was deemed to be most reasonable. Of these structures, the striatum [especially the NAc and the head of the caudate nucleus [START_REF] Guehl | Neuronal correlates of obsessions in the caudate nucleus[END_REF]] seems to be the most directly involved, and stimulation of the NAc has shown beneficial effects; stimulation of the STN, a key structure of the indirect pathway and nexus point (Nambu et al., 2002;Frank et al., 2007;Mallet et al., 2007), was also shown to be effective, even though it was not shown to be directly affected in OCD pathophysiology. The third major target, the anterior limb of the internal capsule (ALIC), is an inheritance of ablative procedures; it can be justified by its proximity to the NAc and its position on the path between the 1120 W. I. A. Haynes and L. Mallet cortex (especially the OFC) and the basal ganglia output nuclei (Haber & Knutson, 2010).

Clinical outcomes of DBS in OCD

There are few studies of DBS in OCD. They have concerned each of the three targets mentioned above, but mostly with very few patients and ⁄ or an open design. It is thus difficult to draw formal conclusions on their respective effects. It does, however, seem that HFS of midbrain regions is as efficient as current ablative procedures, and it has the advantage of being reversible and allow useful electrophysiological information to be gathered. The main aspects of each study are reported in Table 1.

The pilot study

The first attempt at DBS in OCD was designed to test whether it could replace capsulotomy, which was the standard procedure for resistant OCD (Nuttin et al., 1999). Four patients who had failed to respond to a number of medications and psychotherapies were therefore implanted bilaterally with electrodes targeting the usual lesion site: in the ventral half of the ALIC, immediately rostral to the anterior commissure, extending slightly into the ventral striatum, a site very close to the one that the Greenberg team refers to as the ventral capsule (VC) ⁄ ventral striatum (VS). Of the four patients, three were reported to have been improved, although clinical details were given only for one. This patient experienced a 90% reduction in her compulsions.

ALIC (VC ⁄ VS) stimulation

These encouraging results were followed by two other studies by the same group. The first one [START_REF] Gabriels | Deep brain stimulation for treatment-refractory obsessive-compulsive disorder: psychopathological and neuropsychological outcome in three cases[END_REF] reported on three similar patients who were implanted in the same zone. HFS of the ALIC had no effect on the patient, who developed obsessive thoughts about the wires. The device was finally removed, and he benefited from a successful capsulotomy. The other two patients felt an immediate improvement in their symptoms, and their score on the Yale-Brown Obsession Compulsion Scale (Y-BOCS; the standard OCD evaluation scale) was reduced by more than 35%. The second study was concerned with showing a long-term improvement in OCD patients undergoing HFS [START_REF] Nuttin | Long-term electrical capsular stimulation in patients with obsessive-compulsive disorder[END_REF]. Six patients were included in the study, which included an open phase to determine optimal stimulation settings, but only four underwent the double-blind crossover that followed (3 months on and 3 months off). Of those, one had partially beneficial effects, but had such high battery consumption that he was offered capsulotomy after 15 months. The others all had a decrease of more than 35% in their Y-BOCS score. However, as two patients had severe worsening of their mood, their sham periods were reduced to 5 and 10 weeks. An associated reduction in frontal activity was observed by PET for two of the responder patients. A fifth and a sixth patient were later included in the blind phase. HFS of the dorsomedial thalamus was also tested in a fifth patient, to no avail; she was a moderate responder in the short term, and did not respond in the long term. The sixth patient, implanted only in the ALIC, was a very good responder during the open phase but had to stop the blind phase early (which started with the off period) because of suicidal ideas. An extra two patients were still in the open phase, but preliminary results were positive. Overall, HFS in the ALIC seemed to be an effective treatment for OCD; however, precise locations of targets and details of stimulation parameters were not always given. This effect was confirmed by a case report [START_REF] Anderson | Treatment of patients with intractable obsessive-compulsive disorder with anterior capsular stimulation. Case report[END_REF], in which the patient presented a spectacular decrease in her Y-BOCS score from 34 to 7 in 3 months. Interestingly, this study is the only one to achieve effective ALIC stimulation with a very low current intensity (2 V).

Another crossover double-blind study did not have such good results (Abelson et al., 2005). After an open phase, patients entered a doubleblind crossover for 4 periods of 3 weeks (two off sessions and two on sessions). Long-term treatment was then offered, and evaluated openly. Two patients were very much improved during the double blind phase, but this was attributable to the placebo effect for one of them. During the long-term open phase, the same two patients showed improvement (36 and 73% reduction), but one committed suicide, which, even if the suicide was not related, makes the results difficult to interpret. PET showed a significant decrease in OFC activity in both responders.

The Greenberg group looked at the 3-year outcome of VC ⁄ VS HFS in 10 patients, in an open study [START_REF] Greenberg | Three-year outcomes in deep brain stimulation for highly resistant obsessive-compulsive disorder[END_REF]. Of the 10 patients, nine were followed to 24 months, and eight to 36 months. The results were as follows: at 12 months, 22% of patients had reductions in symptoms of between 25 and 35%, and 33% had more than 35% reduction; at 24 months, these proportions were 33 and 44%; and at 36 months, they were 25 and 50% (only eight patients left). It should be noted that one patient discontinued stimulation at 12 months and another at 24 months. All responders had an acute worsening of symptoms when HFS was stopped.

Combination of the results of the Belgian team and the US team [START_REF] Gabriels | Deep brain stimulation for treatment-refractory obsessive-compulsive disorder: psychopathological and neuropsychological outcome in three cases[END_REF][START_REF] Nuttin | Long-term electrical capsular stimulation in patients with obsessive-compulsive disorder[END_REF][START_REF] Greenberg | Three-year outcomes in deep brain stimulation for highly resistant obsessive-compulsive disorder[END_REF] showed a global improvement in about 60% of patients, with remission in 38% of them (Greenberg et al., 2010). Reduction was more important for more posterior and inferior sites, with patients being implanted at the junction between the anterior commissure, the anterior capsule and the posterior ventral striatum. As lower energies needed to be used for the more posterior sites, this reinforces the hypothesis that stimulation of this target would work through spread of current to nearby, OCD-related structures (NAc and striatum).

Recently, a staggered-onset double-blind study of six patients showed an improvement of more than 35% in 67% of them [START_REF] Goodman | Deep brain stimulation for intractable obsessive compulsive disorder: pilot study using a blinded, staggered-onset design[END_REF]; however, no details were given on the exact locations of electrodes or stimulation settings. The lack of improvement in a patient with comorbid Tourette's syndrome is difficult to interpret, given the comorbidity and a target halfway between the ALIC and the NAc [START_REF] Burdick | Lack of benefit of accumbens ⁄ capsular deep brain stimulation in a patient with both tics and obsessive-compulsive disorder[END_REF].

Stimulation of the ALIC or VC ⁄ VS, based on previous ablative procedures, therefore seems to be effective for the treatment of OCD symptoms. However, the high energies used tend to indicate an effect through stimulation of adjacent structures such as the NAc.

NAc stimulation

The NAc is divided into a shell and a core, the former being connected to the limbic system (through the extended amygdala), and the latter to the extrapyramidal system. Its topographic and functional position put it in close proximity to the globus pallidus, ventral putamen and ventral caudate nucleus, one of the main nuclei to have been incriminated in OCD, as well as the ACC; it is also near the anterior capsule. The NAc therefore has a central location in the midbrain system, probably acting as a gate between the limbic system and the basal ganglia. This has made it the target of a pilot study by Sturm et al. (2003). The first patient was implanted bilaterally, so that both the ALIC and the NAc could be stimulated. The stimulation that induced most symptom improvement was bipolar, with contacts 0 (negative) and 1 (positive); activation of the other contacts had no effect. Bilateral stimulation was seen to be no more effective than (1999,2003), Gabriels (2003), [START_REF] Greenberg | Three-year outcomes in deep brain stimulation for highly resistant obsessive-compulsive disorder[END_REF] 60% improved, including 38% with remission unilateral stimulation, so the following four patients were implanted on the right-hand side only. Clinical improvement began in the following week (no details were given of Y-BOCS scores), apart from one patient, who was discovered later to have a displaced electrode.

The efficacy of this target with much lower energy consumption suggests that the therapeutic effect sometimes achieved through ALIC (VC ⁄ VS) stimulation at high intensities could be attributable to current spreading to the nearby NAc; indeed, the tip of electrodes was often described as being set against the NAc. A case report (Aouizerate et al., 2004a) questions this hypothesis, as the dramatic improvement in OCD symptoms appeared with a 12-month (9 months after the two contacts in the caudate were added) delay (the associated depression resolved rapidly); also, delays of 24 and 27 months were observed for two Italian patients [START_REF] Franzini | Deep-brain stimulation of the nucleus accumbens in obsessive compulsive disorder: clinical, surgical and electrophysiological considerations in two consecutive patients[END_REF]. After HFS of both the NAc and the caudate nucleus in another patient, improvement occurred with a 6-month delay [START_REF] Aouizerate | Distinct striatal targets in treating obsessive-compulsive disorder and major depression[END_REF], thus questioning whether the immediate effects on OCD symptoms observed previously were specific for NAc and ⁄ or caudate nucleus stimulation. However, a recent double-blind crossover study including 10 patients confirmed the results of Sturm's pilot study [START_REF] Huff | Unilateral deep brain stimulation of the nucleus accumbens in patients with treatment-resistant obsessive-compulsive disorder: outcomes after one year[END_REF]. Patients were implanted only in the right NAc. Four 7min blocks were used during surgery to determine optimal settings; the intensities needed were all low (Table 1). This was followed by the double-blind crossover phase, which lasted 2 • 3 months. Patients were then followed for 3 months, with the possibility of changing the stimulation settings every 3 months, regarding amplitude, pulse width or extra activation of the two proximal contacts. There was a significant difference between the baseline and on condition, but none between the on and off conditions, during the double-blind period; there was a significant decrease in Y-BOCS scores at 12 months, with 50% of patients having a 25% or more reduction in their symptoms.

A final case report [START_REF] Mantione | Smoking cessation and weight loss after chronic deep brain stimulation of the nucleus accumbens: therapeutic and research implications: case report[END_REF] showed full remission of one patient: the Y-BOCS score decreased from 38 to 2 in 5 months, and was stable at 1 at 24 months.

The NAc therefore appears to be another option in HFS of OCD patients, especially as the intensities needed are generally much lower than for ALIC VC ⁄ VS (Table 1), thus supporting the idea that the latter's efficacy is attributable to spread of current to the former. Moreover, it is the only HFS target today to have been directly implicated in OCD pathophysiology (see above). However, the data are scarce, and further studies, with a more solid methodology, would be needed to fully establish NAc stimulation. Another similar option, discussed by [START_REF] Lipsman | Deep brain stimulation for treatment-refractory obsessive-compulsive disorder: the search for a valid target[END_REF], would be stimulation of the ventromedial part of the head of the caudate nucleus, the other subcortical structure that was strongly indicated in neuroimaging studies.

STN stimulation: an indirect, effective method HFS of the STN could appear to be somewhat irrational: it has never been shown to be dysfunctional in OCD, and nor is it close enough to any of the structures involved to explain an effect by a simple spread of current. Nevertheless, stimulation of this site in three parkinsonian patients (Mallet et al., 2002;Fontaine et al., 2004) induced strong improvement of their (unrelated) OCD. The same effects were seen in both pharmacological and behavioural rat models (Winter et al., 2008b;[START_REF] Klavir | High frequency stimulation and pharmacological inactivation of the subthalamic nucleus reduces 'compulsive' lever-pressing in rats[END_REF]. A multicentre, double-blind, shamcontrolled, crossover study of HFS effects on the subthalamic nucleus was thus conducted in 17 patients (Mallet et al., 2008). The boundary of the associative and limbic territories of the STN was targeted (anterior and ventral); the most ventral contact without side-effects was selected in each patient. Stimulation parameters were set according to a previous study from the team (Mallet et al., 2007), and in order to avoid most side-effects, including dyskinesia. All patients underwent 3 months of active stimulation before the beginning of the crossover phase. The latter consisted of two 3-month periods separated by a 1-month washout period. HFS was shown to be significantly more effective (Y-BOCS 19 ± 8 vs. 28 ± 7) than sham. After 3 months of active stimulation, 75% of patients had improved by more than 25%. The intensities used were very low (Table 1), indicating that the therapeutic effects were caused specifically by modulation of STN activity. This is justified by the key role attributed to the STN in the basal ganglia circuitry, especially concerning the integration of sensorimotor, associative (cognitive) and limbic (emotional) information [START_REF] Bar-Gad | Information processing, dimensionality reduction and reinforcement learning in the basal ganglia[END_REF]Frank et al., 2007;Mallet et al., 2007); this role was partly confirmed by some of the side-effects observed (hypomania, anxiety and dyskinesia), which were resolved by modification of stimulation parameters.

Finally, another unusual target is the inferior thalamic peduncle, which is located on the path between the OFC and non-specific thalamic nuclei. HFS of this target in five patients in an open design was seen to be effective, with a mean decrease in their Y-BOCS score of 51% (Jimenez-Ponce et al., 2009). Putative mechanisms leading to symptom improvement were not discussed.

General outcome and comparison with ablative neurosurgery

DBS therefore seems to be effective in the management of severe, multiresistant OCD patients. Improvement rates are more or less similar to, if not higher than, those observed with the more classical ablative procedures of cingulotomy [START_REF] Jenike | Cingulotomy for refractory obsessive-compulsive disorder. A long-term follow-up of 33 patients[END_REF][START_REF] Baer | Cingulotomy for intractable obsessive-compulsive disorder. Prospective long-term follow-up of 18 patients[END_REF][START_REF] Dougherty | Prospective long-term follow-up of 44 patients who received cingulotomy for treatment-refractory obsessive-compulsive disorder[END_REF][START_REF] Jung | Bilateral anterior cingulotomy for refractory obsessive-compulsive disorder: long-term follow-up results[END_REF] and capsulotomy [START_REF] Oliver | Bilateral anterior capsulotomy for refractory obsessive-compulsive disorders[END_REF], but, given the methodological heterogeneity of studies, direct comparison of therapeutic efficacies is necessary. Sideeffects of the surgical procedure tend to be more frequent with HFS, but they should decrease as teams obtain more experience in the stimulation of those specific targets; stimulation side-effects can be avoided or very much reduced through careful monitoring of patients. HFS also has the great advantage of being reversible. Nevertheless, stimulation parameters and targets need to be studied more thoroughly before this can become an 'ordinary' procedure, as in movement disorder surgery. Up to now, most studies have been open and have included few patients; this was enough in a pilot, pioneering phase. Future studies, to provide new important clinical information, should have more rigorous designs (i.e. sham-controlled, crossover), although this is not easy, owing to ethical and clinical considerations.

Perspectives

It is outside the scope of this article to provide a comprehensive review of OCD pathophysiology and how HFS of deep brain structures might affect it; however, we will outline the main models and discuss the issues that we believe should now be addressed.

OCD has been shown to involve dysfunctions in the OFC, ACC and striatum (mainly) at the anatomical level. Biochemical modifications, which we have not detailed here, have also been described. They concern mainly the serotoninergic and dopaminergic systems. Indeed, the serotonin level is thought to be decreased in human OCD, which would explain the effect of SSRIs [START_REF] Aouizerate | Updated overview of the putative role of the serotoninergic system in obsessive-compulsive disorder[END_REF][START_REF] Westenberg | Neurobiology of obsessive-compulsive disorder: serotonin and beyond[END_REF], and has been shown to be affected by physical manipulation of the OFC [START_REF] Schilman | The role of the striatum in compulsive behavior in intact and orbitofrontal-cortexlesioned rats: possible involvement of the serotonergic system[END_REF]. The role of dopamine is not as clear, as cases of OCD have been reported in both [START_REF] Cummings | Obsessive-compulsive disorder in Huntington's disease[END_REF][START_REF] Maia | Relationship between obsessive-compulsive disorders and diseases affecting primarily the basal ganglia[END_REF][START_REF] Alegret | Obsessive-compulsive symptoms in Parkinson's disease[END_REF][START_REF] Harbishettar | Is there a relationship between Parkinson's disease and obsessive-compulsive disorder?[END_REF]]; in rats, injection of quinpirole, a D2 ⁄ D3 agonist, provokes compulsive action [START_REF] Szechtman | Quinpirole induces compulsive checking behavior in rats: a potential animal model of obsessive-compulsive disorder (OCD)[END_REF]Winter et al., 2008c;[START_REF] Mundt | High-frequency stimulation of the nucleus accumbens core and shell reduces quinpirole-induced compulsive checking in rats[END_REF], and dopamine transporter knockout mice develop 'superstereotyped' behaviours [START_REF] Berridge | Sequential super-stereotypy of an instinctive fixed action pattern in hyperdopaminergic mutant mice: a model of obsessive compulsive disorder and Tourette's[END_REF]. There is therefore a strong and complex dysfunction in the basal ganglia-thalamocortical loop, in its associative and limbic parts.

This dysfunction can be explained in different ways, depending on the model of basal ganglia circuitry used. An imbalance between the direct, indirect and hyperdirect pathways [which allow the selection of desired behavioural programmes while suppressing the others (Mink, 1996;Nambu et al., 2002)] has been proposed as an explanation for both behavioural and biochemical manifestations [START_REF] Baxter | Brain imaging as a tool in establishing a theory of brain pathology in obsessive compulsive disorder[END_REF][START_REF] Baxter | Brain mediation of obsessive-compulsive disorder symptoms: evidence from functional brain imaging studies in the human and nonhuman primate[END_REF][START_REF] Welch | Cortico-striatal synaptic defects and OCD-like behaviours in Sapap3-mutant mice[END_REF]Winter et al., 2008c). In this context, the STN would, among other things, control the time allocated for decision-making in low-conflict vs. high-conflict situations (Frank et al., 2007). In OCD, this control would be dysfunctional, and subjects would not be able to select the appropriate behavioural scheme (Mallet et al., 2008). Sturm et al. (2003) also proposes a dysfunction of the NAc, which controls emotional input into behavioural sequences. Basal ganglia can also be seen as controlling cortical outputs, including behavioural outputs that arrive as 'chunks' of behaviour, which they would prioritize, or as processing unconscious information. Dysfunction of the ganglia-corticobasal loop could therefore either alter final behavioural output, by leading to the individual being stuck on the same behavioural 'chunk', or cause unconscious information to intrude into conscious thought (causing the doubt at the origin of obsessions) (Graybiel & Rauch, 2000). Further development of OCD models and knowledge of OCD pathophysiology could therefore provide new information on the basal ganglia's function; until recently, movement disorders have been the only models.

The use of DBS is, as yet, more empirical than based on a strong scientific explanation. The exact effects of this technique are not known; however, it is most probably not a simple inhibitory effect, as was first proposed, as it does not have the same behavioural effect as a lesion or pharmacological inhibition (Winter et al., 2008c;[START_REF] Klavir | High frequency stimulation and pharmacological inactivation of the subthalamic nucleus reduces 'compulsive' lever-pressing in rats[END_REF]. Furthermore, electrophysiological recordings tend to show a complex effect of HFS, combining inhibition of spontaneous local activity with imposition of high-frequency discharge because of decoupled soma and axons (McIntyre et al., 2004a,b;[START_REF] Garcia | Highfrequency stimulation in Parkinson's disease: more or less?[END_REF], and antidromic or orthodromic activations of different subsets of neurons according to their intrinsic properties (e.g. myelinization), modulated by their various collaterals [START_REF] Hammond | Latest view on the mechanism of action of deep brain stimulation[END_REF]. DBS could serve to restore the STN's control over decision-making (Frank et al., 2007;Mallet et al., 2008) and behavioural output, or to rebalance the different pathways, generally through an increase in dopamine concentrations in the striatum, as was seen in the rat for both STN [START_REF] Bruet | High frequency stimulation of the subthalamic nucleus increases the extracellular contents of striatal dopamine in normal and partially dopaminergic denervated rats[END_REF][START_REF] Klavir | High frequency stimulation and pharmacological inactivation of the subthalamic nucleus reduces 'compulsive' lever-pressing in rats[END_REF] and NAc [START_REF] Mundt | High-frequency stimulation of the nucleus accumbens core and shell reduces quinpirole-induced compulsive checking in rats[END_REF] stimulation, and in the pig [START_REF] Shon | High frequency stimulation of the subthalamic nucleus evokes striatal dopamine release in a large animal model of human DBS neurosurgery[END_REF]. Other modifications include an increase in dopamine level in the NAc (Winter et al., 2008b) and increases in glutamate and GABA levels in the striatum [START_REF] Bruet | Neurochemical mechanisms induced by high frequency stimulation of the subthalamic nucleus: increase of extracellular striatal glutamate and GABA in normal and hemiparkinsonian rats[END_REF], the globus pallidus and substantia nigra (Windels et al., 2000) after STN stimulation.

The technique also has the advantage, unlike classic ablative procedures, of allowing for a detailed exploration of local basal ganglia electrophysiological dysfunctions, as well as of its own effects on both biochemical (Winter et al., 2008b;[START_REF] Klavir | High frequency stimulation and pharmacological inactivation of the subthalamic nucleus reduces 'compulsive' lever-pressing in rats[END_REF][START_REF] Mundt | High-frequency stimulation of the nucleus accumbens core and shell reduces quinpirole-induced compulsive checking in rats[END_REF] and electrophysiological levels. Few of these electrophysiological data are available for OCD today [START_REF] Guehl | Neuronal correlates of obsessions in the caudate nucleus[END_REF], but publications should begin to appear as more patients undergo surgery. These data could help in visualizing improper activity of the various targets, and thus in refining the different models; could provide a comparison with movement disorder data, and thus allow an evaluation of the accuracy of movement disorder models; and could therefore provide further understanding of the basal ganglia's function, which is still very much debated.

Abstract

The basal ganglia are a network of subcortical structures of which the invariant architecture throughout vertebrate evolution suggests a key function in evolution. As was noted as early as the 18th century, they have the unique characteristic of concentrating afferences from the entire cortical surgace. Given this central position and the internal architecture of the network, they could provide a centralised selection mechanism in the brain, arbitrating between any two conflicting processes.

Among the basal ganglia, the subthalamic nucleus has become of particular interest as it is the target of deep brain stimulation, a neurosurgical procedure used to treat severe Parkinson's disease and obsessive-compulsive disorder. It would have for function to integrate contextual information from its cortical inputs to filter behavioural programs encoded by the striatum. Within the framework of decision-making models, this filtering function is akin to setting the decision threshold, or the amount of evidence required before selecting a program. However, this considerations remain hypothetical as they are lacking experimental support. The first objective of this work was to validate the anatomical basis of these assumptions. Indeed, the existence of a prefrontal-subthalamic pathway, necessary to expand the decision models to every type of decision, had only been demonstrated in rodents. We demonstrated its existence in the primate using anterograde axonal tracing. In addition, this projection will have allowed us to redefine the medial border of the subthalamic nucleus with the clinical consequences that that may have.

The second objective of this thesis was to test the functional validity of the models, and specifically the role of the subthalamic nucleus in setting decision thresholds. Deep brain stimulation offers a rare access to the electrophysiology of this structure; however, it is a patient population, here obsessive-compulsive disorder patients. A first step was, therefore, to characterise this population, anatomically and behaviourally, to understand how it might be of use as a model of decision-making in the basal ganglia. We demonstrated a reduction in the strength of cortico-subcortical anatomical connections. We suggest that this prevents accurate conscious control over decision mechanisms. Behaviourally, patients displayed a pathologically low confidence levels in their decisions and we hypothesised that this would lead to an increase of the decision threshold and matching subthalamic activity.

To test this, we recorded the activity of the subthalamic nucleus during a decision-making task. We demonstrate that subthalamic neurons have a multimodal activity, consistent with our demonstration of convergent cortical inputs. However, we were unable to demonstrate a link between subthalamic activity and decision threshold, although this may be due to technical considerations.

Finally, we wanted to improve our anatomical understanding of the reward circuit. More precisely we wanted to identify which connection might provide the dopaminergic cells of the substantia nigra with the information needed to calculate reward-prediction error. We demonstrate that the zona incerta, another structure of the subthalamus receives convergent inputs from prefrontal and subcortical areas and projects specifically to the dopaminergic neurons of the subthantia nigra and the lateral habenula.

To conclude, we will have validated anatomically the extension of the decision-models of the basal ganglia to every type of behavioural selection and identified a new node of the reward circuit. In addition we will have characterised the pathological model that is obsessivecompulsive disorder to begin the study of the electrophysiology of decision-making in humans

Résumé en Français

Les noyaux gris centraux (ganglions de la base en anglais) sont un réseau de structures souscorticales dont la persistance dans l'ensemble des vertébrés plaide en faveur d'une fonction clef au cours de l'évolution. Comme ce fut remarqué dès le 18ème siècle, ils ont l'unique particularité de concentrer des afférences de l'entièreté de la surface corticale. Cette Malgré cette efficacité remarquable, les mécanismes de la stimulation cérébrale profonde restent inconnus. Il faut, entre autres, blâmer l'obscurité qui règne encore sur le noyau subthalamique, car les fonctions mentionnées ci-dessus restent des conjectures théoriques en manque de validation expérimentale. La première étape de ce travail a été d'en valider les bases anatomiques. En effet, l'existence d'une voie fronto-subthalamique -nécessaire au modèle -n'était connue que sur la base d'études menées chez le rat. Nous avons démontré, par des méthodes de traçage axonal, l'existence de cette connexion chez le primate. En sus, cette connexion aura permis de redéfinir les frontières médiales du noyau subthalamique avec les conséquences cliniques qui peuvent en être tirées.

Le deuxième objectif de cette thèse était de tester la validité fonctionnelle du modèle, la stimulation cérébrale profonde offrant un accès rare aux activités du noyau subthalamique. Cependant, il était d'abord nécessaire de caractériser la population étudiée, à savoir des patients souffrants d'un trouble obsessionnel compulsif. Grâce à l'imagerie de diffusion nous démontrons une diminution ainsi qu'une désorganisation des connexions cortico-sous corticales, se traduisant probablement par un défaut de contrôle conscient sur le processus de sélection. Une étude de magnétoencéphalographie est en cours pour approfondir les changements d'activité corticale.

Pour tester le rôle du noyau subthalamique dans l'établissement du seuil décisionnel nous avons enregistré son activité électrophysiologique pendant que les patients effectuaient une tâche de prise de décision perceptuelle. Nous démontrons que les neurones du noyau subthalamique ont une réponse multimodale, concordant en cela avec nos données anatomiques qui montrent une convergence d'informations au niveau du noyau subthalamique. De plus, une augmentation de l'activité est retrouvée dans les conditions attendues.

Pour terminer, les noyaux gris centraux subissent une influence forte des cellules dopaminergiques des aires A8, A9, A10 qui permettrait un apprentissage et une amélioration de la sélection au cours du temps, cependant l'origine de ce signal est inconnue. Nous démontrons pour la première fois l'existence d'une afférence spécifique des cellules dopaminergiques: la zona incerta. Nous suggérons que cette dernière pourrait agir comme détecteur de récompense.

Pour conclure, nous aurons validé anatomiquement les boucles de sélection au sein des noyaux gris centraux ainsi que proposé un nouveau maillon du circuit d'apprentissage, offrant ainsi une base solide aux hypothèses fonctionnelles attenantes. Nous aurons également caractérisé l'anatomie du modèle d'étude pathologique qu'est le trouble obsessionnel compulsif, nous permettant ainsi de commencer son emploi en tant que modèle.
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 2 Figure 2: The Striatum. A: 3D posterior view of the macaque striatum. Cd: caudate nucleus; Pu: putamen; VS: ventral striatum. B: Reconstruction of a medium spiny neuron from a Golgi stain. Adapted from[START_REF] Yelnik | Morphological taxonomy of the neurons of the primate striatum[END_REF].
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 4 Figure 4: The Basal Ganglia network. A: The classic model[START_REF] Alexander | Functional architecture of basal ganglia circuits: neural substrates of parallel processing[END_REF] Nambu et al., 2002), opposing direct, indirect and hyperdirect pathways. B: A rearrangement of the boxes shows that the hyperdirect pathway is not on the same level as the direct and indirect ones. Moreover, the direct/indirect division seems to also apply to STN projections. C: Full connection system, without the neuromodulatory inputs.
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 5 Figure 5: Topography and Convergence.A: Cortical projections to the basal ganglia define three functional territories: limbic (yellow), associative (purple) and motor (green). These different territories are kept throughout the basal ganglia circuit. However, some neurons have dendritic fields that span multiple territories. These are represented by the rectangles in the GP and STN. Adapted from(Yelnik, 2008). B: Interaction of functional territories is also supported by the convergence of cortical inputs, here multiple prefrontal inputs (identified by colour) to the striatum. Adapted from(Haber et al., 2006).
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 6 Figure 6: The STN. A. Coronal section of Macaca fascicularis. Darkfield photomicrograph (x 1.6). IC : internal capsule ; MB : mammillary bodies ; SN : substantia nigra ; STN : subthalamic nucleus. B. 3D model of the left STN (purple) and ipsilateral striatum (grey). Posterior view.
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 7 Figure 7. Principal neurons of the STN. Adapted from(Yelnik & Percheron, 1979) 

Figure 8 :

 8 Figure 8 : Closed nucleus. Sagittal representation of STN and ZI dendritic fields, in the primate. STN dendrites do not reach e o d the "TN s o de s.
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 9 Figure 9: Interneurons of the STN. A. Morphology of one of the rare small neurons observed in Golgi preparations. Adapted from(Yelnik & Percheron, 1979). B & C. Different stains of interneurons from[START_REF] Levesque | GABAergic interneurons in human subthalamic nucleus[END_REF]. B. The cell on the right is stained for GAD, the enzyme used to synthesise GABA (blue). It is also stained for NeuN (brown), demonstrating the neuronal nature of the cell. The neuron on the right is not stained for GAD and is one of the principal neurons. C. Interneurons(GAD, red) 
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 10 Figure 10. Pallidal afferences to the STN. Top panel: two injections of a strictly anterograde tracer (AA) in the same animal. On the left, the injection is in the VP, on the right in the rostral GPe. Bottom panel: anterograde labelling subsequent to the injections. The projection is topographic: the VP projects to the medial edge of the STN, bordering into the lateral hypothalamus. The GPe projects to the medial half of the STN (right). AC: anterior commissure; FF: fields of Forel; MB: mammillary bodies.
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 11 Figure 11. Cortical afferences to the STN. Schematic of motor(left) and premotor (right) projections to the STN, illustrated at three different rostro-caudal levels (top to bottom). One will note that the medial part of the STN is devoid of any cortical projections. Adapted from(Hartmann-von Monakow et al., 1978).
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 12 Figure 12. STN afferences. Schematic of a STN neuron (black) and the dendritic location of its different afferences. Note how pallidal axons (red) target the soma whereas cortical axons (lime green) target the distal dendrites.
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 13 Figure 13. Pallidal Efference. STN axons to the pallidum arborise in bands parallel to the medullary laminae and orthogonal to cortico-striatal and striato-pallidal projections. Adapted from[START_REF] Smith | Efferent projections of the subthalamic nucleus in the squirrel monkey as studied by the PHA-L anterograde tracing method[END_REF] 
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 14 Figure 14. Nigral projection. STN axons (lines)immediately descend into the SN. While they may cross through parts of the SNc, they consistently avoid the dopaminergic neurons (DA neurons). One will also note ho the a h to the GP fo s palisades as it osses the internal capsule. Adapted from[START_REF] Nauta | Efferent projections of the subthalamic nucleus: an autoradiographic study in monkey and cat[END_REF].
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 15 Figure 15. Basal Ganglia connections. Semi schematic representation of the basal ganglia and their connections at a cellular resolution. Striatal axons arborise on the dendrites of pallidal neurons, whereas STN axons target their soma.
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 16 Figure 16. Axonal transport. A & B: Anterograde transport. Tracers enter the soma of the neuron and travel down the length of the axon towards the axonal terminals (A). Thus, it allows one to study the efferent connections of a structure. B: illustration of an axonal arborisation stained after anterograde tracer injection. C & D: Retrograde transport. Tracers enter through the soma and proceed antidromically to the soma and dendrites (C). This is used to study the afferent connections to a structure. D: illustration of retrogradely stained neurons and their dendrites.
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 17 Figure 17. Diffusion MRI.A: in a free environment a water molecule has a Brownian (random) motion through space (top line). The associated equiprobability of movement is represented by a sphere (bottom liner). B: in a medium with random obstacles (e.g. grey matter), o e e t is est i ted e uall i all di e tio s i.e. isot opi -top line); thus, the diffusion probability is represented by a smaller sphere (bottom line). C: in a medium with ordered obstacles (e.g. white matter), movement is restricted mainly alo g o e di e tio i.e. a isot opi . The at hi g p o a ilities a e ep ese ted a ellipsoid. The spheres and ellipsoids can be reduced to their three principal vectors in the diffusion tensor model (x,y,z). D: Illustration of diffusion tensors fitted at every voxel of an MRI. Only direction and not probability is represented.
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 18 Figure 18. Tractography. A: Coronal section representing the principal vector of the diffusion tensor at each voxel. One can note how, macroscopically these follow the direction of the main white matter tracts. B. enlargement of A. The orientation can be followed from voxel to voxel to reconstruct tracts. C: same as B but with the 1 st and 2 nd vectors. Even without the 3 rd
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 20 Figure 20. Stopping activity of the STN.In a stop-signal task, the STN's activity is inhibited for go trials (bold line). This activity rebounds after the stop signal, more so for successful stops (thin line) than failed stops (dashed line) suggesting that the STN is involved in the release and stopping of movement. Local field potentials in Parkinsonian patients. Adapted from[START_REF] Ray | The role of the subthalamic nucleus in response inhibition: Evidence from local field potential recordings in the human subthalamic nucleus[END_REF].

Figure 21 .

 21 Figure 21. Drift diffusion model. Instant sensory evidence is extremely variable (top), thus, it need to be accumulated overtime to extract relevant information (bottom, blue line).The speed at which evidence is accumulated is the drift rate (angle of the slope). An option is selected when the sum of evidence passes a predefined level (i.e. the decision bound or decision threshold).
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 22 Figure 22. LIP during decision.Mean firing rate of LIP neurons during a dot-motion task. At stimulus onset, the rate of increase in firing is proportional to the quality of the evidence (coherence levels). When aligned to the motor response, one observes that in all conditions the firing rate reaches the same maximum just before decision. This maximum would represent the decision threshold but how it is set is unknown. Adapted from[START_REF] Mazurek | A Role for Neural Integrators in Perceptual Decision Making[END_REF].
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 23 Figure 23. Drift diffusion in the basal ganglia. Each term of the equation describing the drift diffusion model can be assigned to one of the basal ganglia. Adapted from(Bogacz & Gurney, 2007).
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 24 Figure24. Decision-making in the basal ganglia. Graphical illustration and interpretation of decision models of the basal ganglia. Decision variables (brown) are encoded in the cortex (e.g. LIP) and are mapped to behavioural programs through the cortico-striatal connection (blue). Meanwhile, the STN receives contextual information from frontal areas (yellow) to calculate the decision threshold (red). Programs are confronted to the threshold at the pallidal level so that one may be executed (purple).
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 25 Figure 25. Conflict in the STN. Local field potential recordings in parkinsonian patients performing a neuroeconomic task.High conflict situations (when both options are associated to rewards of the same magnitude) induce a θ synchronisation. Adapted from(Cavanagh et al., 2011).
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 26 Figure 26. Emotional responses in the STN. During the presentation of neutral, pleasant and unpleasant images, the ventral STN responds preferentially to the emotionally-laden stimuli. A. response to unpleasant stimuli (red) as compared to neutral ones (black). B. response to pleasant stimuli (red) compared to neutral ones (black). From top to bottom : dorsal, intermediate and ventral bipolar recording channels from a DBS electrode in parkinsonian patients. Adapted from[START_REF] Buot | Processing of emotional information in the human subthalamic nucleus[END_REF].
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 27 Figure 27. Reward in the STN. Modulation of a singleeu o s fi i g ate i elatio to e a d. The e is a late 500ms) inhibition after reward delivery. Adapted from[START_REF] Darbaky | Reward-related neuronal activity in the subthalamic nucleus of the monkey[END_REF].

Figure 28 .

 28 Figure 28. Actor Critic Model applied to the basal ganglia. Lower module: the cortex reads the environment and informs the actor (the basal ganglia) so that it can select behaviour. Upper module: the cortex also informs the critic, as do reinforcements. The critic then modulates the transmission between the cortex and the Actor/basal ganglia. Adapted from Nguyen 2014
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 29 Figure 29. Deep Brain Stimulation. Left Panel: schematic illustration of the system. Two electrodes are inserted into the brain, one on each side. These are connected to a pacemaker battery which is implanted subcutaneously in the subclavicular or abdominal region. Right Panel: 3D view of the electrodes penetrating the STN (pink), in relation to the caudate nucleus (blue) and the red nucleus (red).

Figure 30 .

 30 Figure 30. Single unit recordings. Left panel: 5 micro-electrodes are lowered into each STN. Recordings are made at a number of different depths (spheres) to confirm the MRI-based targeting. Right panel, from the bottom: raw recording, isolated spikes in the recording, average waveform of the spikes. Blue and green identify two different neurons.

Figure 31 .

 31 Figure 31. Local Field Potentials. A. While micro-electrodes (right) allow one to record the activity of individual neurons (units), local field potentials recorded with the stimulation electrode are thought to represent the activity of the local population of neurons. B. Example of a recording from 3 bipolar channels obtained by combining the contacts of the wtimulation electrode two by two. The inversion of polarity between the intermediate and ventral pairs suggests that the source of the potential is inside the STN.

Figure 1 .

 1 Figure 1. Ventral pallidal connections to the STN. A, Coronal section illustrating VP terminal fields at the edge of the medial STN border, extending medially into the hypothalamus following an injection in the subcommissural ventral pallidum (inset). B,A coronal section illustrating labeled cells (and terminals) at the edge of the medial STN border, extending medially into the hypothalamus after an injection that includes the ventral pallidum. AC, Anterior commissure; Cd, caudate nucleus; MB, mammillary body; Pu, putamen; SN, substantia nigra; STN, subthalamic nucleus; Thal, thalamus.

Figure 3 .

 3 Figure 3. Photomicrographs of STN labeling after cortical injections of anterograde tracers (dark field microscopy of coronal sections). A, Projections from OFC are mostly located medial to the STNЈs conventional boundaries (solid white line), but are contained within the STNЈs limits according to Dejerine (dashed white lines). B, Projections from vmPFC straddle the conventional medial boundary of the STN (white line). C, The dense projection from dACC is concentrated in the medial tip of the STN and is in a position to overlap with the vmPFC projection (B). It also extends beyond the medial boundary, creating a potential interface with OFC projections (A). D, The projection from area 9 is located in the medial half of the STN. Although the dense projection does not occupy the medial tip, diffuse projections do, providing an interface with dACC (C). This is visible in E, a micrograph from the same case at a higher magnification (the white arrows in D and E indicate the same blood vessel). F, Projections from the rostral area 6 are more caudal and somewhat more dorsal than DPFC projections. Nonetheless, DPFC and area 6 projections overlap extensively. This is demonstrated in G the same section as F at a higher magnification, and in H the section adjacent to F and G, showing the result of a DPFC injection in the same monkey. Matching blood vessels in F-H are indicated by the white arrows. Lesser intensity of staining in H is likely the result of variations in transport (see Results). I, Projections from M1 are dorsal and lateral. Scale bars, 200 m.

Figure 4 .

 4 Figure 4. Charts of frontal projections to the STN. Three coronal sections, evenly spaced along the rostrocaudal axis, are illustrated in the left panel of the figure to indicate the approximate anterior (AP ϭ 11.10), central (AP ϭ 10.2), and posterior thirds (AP ϭ 9.0) levels depicted for each case (A-G). Scale bar, 5 mm. The schematic for the injection sites illustrate the center of the injection. Photographs of the prefrontal injection sites complement the prefrontal cases schematics to illustrate the extent of the halo around the injection sites. A, Projections from the vmPFC/OFC (red) are mainly outside of the conventional medial borders of the STN, and concentrated in the anterior third. B, Projections from the dACC (orange) are concentrated in the medial tip of the STN and extend over its medial border. C, D, Projections from DPFC (areas 9 and 46, respectively) (yellow) lie in the medial half of the STN, dorsal and lateral to projections from dACC (B). E, Projections from the rostral area 6 (green) appear caudally to other PFC projections, lateral but overlapping with area 46 dense projections (D). F, Projections from caudal area 6 (green) are located in the ventrolateral STN. G, Projections from M1 (blue) occupy the dorsolateral STN and seem to overlap primarily with caudal area 6 dense projections. Scale bar: (left, bottom) A-G, 1 mm. SN, Substantia nigra; STN, subthalamic nucleus; ZI, zona incerta.

Figure 5 .

 5 Figure 5. Overlap of dense projections. A-C, Coronal view at anterior (A), central (B), and posterior (C) thirds of the 3D model. Approximate AP levels are similar to those in Fig. 3. Colored meshes represent the outer surface of the combined dense projections from each cortical area. Overlaps occur mainly between projections from functionally close cortical regions. D, Axial, superior view of the same dense projections. Scale bar, 1 mm.

Figure 6 .

 6 Figure 6. Overlap of diffuse projections. Posterior, coronal 3D views of diffuse and dense cortical projections. Colored volumes/surfaces, Dense projection fields; colored lines, diffuse projections. A, All diffuse projections. The topography is the same as for dense projections, although there is more overlap. B, All dense projections (surfaces). Note, compared to the diffuse projections in A, the dense terminal fields show less overlap. C, Diffuse and dense projections from prefrontal areas, vmPFC, ACC, and DPFC. Diffuse projections increase the interface between the different prefrontal inputs. D, Diffuse and dense projections from premotor and motor regions. E, Diffuse projections derived from DPFC and dACC injections extend into area 6 and M1 territory, thus increasing their interface. F, Reciprocally, area 6 diffuse projections extend into the prefrontal projection territory. They are also able to interface with diffuse projections from vmPFC/OFC. Scale bar, 1 mm.

Figure 7 .

 7 Figure 7. Passing fibers. A, Passing fibers have a topographic organization similar to diffuse projections (Fig. 6 A). B, Fibers from vmPFC, OFC, and dACC travel in the medial tip of the STN and in the adjacent lateral hypothalamus. C, Fibers from DPFC travel in the medial half of the STN. D, Fibers from rostral and caudal area 6 travel, respectively, in the medial and lateral halves of the STN. Fibers from M1 travel in the dorsal portion of the lateral half. E-G, Views of the anterior, central, and posterior thirds of the STN illustrate the rostrocaudal topography of passing fibers. Prefrontal fibers enter the STN rostrally (E) to those from area 6 and M1 (F ). However, fibers from area 6 and M1 travel further caudally (G). Scale bar, 1 mm.
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 1 Figure 1: Clinical-use MRI.One can note that the STN is not clearly apparent (adapted from[START_REF] Benabid | Imaging of subthalamic nucleus and ventralis intermedius of the thalamus[END_REF] 

Figure 2 :

 2 Figure 2: Frontal axons to the subthalamus. A. Prefrontal axons approached mainly from a rostral perspective. A dorsal branch targeted the ZI (transparent black), whereas a ventral branch surrounded most of the STN's medial edge (white mesh, purple fill). B. Motor axons arrived dorsally and sent a common branch to the ventral ZI and the STN. These axons covered most of the dorsal surface of the STN. C. Prefrontal and motor axons seem organised orthogonally at the subthalamic level, with prefrontal axons oriented mostly along a rostro-caudal axis and motor axons along a lateral-medial axis. D. Global perspective, one notice that the different frontal bundles are organised topographically throughout most of the IC. E. A slightly too dorsal electrode would stimulate the motor sheath of the STN and the prefrontal branch to the ZI.

Figure 3 :

 3 Figure 3: MRI identification of the STN. A. Phase image from a SWI sequence. B. SWI image (combined Phase and Magnitude images). C. T2FLAIR image. D. FGATIR image. A-D: axial slices from the same subject, at the same dorso-ventral level; the yellow crosshair is centred on the STN. E. axial and F. coronal enlargements of a SWI Phase image.Duration(min)

  Spatial spread -PVoxPVox was reduced, in OCD patients, in 12/12 connections in the left hemisphere and 7/12 connections in the right hemisphere (Figure2, blue bars). There was a non-significant trend towards a reduction in PVox for the other connections. Detailed means, standard deviations, raw Anatomical Connectivity in OCD p-values and FDR-adjusted p-values for the difference of the means are provided for each connection in Table1.DensityDensity was modified for fewer connections than PVox, with a reduction observed in 7/12 connections in the left hemisphere and 2/12 in the right hemisphere. In addition, Density was increased for the right Caudate-ACC connection (Figure2, cyan bars). Detailed means, standard deviations, raw p-values and FDR-adjusted p-values for the difference of the means are provided

Figure 1 :

 1 Figure 1: Methods. Probabilistic tractography runs 5000 iterations from each seed voxels to the target. In the resulting connectivity map, each seed voxel has a value representing the number of streamlines that connect it to the target. Streamlines are considered an approximation of the number of anatomical connections. Here we use a schematic of the caudate nucleus as an example. A. To study the spatial extent of the connection we derived the index PVox which divides the number of connected voxels (light blue) by the total number of voxels (dark blue) in the seed. B. If the total number of connections stays the same despite a reduced spatial extent, the density of connections in connected voxels might increase. Thus, we derived a second index Density which looks at the total number of connections (sum of pink lines) normalised y the number of connected voxels (light blue). C-E. A change in the spatial spread of connections might change their interaction, and more specifically, the degree to which they are overlapping or segregated. In this example we have 2 maps for the caudate: the blue connection in C and the

Figure 2 :

 2 Figure 2: Connectivity changes in OCD patients. The rows correspond to each seed: Caudate nucleus, Putamen and Thalamus, left and right. An example of the segmented masks is given as row entries. The columns correspond to each target: ACC, DLPFC, OFC, and Fpole.

  Eight patients were recruited as part of a clinical trial designed to compare the efficacies of STN and striatal DBS on severe and refractory OCD (http://clinicaltrials.gov/show/NCT01807403). Inclusion and exclusion criteria were assessed during a full clinical interview by a psychiatrist and included: diagnosis of OCD according to the Diagnostic and Statistical Manual of mental disorders, 4th edition, revised text (DSM-IV-TR) for at least 5 years; severe OCD symptoms as assessed with the Yale-Brown Obsessive Compulsive Scale (YBOCS, max 40, diagnosis >16, severity >25); resistance to at least 3 selective serotonin-reuptake inhibitors alone and in association; resistance to at least 2 courses of cognitive and behavioural therapy performed according to validated protocols; absence of cognitive deterioration; absence of other axis 1&2 disorders except for global anxiety and social phobia; no surgical contraindications. Details are available online (http://clinicaltrials.gov/show/NCT01807403).
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 1 Figure 1: Example of a recording. Bottom line: raw trace (46s), middle line: isolated spikes, top line: behavioural triggers

  placed over the head of the patient at a height of about 50cm and moved until patient declared he could the whole screen. Patients had a 3 button mouse placed in their right hand. At the response screen, they had to press the left/right button to indicate dot-motion towards the left/right. During the confidence rating, patients filled the chart (high confidence) with the left button, emptied it with the right one (low confidence), and used the middle one to continue to feedback. Blocks of 40 trials were started each time the attending neurophysiologist indicated the stable presence of a neuron. The blocks could be aborted if the neuronal signal was lost.

Figure 2

 2 Figure 2: Behavioural task

5 +1s]

 5 , Response [-1 +1s], confidence onset [-0.5 1s], confidence offset [-1 0.5s] and feedback onset [-0.5 +1s]. The baseline for each trial was taken as the [-750 0s] window before stimulus onset (the fixation cross).

Figure 3 :

 3 Figure 3: Modulation of subthalamic activity, individual neurons. Epoch is in red, conditions are in blue or green. Grey bars indicate significance after correction.

  Macaca fascicularis and 2 M. nemestrina). We charted the resulting labelled fibres throughout the ZI, and combined the charts in a 3D model to study the topography of the projections. The second set of experiments involved placing 3 injections of bidirectional tracers in the ZI (2 M. fascicularis & 1 M. nemestrina). Retrograde transport was used to confirm the cortical inputs described from anterograde labelling and to explore the existence of other inputs from the diencephalon, brainstem and pons. The third set used the same three injections in the ZI and one of a strictly anterograde tracer in another M. nemestrina. Anterograde labelling from these injections was used to characterise the outputs of the ZI. Its presence was investigated in the frontal cortex, diencephalon, brainstem and pons. Specificity of anterograde and retrograde labelling in the SN from the ZI injections was explored using double immunofluorescence labelling of the tracer with tyrosine hydroxylase in one of the cases. As a control of the specificity of the ZI injections, we injected bidirectional tracers in the ventrolateral nucleus of the thalamus, pars oralis, in 2 M. fascicularis, at the same level as two of the ZI injections. We also supported retrograde labelling in the SN and GPi by injecting anterograde tracers in the SN 2 M. fascicularis and 1 M. nemestrina and the GPi of 2 M. nemestrina.Surgery and tissue preparationEighteen adult macaque monkeys(11 M. fascicularis and 7 M. nemestrina) were used in this anatomical study. All experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, 1996) and were approved by The University Committee on Animal Resources.

  vulgaris leuco-agglutinin (Pha-L), Lucifer yellow (LY), Fluororuby (FR), or Fluorescein (FS) conjugated to dextran amine [40-50 nl, 10% in 0.1 M phosphate buffer (PB), pH 7.4; Invitrogen, Carlsbad, CA], or tritiated amino acids (AA) (100 nl, 1:1 solution of [ 3H]-leucine and [ 3H]-proline in dH2O, 200 mCi/ml; NEN, Boston, MA). Tracers were pressure injected over 10 min using a 0.5 µl

Fibres

  to the SNc exited the ZI from its ventral aspect into the lateral hypothalamic area. They swerved around the STN and terminated in the dorsal SN and the VTA (Fig 3A). As routine staining for AA involves a Nissl coloration, we were able to show that this terminal field was exclusively in the SNc and not in the SNr (Fig 3B). A fluorescein case with adjacent Nissl stained sections revealed the same. Using double labelling with tyrosine hydroxylase, we were able to confirm that ZI axons synapsed exclusively with the dopaminergic cells of the SNc/VTA (Fig 3C)

Figure 1 :

 1 Figure 1: Frontal projections to the ZI. 2D charts of various projections to the ZI. Colored areas represent terminal fields, colored lines represent discrete terminating fibers. The left-most colum reproduces schematics of the injection sites. Scale bar=5mm. A. Projections from the OFC/vmPFC are concentrated mainly in the ZId: they are located in the rostral ZI and in the dorsal part of the central ZI. B. ACC axons form two terminal fields. One in the rostral ZI which overlaps with that from the OFC. The other is ventral and lateral, beneath the edge of the reticular thalamus. C. DPFC projections are mostly overlapping with OFC and ACC projections, but some extend to the caudal ZI. D. Projections from area 6 are found throughout and do not seem to favor the ZId or ZIv. E. Motor projections are concentrated in the ZIv: ventral and caudal and overlap very little with the prefrontal projections. IC: internal capsule; Rt: reticular nucleus of the thalamus; STN: subthalamic nucleus; VA, VL, VP: ventral Anterior, Lateral and Posterior nuclei of the thalamus; ZI: zona incerta.

Figure 2 :

 2 Figure 2: Micrographs of cortical projections to the ZI. A. Projection from the OFC. B: projection from the ACC. C: Projection from the DPFC and D: projection from rostral area 6 in the same animal. E&F: enlarged view of the terminal fields in C&D. Arrows indicate matching blood vessels. One notes an extensive overlap between the DPFC and rostral area 6 projections. G: projections from caudal area 6. H: projections from M1.

Figure 3 :

 3 Figure 3: Retrograde labelling from injections in the ZI. A. Labelled neurons in the hypothalamus were located mainly in the paraventricular and the suprachiasmatic nuclei. The top and bottom boxes are enlarged in the top and bottom of the panel. B. Labelled neurons in SN appear confined to the SNr and were never seen in the SNc. C. Labelled neurons in the GPi were mainly lateral to the accessory medullary lamina (dashed line), unlike neurons labelled after VLo injections which were medial to that lamina (not shown). GPe: External pallidum; GPi: Internal pallidum; LHA: lateral hypothalamic area; OT: optic tract; Pu: putamen; SNc: substantia nigra, pars compact; SNr: Substantia nigra, pars reticulata; V3: Third ventricle.

Figure 4 :

 4 Figure 4: Projections of the ZI. A. Anterograde labelling in the SN was organized in columns. B. A Nissl stain of the same section reveals that these columns correspond to the columns of the SNc in the SNr (matching blood vessels in A&B are indicated by the arrows). C. Double immunofluorescence for tyrosine hydroxylase (red) and fluorescein (green) demonstrates the specificity of the projection to the dopaminergic neurons. D. Projections to the midbrain and pons. Aq; aqueduct, DR: dorsal raphe, IC: inferior colliculus, LHb: lateral habenula, MHb: medial habenula, PAG: peri aqueductal grey, PC:
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  54 W. I. A. Haynes and L. Mallet appeared to decrease metabolism of the left anterior cingulate gyrus as observed with positron emission tomography, and reduction of the Y-BOCS score was correlated to a decrease of ventromedial prefrontal cortex metabolism (Le Jeune et al. 2010).

  High-frequency stimulation of deep brain structures in obsessive-compulsive disorder 1121 ª 2010 The Authors. European Journal of Neuroscience ª 2010 Federation of European Neuroscience Societies and Blackwell Publishing Ltd European Journal of Neuroscience, 32, 1118-1127 Table 1. Main characteristics of the different clinical experiences of deep brain stimulation in obsessive-

  High-frequency stimulation of deep brain structures in obsessive-compulsive disorder 1123 ª 2010 The Authors. European Journal of Neuroscience ª 2010 Federation of European Neuroscience Societies and Blackwell Publishing Ltd European Journal of Neuroscience, 32, 1118-1127 hypodopaminergic and hyperdopaminergic pathologies [Parkinson's and Huntington's diseases

  

  

  

  

  /bio3d.colorado.edu/imod/, \Kremer, 1996 #26} to create 3D representations of the terminal fields from different injections in each structure

	the existence of an overlap between projection fields. In addition, the laboratory in
	Rochester	has	developed	a	method	based	on	the	imod	software
	{http:/									

[START_REF] Lasek | Evaluation of a radioautographic neuroanatomical tracing method[END_REF] 

Evaluation of a radioautographic neuroanatomical tracing method. Brain Res, 8, 319-336. , Cowan, W.M., Gottlieb, D.I., Hendrickson, A.E., Price, J.L. & Woolsey, T.A.

(1972) 

The autoradiographic demonstration of axonal connections in the central nervous system. Ibid., 37,

21-51.. 

Table 1 : Sequence Parameters.

 1 

			5 iso	256	31	20	-	140
	FGATIR	14:42	0.7 iso	210	5000	3.72	500/3200	210
	T2 FLAIR	19:52	0.7 iso	256	8000	289	2300	334
	T2*	11:24	0.4x0.4x0.8	192	665	27.2	-	50
	T2* map	8:30	0.4x0.4x0.8	256	31	3.		

81/7.31/10.81/14.31/17.81/ 21.31/24.81/28.31 -870

Table 2 .

 2 (mean ± SD) years vs. 34.03 ± 11.26 years, 2-tailed t-test, NS) and sex (16 males to 21 females in each group) were included in the study. Patients had predominant checking symptoms and scored an average 22.49 ± 4.96 on the Y-BOCS (max 40, >16 is pathological), including 10.84 ± 3.15 for the obsession subscale and 11.62 ± 2.67 on the compulsion subscale. Patient scored 19.03±9.41 on Padua 3. Detailed clinical scores and treatments for the patients are reported in Supplementary

Table 1 :

 1 PVox represents the spatial spread of a connection, and was lower in OCD patients than in controls for 19 of 24 connections studied. The criterion p-value was 0.0618 for an FDR of 10% Anatomical Connectivity in OCD

	TABLES				
	Connection	Patients	Controls	uncorrected P-	FDR-adjusted P-
		Mean (SD)(%)	Mean (SD)(%)	value	value
	Left Caudate to ACC	84.38 (16.03)	90.94 (13.62)	0.031	0.049
	Left Caudate to DLPFC	95.88 (8.50)	98.56 (3.18)	0.033	0.049
	Left Caudate to OFC	92.97 (13.57)	97.09 (8.36)	NS	0.078
	Left Caudate to Fpole	94.24 (8.59)	98.94 (2.15)	<10-3	0.003
	Left Putamen to ACC	67.62 (20.77)	79.28 (18.61)	0.007	0.018
	Left Putamen to DLPFC	97.55 (4.54)	99.43 (1.88)	0.009	0.022
	Left Putamen to OFC	89.54 (17.25)	96.14 (5.22)	0.005	0.018
	Left Putamen to Fpole	86.97 (13.81)	93.58 (8.61)	0.006	0.018
	Left Thalamus to ACC	90.91 (10.86)	95.43 (5.86)	0.012	0.024
	Left Thalamus to DLPFC	96.23 (5.57)	99.07 (1.56)	<10-3	0.003
	Left Thalamus to OFC	91.70 (12.67)	96.57 (4.78)	0.011	0.024
	Left Thalamus to Fpole	90.13 (12.80)	96.57 (3.98)	<10-3	0.005
	Right Caudate to ACC	84.23 (16.34)	94.35 (6.80)	<10-3	0.003
	Right Caudate to DLPFC	98.10 (4.10)	98.81 (3.61)	NS	NS
	Right Caudate to OFC	90.50 (15.24)	93.74 (11.80)	NS	NS
	Right Caudate to Fpole	97.73 (5.95)	99.15 (1.61)	NS	NS
	Right Putamen to ACC	73.84 (21.64)	82.23 (15.08)	0.028	0.049
	Right Putamen to DLPFC	97.80 (7.30)	98.90 (2.95)	NS	NS
	Right Putamen to OFC	88.83 (18.90)	95.10 (6.28)	0.027	0.049
	Right Putamen to Fpole	89.95 (11.80)	95.84 (6.00)	0.003	0.013
	Right Thalamus to ACC	89.23 (14.11)	95.75 (6.30)	0.004	0.018
	Right Thalamus to DLPFC	97.32 (4.03)	98.50 (2.19)	NS	0.078
	Right Thalamus to OFC	89.47 (15.35)	91.66 (9.90)	NS	NS
	Right Thalamus to Fpole	91.92 (11.57)	95.78 (5.44)	0.035	0.049

Table 2 :

 2 Density represents the density of connections in connected voxels. It was reduced in 10 of 24 connections in OCD patients. The criterion p-value was of 0.0322 for an FDR of 10%.

	Anatomical Connectivity in OCD

Table 3 :

 3 Overlap. The overlap index I seg ranges from 0.25 (least segregation) to 1 (most segregation, no overlap, single connection). The criterion p-value was 0.046 for an FDR of 10%

Table 1 :

 1 FreeSurfer labels used in the segmentation of seed and target masks

	TARGETS
	SEEDS

Table 2 : Detailed Patient characteristics

 2 

	Location	X(mm)	Y(mm)	Z(mm)	Pval FWE	Cluster Size(voxels)
	ACC	-4	38	-12	0.000	27
	DLPFC	-33	54	21	0.013	4
	DLPFC	-42	44	-21	0.005	9
	Supplementary					

Table 3 : Reduced FA values in OCD patients.

 3 Coordinates of the three significant clusters with reduced FA values, the main one is in the subgenual cingulum bundle, the smaller ones are in the DLPFC.

	Patients

Table 1 :

 1 Behavioural performance of patients. Data is only reported when effects are significant.

	Condition		P1	P2	P3		P4		P5	P6	P7	P8
	Number Trials	37	160	192		149		336	160	130	241
	Accuracy on RT	NS	NS	NS		NS		NS	NS	NS	2.1s vs. 1.1s
	(incorrect	vs.									P<10 -4
	correct)									
	Feedback-1 on	NS	NS	NS		11.3s vs. 7.2s	NS	NS	NS	NS
	RT						P=0.018				(trend: 5.5s vs.	(trend: 1.5s vs
	(post-error	vs									3.9s; p=0.06)	1.1s; p=0.08)
	post-correct)									
	Difficulty	on	NS	NS	NS		88%-77%-62%	64%-58%-46%	NS	NS	90%-82%-66%
	accuracy (easy,					P=0.02		P=0.049		P=2x10 -3
	medium, hard)									
	Difficulty on RT	NS	NS	NS		NS		NS	NS	2.9s-5.4s-3.5s	NS
	(easy, medium,			(trend:	3.01s,	(trend:	6.1s,			P=0.026
	hard)				3.05s,	3.81s;	8.3s,	10.8s;		
					P=0.07)		P=0.086)			
	Confidence on	NS	NS	49%-71%-53%	57%-75%-89%	NS	NS	NS	46%-75%-92%
	accuracy				P=0.02		P=0.001				P<10 -8
	(low, medium,								
	high)									
	Confidence on	NS	NS	NS		NS		NS	4.9-3.0-3.1s	4.0-6.1-2.8s	2.2-1.6-0.9s
	RT(low,									P=0.02	P=0.002	P<10 -4
	medium, high)									
	Difficulty	on	NS	3.5-2.5-2.3	NS		11-10-7		NS	NS	NS	NS
	confidence			P<10 -3			P<10 -3			
	(easy, medium,								
	hard)									

  Our perceptual decision task was originally designed fo the o ke a d should p o ide a fi st asis of e ide e. Late o , the "TN s ole ould e tested in more integrated types of decisions, including attentional. Concerning the ZI, a e a d p edi tio task like " hultz should e eal hethe the )I is i deed i ol ed i e a d detection, and if not, at which stage of reward processing it is involved.

Table of Illustrations

 of 

  position centrale et l'analyse de l'anatomie du réseau leur ont valu le rôle d'arbitre central du cerveau, réglant les conflits entre processus neuronaux concomitants bien qu'incompatibles. Au sein du réseau, le noyau subthalamique jouit d'une notoriété particulière. Ce noyau, sur la base de ses afférences corticales, et en vertu de ses projections sur le soma des neurones pallidaux, aurait pour fonction de filtrer les programmes comportementaux codés par le striatum et concourant pour leur expression. Rapporté aux théories de la prise de décision, le noyau subthalamique fixerait le seuil décisionnel, ou la quantité d'information à accumuler en faveur d'une option comportementale afin qu'elle soit exprimée. Mais si ce petit noyau est devenu si célèbre, c'est surtout qu'il est la cible d'une procédure chirurgicale spectaculaire: la stimulation cérébrale profonde. Cette opération du cerveau est le dernier recours pour les patients souffrant d'une maladie de Parkinson ou d'un trouble obsessionnel compulsif sévère. Elle parvient même parfois à faire disparaître leurs symptômes.

Transsynaptic tracers cross the synaptic junction. In the case of transsynaptic retrograde tracers, the tracer t a els et og adel to the affe e t st u tu e to the i je tio , the the affe e t to the affe e t et …

NeuN is a marker specific of neuronal cell bodies, whereas a Nissl-stain colours the nucleus of every cell type.

GAD 65/67 are the isoforms of the enzyme necessary to synthesize GABA

SERT : SErotonin Reuptake Transporter 

the limiting enzyme in the production of dopamine

Although this result may appear contradictory, one must remember that the SN pars compacta is outlined on Nissl stains as compact regions of high cell density. This division is mostly, but not exclusively, overlapping with the distribution of dopaminergic neurons which are identified based on the TH immune-reactivity.

Including fibres of passage for some of the bidirectional tracers

[START_REF] Logan | On the ability to inhibit simple and choice reaction time responses: a model and a method[END_REF] On the ability to inhibit simple and choice reaction time responses: a model and a method. Journal of experimental psychology. Human perception and performance, 10,

[276][277][278][279][280][281][282][283][284][285][286][287][288][289][290][291]. developed a countermanding paradigmbetter known as the stop-signal paradigm in humansto study this phenomenon. The subject is asked to perform a repetitive, paced task (e.g. press the button at every click) and is presented with a cue in a random, few trials instructing him to withhold the response already initiated.

A delay discounting task involves a binary choice between a small, immediate reward and a large but delayed one.

E.g. by associating left motion with and upwards respone or by performing a match-to-sample task on the random dots

Selection as in 'yes or no' and not 'one or the other'. There is no notion of competition at this stage.

In the progressive ratio schedule, the animal has to press a lever to obtain a reward, but the number of lever presses that is required increases at each trial.

[START_REF] Baunez | Bilateral highfrequency stimulation of the subthalamic nucleus on attentional performance: transient deleterious effects and enhanced motivation in both intact and parkinsonian rats[END_REF] Bilateral highfrequency stimulation of the subthalamic nucleus on attentional performance: transient deleterious effects and enhanced motivation in both intact and parkinsonian rats. Eur J Neurosci, 25, 1187-1194. themselves describe the eha iou as induced perseverative approaches … [i di ati g] e ha ed oti atio .

[START_REF] Graybiel | Toward a neurobiology of obsessive-compulsive disorder[END_REF] Conditioned place preference: In this paradigm rats are made to associate each compartment of a cage with a different stimulus (reward or punishment). Subsequently, the amount of time that they spend in one compartment vs. the other is an indication of

preference.[START_REF] Shepherd | Corticostriatal connectivity and its role in disease[END_REF] Sign-tracking is when animals end up attributing reinforcing properties to the prop conditioning the obtention of reward. They might, as an example, lick the lever which gives access to the food.

Young patients, with early disease start, performed best in the OFF condition and had larger error-evoked potentials in the STN also in the OFF condition. In contrast, older patients with a late disease start were best in the ON condition during which cortical waves were larger but STN ones were not affected.

Prediction made on the basis of previous history

Of note, one team has also described a dopaminergic projection to the GPb, creating a feedback loop between SNc and LHb Bezard, E., Boraud, T., Chalon, S., Brotchie, J.M., Guilloteau, D. & Gross, C.E. (2001) Pallidal border cells: an anatomical and electrophysiological study in the[START_REF] Haynes | High-frequency stimulation of deep brain structures in obsessivecompulsive disorder: the search for a valid circuit[END_REF][START_REF] Graybiel | Toward a neurobiology of obsessive-compulsive disorder[END_REF] 103,[117][118][119][120][121][122][123] 

Each electrode has four cylindrical contacts which are 1.5mm long and 1.27mm across. In contrast, the microelectrodes

are 25 µm across.

German: Neurosis of constraint/control

Blood-oxygen-level dependent signal 

Probably the MD nucleus

Of note, the new edition of the Diagnostic and Statistical Manual of mental disorders (DSM-V) has moved OCD out of the category of anxious disorders Fineberg, N.A., Saxena, S., Zohar, J. & Craig, K.J. (2007) Obsessivecompulsive disorder: boundary issues. CNSSpectr, 12, 359-364, 367-375. , Regier, D.A. (2009) Obsessive-compulsive behavior spectrum: Refining the research agenda for DSM-V. Psychiatry research, 170, 1-2..

If o e o side s that epetiti e ashi g is a eed to ake su e that o e s ha ds a e lea , the o e a like it to checking, and expand the explanation to the most common subtypes of OCD.

For any reason, post-traumatic for example.

A metabolite of dopamine

For a detailed description on potential roles of the STN in OCD, see Annex I Haynes, W.I.A. & Mallet, L. (2012) What is the Role of the Subthalamic Nucleus in Obsessive-Compulsive Disorder? Elements and Insights from Deep Brain Stimulation Studies. In Denys, D., Feenstra, M., Schuurman, R. (eds) Deep Brain Stimulation. Springer Berlin Heidelberg, pp. 53-60.

On the ACC in outcome monitoring and error detection, see: Botvinick, M.M. (2007) Conflict monitoring and decision making: reconciling two perspectives on anterior cingulate function. Cognitive, affective & behavioral neuroscience, 7,

356-366. , Jessup, R.K., Busemeyer, J.R. & Brown, J.W. (2010) Error effects in anterior cingulate cortex reverse when error likelihood is high. J Neurosci, 30, 3467-3472. ,[START_REF] Blanchard | Neurons in dorsal anterior cingulate cortex signal postdecisional variables in a foraging task[END_REF] Neurons in dorsal anterior cingulate cortex signal postdecisional variables in a foraging task.Ibid.,[START_REF] Fischl | Whole brain segmentation: automated labeling of neuroanatomical structures in the human brain[END_REF][646][647][648][649][650][651][652][653][654][655] 

For details on the clinical results and the rational of DBS at the various locations, please refer to Annex II Haynes, W.I.A. & Mallet, L. (2010) High-frequency stimulation of deep brain structures in obsessive-compulsive disorder: the search for a valid circuit. European Journal of Neuroscience, 32, 1118-1127.

Clinical trial préSTOC 2 sponsored by the Assistance Publique -Hôpitaux de Paris, clinicaltrials.gov ref NCT01807403

• J. Neurosci.,March 13, 2013 • 33(11):4804 -4814 Haynes and Haber • PFC-STN Hyperdirect Pathway

• J. Neurosci.,March 13, 2013 • 33(11):4804 -4814 Haynes and Haber • PFC-STN Hyperdirect Pathway
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• J. Neurosci.,March 13, 2013 • 33(11):4804 -4814 Haynes and Haber • PFC-STN Hyperdirect Pathway

• J. Neurosci.,March 13, 2013 • 33(11):4804 -4814 Haynes and Haber • PFC-STN Hyperdirect Pathway

The V" s edial o de s ith the septu a e u lea ; its ost al ele e ts a e e ta gled ith the olfa to bulb. The VP is itself the combination of GPe-like and GPi-like elements; it is also embedded within the nucleus basalis ofMeynert (cf. Chapter I:1. ) 
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ABSTRACT

Functional imaging studies suggest that a dysfunction of the limbic prefrontal-basal ganglia loop may be linked to obsessive-compulsive disorder. Structural anomalies have been reported in white matter tracts that contain the axons connecting the prefrontal cortex to the basal ganglia.

However, how the anatomical connections between these regions might be affected in obsessivecompulsive disorder remained in question.

Here, we used probabilistic tractography on diffusion magnetic resonance images to investigate changes in the spatial extent, density and spatial organisation of prefrontal connections to the striatum and thalamus of 37 obsessive-compulsive patients compared with 37 matched healthy controls.

We demonstrate a reduction of the spatial extent of most connections and of the density of a third of the connections. In addition, while the general topography of cortical projections to the striatum and thalamus is conserved, we show a reduction in the overlap between the different prefrontal projections fields in patients compared to controls.

We suggest that these results provide a substrate for impaired behavioural control and behavioural switching in obsessive-compulsive patients. 

Abstract

The reward circuit is an important actor of decision-making in that it allows an adaptation of those decision processes over time to optimise behaviour. In this circuit, prefrontal areas code reinforcing values of actions and stimuli, while the dopaminergic neurons of the substantia nigra and ventral tegmental area encode reward prediction error, which is the difference between predicted and observed outcomes. While prefrontal areas code for either the prediction or the perception of reward, how this signal might be transmitted to the dopaminergic neurons is unclear. Based on anatomical studies in the rodent, we suggest that the zona incerta is in a position to link together the different elements of the reward circuit.

Here, we use anterograde axonal tracing in Macaca fascicularis and M. nemestrina to demonstrate that the zona incerta receives a convergent input from all the prefrontal cortex and reward-related nuclei of the hypothalamus. Moreover, we show that the ZI sends a projection specifically to the dopaminergic neurons of the substantia nigra and the ventral tegmental area, as well as to the lateral habenula. Based on these connections, we argue that the ZI would inform the dopaminergic neurons and the habenula about observed outcomes.

separation between a ZId and ZIv in the primate; nonetheless, the existence of a gradient from M1 through PMC to PFC but not within PFC projections suggests that there is a distinction to be made between ZIv and ZId. The reason for the species discrepancy might be that the strictly motor nature of the ZIv in rats has been established on the base of its interconnections with the spinal cord and trigeminal nucleus and not of its cortical inputs, while the limbic/autonomic nature of the ZId was linked to its hypothalamic inputs.

The SNc and the LHb each calculate reinforcement prediction errors, that is, the occurrence of unexpected reinforcers and the non-occurrence of expected ones (Schultz, 1998;Matsumoto & Hikosaka, 2009). They differ in their sensitivity to valence: LHb neurons are excited by negative reward-prediction errors and inhibited by positive ones, whereas SNc dopamine neurons are the reverse (Matsumoto & Hikosaka, 2007;Bromberg-Martin et al., 2010a;Bromberg-Martin et al., 2010b). Prediction errors are generally understood as a straightforward calculation: the difference between the expected and the received reward.

From which inputs each of these two components (expected and received rewards) are computed and where the 'raw' reward signal comes from is unknown. Although some have suggested that the LHb may "drive" the SNc dopamine response via the RmTg (Jhou et al., 2009;Bromberg-Martin et al., 2010a;Bromberg-Martin et al., 2010b); the very similar latencies of SNc and LHb activities in rewarded trials (Matsumoto & Hikosaka, 2007) suggest the existence of at least one common input. The transmission of a reward signal to the LHb via the border cells of the pallidum (Parent et al., 2001;Bromberg-Martin et al., 2010b) is unlikely as these border cells already compute a reward expectancy signal (Hong & Hikosaka, 2008). Similarly, the superior colliculus is known to be an oculumotor nucleus and with little chances of detecting the occurrence of reward and providing the information to the nigra [START_REF] Bertram | Cortical regulation of dopaminergic neurons: role of the midbrain superior colliculus[END_REF]. In addition, neither structure has a dual output to SNc and LHb.

In the PFC, the OFC receives inputs from primary sensory areas. It would compute the value of stimuli from primary reinforces (e.g. food, pain) according to context (e.g. satiety). In addition, the OFC might associate these primary reinforcers to other cues and objects to create secondary reinforcers (O'Doherty, 2007;Padoa-Schioppa & Cai, 2011). The ACC would do the same action-value associations (Cai & Padoa-Schioppa, 2012). As such, the PFC may contribute to the elaboration of the 'raw' reward signal and/or of the reward prediction signal but evidence for a direct connection to the SNc/LHb is lacking.

Here we show that the PFC axons target the ZI, which in turn projects to the LHb and, specifically, to the dopaminergic cells of the SNc. This specificity is rare as most inputs to the SN appear to target both its compartment without distinction. In addition, we demonstrate an input from the hypothalamus and the PFC. The former may allow the identification of primary reinforcers (such as food, see also (Hikosaka et al., 2008)) and the latter of more abstract ones. Inputs from the spinal cord as part of the paralemniscal 

Introduction

Obsessive-compulsive disorder (OCD) consists of a combination of intrusive, anxious thoughts (obsessions) and repetitive behaviours (compulsions), which are not pathological in nature but are pathological because of their highly repetitive and stereotyped expression. Given the dysfunction of a cortico-subcortical loop (Haynes and Mallet 2010), running from the orbitofrontal and anterior cingulate cortices to the medial thalamus through the limbic basal ganglia, it is now part of those psychiatric illnesses for which deep brain stimulation (DBS) is being tried.

Of the three targets in use, we will focus on the subthalamic nucleus (STN), the other two being treated elsewhere (nucleus accumbens and ventral capsule/ventral striatum; see de Koning et al. and Gabriëls and Nuttin, this volume).

STN Stimulation for the Treatment of OCD: History and Results

The use of high-frequency stimulation of the STN for the treatment of OCD was first performed fortuitously (Mallet et al. 2002). Two patients at the Pitié-Salpêtrière Hospital in Paris with a long history of OCD ( 33