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Ebf1 controls direct pathway connectivity and intermix with indirect pathway neurons

The dorsal striatum plays a key role in action selection and habit formation through simultaneous activation of intermixed direct (dSPN) and indirect (iSPN) projection neurons. Despite their involvement in major neurological and psychiatric disorders, how these two populations are specified and organized into a mosaic remains largely unknown. Here, we report that embryonic dSPN and iSPN are initially localized in distinct regions and progressively intermingle over several days. Furthermore, we show that intermixing in the matrix, which represents most of the striatal surface, depends on the expression of the dSPN-specific transcription factor Ebf1. Ebf1 conditional inactivation, while preserving the indirect pathway, altered specific aspects of dSPN differentiation, including adhesion properties and axonal development, leading to an abnormal connectivity and intermixing with iSPN. Our study reveals that dSPN and iSPN depend on each other to properly intermix and build striatal compartments, while their differentiation is on the other end largely independent.
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Introduction

"

We are what we repeatedly do" is a quote commonly attributed to Greek philosopher Aristotle , even though it has been formulated by one of its modern commenters, philosopher Will Durant (1885Durant ( -1991)). At any rate, this phrase sums up perfectly the importance of performing sequences of motor actions and transforming them into habits in our everyday life. In the mammalian brain, a large nucleus called corpus striatum plays a crucial role in both aspects. A large deal of effort has been put by the scientific community to understand how this structure can control such complex functions; however, we still have little information on how 1 Anatomy of the striatal mosaic: multiple levels of organization at the core of the brain

The striatum and its position in the basal ganglia loop

The striatum is a large nucleus of the forebrain and the main input station of basal ganglia.

Basal ganglia are a set of nuclei located at the interface between the cerebral cortex and diencephalic and midbrain structures. These nuclei are heavily interconnected and form a recursive circuit that is often referred to as a "loop". Basal ganglia nuclei include the striatum, the globus pallidus, the nucleus accumbens as well as parts of the amygdala. They are intensely connected with other cerebral structures, including the cerebral cortex, the thalamus, and midbrain dopaminergic nuclei, forming together major brain networks involved in motor control, habit formation, reward and addiction. In brief, in response to cortical and thalamic activation, and modulated by dopamine, the striatum triggers two descending pathways that target different basal ganglia nuclei, thereby controlling the selection of appropriate motor sequences. Before describing in more details such complex circuits (see Part II), it is essential to overview the striatum connectivity and its cellular organization.

1.2

The striatum is at the crossroad of forebrain connectivity

Main inputs to the striatum

A main input to the striatum is formed by collaterals of descending cortical axons that originate from the entire neocortex [START_REF] Bunner | Corticostriatal Dysfunction in Huntington's Disease: The Basics[END_REF]Haber, 2014a;[START_REF] Shepherd | Corticostriatal connectivity and its role in disease[END_REF][START_REF] Shipp | The functional logic of corticostriatal connections[END_REF][START_REF] Zold | Striatal gating through up states and oscillations in the basal ganglia: Implications for Parkinson's disease[END_REF], making this structure the main input station of basal ganglia. In addition The striatum receives projections from many different regions of the brain and represents the main input station of basal ganglia. Glutamatergic input from cerebral cortex and thalamus is represented by cyan arrows; dopaminergic input from midbrain (SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; VTA, ventral tegmental area) in black;

serotonergic input from raphe in blue; GABAergic input from globus pallidus (GP) in red. For clarity, cholinergic projections peduncolopontine nucleus (PPN) is omitted. Dotted lines represent regions that are not on the same sagittal plane. Adapted from Gerfen (1992) to cortical axons, that use Glutamate as neurotransmitter and have therefore excitatory effect, the other main input that target the striatum are:

i. glutamatergic projections from the amygdala and the thalamus [START_REF] Bunner | Corticostriatal Dysfunction in Huntington's Disease: The Basics[END_REF][START_REF] Giménez-Amaya | Considerations on the thalamostriatal system with some functional implications[END_REF][START_REF] Smith | The thalamostriatal system: a highly specific network of the basal ganglia circuitry[END_REF][START_REF] Smith | The thalamostriatal system in normal and diseased states[END_REF][START_REF] Yager | The ins and outs of the striatum: Role in drug addiction[END_REF];

ii. strong dopaminergic innervation from two midbrain nuclei, the ventral tegmental area (VTA) and the substantia nigra compacta (SNc) [START_REF] Baydyuk | Midbrain-Derived Neurotrophins Support Survival of Immature Striatal Projection Neurons[END_REF][START_REF] Vandenheuvel | Getting connected in the dopamine system[END_REF]; dopamine has a crucial modulatory role in striatal circuits (see Part II). In addition, the VTA send projections that use γ-Amynobutiric acid (GABA) as neurotransmitter to the ventral part of the striatum (Brown et al., 2012;[START_REF] Van Bockstaele | GABA-containing neurons in the ventral tegmental area project to the nucleus accumbens in rat brain[END_REF] iii. cholinergic input from laterodorsal tegmental area and peducolopontine nuclei [START_REF] Dautan | A major external source of cholinergic innervation of the striatum and nucleus accumbens originates in the brainstem[END_REF][START_REF] Hallanger | Ascending projections from the pedunculopontine tegmental nucleus and the adjacent mesopontine tegmentum in the rat[END_REF][START_REF] Silberberg | Local and afferent synaptic pathways in the striatal microcircuitry[END_REF] iv. moderate serotonergic input from the dorsal raphe nucleus [START_REF] Mathur | Serotonin Induces Long-Term Depression at Corticostriatal Synapses[END_REF] v.

GABAergic projections from arkypallidal neurons of the Globus Pallidus [START_REF] Dodson | Distinct Developmental Origins Manifest in the Specialized Encoding of Movement by Adult Neurons of the External Globus Pallidus[END_REF][START_REF] Nóbrega-Pereira | Origin and molecular specification of globus pallidus neurons[END_REF].

Striatal output connectivity

A vast majority of striatal neurons use the inhibitory neurotransmitter GABA, making the striatal output entirely inhibitory. These projections target principally two nuclei that are part of the basal ganglia loop:

(i) a nucleus of the midbrain called substantia nigra reticulata (SNr); this structure is connected to many subcortical motor centres and its neurons provide tonic inhibition, preventing motor activation unless their control is blocked (ii) another nucleus of the basal ganglia, the globus pallidus (GP). It has a "pacemaker" role on the SNr by keeping under tonic inhibition another nucleus, the subthalamic nucleus (STN), which provides strong excitatory signals to SNr neurons.

Therefore, the modulation of SNr activity is the common output of striatal projections.

Projections that directly target the SNr form the so-called direct pathway, while projections that terminate on the GP form the indirect pathway. In addition to this basic dichotomy, direct pathway axons send collaterals to the GP, indicating that direct pathway neurons modulate indirect pathway activity and that, as a consequence, the two pathways are not entirely segregated [START_REF] Cazorla | Dopamine D2 receptors regulate the anatomical and functional balance of basal ganglia circuitry[END_REF](Cazorla et al., , 2015)).

Another pathway, the hyperdirect pathway, connects monosynaptically to a different region of the SN, the substantia nigra compacta (SNc). Only a small subset of striatal neurons, discussed in Part 4.2, form this pathway, which might however possess pathological relevance (Graybiel and Grafton, 2015;[START_REF] Petersen | Probabilistic versus deterministic tractography for delineation of the corticosubthalamic hyperdirect pathway in patients with Parkinson disease selected for deep brain stimulation[END_REF].

Axonal pathways traverse the striatum

The striatum owes its name to the many axonal tracts that cross it. Indeed, this structure is located at the interface between the superficially located cerebral cortex and structures of the subcortical forebrain. In particular, thalamo-cortical and cortico-thalamic projections form a large tract of white matter, called internal capsule, that traverse the striatum. In primates and humans, the internal capsule segregates anatomically the striatum in two structures, the caudate nucleus and the putamen. In turn, the globus pallidus (GP) sends inhibitory projections to the subthalamic nucleus (STN) that tonically activates SNr neurons (see text). Direct pathway neurons send collaterals to the GP (short arrows, [START_REF] Cazorla | Dopamine D2 receptors regulate the anatomical and functional balance of basal ganglia circuitry[END_REF]. The hyperdirect pathway is omitted for clarity.

Striatal projection neurons form direct and indirect pathways

Due to its nuclear structure, the striatum lacks the recognizable organization of layered structures such as the cerebral cortex; moreover, compared to other forebrain structures it possesses relatively few cellular types. In spite of this deceptively simple appearance, however, the striatum is able to integrate a large amount of different input and transform it in two parallel pathways; to understand how this structure is able to control the diverse functions that will be described in Part II, it is important to characterize first its cytoarchitecture.

The striatum is composed by two subtypes of projection neurons that alone accounts for 90-95% of the total number of striatal neurons [START_REF] Fox | The spiny neurons in the primate striatum: a Golgi and electron microscopic study[END_REF][START_REF] Hull | Quantitative developmental studies of feline neostriatal spiny neurons[END_REF][START_REF] Levine | Postnatal development of identified medium-sized caudate spiny neurons in the cat[END_REF][START_REF] Silberberg | Local and afferent synaptic pathways in the striatal microcircuitry[END_REF], plus four classes of GABAergic interneurons and a population of cholinergic interneurons.

Striatal projection neurons

Striatal projection neurons (SPN) are medium-sized GABAergic projection neurons.

Morphologically, they are characterized by a rich dendritic tree densely covered with dendritic spines [START_REF] Bertran-Gonzalez | What is the degree of segregation between striatonigral and striatopallidal projections? Front[END_REF]. They are essentially silent, and have membrane properties that give them a high threshold for activation. Indeed, they tend to remain in a stabilized, hyperpolarized "down state" except when they receive strong and sustained excitation. In this case, when potassium currents are deactivated, SPN enter an "up state" which lets them fire repeatedly at a low rate [START_REF] Grillner | Mechanisms for selection of basic motor programsroles for the striatum and pallidum[END_REF]. SPN dendritic spines are described in detail in Section 2.1.3. In brief, these highly plastic structures are contacted by glutamatergic terminals of both cortical and thalamic axons, which contact the head of SPN spines, as well as by dopaminergic terminals, that preferentially contact the spine neck [START_REF] Day | Differential Excitability and Modulation of Striatal Medium Spiny Neuron Dendrites[END_REF].

Direct and indirect pathway projection neurons have different properties

Despite a similar morphological appearance, two main subtypes of SPN are distinguished by several aspects: in the first place, they send projection to either the SNr (with at least a subset of them sending collaterals to the GP, see [START_REF] Cazorla | Dopamine D2 receptors regulate the anatomical and functional balance of basal ganglia circuitry[END_REF] or the GP, thus forming the direct (dSPN) or indirect (iSPN) pathway. Furthermore, dSPN express the D1 dopamine receptor (Drd1) and high levels of neuropeptide SubstanceP, while iSPN express the D2 dopamine receptor (Drd2) and opiate peptide Enkephalin (Gerfen, 1992). Roughly the same amount of dSPN and iSPN compose the total SPN population; however, the two subtypes are randomly intermixed in the dorsal part of the striatum (dSTR, Gangarossa et al., 2013a), while in the ventral striatum (vSTR) they show a more complex distribution [START_REF] Gangarossa | Distribution and compartmental organization of GABAergic medium-sized spiny neurons in the mouse nucleus accumbens[END_REF]. It has thus been difficult to investigate the different properties of dSPN and iSPN at the cellular scale up until recently. Indeed, the development of subtype-specific reporter mouse lines (Drd2-EGFP, Drd1-EGFP, has allowed a new level of analysis of dSPN and iSPN [START_REF] Lobo | Molecular Profiling of Striatonigral and Striatopallidal Medium Spiny Neurons[END_REF]Matamales et al., 2009;Thibault et al., 2013). These studies revealed differences in morphology, electrophysiological properties and input connectivity between the two populations. In particular, dSPN are less excitable than iSPN, which possess more primary dendrites thus receiving a greater number of excitatory synaptic contacts [START_REF] Gertler | Dichotomous Anatomical Properties of Adult Striatal Medium Spiny Neurons[END_REF][START_REF] Kreitzer | Endocannabinoid-mediated rescue of striatal LTD and motor deficits in Parkinson's disease models[END_REF][START_REF] Tritsch | Dopaminergic Modulation of Synaptic Transmission in Cortex and Striatum[END_REF].

Moreover, the two subtypes process differently glutamatergic input, as iSPN synapses have higher release probability [START_REF] Kreitzer | Endocannabinoid-mediated rescue of striatal LTD and motor deficits in Parkinson's disease models[END_REF].

In terms of reciprocal connectivity, dSPN are more likely to establish unidirectional connections with each other rather than contacting iSPN. On the contrary, unidirectional iSPN connections to dSPN are more common [START_REF] Taverna | Recurrent Collateral Connections of Striatal Medium Spiny Neurons Are Disrupted in Models of Parkinson's Disease[END_REF].

Finally, a much debated issue is whether dSPN and iSPN receive input from different sources, in terms of both cortical regions and layers. In particular, while it has previously been shown through quantitative electron microscopy that dSPN and iSPN receive similar input from the cerebral cortex and the thalamus [START_REF] Doig | Cortical and Thalamic Innervation of Direct and Indirect Pathway Medium-Sized Spiny Neurons in Mouse Striatum[END_REF], retrograde tracing using rabies virus indicated regional differences in cortical innervation of the two subtypes. Somatosensory and limbic areas of the cortex (as well as the amygdala) seem to target preferentially dSPN, while motor areas would send more projections to iSPN. At the same time, thalamic input would not show spatial preference in targeting of dSPN or iSPN (Wall et al., 2013). Moreover, it has been reported that, in the rat matrix compartment, dSPN and iSPN receive projections from different cortical layers, with intra-telencephalic (layer III-V) cortical neurons contacting preferentially dSPN and pyramidal tract (layer Vb-VI) neurons targeting preferentially iSPN (Reiner, 2010;Deng et al., 2015). Perhaps these differences are linked to the specific early response to sensorimotor stimuli observed in dSPN but not iSPN [START_REF] Sippy | Cell-Type-Specific Sensorimotor Processing in Striatal Projection Neurons during Goal-Directed Behavior[END_REF]; whatever the case, the issue of differential input to SPN subtypes remains still largely to be investigated, especially in light of recent studies that highlight the complex topographic organization of corticostriatal input (Hintiryan et al., 2016).

Striatal interneurons

Interneurons, or local circuit neurons, modulate the activity of nearby projection neurons.

Striatal GABAergic interneurons share an inhibitory role on striatal projection neurons; however, they are divided in at least four main classes based on electrophysiology, morphology and/or the expression of markers:

₋ Fast-spiking interneurons that express the calcium-binding protein parvalbumin (PV)

₋ Interneurons that express neuropeptide Y (NPY); this category comprises two subsets, somatostatin-positive low-threshold spiking and plateau potential (LTSP)-NPY interneurons, and neurogliaform (NGF)-NPY interneurons (Ibáñez-Sandoval et al., 2011).

₋ Interneuron that expresses the calcium-binding protein calretinin (CR)

₋ Tyrosine Hydroxylase (TH) expressing interneurons (Ibáñez-Sandoval et al., 2010).

Finally, giant cholinergic interneurons are the biggest cells in the striatum and the main source of acetylcholine (Ach) in this system. Ach has a complex modulatory function in the striatum, but its main function is to facilitate activation of striatal projection neurons (for review, see Benarroch, 2012). Cholinergic interneurons set a regulatory tone through the tonic release of Ach, acting on muscarinic receptors present on both direct and indirect pathway projection neurons as well as on nicotinic receptors located on striatal afferent projections [START_REF] Ebihara | Cholinergic interneurons suppress action potential initiation of medium spiny neurons in rat nucleus accumbens shell[END_REF][START_REF] Gonzales | Cholinergic interneurons in the dorsal and ventral striatum: anatomical and functional considerations in normal and diseased conditions: Striatal cholinergic interneurons in disease[END_REF][START_REF] Tozzi | The distinct role of medium spiny neurons and cholinergic interneurons in the D₂/A₂A receptor interaction in the striatum: implications for Parkinson's disease[END_REF][START_REF] Wang | Dopaminergic control of corticostriatal long-term synaptic depression in medium spiny neurons is mediated by cholinergic interneurons[END_REF]).

Anatomical subregions of the striatum related to connectivity 1.4.1 Dorsal striatum versus ventral striatum

The striatum is functionally divided in two regions, the dorsal striatum (dSTR) and the ventral striatum (vSTR) or nucleus accumbens (NAcc), which in turns comprises "core" and "shell" compartments. NAcc core functional organization strongly resembles the dSTR, as it contains randomly intermixed Drd1-expressing SPN and Drd2-expressing SPN. However, the connectivity of the two subtypes is substantially different from the segregated direct/indirect pathways observed in the dorsal striatum. NAcc core targets its main output nucleus, the ventral mesencephalon (VM), either by direct projections or indirectly via the ventral pallidum (VP) (Bock et al., 2013;MacAskill et al., 2014;Yawata et al., 2012); while only Drd1-expressing MSN target directly the VM, both Drd1-expressing and Drd2-expressing SPN project to the VP [START_REF] Kupchik | Coding the direct/indirect pathways by D1 and D2 receptors is not valid for accumbens projections[END_REF]; therefore, there is less segregation in output projections in NAcc core with respect to dSTR.

Organization of the Nacc shell differs even more from the dorsal striatum: the distribution of Drd1-expressing SPN and Drd2-expressing SPN is very inhomogeneous and associates with the presence of specific accumbal subdivisions [START_REF] Gangarossa | Distribution and compartmental organization of GABAergic medium-sized spiny neurons in the mouse nucleus accumbens[END_REF]. Moreover, the shell compartment has very diverse output targets that include VTA, hypothalamus, VP and brainstem.A controversial issue concerns the presence of SPN co-expressing both D1 and D2 dopamine receptors in the NAcc compared to the dSTR (see [START_REF] Gangarossa | Distribution and compartmental organization of GABAergic medium-sized spiny neurons in the mouse nucleus accumbens[END_REF]. There is general consensus that more SPN co-express D1 and D2 receptors in NAcc shell compared to dorsal striatum and NAcc core; however, estimation of co-expressing neurons varies significantly in different studies (from 5% to around 17% in NAcc shell; for reference, see [START_REF] Kupchik | Coding the direct/indirect pathways by D1 and D2 receptors is not valid for accumbens projections[END_REF]Thibault et al., 2013).

Striosome and matrix compartments in the dorsal striatum

Within the dSTR, there is another level of organization that defines two major functional subdivisions, striosome and matrix compartments. Historically, striosomes have been defined

as areas of dense μ-opioid receptor expression and low acetylcholinesterase labelling, while matrix is composed of neurons that contain a 28 kD calcium-binding protein (CaBP) and high number of somatostatin-positive fibers (Gerfen, 1992). Moreover, Substance P, which is expressed in dSPN, is present at higher levels in striosomes (Tajima and Fukuda, 2013) and mediates dopamine transmission differently in the two compartments (Brimblecombe and Cragg, 2015), while opioid peptide Enkephalin, specific of iSPN, has stronger expression in the matrix (Tajima and Fukuda, 2013). Striosomes develop rostro-caudally across the striatum and are surrounded by the larger matrix compartment, in a pattern that is consistent across individuals. It has been estimated that striosomes add up for roughly 15% of striatal surface [START_REF] Desban | Spatial organization of patch and matrix compartments in the rat striatum[END_REF][START_REF] Fujiyama | Morphological elucidation of basal ganglia circuits contributing reward prediction[END_REF]. Both compartments contain intermixed dSPN and iSPN, although the proportion of dSPN is a bit higher in striosomes compared to the matrix;

SPN dendrites are confined within the compartmental borders and only interneurons mediate communication between the two compartments. Several lines of evidence indicate that striosomes and matrix differ in their connectivity: in terms of output, it has been proposed for a long time, and recently demonstrated (Friedman et al., 2015;[START_REF] Fujiyama | Exclusive and common targets of neostriatofugal projections of rat striosome neurons: a single neuron-tracing study using a viral vector: Single-labeling of striosome neurons[END_REF], that dSPN located within striosomes send specific projections to the pars compacta of the substantia nigra (SNc), forming the so-called hyperdirect pathway (Burguière et al., 2015;Friedman et al., 2015).

Figure 4. Striosome and matrix compartments

Schematic representation of striatal striosome and matrix compartments. Both compartments contain intermixed dSPN and iSPN (red and blue dots). However, striosome and matrix neurons differ for time of generation. Moreover, several molecules are expressed at higher levels in striosomes and matrix, respectively (boxes). Finally, at least a subset of dSPN located in striosomes project to the substantia nigra pars compacta (SNc), forming the hyperdirect pathway (see text), while all matrix dSPN project to the substantia nigra pars reticulata (SNr).

Moreover, striosome receive projections from the limbic cortex, especially orbitofrontal cortex and insula, while input to the matrix arise from a wide area of the cortex, including motor cortex, somatosensory area and parietal lobe [START_REF] Fujiyama | Morphological elucidation of basal ganglia circuits contributing reward prediction[END_REF]. Moreover, thalamic input is thought to be almost three times stronger in matrix compartment and comes mainly from intralaminar nuclei, while striosomes are targeted by midline thalamic nuclei (for references, see [START_REF] Fujiyama | Morphological elucidation of basal ganglia circuits contributing reward prediction[END_REF]. Despite the attention dedicated to the different connectivity of striosomes and matrix, there is surprisingly few direct evidence supporting the idea that neurons within the two compartments have different functions; this is mainly due to difficulties in specific targeting of striosome or matrix. Only recently, optogenetics studies started to elucidate the function of specific cortico-striosomal circuits in decision making (Friedman et al., 2015), paving the way for a better understanding of the function of the two striatal compartments.

Dorso-lateral versus dorso-medial striatum

Aside of dSTR/vSTR and striosome/matrix subdivision, regionalization of the dSTR on a dorsolateral to ventro-medial axis has been proposed based on the topographic organization of incoming projection, along with the result of behavioural studies on rodents and primates based on reward processing and habit formation. In fact, glutamatergic input targeting the striatum from the cerebral cortex, the thalamus and the amygdala is topographically organized; the dorsolateral striatum (DLS) receives predominantly sensorimotor-related information, while the NAcc receives visceral-related afferents. The striatal areas between these extremes receive higher-order "associative" information. Moreover, the arrangement of SPN projections to dopaminergic nuclei follows the same organization, albeit with an inverted topography; the DLS projects to the ventrolateral SNr, while medial parts of the dorsal striatum (dorsomedial striatum, DMS) target more dorsomedial parts of the nigra [START_REF] Voorn | Putting a spin on the dorsal-ventral divide of the striatum[END_REF]. This topographic arrangement is thought to play a role in the acquisition of habits based on reward, which will be investigated in more detail in Part II. In short, acquisition of habits depends on a "spiralling" connectivity from ventral-medial regions in striatum to dopaminergic nuclei, which in turn project back to DMS (see [START_REF] Burton | From ventral-medial to dorsal-lateral striatum: Neural correlates of reward-guided decision-making[END_REF]. The DLS/DMS distinction provides evidence that the dSTR, despite its nuclear organization giving it a homogeneous appearance and the absence of clear-cut borders (except for the striosome-matrix distinction), is a topographically organized structure.

Topologic organization of corticostriatal input

A recent study by Hintiryan et al. (2016) has assessed for the first time the precise topology of corticostriatal connections in mice. This study reveals that the dSTR can be divided in 29 different regions, based on the origin of the cortical input they receive; in addition to that, it shows that at rostral-most and caudal-most levels the dSTR receives mainly projections from high-level, "associative" cortical areas, while at commissural rostro-caudal level the dSTR receives concomitant projections from primary somatosensory and motor cortical areas. At this level, the DLS contains a topologically organized representation of mouse body parts, with different regions representing lower and upper limbs, head, etc. In addition, each region receives input from related motor and sensory cortical areas, indicating that striatal somatotopic areas integrate both sensory and motor information. Finally, protein expression patterning studies are starting to reveal potential molecular mechanisms that drive topological organization of dSTR topographic organization: for example, glycoprotein Ten-m3 is responsible for the clustering of thalamostriatal projections in discrete domains within the striatal matrix [START_REF] Tran | The glycoprotein Ten-m3 mediates topography and patterning of thalamostriatal projections from the parafascicular nucleus in mice[END_REF], while receptor tyrosine kinase EphA7, expressed in SPN subdomains inside the striatal matrix, restricts cortical somatosensory projection domains through a repulsive action [START_REF] Tai | Corticofugal projections from medial primary somatosensory cortex avoid EphA7-expressing neurons in striatum and thalamus[END_REF][START_REF] Tai | EphA7 expression identifies a unique neuronal compartment in the rat striatum[END_REF]. Investigating the mechanisms that regulate establishment and refinement of striatal topography will have a great impact on our understanding of the functioning of this structure in normal as well as in pathological conditions.

2 Roles of the striatum in health and disease

The striatum: from motor control to habit learning

Striatal functioning has been studied for a long time due to its importance in motor pathologies, addition to drugs of abuse, and dopamine-related reward circuits. This led to the formation of a "classic model" of dSTR functioning that focuses on alternate activation of direct and indirect pathways in motor control mediated by different effects of dopamine receptor activation on dSPN and iSPN. However, since dSPN and iSPN are intermixed, it has been difficult to dissect the precise functioning of direct and indirect pathways. The implementation of transgenic mouse lines in last years allowed specific targeting of dSPN and iSPN; an increasing amount of evidence is starting to define a more complex system than what previously assumed and to reveal the mechanisms that underlie striatal role in reward-based learning and habit formation.

The classic "go/no go" model of striatal function

The classic model of basal ganglia circuit function is based on the segregation of information processing in dSPN and iSPN. The two populations would form two parallel pathways -a "go" pathway to promote movement initiation and a movement-inhibiting "no go" pathway, respectively. The model states that excitation of a group of dSPN by corticostriatal and/or thalamocortical afferents provides strong inhibition of neurons of the SNr, the output nucleus of basal ganglia. This will turn off the tonic inhibition of target neurons in a motor centre and consequently activate its motor program. For this reason, dSPN are part of the "go" pathway that facilitates movement. iSPN activation, on the other side, would start the movementinhibitory "no go" pathway. When iSPN discharge, they inhibit the tonic activity of the GP; this leaves the excitatory (glutamatergic) neurons of STN free to promote activation of SNr neurons therefore inhibiting movement initiation (see Section 2.3).

The most prevalent version of this model predicted that dSPN would be more active during movements, while iSPN would be more active during rest, with dopamine modulating differentially the two pathways via D1 and D2 receptors. The simplicity of this model allowed to explain many of the symptoms observed in neurodegenerative diseases, and was initially reinforced by pathway-specific optogenetic studies showing that a robust activation of direct pathway was sufficient to induce movement, while activation of the indirect pathway led to strong movement inhibition [START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF].

More recent studies, however, established that dSPN and iSPN are activated at the same time during movement initiation and are inactive when the animal is not moving (Cui et al., 2013), leading to symmetric activation of direct and indirect pathway target structures [START_REF] Jin | Basal ganglia subcircuits distinctively encode the parsing and concatenation of action sequences[END_REF].

These findings are still consistent with dSPN role in initiating the "go" response [START_REF] Sippy | Cell-Type-Specific Sensorimotor Processing in Striatal Projection Neurons during Goal-Directed Behavior[END_REF], but show that the role of direct and indirect pathways is not just to alternate go/no go signals. Instead, the frame that is emerging is that dSPN could be responsible to select the desired motor program while iSPN would in parallel inhibit competing motor programs; coactivation of the two pathways would then allow selection of the appropriate action sequence (Jin and Costa, 2015).

These findings indicate a more complex role for striatal neurons than the classic model originally accounted for; moreover, they provide supporting evidence for a role of SPN in habit learning based on reward. Still, as predicted by the classic model, direct and indirect pathway activity is influenced by fast excitatory and inhibitory inputs as well as by a slower but extremely powerful modulation by dopamine (DA) controlling SPN excitability and long-term plasticity at synaptic terminals. 

The role of dopamine in SPN excitability

As previously mentioned, SPN are normally in a silent, hyperpolarized state. A certain amount of tonic DA is crucial for correct SPN functioning (Girault, 2012a); however, since dSPN and iSPN possess different dopamine receptors, they respond differently to DA presence. In particular, action of D1 receptors require the participation of heterotrimeric guanine nucleotide binding proteins (G proteins). In the case of dSPN, Drd1 is positively coupled to adenylyl cyclase (type V) through olfactory-type G protein (Gαolf), containing an isoform of the GTPbound α-subunit (Gα) of heterotrimeric G protein [START_REF] Hervé | Identification of a specific assembly of the G protein Golf as a critical and regulated module of dopamine and adenosine-activated cAMP pathways in the striatum[END_REF]. Binding of DA by D1 receptors leads to an increase in adenylyl cyclase and a consequent rise in cyclic adenosine monophosphate (cAMP) levels, in turn inducing activation of protein kinase A (PKA) and phosphorylation of its substrate Dopamine and cyclic adenosine 3′, 5′monophosphate regulated phosphoprotein, 32 kDa (DARPP-32). DARPP-32 expression within the striatum is restricted to SPN. It is a dual-function protein, as it can be phosphorylated at two different sites and act as an inhibitor of either protein phosphatase 1 (PP1) or PKA, by shuttling from the cytoplasm to the cell nucleus and vice versa (Girault, 2012a). Activation of the cAMP/PKA/DARPP-32 pathway in dSPN increases calcium uptake, therefore promoting cell excitability.

In iSPN, adenosine A2a receptors are positively coupled with adenylyl cyclase via Gαolf.

Conversely, D2 receptors are coupled with Gi/o and their activation negatively modulates cAMP signaling, thus reducing DARPP-32 phosphorylation. At the same time, activation of Drd2 inhibits calcium channels, causing a decrease of neuronal excitability [START_REF] Gardoni | Modulation of the glutamatergic transmission by Dopamine: a focus on Parkinson, Huntington and Addiction diseases[END_REF]Bellone, 2015, Surmeier et al., 2010). Consequently, DA signalling makes iSPN more difficult to activate.

Another site of DA action are glutamatergic synapses of SPN spines. In particular, activation of Drd1 leads to the potentiation of N-Methyl-D-aspartate receptor (NMDAR)-dependent currents, thus promoting cell depolarization. Instead, activation of Drd2 induces a decrease of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-dependent responses. Since dopaminergic terminals form synaptic contact at the neck of SPN spines, they can modulate signal from glutamatergic synapses located at spines head [START_REF] Gardoni | Modulation of the glutamatergic transmission by Dopamine: a focus on Parkinson, Huntington and Addiction diseases[END_REF]. In conclusion, DA release facilitates dSPN activation, while restraining activation of iSPN, through different modulatory functions. However, DA also influences SPN subtype functioning by modulating synaptic plasticity.

Synaptic plasticity and reward in SPN

Synaptic remodelling is a fundamental mechanism to alter neural circuit function. Increasing evidence points to a role of synaptic plasticity in cortico-basal ganglia circuits during skill or sequence learning (Jin and Costa, 2015). In particular, corticostriatal glutamatergic terminals are seen as an important site of plasticity. However, long term potentiation (LTP) of glutamatergic inputs onto SPN is to date poorly understood. It is known that this process relies on concomitant activation of NMDAR and either Drd1 (in dSPN) or adenosine A2R (in iSPN), which leads to phosphorylation of DARPP-32 and mitogen-activated protein kinase (MAPKs); this process is dependent on the level of DA present at the site [START_REF] Shen | Dichotomous Dopaminergic Control of Striatal Synaptic Plasticity[END_REF]. Long term depression (LTD) is better characterized [START_REF] Gardoni | Modulation of the glutamatergic transmission by Dopamine: a focus on Parkinson, Huntington and Addiction diseases[END_REF]; however, it is still debated whether endocannabinoid-mediated long-term depression (eCB-LTD), which requires the activation of Drd2 [START_REF] Kreitzer | Endocannabinoid-mediated rescue of striatal LTD and motor deficits in Parkinson's disease models[END_REF] or also present in dSPN due to the mediation of cholinergic neurons, who also express Drd2 [START_REF] Wang | Dopaminergic control of corticostriatal long-term synaptic depression in medium spiny neurons is mediated by cholinergic interneurons[END_REF][START_REF] Wilson | Striatal D2 Receptors and LTD: Yes, but Not Where You Thought They Were[END_REF].

At any rate, a vast literature demonstrates that midbrain dopaminergic neurons increase their activity in relation to an anticipated or manifest reward. This is thought to activate D1 receptors on dSPN, promoting immediate action as well as reinforcing corticostriatal synapses via LTP to promote selection of that action in the future. Conversely, a decrease in activity in dopaminergic neurons happens when there is a disappointment due to a lack of reward. If an action is followed by a new situation that is worse than predicted, DA neurons pause their spiking activity. In turn, this is thought to inhibit D2 receptors on iSPN, reinforcing corticostriatal synapses to promote suppression of that action in the future. Consistently, activation of Drd1 and Drd2 by optogenetics shows that activation of dSPN is sufficient for persistent reinforcement, while activation of iSPN is sufficient for transient punishment in operant and place-preference task [START_REF] Kravitz | Distinct roles for direct and indirect pathway striatal neurons in reinforcement[END_REF]. These and other findings have led to the suggestion that direct pathway is able to mediate positive reinforcement, while indirect pathway could mediate punishment [START_REF] Bromberg-Martin | Dopamine in Motivational Control: Rewarding, Aversive, and Alerting[END_REF][START_REF] Fujiyama | Morphological elucidation of basal ganglia circuits contributing reward prediction[END_REF]Jin and Costa, 2015;[START_REF] Jin | Basal ganglia subcircuits distinctively encode the parsing and concatenation of action sequences[END_REF]Volkow and Morales, 2015).

The role of dorsal striatum in habit learning based on reward

Formation of new habits requires the ability to select appropriate motor program and to obtain feedback based on the outcome, plus the capacity to link single motor actions in a sequence, a process called "chunking" (Jin and Costa, 2015). Many studies in the last few years focused on the ability of the striatum to consolidate behavior over the course of learning and practice.

It has been suggested that different regions of the striatum are important for different aspects of habit formation, consistently with difference in regional connectivity. In particular, neural activity in NAcc seems to be strongly correlated with the expected value of outcomes, which is critical for motivating behavior in the pursuit of reward. On the other side, neural correlates in dSTR reflect a more associative role. Indeed, reward-related actions controlled by dSTR are thought to reflect the integration of two different learning processes, one that controls goaldirected behavior and the other the "crystallization" of motor sequences into habit. DMS is necessary for goal-directed behavior and neural activity in this region is more prominent early in learning when cue-based decisions are being made. DLS neural correlates, conversely, emerge during learning and persist through acquisition [START_REF] Burton | From ventral-medial to dorsal-lateral striatum: Neural correlates of reward-guided decision-making[END_REF]. In particular, SPN in DLS show activity in correspondence of start/stop of motor sequences, and this activity increases with learning; indeed, disruption of their activity leads to impairment in sequence learning, demonstrating their crucial role for learning new motor sequences (Xin and Costa, 2012). Recently, Vicente et al. (2016) suggested that stimulation of both dSPN and iSPN in DLS is reinforcing and not aversive, but leads to the development of different action strategies:

while dSPN stimulation supports goal-directed learning, iSPN activation could support the formation of stimulus-response habits.

Based on this and other evidence, different groups propose that the DLS has the capacity to shape the behavioral variability that starts with trial-and-error learning; under conditions in which task demands are stable, behavior progressively becomes more rigid and consistent.

This behavioral "crystallization" is accompanied by a decrease in trial-to-trial variability of corticostriatal activity, most likely via plasticity in these circuits [START_REF] Burton | From ventral-medial to dorsal-lateral striatum: Neural correlates of reward-guided decision-making[END_REF][START_REF] Graybiel | The basal ganglia: learning new tricks and loving it[END_REF]Graybiel and Grafton, 2015;Jin and Costa, 2015).

In order to sustain habitual behavior regardless of the outcome, DLS SPN are less sensitive to action outcomes compared to dSTR SPN [START_REF] Burton | From ventral-medial to dorsal-lateral striatum: Neural correlates of reward-guided decision-making[END_REF]; an explanation for this difference might relate to dopaminergic innervation of the two regions. Indeed, recently [START_REF] Kim | Dopamine Neurons Encoding Long-Term Memory of Object Value for Habitual Behavior[END_REF] found a population of DA neurons in the monkey SNc that retains previously learned reward values in a stable manner. When reward values of visual object are learned, these neurons continue to respond differentially to the object even when reward is not expected. More recently, dysregulation of glutamatergic signals to the striatum has been indicated as a major event underlying the severe motor deficits observed in PD [START_REF] Gardoni | Modulation of the glutamatergic transmission by Dopamine: a focus on Parkinson, Huntington and Addiction diseases[END_REF].

It has been shown that DA depletion leads to a profound decrease in dendritic spines and glutamatergic synapses on iSPN, but not on dSPN, by activation of Cav1.3 calcium channels [START_REF] Day | Differential Excitability and Modulation of Striatal Medium Spiny Neuron Dendrites[END_REF][START_REF] Gerfen | Indirect-pathway neurons lose their spines in Parkinson disease[END_REF][START_REF] Wang | Dopaminergic control of corticostriatal long-term synaptic depression in medium spiny neurons is mediated by cholinergic interneurons[END_REF]. This is accompanied by loss of indirect pathway LTD [START_REF] Kreitzer | Endocannabinoid-mediated rescue of striatal LTD and motor deficits in Parkinson's disease models[END_REF], which is instead replaced by LTP [START_REF] Shen | Dichotomous Dopaminergic Control of Striatal Synaptic Plasticity[END_REF], and reduced collateral inhibition between SPN [START_REF] Taverna | Recurrent Collateral Connections of Striatal Medium Spiny Neurons Are Disrupted in Models of Parkinson's Disease[END_REF]. While most of the attention has been put on corticostriatal synapses, recent work from Parker et al. [START_REF] Parker | Pathway-Specific Remodeling of Thalamostriatal Synapses in Parkinsonian Mice[END_REF] have shown that thalamostriatal input on dSPN mediated by AMPA is most dramatically reduced in a genetic model of DA depletion, thus highlighting that dysregulation of striatal afferents plays a crucial part in the aetiology of PD.

Huntington's disease (HD) is a degenerative disorder caused by a genetically dominant mutation of the Huntingtin gene (HTT). It is characterized by five features: heritability, chorea, behavioral or psychical disturbances, dementia and death 15 or 20 years after onset. HD patients are plagued by progressive motor dysfunction. Initially, they manifest uncontrolled, choreic (dance-like) movements; this phase is followed by a hypokinetic phase where voluntary movement is difficult, and cognitive dysfunction parallels the decline in motor control. HD is one of the few neurodegenerative diseases with a known genetic cause, namely an expanded CAG repeat mutation, extending a polyglutamine tract in the huntingtin protein [START_REF] Bennett | Global changes to the ubiquitin system in Huntington's disease[END_REF][START_REF] Lanska | Chapter 33: the history of movement disorders[END_REF][START_REF] Skaper | Transgenic mouse models of Parkinson's disease and Huntington's disease[END_REF]. Dysfunction and loss of SPN is the main neuropathological feature of HD; the biphasic progression of the disease correlates with an early death of iSPN followed by damage to dSPN in the later stages. It is less clear, however, how mutant huntingtin (mHtt) could affect specifically iSPN in the first stage of the disease.

Multiple lines of evidence relate induction of SPN death to loss of cortical trophic support for the striatum [START_REF] Bunner | Corticostriatal Dysfunction in Huntington's Disease: The Basics[END_REF]; this has been linked to abnormal functioning of both dopaminergic and glutamatergic transmission. In particular, the model that was prominent up to recent years was that impaired ability of SPN to uptake glutamate caused a rise in the rate of its extracellular concentration, which in turn had a toxic effect (NMDAR-dependent exytotoxicity) and led to iSPN death [START_REF] Lewerenz | Chronic Glutamate Toxicity in Neurodegenerative Diseases-What is the Evidence?[END_REF]. However, more recent studies in animal models suggest that there is a progressive loss of excitatory corticostriatal glutamatergic input, rather than an excess (Deng et al., 2014), and that SPN have normal glutamate intake [START_REF] Parsons | Real-time imaging of glutamate clearance reveals normal striatal uptake in Huntington disease mouse models[END_REF]. These findings lead to reconsider the mechanisms that drive SPN loss. In particular, Plotkin and Surmeier (2015) propose that impaired postsynaptic response of SPN to brain-derived neurotrophic factor (BDNF) signaling could play a major role in SPN degeneration [START_REF] Nguyen | Impaired TrkB Signaling Underlies Reduced BDNF-Mediated Trophic Support of Striatal Neurons in the R6/2 Mouse Model of Huntington's Disease[END_REF][START_REF] Plotkin | Impaired TrkB receptor signaling underlies corticostriatal dysfunction in Huntington's disease[END_REF].

Cognitive dysfunctions: schizophrenia, autistic spectrum and obsessivecompulsive disorders

Schizophrenia is a disorder characterized by abnormal social behaviour and a "failure to understand reality". [START_REF] Deserno | Striatal dopamine, reward, and decision making in schizophrenia[END_REF]. At the same time, this is accompanied by an hypodopaminergic state in the cerebral cortex, which is largely implicated in the cognitive aspects of schizophrenia. Because of that, recent models point to a dysregulation of the cortico-striatal loop as a major symptomatic cause of schizophrenia, although the mechanisms are still unknown [START_REF] Simpson | A Possible Role for the Striatum in the Pathogenesis of the Cognitive Symptoms of Schizophrenia[END_REF].

Autistic spectrum disorders (ASD) describe a range of neurodevelopmental disorders, whose symptoms include social deficits and communication difficulties, stereotyped or repetitive behaviours and interests, sensory issues, and in some cases, cognitive delays. Since, as previously described, the striatum is involved in action selection, reward processing, and habit formation, striatal dysfunction is postulated to underlie the motor and cognitive symptoms of ASD (Fuccillo, 2016). Although schizophrenia and autism are two different disorders based on phenomenological diagnosis, they share some common features and comorbidity [START_REF] King | Is schizophrenia on the autism spectrum?[END_REF][START_REF] De Lacy | Revisiting the relationship between autism and schizophrenia: toward an integrated neurobiology[END_REF]. Importantly, studies performed in mouse recently started to highlight cellular mechanisms common to ASD and schizophrenia. In particular, mice that harbour mutations of postsynaptic scaffold proteins SHANK3 found in ASD and schizophrenia patients revealed both distinct and shared defects at molecular, synaptic, circuit, and behavioural levels [START_REF] Zhou | Mice with Shank3 Mutations Associated with ASD and Schizophrenia Display Both Shared and Distinct Defects[END_REF]. It was described that Shank3B -/-mice show ASD-like grooming and anxiety behaviour, accompanied by reduction in cortico-striatal synaptic transmission (Peça et al., 2011), and that re-expression of the Shank3 gene in adult mice led to improvements in synaptic protein composition, spine density, and certain behavioural abnormalities that include social interaction deficit and repetitive grooming behaviour (Mei et al., 2016). Taken together, these and other findings are starting to elucidate at the molecular level the phenotypic similarities observed in ASD and schizophrenia, and could lead to a better understanding of the risk factor associated with these two distinct disorder that nevertheless co-occur at elevated rates [START_REF] Chisholm | The association between autism and schizophrenia spectrum disorders: A review of eight alternate models of co-occurrence[END_REF][START_REF] De Lacy | Revisiting the relationship between autism and schizophrenia: toward an integrated neurobiology[END_REF].

Obsessive-compulsive disorder (OCD) is a neuropsychiatric disorder characterized by obsession (intrusive thoughts) and compulsions (physical or mental rituals) that are often associated with high levels of anxiety. OCD has a prevalence of 2-3% worldwide. As the striatum is critical for the establishment of ritualized sequences of action, it has received a lot of attention recently as a substrate of OCD. In particular, studies in humans suggest that individuals with OCD tend to develop excessive avoidance habits (Gillan et al., 2014;Burguière et al., 2015). As is the case for ASD and schizophrenia, transgenic mouse lines developed in recent years are providing a great contribution in understanding OCD aetiology. In particular, it has been shown that repeated hyperactivation of orbitofrontal cortex (OFC) caused persistent OCD-like symptoms in mice [START_REF] Ahmari | Using mice to model Obsessive Compulsive Disorder: From genes to circuits[END_REF][START_REF] Ahmari | Repeated cortico-striatal stimulation generates persistent OCD-like behavior[END_REF], while conversely optogenetic stimulation of the lateral OFC alleviates the excessive grooming phenotype of mice lacking synaptic scaffolding gene Sapap3 [START_REF] Burguière | Optogenetic stimulation of lateral orbitofronto-striatal pathway suppresses compulsive behaviors[END_REF]. Despite the prominent clinical heterogeneity shown by OCD patients [START_REF] Harrison | Brain corticostriatal systems and the major clinical symptom dimensions of obsessive-compulsive disorder[END_REF], use of mouse models in next years will hopefully provide insights on the molecular mechanisms that affect striatal function is OCD [START_REF] Ahmari | Using mice to model Obsessive Compulsive Disorder: From genes to circuits[END_REF][START_REF] Pappas | Mouse models of neurodevelopmental disease of the basal ganglia and associated circuits[END_REF][START_REF] Szechtman | Obsessive-compulsive disorder: Insights from animal models[END_REF].

Finally, addiction is a chronic brain disease with strong genetic, neurodevelopmental, and sociocultural components; it is characterized by compulsive engagement in rewarding stimuli, despite adverse consequences. Indeed, a common characteristic of addictive drugs such as cocaine, amphetamine, opiates, and nicotine is to act as positive reinforcement (Volkow and Morales, 2015). Studies that investigate the action of drugs of addition have had and still possess a great importance for our understanding of basal ganglia function, and in particular for the mechanisms that drive synaptic plasticity and reward processing in the vSTR [START_REF] Yager | The ins and outs of the striatum: Role in drug addiction[END_REF]. It is well established, for example, that neuroplastic changes linked to dopamine processing and extracellular signal-regulated kinases 1 and 2 (ERK1/2) signalling play a key role in addition (Girault, 2012a;[START_REF] Lanska | Chapter 33: the history of movement disorders[END_REF]. However, since our main focus is the dSTR, I

will not address the issue in detail and refer to the extensive literature that already exist on the subject [START_REF] Everitt | From the ventral to the dorsal striatum: devolving views of their roles in drug addiction[END_REF]Girault, 2012aGirault, , 2012b;;[START_REF] Heller | Locus-specific epigenetic remodeling controls addiction-and depression-related behaviors[END_REF][START_REF] Nestler | Transcriptional mechanisms of drug addiction[END_REF][START_REF] Pascoli | Extracellular Signal-Regulated Protein Kinases 1 and 2 Activation by Addictive Drugs: A Signal Toward Pathological Adaptation[END_REF][START_REF] Valjent | Addictive and non-addictive drugs induce distinct and specific patterns of ERK activation in mouse brain[END_REF][START_REF] Valjent | Inhibition of ERK pathway or protein synthesis during reexposure to drugs of abuse erases previously learned place preference[END_REF].

Taken together, the aetiology of different pathologies and disorders that compromise normal striatal functioning highlight the contribution of this structure to many aspects of everyday life, encompassing action selection, generation of response variability, cognitive flexibility, attention and reward processing.

Development of the striatum and related structures

Due to the importance of correct striatal functioning and its relation with many developmental and neurodegenerative disorders, understanding how this structure is formed during development is of the greatest importance. The vertebrate central nervous system is organized in two main types of anatomical units, brain nuclei (like the striatum) and laminated structures (like the cerebral cortex), both containing various cellular types that form intricate circuits.

Generation of both laminar and nuclear structures require the coordination of two main developmental processes: neurogenesis and neuronal migration. While the formation of laminar structures has been extensively studied, the mechanisms that generate discrete brain nuclei, and the striatum in particular, are less well understood.

Establishment of progenitor domains in early embryonic development

Regionalization of the forebrain

Before the process of neuron generation has even started, the main regions of the brain and the subdivisions of the forebrain are specified through the expression of gradients of secreted molecules from patterning centers. Patterning molecules include bone morphogenetic proteins (BMPs), fibroblast growth factors (FGFs), Wnts (wingless orthologs), and sonic hedgehog (Shh) [START_REF] Evans | Molecular Regulation of Striatal Development: A Review[END_REF]. These morphogens are responsible for activating downstream programs that enable progenitors to acquire a specific positional and molecular identity. Bmp and Wnt proteins are secreted dorsally from the dorsal midline and control the formation of dorsal structures, including the neocortex. Shh is secreted ventrally, initially from anterior mesoendoderm, then from the ventral hypothalamus and finally from the rostroventral telencephalon [START_REF] Hoch | Genes and signaling events that establish regional patterning of the mammalian forebrain[END_REF]. This molecule promotes ventralization and is responsible for the formation of structures that compose the ventral telencephalon (vTel) by regulating expression of Fgfs [START_REF] Wilson | Induction and dorsoventral patterning of the telencephalon[END_REF]. A crucial boundary, the pallial-subpallial boundary (PSB), separates the dorsal telencephalon, that will produce glutamatergic neurons, from the vTel, which will give rise mainly to GABAergic neurons. The PSB acts as a signaling center and expresses members of the FGF and epidermal growth factor (EGF) family proteins to prevent dorsalization of the vTel. Importantly, the PSB is not located at the angle between the dorsal telencephalon and the vTel, but slightly more ventrally [START_REF] Campbell | Dorsal-ventral patterning in the mammalian telencephalon[END_REF]. In addition to the broad regionalization into dorsal and ventral telencephalon, morphogen gradients are essential to further define subdomains in the progenitor zone of the the vTel.

Proliferative domains within the ventral telencephalon

At neurogenic stage, the vTel is composed by the preoptic area (POA), part of the septum, the lateral ganglionic eminence (LGE), the medial ganglionic eminence (MGE) and the caudal ganglionic eminence (CGE). Ganglionic eminences contain proliferating progenitors and are defined both morphologically and, more precisely, by the combinatorial expression of transcription factors. Several homeodomain transcription factors, including NK2 homeobox 1 (Nkx2.1), Gsx2 (formerly Gsh2) and paired-box protein Pax-6 (Pax6), have nested or restricted expression patterns in the vTel and are important to define the subtype identity of progenitor neurons that form vTel subdivisions (Hébert and Fishell, 2008;[START_REF] Wilson | Induction and dorsoventral patterning of the telencephalon[END_REF].

A striking example is the one of the Nkx2.1 gene. It is expressed in progenitors of the MGE and POA and its inactivation leads to the re-specification of this territory into a LGE-like domain [START_REF] Sussel | Loss of Nkx2.1 homeobox gene function results in a ventral to dorsal molecular respecification within the basal telencephalon: evidence for a transformation of the pallidum into the striatum[END_REF]. (see text, also [START_REF] Campbell | Dorsal-ventral patterning in the mammalian telencephalon[END_REF][START_REF] Flames | Delineation of Multiple Subpallial Progenitor Domains by the Combinatorial Expression of Transcriptional Codes[END_REF].

Similarly, the double inactivation of Gsx1 and Gsx2 [START_REF] Pei | Homeobox genes Gsx1 and Gsx2 differentially regulate telencephalic progenitor maturation[END_REF][START_REF] Wang | Ascl1 is a required downstream effector of Gsx gene function in the embryonic mouse telencephalon[END_REF][START_REF] Wang | Loss of Gsx1 and Gsx2 function rescues distinct phenotypes in Dlx1/2 mutants[END_REF] dramatically alters the formation of LGE-derivatives. On this first level of complexity, it has been proposed, based on gene expression patterns, that the LGE, MGE, CGE and POA comprise no less than 18 different progenitor domains, four of which in the LGE [START_REF] Flames | Delineation of Multiple Subpallial Progenitor Domains by the Combinatorial Expression of Transcriptional Codes[END_REF]. This suggests that distinct progenitor pools exist within each domain, and that each proliferative domain of the vTel generates a heterogeneity of neuronal types.

Neuronal progenitors in the ventral telencephalon

All neurons originate from neuroepithelial (NE) progenitors, bipolar cells located close to the surface of the brain ventricle (ventricular zone, VZ). These cells possess apical junctions that contact the VZ surface and a process that touches the basal lamina and divide at the ventricular surface. Initially, NE progenitors divide symmetrically, originating two identical daughters to expand the pool of progenitors (Willardsen and Link, 2011;[START_REF] Taverna | The Cell Biology of Neurogenesis: Toward an Understanding of the Development and Evolution of the Neocortex[END_REF].

At the beginning of neurogenesis, NE progenitors become radial glia (aRG) and start generating neurons as well as different types of self-renewing or self-consuming progenitors.

This process generates a transient subventricular zone (SVZ) containing progenitors that divide far from the ventricular surface and newborn neurons. Cortical neurogenesis has been investigated in detail in the last ten years, revealing a huge heterogeneity of progenitors (for a comprehensive review, see [START_REF] Taverna | The Cell Biology of Neurogenesis: Toward an Understanding of the Development and Evolution of the Neocortex[END_REF]; conversely, and despite the fact that, in mice, vTel SVZ is bigger than cortical SVZ, the mechanisms of subcortical neurogenesis have received less attention. Work by [START_REF] Pilz | Amplification of progenitors in the mammalian telencephalon includes a new radial glial cell type[END_REF] showed that subcortical neurogenesis has some specific aspects. In particular, they revealed a new type of progenitor that is similar to aRG but divides far from the ventricular surface (SAP, sub apical progenitor); this is thought to be important to maximize the rate of neurons generated. Consistently, by E16 most neurogenic divisions in the vTel occur far from the ventricle, in contrast to the mouse cortex and similar to what happens in gyrencephalic species. The number of basal and subapical mitoses is prominent with respect to apical divisions starting from E14 (b), suggesting that this mode of division is responsible for the generation of the majority of late-born SPN. Scale bars, 100 μm (a), 10 μm (b). AP, apical progenitor; BP, basal progenitor; Ctx, cortex; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; SAP, subapical progenitor.

Furthermore, progenitor cell cycle length shortens as neurogenesis proceeds, in contrast with other regions of the brain [START_REF] Florio | Neurogenin 2 regulates progenitor cell-cycle progression and Purkinje cell dendritogenesis in cerebellar development[END_REF][START_REF] Taverna | The Cell Biology of Neurogenesis: Toward an Understanding of the Development and Evolution of the Neocortex[END_REF]. These findings by Pilz et al. represent only the first steps in understanding vTel neurogenesis; in particular, it would be of great interest to investigate whether different neuronal subtypes observed in the striatum (striosome vs. matrix, dSPN vs. iSPN) are generated by distinct progenitors. At any rate, while we currently possess a limited knowledge of the cellular dynamics of vTel neurogenesis, a good amount of effort has been put to understand the molecular actors that regulate this process.

Genetic control of neurogenesis in the ventral telencephalon

The switch from self-renewing division to neurogenic division is a crucial step to obtain the right amount of neurons, and premature exhaustion of the progenitor pool is linked to severe developmental disorders such as microcephaly (Chen et al., 2009;Sakai et al., 2012;Pilaz et al., 2016). It is well established that the timing of cell fate specification and differentiation in the nervous system is regulated by a process of lateral inhibition mediated via Notch signaling.

Notch is a cell-surface receptor that is activated by its ligand Delta. Ligand-induced activation induces proteolytic cleavage of Notch and translocation of its intracellular domain to the cell nucleus, where it represses expression of transcription factors that promote neural differentiation. One of this genes is achaete-scute homolog 1 (Ascl1, previously known as

Mash1

). This gene encodes basic helix-loop-helix (bHLH) transcription factor that plays a role in the fate commitment and generation of different neuronal population, including olfactory and autonomic neurons. In the vTel, Ascl1 is expressed in the LGE and MGE and mutant mouse analyses have shown that it regulates the rate at which early progenitors differentiate into late progenitors, and therefore control the number of neurons generated [START_REF] Long | Dlx1&2 and Mash1 transcription factors control striatal patterning and differentiation through parallel and overlapping pathways[END_REF][START_REF] Yun | Modulation of the notch signaling by Mash1 and Dlx1/2 regulates sequential specification and differentiation of progenitor cell types in the subcortical telencephalon[END_REF]. Ascl1 has an epistatic relationship with its downstream effectors, homeobox genes Dlx1 and Dlx2; while the former seems more important for correct specification of dorsal striatal neurons, the latter have more relevance for nucleus accumbens [START_REF] Long | Dlx1&2 and Mash1 transcription factors control striatal patterning and differentiation through parallel and overlapping pathways[END_REF].

Interestingly, homeobox genes Gsx1 and Gsx2 have been shown to control the balance between proliferation and differentiation in the LGE by interacting with both Ascl1 and Dlx genes [START_REF] Pei | Homeobox genes Gsx1 and Gsx2 differentially regulate telencephalic progenitor maturation[END_REF][START_REF] Wang | Ascl1 is a required downstream effector of Gsx gene function in the embryonic mouse telencephalon[END_REF]2013). postmitotic neurons in the SVZ and mantle area and seem to be implicated in migration and differentiation [START_REF] Pei | Homeobox genes Gsx1 and Gsx2 differentially regulate telencephalic progenitor maturation[END_REF]. In particular, Dlx genes control the migration of cortical interneurons by repressing dendrite and axon formation [START_REF] Cobos | Dlx transcription factors promote migration through repression of axon and dendrite growth[END_REF][START_REF] Wang | Dlx5 and Dlx6 regulate the development of parvalbumin-expressing cortical interneurons[END_REF].

Therefore, transcriptional cascades control different aspects of neurogenesis, from regionalization of progenitor domains to the generation and specification of newborn neurons.

Radial and tangential migration in the ventral telencephalon

Once neurons are generated and specified by transcriptional cascades in distinct vTel domains, they undergo a phase of migration, which can be radial or tangential. The morphogenesis of the vTel relies on a highly complex choreography of cell movements, which is essential for the formation of nuclei as well as their cellular diversity.

Radial migration of projection neurons

The process of radial migration has been intensively studied in the mammalian cerebral cortex.

In this structure, glutamatergic projection neurons have two different modes of migration: multipolar migration with random directional movement and locomotion, which is a unidirectional movement guided by radial glia fibers (Ohtaka-Maruyama and Okado, 2015).

During development, newborn neurons switch from multipolar migration to locomotion to reach their final position in the cortex. Radial glia, whose processes contact both the apical surface and the basal surface, provide a scaffold to the migrating neuron. Therefore, the radial organization of the cortex is based on a point-to-point relation between the VZ and the overlaying structure formed by postmitotic neurons [START_REF] Marín | Cell migration in the forebrain[END_REF].

Although the process of cell migration in the basal ganglia has received way less attention, several viral tracing and fate-mapping studies using in utero electroporation have explored the contribution of radial migration in its morphogenesis. It has been established that cells migrate radially from the LGE to generate projections neurons of the striatum (Wichterle et al., 2001;[START_REF] Hamasaki | Neuronal cell migration for the developmental formation of the mammalian striatum[END_REF], and from the MGE to produce projections neurons of the GP (Xu et al., 2008;[START_REF] Nóbrega-Pereira | Origin and molecular specification of globus pallidus neurons[END_REF].

Tangential migration of interneurons

Tangential migration is by definition migration which is not radial. It englobes very different processes that can either by built on cell/cell interaction, such as in chain migration, or involve the movements of isolated cells. Over the past 20 years, it has been well established [START_REF] Gelman | The Generation of Cortical Interneurons[END_REF]Marin et al., 2000;Marín andRubenstein, 2001, 2003) that tangential migration plays a central role in the generation and diversity of interneurons in the entire telencephalon.

Indeed, the POA, MGE and LGE/CGE have been shown to generate all the interneurons of the neocortex and hippocampus that undergo a long journey to reach their targets [START_REF] Ciceri | Lineagespecific laminar organization of cortical GABAergic interneurons[END_REF][START_REF] Corbin | Developmental mechanisms for the generation of telencephalic interneurons[END_REF][START_REF] Corbin | Telencephalic cells take a tangent: non-radial migration in the mammalian forebrain[END_REF]Marin et al., 2000;[START_REF] Torigoe | Evidence That the Laminar Fate of LGE/CGE-Derived Neocortical Interneurons Is Dependent on Their Progenitor Domains[END_REF].

Such long-range tangential process has been also shown to occur in the production of olfactory bulb interneurons by the dLGE and their progressive migration along the rostral migratory stream (RMS). On a much shorter scale, all the interneurons of the striatum have been shown

to originate in the MGE or POA [START_REF] Evans | Molecular Regulation of Striatal Development: A Review[END_REF][START_REF] Gonzales | Cholinergic interneurons in the dorsal and ventral striatum: anatomical and functional considerations in normal and diseased conditions: Striatal cholinergic interneurons in disease[END_REF]Marin et al., 2000). Indeed, the POA produces cholinergic striatal interneurons and the MGE, GABAergic interneurons [START_REF] Gonzales | Cholinergic interneurons in the dorsal and ventral striatum: anatomical and functional considerations in normal and diseased conditions: Striatal cholinergic interneurons in disease[END_REF]Marin et al., 2000;[START_REF] Nery | The caudal ganglionic eminence is a source of distinct cortical and subcortical cell populations[END_REF][START_REF] Villar-Cerviño | Molecular mechanisms controlling the migration of striatal interneurons[END_REF]. Thus the striatum is a complex mosaic of LGE-radially derived projection neurons and tangentially migrating interneurons produced in the MGE and POA. In addition, a series of additional streams of interneurons are essential to populate distinct domains of the amygdala (Bupesh et al., 2011;[START_REF] Hirata | Identification of distinct telencephalic progenitor pools for neuronal diversity in the amygdala[END_REF][START_REF] Waclaw | Developmental Origin of the Neuronal Subtypes That Comprise the Amygdalar Fear Circuit in the Mouse[END_REF].

At the cellular level, migrating interneurons are highly polarized cells that extend and retract processes using dynamic remodeling of microtubule and actin cytoskeleton. Their migration is regulated by extrinsic guidance cues, distributed along migratory streams, intrinsic genetic programs that grant specification and set the timing of migration, adhesion molecules and cytoskeletal elements that transduce molecular signaling into coherent movement (Peyre et al., 2015).

Tangential migration of projection neurons

While tangentially migrating projection neurons (such as Cajal-Retzius cells, subplate neurons and cortical plate transient neurons) have important roles in the formation of the cerebral cortex, these populations are usually considered as transient and not part of adult brain structures (Barber and Pierani, 2015). For this reason, and despite the different nuclear versus laminar organization of resulting structures, it has long been assumed that formation of the main basal ganglia nuclei, the striatum and the GP, followed a sequence akin to the cerebral cortex; that is, radial migration of projection neurons and contribution via tangential migration of interneurons of different origins [START_REF] Hamasaki | Neuronal cell migration for the developmental formation of the mammalian striatum[END_REF]. However, several studies revealed that tangential migration of projection neurons can be observed in the vTel. For instance, tangential migration from the MGE largely contributes to formation of the GP, in addition to the well-established radial one (Nobrega-Pereira et al., 2010). More recently, Dodson and colleagues (2015) established through genetic fate mapping that the so-called arkypallidal (Wichterle et al., 2001), while radial migration from the MGE gives rise to most GP projection neurons [START_REF] Nóbrega-Pereira | Origin and molecular specification of globus pallidus neurons[END_REF]Xu et al., 2008). B. Tangential migration from the MGE contributes subset of GABAergic cortical interneurons and striatal interneurons [START_REF] Gelman | The Generation of Cortical Interneurons[END_REF]Marin et al., 2000), while tangential migration from the POA gives cholinergic interneurons to Str and GP [START_REF] Elshatory | The LIM-homeobox gene Islet-1 is required for the development of restricted forebrain cholinergic neurons[END_REF]Marin et al., 2000). C. Tangential migration from the LGE gives rise to arkypallidal projection neurons in the GP [START_REF] Dodson | Distinct Developmental Origins Manifest in the Specialized Encoding of Movement by Adult Neurons of the External Globus Pallidus[END_REF] and to corridor cells (López-Bendito et al., 2006); Co, corridor; GP, globus pallidus; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; Str, striatum; POA, preoptic area.

neurons of the GP, which make up to 25% of GP projection neurons, originate in the most ventral part of the LGE. From here, these cells migrate tangentially to intermix with MGEgenerated neurons. This finding demonstrates that, in nuclear structures of the vTel, projection neurons can migrate tangentially to contribute to cellular diversity and raises the question of how they intermix with radially migrating populations.

Tangential migration from the lateral ganglionic eminence generates guidepost cells for thalamo-cortical axons

Another population of GABAergic neurons that migrates tangentially into the MGE has been identified (López-Bendito et al., 2006). These cells are known as corridor (Co) cells because they form a permissive corridor inside the otherwise non-permissive MGE, allowing the internal progression of thalamocortical axons (TCA) towards the neocortex. Co cells not only control TCA outgrowth, in part via Neuregulin1-ErbB4 signalling (López-Bendito et al., 2006), but are also important for their topographic organization. Indeed, Co cells express gradients of guidance cues that organize TCAs along the rostro-caudal axis and allow them to target specific cortical areas (Bielle et al. 2011, Dupin et al. 2015).

Co cells express markers of LGE projection neurons such as Islet1, Ebf1 and Meis2 and migrating streams of cells from the LGE into the MGE have been observed in slice culture experiments (Bielle et al., 2011;Bupesh et al., 2011). For this reason, the Co has been proposed to have an LGE origin. In addition, Bielle et al. (2011) showed that the positioning of Co cells depends on a ventral repulsive activity from the MGE and POA mediated by the expression of secreted protein Slit2 (Bielle et al., 2011). Intriguingly, Co-like neurons have been identified in non-mammalian vertebrate species that do not have an internal path for thalamic axons. These Co-like neurons have, like in mammals, the ability to guide TCA but show a different positioning, thereby not allowing an interaction with ingrowing axons (Bielle et al., 2011). These observations suggest that Co cells might exist in non-mammalian vertebrates and might possess an evolutionary conserved role that could predate their acquired guidepost function. However, it is currently unknown whether Co cells are a transient population or whether they might play a role in the adult brain.

Differentiation of striatal projection neurons

Molecular regulators of striatal projection neuron (SPN) development

As aforementioned, it is commonly accepted that SPN migrate radially from the LGE VZ and SVZ to form the striatum (Wichterle et al., 2001;[START_REF] Hamasaki | Neuronal cell migration for the developmental formation of the mammalian striatum[END_REF]. While they do so, they activate genetic programs that drive their differentiation towards a SPN identity. The identification of several developmental genes that play an important role in SPN differentiation has emerged from loss-of function studies in mutant mouse lines. In particular, Transcription and striatal mantle. This gene has been widely associated to language acquisition in humans [START_REF] Chiu | Foxp2 regulates neuronal differentiation and neuronal subtype specification[END_REF][START_REF] Graham | Understanding Language from a Genomic Perspective[END_REF][START_REF] Konopka | Insights into the Neural and Genetic Basis of Vocal Communication[END_REF] and song learning in birds [START_REF] Heston | Behavior-linked FoxP2 regulation enables zebra finch vocal learning[END_REF][START_REF] Murugan | Diminished FoxP2 levels affect dopaminergic modulation of corticostriatal signaling important to song variability[END_REF][START_REF] Wohlgemuth | FoxP2 in songbirds[END_REF]; in mice, gain-of-function experiments realized by inserting a "humanized" version of FoxP2 in the mouse genome cause an increase in the size of SPN dendritic tree [START_REF] Enard | A humanized version of Foxp2 affects cortico-basal ganglia circuits in mice[END_REF][START_REF] Reimers-Kipping | Humanized Foxp2 specifically affects cortico-basal ganglia circuits[END_REF]. More recently, FoxP2 has been implicated in the migration of SPN by controlling the passage from multipolar to bipolar morphology (Garcia-Calero et al., 2015).

Known molecular actors in dSPN development

The recent generation of SPN-subtype specific transgenic mouse lines, coupled with candidate approach and quantitative analysis, started to reveal the first regulatory genes that are early and specifically expressed in dSPN and, to a much lesser extent, in iSPN. In particular, genetic fate mapping studies revealed that LIM homeodomain transcription factor Islet1 is specific to the dSPN lineage [START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF][START_REF] Lu | Dual role for Islet-1 in promoting striatonigral and repressing striatopallidal genetic programs to specify striatonigral cell identity[END_REF]. Moreover, these studies found out that Islet1 is important for dSPN differentiation, particularly in the striosome compartment as well as for striatonigral pathway formation [START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF]. In addition, Islet1

overexpression is sufficient to suppress GFP expression in Drd2-EGFP mice, suggesting an instructive role in promoting dSPN fate [START_REF] Lu | Dual role for Islet-1 in promoting striatonigral and repressing striatopallidal genetic programs to specify striatonigral cell identity[END_REF]). An important downstream effector of Islet1 [START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF] is Plexin D1, a receptor for Semaphorin-3E (Sema3E). In the striatum, Plexin D1 is exclusively expressed in dSPN; consistently, genetic ablation of Plexin-D1 or Sema3E results in functional and anatomical rearrangement of thalamostriatal synapses specifically in dSPN, without perturbing corticostriatal synapses [START_REF] Ding | Semaphorin 3E-Plexin-D1 signaling controls pathway-specific synapse formation in the striatum[END_REF].

Furthermore, early hematopoietic zinc finger protein 521 (Zfp521) is enriched in dSPN at postnatal stages (Lobo et al., 2006;[START_REF] Mesuraca | ZNF423 and ZNF521: EBF1 Antagonists of Potential Relevance in B-Lymphoid Malignancies[END_REF], along with its interactor Early Bcell factor Ebf1, that will be presented in detail in Part IV (Lobo et al., 2006;[START_REF] Mesuraca | ZNF423 and ZNF521: EBF1 Antagonists of Potential Relevance in B-Lymphoid Malignancies[END_REF]. Taken together, these findings provide partial insight in the molecular actors that play a role in the specification and differentiation of dSPN during development; unfortunately, specification and differentiation of iSPN is so far way less well understood.

Specification and Maintenance of iSPN rely on epigenetic control

Due to the lack of tools allowing embryonic fate map of iSPN, there is little information available on the molecular actors that play a role in iSPN differentiation. To date, it has only been reported that Ikaros, a zinc-finger protein encoded by the ikzf1 gene, is likely expressed in subsets of iSPN during embryonic development (Martín-Ibáñez et al., 2010).

Interestingly, however, it has been shown that histone modifications may be an important mechanism to maintain iSPN subtype specification. Indeed, Maze et al., (2014) have shown that deletion of Euchromatic histone-lysine N-methyltransferase 2 (EHMT2, also known as G9a)

in iSPN results in the unsilencing of factors associated with dSPN identity, leading to a partial fate switch. This finding reveals that epigenetic regulation is important to acquire and maintain iSPN subtype identity; whether this is also true for dSPN is yet to be discovered. Interestingly, it has been reported that adult dSPN and iSPN show drastically different epigenetic marks profiling, thereby opening the possibility that their maintenance or identity might be regulated by epigenetic modifications [START_REF] Jordi | Differential effects of cocaine on histone posttranslational modifications in identified populations of striatal neurons[END_REF].

Development of striatal compartments and circuitry

Contribution of striatal projection neurons to striosomes or matrix is defined by time of birth

A fundamental feature of neuronal development is that different cell types are generated in a precise temporal sequence; first neurons, followed by oligodendrocytes and astrocytes [START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF]. Even during neurogenesis, the time at which a progenitor differentiates in a neuron is tightly linked to the properties that neuron acquires. For example, in the cerebral cortex early-born neurons give rise to deep layer neurons while lateborn neurons contribute to superficial layers (Shimojo et al., 2008). Similarly, the timing of neurogenesis has been shown to correlate with the compartments that SPN will occupy in striatal circuits. In particular, a series of birthdating studies established very clearly that earliest born SPN form striosomes, while late-born SPN form the surrounding matrix (Fishell and van der Kooy, 1987). However, unlike in the cerebral cortex, which show a clear inside-out pattern, the formation of striatal compartments follows complex rules that are not entirely understood.

It is known that after migrating to the mantle area that will become the striatum, striosome and matrix neurons are not segregated, but rather intermixed before striatal compartments start to be formed (Krushel et al., 1995). It has been proposed that in the cat striatum early born neurons form a medial band (a putative "waiting compartment") that transitions to striosomal organization as matrix SPN start to invade the area (Friedman et al., 2015) A long-standing issue is whether incoming axonal inputs have a role in the sorting of the two striatal compartments, but so far there is no conclusive evidence; it seems, however, that dopamine innervation does not play a role (Snyder-Keller, 1991;van der Kooy and Fishell, 1992). Taken together, aside from the importance of neuronal birth date, very little is currently known about the mechanisms that build striosome and matrix compartments. Moreover, all these studies have examined SPN globally without focusing on either dSPN or iSPN, which are intermixed in both striosome and matrix compartments in the mature striatum (Gangarossa et al., 2013a).

Survival of striatal projection neurons depends on external sources

Two events determine the final number of SPN that will contribute to adult brain circuits:

neurogenesis and cell death. Indeed, during the early postnatal period approximately 30% of SPN undergo cell death in both striosomes and matrix compartments (Fishell and van der Kooy, 1991). It has been shown that SPN rely on neurotrophins for survival after birth. In particular, brain-derived neurotrophic factor (BDNF) is necessary for the survival of iSPN, while neurotrophin-3, a protein of the nerve growth factor (NGF) family, supports the survival of immature dSPN in the LGE and the striatum. Interestingly, these factors are not produced within the striatum. Instead, they are present in TH-expressing dopaminergic neurons of the midbrain, that anterogradely transport neurotrophins to the striatum (Baydyuk and Xu, 2014).

iSPN express topomyosin receptor kinase B (TrkB), the cognate receptor for BDNF, which activates signaling pathways associated with neuronal survival. Indeed, mice with a conditional deletion for TrkB lose 50% of their iSPN (Baydyuk et al., 2011). Importantly, while during embryogenesis striatal BDNF derives from the midbrain, the cerebral cortex becomes the main source of BDNF for striatal neurons from the first postnatal week onwards. For this reason, changes in cortical BDNF expression and/or impairment in BDNF anterograde transport induced by mutant huntingtin are believed to cause striatopallidal neuron vulnerability in earlystage of Huntington's disease. Consistently, TrkB conditional deletion in iSPN causes spontaneous and drug-induced hyperlocomotion (Besusso et al., 2013), while transgenic mouse models of HD show defects in TrkB signal transduction [START_REF] Nguyen | Impaired TrkB Signaling Underlies Reduced BDNF-Mediated Trophic Support of Striatal Neurons in the R6/2 Mouse Model of Huntington's Disease[END_REF].

Conversely, dSPN are not affected by the deletion of TrkB or BDNF. Instead, these neurons express topomyosin receptor kinase C (TrkC), the cognate receptor of NT3, and deletion of either TrkC or NT3 leads to a selective 35% reduction in the number of dSPN. [START_REF] Baydyuk | Midbrain-Derived Neurotrophins Support Survival of Immature Striatal Projection Neurons[END_REF]. Therefore, in order to survive apoptosis, dSPN and iSPN need to receive trophic support from external sources; however, the two subtypes seem to regulate this process through different molecular mechanisms.

Dendritogenesis and Synaptogenesis in striatal projection neurons

A major hallmark of SPN is their well identified morphology of medium spiny neurons [START_REF] Day | Differential Excitability and Modulation of Striatal Medium Spiny Neuron Dendrites[END_REF][START_REF] Nimchinsky | Structure and Function of Dendritic Spines[END_REF][START_REF] Gertler | Dichotomous Anatomical Properties of Adult Striatal Medium Spiny Neurons[END_REF][START_REF] Levine | Postnatal development of identified medium-sized caudate spiny neurons in the cat[END_REF]. They show a highly recognizable pattern of dendritic arborisation which is decorated by a multitude of spines. As described previously, the spines are major recipients of cortical, thalamic and midbrain inputs: glutamatergic synapses form on the head and DA synapses on the neck [START_REF] Gardoni | Modulation of the glutamatergic transmission by Dopamine: a focus on Parkinson, Huntington and Addiction diseases[END_REF][START_REF] Gerfen | Indirect-pathway neurons lose their spines in Parkinson disease[END_REF][START_REF] Haber | The place of dopamine in the cortico-basal ganglia circuit[END_REF][START_REF] Shen | Dichotomous Dopaminergic Control of Striatal Synaptic Plasticity[END_REF][START_REF] Surmeier | The role of dopamine in modulating the structure and function of striatal circuits[END_REF][START_REF] Tritsch | Dopaminergic Modulation of Synaptic Transmission in Cortex and Striatum[END_REF][START_REF] Wang | Dopaminergic control of corticostriatal long-term synaptic depression in medium spiny neurons is mediated by cholinergic interneurons[END_REF].

Only few molecular actors controlling the dendritic arborization of SPN have been so far identified. In particular, as aforementioned, Foxp2 expression regulates the number and size of the dendritic branches [START_REF] Enard | A humanized version of Foxp2 affects cortico-basal ganglia circuits in mice[END_REF][START_REF] Reimers-Kipping | Humanized Foxp2 specifically affects cortico-basal ganglia circuits[END_REF]. In contrast, the mechanisms regulating the density and formation of spines has been much more examined, largely because of their importance for neuronal physiology. Cell culture experiments revealed that SPN cultured alone lack spines, whereas when they are co-cultured with neocortical neurons, they show a spiny morphology (for reference, see [START_REF] Penrod | The presence of cortical neurons in striatal-cortical co-cultures alters the effects of dopamine and BDNF on medium spiny neuron dendritic development[END_REF]. From these early experiments, it has been now well established that SPN synaptogenesis is driven by the maturation of glutamatergic and DA connections. In particular, it has been clearly demonstrated that glutamate expression in the striatum is able to drive SPN synaptogenesis [START_REF] Kozorovitskiy | Recurrent network activity drives striatal synaptogenesis[END_REF]. Glutamatergic afferents evoke synaptic responses in SPN by postnatal day 6 (P6), indicating that synaptogenesis follows shortly after cortical axon innervation. The development of SPN excitatory inputs progresses gradually up to P10 and undergoes a period of rapid maturation from P10-P18; during this period, elevated cortical activity is sufficient to increase corticostriatal connectivity, as in the case of Shank3 mutants (Peixoto et al., 2016). Despite the importance of glutamatergic input, however, DA connectivity on SPN is established earlier than the latter during development; dopamine transporter promoter is active in dopaminergic axons in the neonatal striatum on postnatal day 1 (P1) and by P10 the axons of midbrain dopaminergic neurons densely innervate the striatum and express TH, a critical enzyme for dopamine synthesis [START_REF] Kozorovitskiy | Neuromodulation of excitatory synaptogenesis in striatal development[END_REF]. This led to the idea that DA input could also play a role in SPN synaptogenesis. Consistently, in vitro studies have shown that DA modulates the number of spines in cultured SPN (Fasano et al., 2013). More recently [START_REF] Kozorovitskiy | Neuromodulation of excitatory synaptogenesis in striatal development[END_REF] have shown in vivo that activation of PKA signaling via Drd1 on dSPN and A2Ar on iSPN facilitates spine formation and proposed that DA neuromodulation acts in cooperation with glutamate to promote SPN synaptogenesis.

Aside from these recent findings, the presence of molecular mechanisms that might differently control synapse formation in dSPN and iSPN remain poorly investigated. One exception is the study of Sema3E-PlexinD1 signaling in dSPN synaptogenesis. Indeed, PlexinD1 expression is restricted to dSPN and its subtype-specific deletion leads to an increase in the number of glutamatergic thalamic synapses targeting the soma of the cell [START_REF] Ding | Semaphorin 3E-Plexin-D1 signaling controls pathway-specific synapse formation in the striatum[END_REF].

Because SPN are main actors in recursive loops, their own output activity has an influence on synaptogenesis. A remarkable finding is that sustained activation of dSPN promotes synaptogenesis on both SPN subtypes, while on the contrary activation of iSPN reduces synapse formation on both direct and indirect SPN [START_REF] Kozorovitskiy | Recurrent network activity drives striatal synaptogenesis[END_REF]. This finding indicates that balance of direct and indirect activity is controlled via recurrent and multi-synaptic feedback circuits within cortico-basal ganglia loops. has been the most studied family-member for a key role in the differentiation of B cells, that will be further described below [START_REF] Boller | The regulatory network of B-cell differentiation: a focused view of early B-cell factor 1 function[END_REF]Boller et al., 2016;Guilhamon et al., 2013;Gyory et al., 2012;[START_REF] Zhang | Enforced expression of EBF in hematopoietic stem cells restricts lymphopoiesis to the B cell lineage[END_REF]. Ebf1, Ebf2 and Ebf3 have also been involved in the osteoblast and adipocyte specification and differentiation (Griffin et al., 2013;Hesslein et al., 2009;[START_REF] Chiu | Foxp2 regulates neuronal differentiation and neuronal subtype specification[END_REF]. In addition, a number of evidence converge onto a role of these factors in tumor suppression [START_REF] Heckl | Lentiviral vector induced insertional haploinsufficiency of Ebf1 causes murine leukemia[END_REF][START_REF] Heltemes-Harris | Ebf1 or Pax5 haploinsufficiency synergizes with STAT5 activation to initiate acute lymphoblastic leukemia[END_REF][START_REF] Liao | Emerging roles of the EBF family of transcription factors in tumor suppression[END_REF][START_REF] Tao | Early B-cell factor 3 (EBF3) is a novel tumor suppressor gene with promoter hypermethylation in pediatric acute myeloid leukemia[END_REF].

In the nervous system, Ebf1, Ebf2 and Ebf3 are expressed in partially overlapping patterns in the spinal cord, in the olfactory bulb and the retina, while in the brain they are expressed in different domains (Garel et al., 1997). Their expression patterns are suggestive of a role in neuronal differentiation, which is supported by gain and loss of function in chicken embryos (Garcia-Dominguez, 2003). More specifically, Ebf2 and Ebf3 share roles in the development of olfactory receptor neurons [START_REF] Wang | Genetic disruptions of O/E2 and O/E3 genes reveal involvement in olfactory receptor neuron projection[END_REF], in the migration of Cajal-Retzius cells [START_REF] Chiara | Early B-cell factors 2 and 3 (EBF2/3) regulate early migration of Cajal-Retzius cells from the cortical hem[END_REF] and the development of midbrain DA neurons [START_REF] Yang | Ebf2 is required for development of dopamine neurons in the midbrain periaqueductal gray matter of mouse[END_REF]Baek et al., 2014). Ebf2 also controls subtype specification of cerebellar Purkinje cells [START_REF] Chiara | Early B-cell factors 2 and 3 (EBF2/3) regulate early migration of Cajal-Retzius cells from the cortical hem[END_REF][START_REF] Chung | Purkinje cell subtype specification in the cerebellar cortex: early B-cell factor 2 acts to repress the zebrin II-positive Purkinje cell phenotype[END_REF][START_REF] Croci | A key role for the HLH transcription factor EBF2COE2,O/E-3 in Purkinje neuron migration and cerebellar cortical topography[END_REF]. Ebf4, the fourth member of the family, has been identified more recently thanks to a homology screening method and its role has been less

well characterized [START_REF] Wang | Cloning of a novel Olf-1/EBF-like gene, O/E-4, by degenerate oligo-based direct selection[END_REF]. Last but not least, Ebf1 has been involved in the migration of facial motor neurons [START_REF] Garel | Control of the migratory pathway of facial branchiomotor neurones[END_REF] as well as in the differentiation and the survival of striatal neurons (Garel et al., 1999;Lobo et al., 2006Lobo et al., , 2008)), a function that will be further described below.

Roles of COE genes in the specification and differentiation of different cell lineages

Taken together, the observations made on COE genes in rodents indicate a common role for COE family members as critical determinants of cell lineage specification and/or differentiation in a variety of cell types, including neurons. Crucially, a similar role has been described for COE genes in different species. Analysis of COE genes across different species reported that all metazoans present a single copy per genome, except for vertebrates. It further showed a remarkable degree of conservation of the COE genomic structure throughout evolution, with the exception of one exon duplication in the vertebrate lineage [START_REF] Daburon | The metazoan history of the COE transcription factors. Selection of a variant HLH motif by mandatory inclusion of a duplicated exon in vertebrates[END_REF][START_REF] Jackson | Developmental expression of COE across the Metazoa supports a conserved role in neuronal cell-type specification and mesodermal development[END_REF].

In Drosophila, col is the single COE gene. It promotes specification of muscle and neuron identity (de Taffin et al., 2015); in particular, it is transiently expressed in a subset of sensory neurons (class IV neurons) that possess a highly branched dendritic tree. It has been shown

that formation of their dendrites depends on the cell-autonomous expression of col [START_REF] Crozatier | Control of multidendritic neuron differentiation in Drosophila: The role of Collier[END_REF][START_REF] Hattori | Sensory-neuron subtype-specific transcriptional programs controlling dendrite morphogenesis: genome-wide analysis of Abrupt and Knot/Collier[END_REF]. In Caenorhabditis elegans, COE family member UNC-3 is expressed in chemosensory cholinergic neurons (ASI neurons). UNC-3 is important to repress motor neuron programs [START_REF] Prasad | unc-3-dependent repression of specific motor neuron fates in Caenorhabditis elegans[END_REF] as well as to control neuritic growth and cell lineage-specific apoptosis [START_REF] Wang | The C. elegans COE transcription factor UNC-3 activates lineage-specific apoptosis and affects neurite growth in the RID lineage[END_REF]. Furthermore, its expression is sufficient to induce cholinergic fate in other neuron types (Kratsios et al., 2011). These examples support the idea that the role of COE genes in the differentiation of neuronal subtypes is evolutionary ancient. In fact, a COE family gene, Pdu-COE, has been identified in post-mitotic neural cells of Platynereis dumerilii, a protostome, suggesting that COE family role in neuronal development was probably already established in the last common ancestor of all bilaterians (Demilly et al., 2011).

Function of Ebf1 in B-cell specification

Despite the involvement of other members of the COE family in the development of several different cell types, Ebf1 is the one that received the most attention especially for its role in the hematopoietic system. Indeed, it is the only COE factor expressed within this lineage and a large amount of evidence demonstrates that it is crucial for different steps of B cell development. In particular, Ebf1 controls aspects of B-cell proliferation, survival and specification (Gyory et al., 2012); moreover, it is sufficient to drive B-cell fate at the expense of other hematopoietic fates [START_REF] Zhang | Enforced expression of EBF in hematopoietic stem cells restricts lymphopoiesis to the B cell lineage[END_REF]. A large effort has been put to understand the functioning of Ebf1 at the molecular scale; we now know that this gene can act both by activating and repressing gene expression, as well as by inducing epigenetic changes.

Indeed, chromatin immunoprecipitation analysis combined with deep sequencing (ChIP-seq) in pro-B cells established that Ebf1 binds to approximately 3000 genes, even though gain-and loss-of function experiments showed that it actually regulates only a fraction of them. Moreover, binding of Ebf1 to chromatin is associated with histone modification and in particular with di-methilation of histone 3 at lysine 4 (H3K4me2). Consistently, Ebf1 has been shown to functionally interact with Tet methylcytosine dioxygenase 2 (Tet2), which suggest a potential mechanism for Ebf1-mediated epigenetic control (Guilhamon et al., 2013). Recently, (Boller et al., 2016) showed that the Ebf1 CTD is required for the regulation of a specific gene set involved in B cell fate decision and differentiation. They suggest that the CTD allows Ebf1 to bind naive chromatin in the absence of other transcription factors, giving it the ability to act as a "pioneer factor" for the regulation of genes involved in the B versus T cell fate choice.

Conversely, genes associated with the establishment and maintenance of B cell function would not require binding via the CTB. Among the genes that interact directly with Ebf1 are those coding for zinc-finger proteins Zfp423 and Zfp521, which negatively regulate Ebf1-mediated transcription. Ebf1-Zfp521 interaction might be conserved in various cell types as it is also observed in adipocytes [START_REF] Boller | The regulatory network of B-cell differentiation: a focused view of early B-cell factor 1 function[END_REF].

An emerging role for Ebf1 in direct pathway neurons development

Ebf1 is the only member of the COE family expressed in the striatum (Garel et al., 1997). It

shows transient expression during striatal development, as it can be detected in the LGE SVZ and developing mantle area starting around embryonic day (E)11 and its expression persists in the striatum until birth. At this late stage, it is already restricted to the matrix compartment.

During the first two postnatal weeks, Ebf1 expression decreases until it is no longer detectable in the adult. The role of Ebf1 in striatal development has been investigated in vivo, using transgenic mice carrying a full Ebf1 deletion (Ebf1 -/-, Garel et al., 1999). This study found that Ebf1 is not required for formation of the LGE and cell proliferation, consistent with the restriction of gene expression to post-mitotic cells. Instead, Ebf1 deletion leads to augmented cell death at E18.5 and severe reduction in striatal size by P20; analysis of gene expression pattern revealed ectopic expression of SVZ markers cadherin-8 and Cellular retinoic acid-binding protein 1 (CRABP1) in the striatal mantle; this suggests a defective transition of SPN from the VZ/SVZ to the mantle area, suggesting a role for Ebf1 in the differentiation of SPN, leading to impaired survival in knockout animals.

More recently, Lobo et al. (2006Lobo et al. ( , 2008) ) have shown that Ebf1 expression is restricted to dSPN at postnatal stage; moreover, they indicated a specific role for this gene in differentiation and survival of matrix dSPN, using transgenic mouse lines carrying enhanced green fluorescent protein (EGFP) under the control of either the muscarinic receptor M4 promoter (M4-EGFP),

or Drd1 promoter (Drd1-EGFP). By backcrossing these GFP-expressing lines in Ebf1 -/- mutants, it was shown that the number of GFP+ neurons in the striatum is severely reduced at P14, while the number of iSPN, labeled by Drd2-EGFP transgene is not altered (Lobo et al., 2006), indicating selective loss of dSPN. Furthermore, these mutants showed defect in dSPN axon fasciculation, suggesting a defect in direct pathway formation (Lobo et al., 2006). Finally, they showed that dSPN in striosomes were largely preserved in Ebf1 -/-mice, leading to the hypothesis that Ebf1 controls differentiation and survival specifically in matrix dSPN (Lobo et al., 2008). These findings established Ebf1 as the first known gene to be involved in the development of a specific subtype of striatal projection neurons, making it a prime target of investigation for studies that aim at understanding the processes that drive differentiation of striatal neurons and striatal formation. However, the cellular roles played by Ebf1 in striatal development are still largely unknown.

Results

Results Presentation

The results of my thesis work are presented in the form of 2 articles, that will be submitted in the next few months to peer-reviewed journals for publication.

In 

Introduction

The striatum is a large nucleus that controls major behavioural functions of everyday life as well as addiction to drugs of abuse (Volkow and Morales, 2015). It comprises a ventral region (vSTR), the nucleus accumbens, and a dorsal region (dSTR), which has been more specifically involved in motor control and habit formation [START_REF] Burton | From ventral-medial to dorsal-lateral striatum: Neural correlates of reward-guided decision-making[END_REF]. Consistently, loss or damage of dSTR neurons is associated with a spectrum of pathologies that include Parkinson's disease, Huntington's disease and obsessivecompulsive disorder. The dSTR processes inputs from several structures, including the neocortex, the thalamus and the midbrain dopaminergic nuclei of the substantia nigra (SN), and triggers the activation of the direct and indirect pathways. At the cellular level, this function is performed by medium-sized spiny GABAergic projection neurons (SPN) which account for 95% of the striatal neurons (Gangarossa et al., 2013a;Gerfen, 1992;Matamales et al., 2009). Direct pathway SPN (dSPN) project to the substantia nigra (SN) and express dopamine receptor D1 and neuropeptide Substance P; their activation promotes action selection and positive reinforcement. Indirect pathway SPN (iSPN) send axons to the globus pallidus (GP) and express D2 dopamine receptor and opioid peptide Enkephalin (Gerfen, 1992); they are important to suppress unwanted motor sequences [START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF][START_REF] Kravitz | Distinct roles for direct and indirect pathway striatal neurons in reinforcement[END_REF]. dSPN and iSPN are completely intermixed in the striatum and the balanced activity of the two pathways is essential for striatal functioning (Gangarossa et al., 2013;Cui et al., 2013). Consistently, dysregulation in the direct and indirect pathways constitutes a common feature of several disorders (Deng et al., 2014;[START_REF] Gardoni | Modulation of the glutamatergic transmission by Dopamine: a focus on Parkinson, Huntington and Addiction diseases[END_REF][START_REF] Kravitz | Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry[END_REF][START_REF] Parker | Pathway-Specific Remodeling of Thalamostriatal Synapses in Parkinsonian Mice[END_REF]Yamada et al., 2016).

Another level of striatal organization is observed both anatomically and functionally. Striosomes form an immunohistologically distinct compartment inside the matrix, which differ by the expression of several receptors, their inputs and outputs (Burguière et al., 2015;Friedman et al., 2015;[START_REF] Gerfen | The neostriatal mosaic: III. Biochemical and developmental dissociation of patch-matrix mesostriatal systems[END_REF]Graybiel and Grafton, 2015). Furthermore, cortical input to the dSTR has been recently shown to harbour a remarkably precise topographic organization, thereby associating distinct striatal domains to specific body representations or functions (Hintiryan et al., 2016).

In such precise three-dimensional organization, the intermingling of dSPN and iSPN is essential to ensure the simultaneous and balanced activation of the direct and indirect pathways.

While studies specifically targeting dSPN and iSPN show their major physiological and pathological roles, how these two subtypes are specified and assembled remains largely unknown. SPN are generated in the lateral ganglionic eminence (LGE) and migrate radially to form the striatum [START_REF] Hamasaki | Neuronal cell migration for the developmental formation of the mammalian striatum[END_REF][START_REF] Newman | Dynamic Ordering of Early Generated Striatal Cells Destined to Form the Striosomal Compartment of the Striatum[END_REF]Song and Harlan, 1994;Wichterle et al., 2001). Early-born SPN form the striosomes, late-born SPN form the surrounding matrix compartment (Fishell and van der Kooy, 1987Kooy, , 1987;;Krushel et al., 1995); both dSPN and iSPN are present in the two compartments. Specific transcription factors, including Islet1 (Isl1) and Ebf1

have been shown to be expressed in dSPN [START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF][START_REF] Lu | Dual role for Islet-1 in promoting striatonigral and repressing striatopallidal genetic programs to specify striatonigral cell identity[END_REF]Lobo et al., 2006). Conditional inactivation of Isl1 impairs the differentiation of early-born dSPN [START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF][START_REF] Lu | Dual role for Islet-1 in promoting striatonigral and repressing striatopallidal genetic programs to specify striatonigral cell identity[END_REF] and the full inactivation of Ebf1 leads to a defective development of late-born dSPN, disorganized projections to the SN and altered survival of matrix dSPN at postnatal stages (Garel et al., 1999;Lobo et al., 2006Lobo et al., , 2008)). However, the precise cell-autonomous role of Ebf1 in the formation of the striatal circuits remains to be investigated.

Here we provide evidence that Ebf1 expression in dSPN not only controls direct pathway formation and its integration in circuits, it is also required to achieve the proper intermixing of dSPN with iSPN in the striatal matrix. Indeed, by using an embryonic fingerprint of dSPN and iSPN, we found that the two subtypes are initially segregated and undertake several days to intersperse. Taking advantage of a unique combination of genetic tools, including embryonic in vivo fate map and Ebf1 conditional knockout models, we show that Ebf1 deletion in dSPN perturbs specific aspects of direct neurons differentiation, leading to a defective axogenesis, synaptogenesis as well as intermixing with iSPN. In adult Ebf1-deficient mice, while iSPN were spared, dSPN, showed defects in morphology and electrophysiological properties, and behavioural experiments confirmed a specific impairment of the direct pathway. Taken together, our findings establish Ebf1 as a master regulator of dSPN connectivity and demonstrate that dSPN and iSPN interdependent intermix is required to assemble the striatal mosaic.

Results

Defining a molecular fingerprint of embryonic dorsal dSPN

To investigate how dSPN and iSPN are specified, positioned and assembled in the dorsal striatum, we searched for specific markers of these two neuronal populations during embryonic development. To this aim, we took advantage of the BAC transgenic mouse line Drd2-EGFP [START_REF] Gong | A gene expression atlas of the central nervous system based on bacterial artificial chromosomes[END_REF], which has been widely used to label iSPN in adults and is expressed as early as E13.5 [START_REF] Morello | Frizzled3 Controls Axonal Polarity and Intermediate Target Entry during Striatal Pathway Development[END_REF]. In addition, we used Islet1 Cre transgenic mice, which drives recombination in dSPN as well as in cholinergic interneurons and is expressed at early stages [START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF][START_REF] Lu | Dual role for Islet-1 in promoting striatonigral and repressing striatopallidal genetic programs to specify striatonigral cell identity[END_REF].

We first confirmed that these two distinct transgenic lines label iSPN and dSPN, at postnatal day (P), when the two populations can be unambiguously defined (Biezonski et al., 2015;Thibault et al., 2013). Using co-immunostaining with the SPN specific transcription factor Ctip2 (Arlotta et al., 2008) in Islet1 Cre ;R26 mt/+ ;Drd2-EGFP mice, we found that tomato-positive (tom + ) cells constituted approximately half of all SPN in both the dorsal and ventral striatum and were largely unlabelled by Drd2-EGFP (Figures 1A-E). We furthermore confirmed that Islet1 Cre fate maps dSPN in both striosomes and matrix (Figure 1E), by comparing with birthdating, expression of DARPP32, which isstriosome-specific at P5, as well as additional early compartment markers that we identified (Figure 1S). Having established Islet1 Cre ; R26 mt/+ as a reliable lineage marker, we used this line to search for other early dSPN-specific genes. We found that high expression of transcription factor forkhead box P2 (FoxP2 high ) and expression of Ebf1 was detected in almost all tom + dSPN of the dSTR at both E13.5 and E17.5

(Figures 1F-G), while it was virtually absent from Drd2-EGFP + iSPN (Figures 1H-I).

Since Ebf1 expression was not observed in the vSTR (data not shown), we defined that dSPN in the dSTR expressed a specific combination of transcription factors Islet1, FoxP2 high and Ebf1. Taken together, our findings indicate that dSPN and iSPN have a distinct molecular identity from the earliest steps of striatogenesis.

dSPN and iSPN intermix progressively in the dorsal striatum dSPN and iSPN are randomly intermixed in the adult and postnatal dorsal striatum (Figures 1A-D; (Gangarossa et al., 2013a)). To understand how this organization is achieved, we examined the distribution of the two populations during development through an in vivo timecourse (Figures 2A-D). We unexpectedly found that at early stage of striatal development the two subtypes are rather segregated that intermixed; indeed, at E13.5 FoxP2 high dSPN are located both laterally and medially in the striatal primordium, while Drd2-EGFP + iSPN are located almost exclusively in the lateral part of the striatum (Figure 2A). A significant difference in the lateromedial distribution of dSPN and iSPN persists up to E15.5 (Figures 2B-C), whereas at E17.5 the two subtypes appear largely intermixed (Figure 2D). Importantly, at this stage striatal compartments start to be defined: earliest-born SPN are already located within SubstanceP high presumptive striosomes (Figures S1 andS2A), while the rest of SPN are scattered across the striatum in a loose gradient (Figures S2B-D) reflecting their time of birth. These data demonstrate that dSPN and iSPN intermixing is a gradual process that spans several days and parallels formation of strisosomes and matrix compartments. Moreover, the initial uneven distribution suggests that early iSPN and dSPN might originate from different parts of the ventral LGE (vLGE). To explore this hypothesis, we took explants from dorsal (dVLGE) and ventral (vVLGE) parts of the

LGE VZ and SVZ of E14.5 Drd2-EGFP embryos and cultured them for 2 days.

Although we found no significant difference on average, a subset of dVLGE explants generated a high ratio of GFP + ; Ctip2 + cells, supporting regional differences in the generation of early SPN subtypes (Figure S2E). Taken together, our results show a preferential localisation of iSPN in the lateral striatum at early stages, which progressively becomes intermixed with dSPN.

Ebf1 conditional deletion affects specific aspects of dSPN differentiation

To further decipher how SPN are specified and assemble, we focused on the transcription factor Ebf1. Due to its early expression in dSPN lineage and its putative role in differentiation and survival of these neurons (Figure 3A; Garel et al., 1999;Lobo et al., 2006Lobo et al., , 2008)), we hypothesized that Ebf1 might control dSPN differentiation and the formation of striatal mosaic. We thus generated two different conditional Ebf1 mutants (cKO), using the previously described Islet1 Cre (Figure 3B) and the Dlx5/6::Cre, which drives recombination in the entire basal ganglia (Ruest et al., 2003; Figure 3C). Indeed, Islet Cre is not only expressed in dSPN, but also in motor neurons (Pattyn et al., 2000), therefore the comparison between the two cKOs was essential to exclude a potential influence of extra-striatal phenotypes. Following recombination with Islet1 Cre , Ebf1 was removed from the striatal mantle but maintained a transient early residual expression in the SVZ, while recombination with Dlx5/6::Cre was complete (Figures 3D-I). As previously reported for full Ebf1 -/-mice, striatal size was slightly reduced at perinatal stages following conditional Ebf1 deletions (Figures 3G-I).

However, all the generic SPN markers we examined, including Ctip2 (Figures 3J-L), FoxP1 (not shown), and DARPP-32 (Figures 5A-F), revealing that the striatum was still formed by GABAergic neurons with a SPN-like identity. To gain insights in the molecular programs controlled by Ebf1, we performed RNA-sequencing (RNA-seq) in striatal tissue of control, Islet1 Cre ;Ebf1 fl/-and Dlx5/6::Cre; Ebf1 fl/-embryos at E17.5

(Figure 4A). Importantly, most of the genes were commonly deregulated in the two cKOs (Figures 4B,C), or specific of Dlx5/6::Cre; Ebf1 fl/-mice, in agreement with our observation that the Dlx5/6::Cre driver acts at earlier stages (Figures 3D-F). Such large overlap between the two cKOs indicated that inactivation of Ebf1 in dSPN or all SPN lead to very similar phenotypes. By analysing the genes preserved and the ones commonly deregulated in the two cKOs, we found that neither genes associated with global SPN identity nor genes associated with iSPN identity were significantly altered in both mutants (Figure 4F). By contrast, the expression of genes associated with dSPN identity were either preserved (Drd1, Foxp2) or massively deregulated in both Ebf1 cKOs (Figure 4E). Deregulated genes included transcriptional regulators such as 

Distribution and intermix of dSPN and iSPN rely on Ebf1 expression

Since FoxP2 transcriptional levels were not altered in Ebf1 cKOs, we used FoxP2 immunolabeling to analyse the distribution of dSPN at E17.5. In both Islet1 Cre ;Ebf1 fl/- (Figure 4B) and Dlx5/6::Cre; Ebf1 fl/-(Figure 4C) mice, the distribution of dSPN coexpressing Ctip2 and FoxP2 high was significantly different compared to controls. In particular, less double-positive dSPN were located in the dorsal most part of the dSTR (Figures 4A'-C', quantification in 4I), while their density was higher in the ventral part (Figures 4A''-C'', quantification in 4I). Similarly, less tomato + ;Ctip2 + dSPN were located in the dorsal most part of the Islet1 Cre ;Ebf1 fl/-;R26 mt/+ striatum compared to controls (Figures S4A-B; inset in S4A'-B'). These findings indicated that, while the overall proportion of dSPN seemed preserved, their striatal distribution was affected by Ebf1 deletion. Since dSPN and iSPN are intermingled at this stage (Figure 2D), we hypothesized that such change could reflect an alteration in the intermixing process.

To test this possibility, we labelled iSPN by generating Islet1 Cre ;Ebf1 fl/-;Drd2-EGFP and Dlx5/6::Cre;Ebf1 fl/-;Drd2-EGFP mutants (Figures 4E-H). We found that the distribution of iSPN was oppositely affected in Ebf1 cKOs, with more GFP + ;Ctip2 + iSPN located in the dorsal part of the striatum, while many less are found in the ventral part (Figures 4E-G'', quantification in 4H). Moreover, instead of being homogeneously distributed, iSPN were unequally distributed in areas of high or very low density in the lateral part of the dSTR (Figures 4E''-G''). This finding demonstrates that the intermixing of dSPN and iSPN in the dSTR relies on Ebf1 expression in dSPN.

To further determine whether this intermixing is perturbed in all the striatal compartments, we used DARPP-32 immunostaining, which specifically labels striosomes at this stage (Figure 5A). While striosomes contained intermixed dSPN and iSPN, the matrix in both cKOs was composed of islands that either comprised dSPN or iSPN (Figures 5B-C'). This intermix defect was still observed to the matrix at postnatal stages and in adults, when striatal compartments are well defined (Figures 5D-L', S5 and data not shown). Indeed, while DARPP-32 high striosomes looked similar in both control and cKOs (Figures 5D-F), Enkephalin high matrix containing iSPN was segregated from cellular islands containing late-born SubstanceP high dSPN (Figures 5D-L'). Consistently, in Islet1 Cre ; Ebf1 fl/-R26 mt/+ matrix, tomato + dSPN accumulated in Enkephalin-negative areas (Figure S5A-B). Taken together, these findings demonstrate that Ebf1 expression in dSPN controls the proper mixing of dSPN and iSPN in the matrix compartment.

Ebf1 controls direct pathway formation and its integration in circuits

Our transcriptomic analysis revealed that Ebf1, in addition to its role in cellular mixing, controls the prenatal expression of major regulators of axon development and synaptogenesis (Figures 4 andS4). To investigate the role of Ebf1 in direct pathway formation, we examined striatonigral projections in Islet1 Cre ; Ebf1 fl/-R26 mt/+ mutants at prenatal and postnatal stages (Figures 7A-H). In controls, dSPN axons pass through the globus pallidus (GP, Figures 7A,E), where subset form collaterals (Cazorla et al., 2011), and join the cerebral peduncle (CP) to reach the SN (Figures 7C,G). In mutants, tom+ projections were decreased in the GP and drastically reduced in the CP (Figures 7B,D,F,H), indicating that the formation of the direct pathway is impaired by Ebf1 deletion from the beginning. In contrast, the indirect pathway did not show major impairments, as measured by the density of Enkephalin + signal in the GP (Figure S7).

Thus, while Ebf1 inactivation did not affect generic differentiation into SPN, it specifically perturbed the capacity of dSPN to intermix and form the direct pathway.

Since synaptogenesis onto SPN has been shown to rely on recurrent activity in cortico-basal ganglia-midbrain loops mediated by the direct pathway [START_REF] Kozorovitskiy | Recurrent network activity drives striatal synaptogenesis[END_REF], we wondered what might be in impact of Ebf1 deletion and direct pathway impairment. In controls, cortical and thalamic terminals, labelled by vGlut1 and vGlut2

immunostaining respectively, contact both dSPN and iSPN at P5 (Figure S8). In both Ebf1 cKO mutants, input to dSPN and iSPN in the matrix compartment was significantly altered; the density of cortical input was significantly lower in Enk low areas containing dSPN and higher in Enk high areas, containing iSPN (Figures 7J-L). Similarly, Enk low areas received less input than Enk high areas from the thalamus (Figure 7M-O) and from dopaminergic nuclei of the midbrain, measured by tyrosine hydroxylase (TH) signal density (Figures 7P-R). These findings reveal that innervation of dSPN in the matrix compartment is severely impaired in Ebf1 cKOs, whereas synaptogenesis onto iSPN is largely preserved. Thus the integration of the direct and indirect pathways in the cortico-basal-ganglia-thalamic loops is regulated independently in the two subtypes.

To further decipher whether this independence in the formation of the direct and indirect pathways is still observed in the adult, we performed behavioural testing, morphology analysis and electrophysiological recordings. First, we examined general motor responses of both cKOs, which did not present any major impairments, apart from a tendency toward hyperactivity that is statistically significant in Dlx5/6::Cre;

Ebf1 fl/-but not in Islet1 Cre ; Ebf1 fl/-mutants (Figure S9 and data not shown). To specifically test for functional defects in the direct pathway, we elicited its activation by challenging mutants with injection of the D1 receptor agonist SKF82958 (Figure 8A).

Unlike controls, Ebf1 cKOs did not show any significant increase in locomotion, indicating a defective functioning of the direct pathway (Figure 8A). Remarkably, challenging of the indirect pathway through D2 receptor agonist quinpirole (Figure 8B) caused a strong and similar response in both control and cKOs. Taken together, these findings indicate that activity of the direct pathway is specifically affected in adult Ebf1 cKOs. Finally, we examined the morphology and electrophysiological properties of SPN by performing Golgi staining, whole-cell recordings and biocytin fillings (Figure 8 and S10). Golgi staining revealed that all SPN in the adult dSTR harboured dendritic spines (Figure S10), although approximately half of the neurons showed a stunted dendritic morphology (Figure S10). Consistently with behavioural data, the electrophysiological signatures of tom+ dSPN of the dSTR was selectively impaired in Islet1 Cre/+ ;Ebf1 fl/-mutants, while iSPN of the striatum and dSPN of the nucleus accumbens did not show significant differences (Figure 8). Similarly, dSPN and GFP+ iSPN, showed a respectively impaired and normal electrophysiological signature in Dlx5/6::Cre;Ebf1 fl/-;Drd2-EGFP mutants (Figure 8 and data not shown). Importantly, biocytin-filling of the recorded neurons confirmed that dSPN and iSPN both exhibited spines, but dSPN showed a stunted dendritic morphology (Figure 8 and data not shown). Taken together, our data shows that functioning of the direct pathway is selectively impaired in adult Ebf1 cKOs, while the indirect pathway is spared. These findings indicate that, in spite of their overlapping organization in the dSTR, differentiation and development of the two pathways at postnatal stage is largely independent.

Discussion

Collectively, our work establishes that Ebf1 expression in dSPN controls major and key features of direct pathway development as well as the intermixing of dSPN and iSPN.

Because striatal functioning relies on the simultaneous activation of direct and indirect pathways in a topographically organized structure (Cazorla et al., 2015;Cui et al., 2013;Hintiryan et al., 2016;Jin and Costa, 2015;[START_REF] Kozorovitskiy | Recurrent network activity drives striatal synaptogenesis[END_REF][START_REF] Kozorovitskiy | Neuromodulation of excitatory synaptogenesis in striatal development[END_REF], understanding how the two neuronal subtypes are specified and assembled is essential. Our work reveals that that while dSPN and iSPN intermixing relies on a developmental crosstalk, their differentiation is largely independent.

However, while it is established that dSPN and iSPN both derive from the proliferative epithelium of the vLGE, it has remained a challenge to produce fully differentiated dSPN and iSPN in vitro, either via induced pluripotent stem cells (Arber et al., 2015;[START_REF] Chisholm | The association between autism and schizophrenia spectrum disorders: A review of eight alternate models of co-occurrence[END_REF] or cortico-striatal co-cultures (Arama et al., 2015;Penrod et al., 2011[START_REF] Penrod | The presence of cortical neurons in striatal-cortical co-cultures alters the effects of dopamine and BDNF on medium spiny neuron dendritic development[END_REF]. These observations have raised questions regarding the mechanisms controlling differentiation of the SPN. Our results confirm that dSPN and iSPN possess distinct molecular and genetic fingerprints from early embryonic stages, reinforcing the idea that the two cell types are specified as soon as they enter the mantle area. Furthermore, the early distribution of dSPN and iSPN raises the possibility that they might be generated preferentially form distinct domains of the vLGE. While further clonal analyses will be required to address this issue, our work shows dSPN and iSPN are specified in the embryo.

Ebf1 is a member of the COE family of transcription factors, plays a major role in the specification of B cells and presents a highly conserved role in the differentiation of neuronal subtypes [START_REF] Boller | The regulatory network of B-cell differentiation: a focused view of early B-cell factor 1 function[END_REF]Demilly et al., 2011;Dubois and Vincent, 2001;Garcia-Dominguez, 2003;Garel et al., 1997;Gyory et al., 2012;Kratsios et al., 2011;de Taffin et al., 2015;[START_REF] Tursun | Direct conversion of C. elegans germ cells into specific neuron types[END_REF]. Ebf1 acts as a direct regulator of downstream target genes [START_REF] Boller | The regulatory network of B-cell differentiation: a focused view of early B-cell factor 1 function[END_REF]Gyory et al., 2012;Kratsios et al., 2011;[START_REF] Tursun | Direct conversion of C. elegans germ cells into specific neuron types[END_REF] as well as a chromatin remodeller to poise or regulate the accessibility of enhancers (Boller et al., 2016;Guilhamon et al., 2013). Ebf1 is expressed in the developing dorsal striatum (Garel et al., 1999) and analyses of Ebf1 full knockout mice showed normal proliferation in the LGE but defective survival of matrix dSPN and disorganized projections to the SN (Lobo et al., 2006(Lobo et al., , 2008)). By combining the analysis of two distinct cKOs, we reveal that Ebf1 plays key roles in dSPN differentiation. First, and importantly, we found that Ebf1 is not required for the choice between dSPN and iSPN or for core aspect of differentiation into GABAergic striatal neuron. Indeed, Ebf1 inactivation leads to the abnormal differentiation of dSPNlike neurons that are still GABAergic, express DARPP32, Ctip2 and Foxp1 as well as Drd1. This finding contrasts with the known functions of Ebf1 in either the B cell lineage or in the differentiation of cholinergic neurons in nematodes (Kratsios et al., 2011;[START_REF] Tursun | Direct conversion of C. elegans germ cells into specific neuron types[END_REF]. Second, Ebf1 inactivation perturbs the expression of genes involved in cell adhesion, axon development and synaptogenesis, revealing a specific role in conferring these characteristics to dSPN. Such transcriptional defects are associated with three distinct phenotypes that could all derive from an initial transcriptional dysregulation: i) impaired axonal projection to the SN; ii) altered synaptic development of incoming inputs; iii) abnormal intermixing with iSPN.

Consistently, changes in gene expression might directly account for the synaptogenesis deficits observed, as illustrated by the down-regulation of PlexinD1 which has been shown to control thalamic innervation [START_REF] Ding | Semaphorin 3E-Plexin-D1 signaling controls pathway-specific synapse formation in the striatum[END_REF]. Third, we found that Ebf1 is only expressed in dorsal striatum dSPN and specifically perturbs these neurons in the matrix compartment. This reveals an important parcellization of direct SPN neurons, which differ in the dorsal and ventral striatum as well as in the striosome versus the matrix. Since dSPN and iSPN are differently affected in pathologies such as Huntington's disease (Cepeda et al., 2013;Deng et al., 2014;Galvan et al., 2012;Schroll et al., 2015) and Parkinson's disease (Cazorla et al., 2015;Singh et al., 2015;Thiele et al., 2014;Wei et al., 2015), it will be essential for tissuerepair engineering to dissect out the pathway controlling the formation of distinct neuronal in specific regions. Finally, and quite unexpectedly, we found that abnormal dSPN in cKOs were still present in the adult, in spite of their lack of inward and outward connectivity. This observation suggests that miswired neurons are not systematically directly eliminated and supports a role for Ebf1 in establishing specific traits of dSPN neurons.

Our study further revealed that Ebf1 expression is required to produce a proper intermix of dSPN and iSPN in the striatal matrix. Remarkably, in both Ebf1 cKO, we found that the progressive interspersing of dSPN and iSPN was drastically affected in the matrix compartment, whereas the formation of the striosomes, which occurs at a close timepoint, is largely preserved. These results reveal that the building of the striatal mosaic relies on several cellular movements and reorganizations, thereby enabling the emergence of compartments and intermingling of direct and indirect pathways. While the overall organization of the striatum is severely affected in Ebf1 cKOs, we found that the formation of iSPN and their connections is preserved at the anatomical and functional levels. These findings highlight that differentiation programs of iSPN and dSPN are largely independent, and the physical intermixing of the two neuronal subtypes constitutes an active process. While this process remains largely to be characterized, our transcriptomic analyses suggests that dSPN cellular properties are important for either enabling the distribution of dSPN or forming an appropriate substrate for iSPN. Consistently with the latter possibility, we found that iSPN abnormally stalled near the dorsal SVZ in cKOs, thereby indicating a slower progression into the striatal mantle.

Taken together, we showed that transcription factor Ebf1 controls different aspects of dSPN differentiation, thus providing insights on the mechanisms that control dSPN integration in basal ganglia circuits. In addition, we found that Ebf1 expression in dSPN is necessary for intermixing of dSPN and iSPN in the matrix compartment, without affecting iSPN differentiation and function. Our study show that direct and indirect pathway neurons are specified by distinct programs and independently actively intermixed, thereby providing a new conceptual framework to understand the formation of the striatal mosaic.

Experimental procedures

Mouse lines

For fate mapping studies, Islet1 Cre/+ animals (Srinivas et al., 2001) were crossed with either R26 mt/mt or R26 mt/mt ;Drd2-EGFP mice [START_REF] Gong | A gene expression atlas of the central nervous system based on bacterial artificial chromosomes[END_REF]. To obtain Islet1 Cre/+ ;Ebf1 fl/-, Islet1 Cre/+; Ebf1 fl/-; R26 mt/+ and Islet1 Cre/+ :Ebf1 fl/-;Drd2-EGFP conditional mutants, we initially crossed Islet1 Cre/+ mice with Ebf1 +/-(Lin and Grosschedl, 1995) to generate Islet1 Cre/+ ;Ebf1 fl/-animals. These were in turn backcrossed with Ebf1 fl/fl (Gyory et al., 2012;[START_REF] Lokmane | Sensory Map Transfer to the Neocortex Relies on Pretarget Ordering of Thalamic Axons[END_REF], Ebf1 fl/fl ;R26 mt/mt or Ebf1 fl/f l;Drd2-EGFP mice, respectively. Similarly, Dlx5/6::Cre;Ebf1 fl/-and Dlx5/6::Cre;Ebf1 fl/-;Drd2-EGFP mice were obtained by crossing Dlx5/6::Cre (Zerucha et al., 2000) mice with Ebf1 +/-to generate Dlx5/6::Cre;Ebf +/-animals, that were in turn backcrossed with Ebf1 fl/fl or Ebf1 fl/f ;Drd2-EGFP mice. All transgenic lines were maintained C57/Bl6 background, with the exception of Islet1 Cre/+ and Drd2-EGFP lines that are kept in B6D2F1/J background. Heterozygous embryos did not show any phenotype and were used as controls. The day of vaginal plug was considered as embryonic day (E) 0.5 and day of birth as postnatal day (P)0. Animals were kept under French and EU regulations.

In situ hybridization and immunohistochemistry

For in situ hybridization, brains were fixed overnight in 4% paraformaldehyde in PBS (PFA) at 4°C. 100μm free-floating vibratome sections (Leica S1000) were hybridized as described [START_REF] Lokmane | Sensory Map Transfer to the Neocortex Relies on Pretarget Ordering of Thalamic Axons[END_REF]. For immunohistochemistry, postnatal mice were perfused with 4% PFA. Brains were dissected and post fixed overnight at 4°C.

Immunohistochemistry was performed on 60μm free-floating vibratome sections.

Slices were incubated 1h at room temperature (RT) in a blocking solution containing 0,25% Triton X-100 (Sigma), 0,02% Gelatin in PBS, and incubated in the same blocking solution with primary antibodies overnight at 4°C. Primary antibodies were used at the following concentrations: rat anti-CTIP2 1/500 (Abcam), mouse anti-DARPP-32 1/100 (Santa Cruz), rabbit anti-DARPP-32 1/1000 (Millipore), rabbit anti-DsRed 1/500 (Living colors), rabbit anti-Enkephalin 1/500 (Millipore), rabbit anti-Ebf1

1/250 (Abcam), rabbit anti-FoxP1 1/200 (Abcam), goat anti-FoxP2 1/200 (Santa Cruz), chicken anti-GFP 1/1000 (Aves), rabbit anti-Slc35d3 1/250 (Novusbio), rat anti-SubstanceP 1/400 (Millipore), rabbit anti-Tyrosine Hydroxylase 1/1000 (Abcam), guinea pig anti-vGlut1 1/10000 (Millipore), guinea pig anti-vGlut2 1/10000 (Millipore).

Sections were rinsed several times in PBS and incubated from 2h to overnight at 4°C

with the appropriate fluorescent secondary antibodies (1/400, Jackson

ImmunoResearch): A488-conjugated donkey anti-rabbit, anti-rat or anti-chicken, Cy3conjugated donkey anti-rat, anti-goat, anti-mouse, Cy5-conjugated donkey anti-rabbit or anti-rat, DyLight488-conjugated donkey anti-guinea pig. Hoechst (Sigma) was used for fluorescent nuclear counterstaining.

Birthdating

Pregnant dams were injected intraperitoneally at the appropriate gestation day with a solution containing 5-Ethynyl-2'-deoxyuridine (EdU, Thermo Fisher). 60-100 μm freefloating vibratome sections were processed following manufacturer instructions (Click-iT EdU Alexa Fluor 488 Imaging kit, Life Technologies) for 30 minutes at RT. Sections were rinsed three times in 3%BSA and then in PBS. Hoechst staining was performed for 30 min at RT before continuing with immunohistochemistry as described above.

Explants Culture

E14.5 Drd2-EGFP embryos were dissected in a solution containing L-15 Medium (SIGMA-Aldrich) and Glucose. Brains were included in 3,5% low-melting agarose (Promega) L-15 Glucose+ solution and cut in 200 μm-thick vibratome coronal slices.

Slices were collected in culture medium (Neurobasal/B27 supplemented with glutamine, 5% horse serum, and pen/strep, see López-Bendito et al., 2006) and incubated 1hr at 37°C 5% CO 2 . After incubation, dorsal and ventral regions of vLGE ventricular and subventricular areas were dissected, cut into explants using tungsten needles and placed on glass cover slips pre-treated with poly-D-lysine (SIGMA-Aldrich) and Laminin (SIGMA-Aldrich). Explants were incubated for 2 days at 37°C 5% CO 2 and subsequently fixed 30 minutes with 4% PFA. Immunofluorescence was performed as described.

Image acquisition, analysis and quantification

Images were acquired on a fluorescence binocular microscope (Leica MZ16 F), a fluorescent microscope (Leica DM5000 B) or a confocal microscope (Leica TCS SP5).

Golgi sections were acquired with a Zeiss video microscope with ApoTome function (Zeiss). Image analysis was performed with ImageJ and Adobe Photoshop software, unless otherwise stated.

For quantification of cell density, 2 μm thick striatal sections of around 6.700μm size were acquired using confocal microscope (Leica TCS SP5). Eventual ROI were defined manually, while counting was performed semi-automatically using ImageJ built-in functions. Synthetically, single channels were transformed in black and white 

RNA-sequencing

E17.5 Dlx5/6::Cre;Ebf1 fl/-and Islet1 Cre/+ ;Ebf1 fl/-, along with their littermate controls, were dissected in RNAse-free conditions and their brains were conserved in RNAlater stabilization reagent (Qiagen) solution. Following genotype identification via PCR, messenger RNA was obtained from n=3 brains from each condition using RNeasy mini kit (Qiagen). Library preparation and Illumina sequencing were performed at the Ecole Normale Supérieure Genomic Platform (Paris, France). Messenger (polyA+) RNAs were purified from 400ng of total RNA using oligo(dT). Libraries were prepared using the strand specific RNA-Seq library preparation TruSeq Stranded mRNA kit (Illumina).

Libraries were multiplexed by 9 on run Nextseq 500. A 75bp read sequencing was performed on a Nextseq 500 device (Illumina). A mean of 37,5 millions ±8,95 million passing Illumina quality filter reads was obtained for each of the 9 samples.

Slice preparation for electrophysiology

In vitro electrophysiological experiments were performed on coronal slices from the dorsal striatum of control animals (either Islet1 Cre/+ ;R26 mt/+ or Drd2-EGFP mice), Dlx5/6::Cre;Ebf1 fl/-;Drd2-EGFP and Islet1 Cre/+ ;Ebf1 fl/-;R26 mt/+ mice. Slices were prepared as follows: mice were anesthetized with isofluorane before decapitation. After isolation, the portion of the brain containing the striatum was placed in bicarbonatebuffered saline (BBS) at 2-5 °C for a few minutes. Slices (300 μm) were then cut using 

Behavior analyses

Baseline locomotor activity was measured using open field (diameter: 40cm). Each experiment was independent and at least two weeks of interval separated each test.

For each experiment, Dlx5/6::Cre;Ebf1 fl/-Islet1 Cre/+ ;Ebf1 fl/-, and their respective littermate controls were acclimated to the test room for 1 hr at experimental luminosity condition (27-35 lux). Following adaptation, baseline activity was measured for 10 minutes for each animal before subcutaneous injection with one of the following solutions: 0,9% NaCl (control injection); 2mg/Kgt D1 receptor agonist SKF82958 (Sigma); and 1mg/Kg D2 receptor agonis Quinpirole (Sigma). Drugs were administered in a volume of 10 ml/Kg of body weight. Following the injection, animals were left in their cage for 40 minutes and then put in the open field for 10 minutes, during which their activity was recorded. Post-hoc analysis of total distance moved was performed using Ethovision software (Noldus). Statistical significance for each test was measured using Student's T test. et al., 2011). In addition, Co cells not only control TCA internal navigation, they are also important for their topographic organization. Indeed, Co cells express gradients of guidance cues that organize TCAs along the rostro-caudal axis and allow them to target specific cortical areas (Bielle et al. 2011, Dupin et al. 2015). Therefore, Co cells play a essential and multiple roles during TCA axon pathfinding [START_REF] Lokmane | Map transfer from the thalamus to the neocortex: inputs from the barrel field[END_REF]López-Bendito et al., 2006) Despite their importance, however, we currently do not know whether this population is transient or whether it contributes to adult brain circuits. Evidence from other guidepost populations in the brain, such as "glial sling" neurons in the corpus callosum (Shu et al., 2003) and lateral olfactory tract guidepost cells (Alvarez de Frutos et al., in press), suggest that guidepost neurons can play roles in brain circuits that are independent from their guidepost function. Furthermore, an independent role for Co cells is supported by evolutionary developmental studies. Indeed, even though the internal capsule is only present in mammals, cells with a molecular identity similar to Co cells have been also identified in avian and reptile embryos (Bielle et al., 2011;Bupesh et al., 2011). These cells retain potential to attract thalamic axons in other species, as it has been demonstrated through ex vivo chimeric explants (Bielle et al., 2011a). However, due to a slightly different three-dimensional positioning in the subpallium, Co-like cells fail to guide avian TCAs toward an internal path, which instead follow an external trajectory toward the pallium (Bielle et al., 2011). This suggests that guidepost function is an acquired role for Co cells and that this population might retain a different, evolutionary conserved role. In addition to the striatum, the vLGE contributes subset of globus pallidus projection neurons via tangential migration [START_REF] Dodson | Distinct Developmental Origins Manifest in the Specialized Encoding of Movement by Adult Neurons of the External Globus Pallidus[END_REF][START_REF] Nóbrega-Pereira | Origin and molecular specification of globus pallidus neurons[END_REF]. Moreover, gene expression studies suggest contribution of vLGE derivatives to the central and extended amygdala, evolutionarily conserved superstructures located in the basal telencephalon that contain neurons of different developmental origin and are involved in fear and anxiety control (Bupesh et al., 2011;[START_REF] Waclaw | Developmental Origin of the Neuronal Subtypes That Comprise the Amygdalar Fear Circuit in the Mouse[END_REF].

Here, we provide evidence that Co projection neurons contribute to specific subdivisions of the bed nucleus of the stria terminalis (BNST), a key structure of the extended amygdala that mediates fear conditioning [START_REF] Hott | Bed nucleus of the stria terminalis NMDA receptors and nitric oxide modulate contextual fear conditioning in rats[END_REF]) and anxiety [START_REF] Geng | Neuregulin 1-ErbB4 signaling in the bed nucleus of the stria terminalis regulates anxiety-like behavior[END_REF]Morano et al., 2008;[START_REF] Ventura-Silva | Stress shifts the response of the bed nucleus of the stria terminalis to an anxiogenic mode[END_REF]. We show that Co neuron molecular fingerprint is similar to, but distinct from, striatal dSPN. We use this specific fingerprint to follow contribution of Co-like neurons in late embryonic and postnatal brain. Moreover, we show that the Co contains a subset of early-born Drd2-EGFP + neurons that migrate alongside Co cells and intermix with them in BNST nuclei.

Finally, we provide evidence that Co-like neurons and Drd2-EGFP neurons also participate to structures of the central amygdala, indicating that the vLGE contributes projection neurons to a continuum of different structures within the subpallium. Overall, our work shows that Co neurons are not transient actors in brain wiring and suggests that Co cells possess an evolutionary conserved role in fear and anxiety related network that is independent from their acquired guidepost function.

Results and discussion

Tangential streams of LGE/CGE-derived neurons within the MGE

The Co is well-defined at embryonic day (E) 13.5 as a region located in the MGE superficially to the globus pallidus that express LGE molecular markers (Bielle et al., 2011a;López-Bendito et al., 2006).

To unambiguously establish the origin of Co neurons, we took advantage of several fate-mapping models, including subtractive genetic approach (Figure 1). First, we assessed whether Co neurons derive from MGE progenitors, which express the transcription factor Nkx2.1 (Xu et al., 2008). We found that Nk2.1 Cre/+ ;R26 YFP/+ cells populate the MGE and GP at E13.5 (Figure 1A), but only few scattered YFP + cells are located in the region of the Co (Figure 1B). In addition, these YFP + few cells did not co-express the Co neuron marker Islet1, and likely correspond to MGE or ventrallyderived interneurons migrating dorsally (Brown et al., 2012;Marin et al., 2000;Marín and Rubenstein, 2001;Xu et al., 2008). In order to fate map LGE/CGE-derived neurons, we crossed Nk2.1 Cre/+ with Dlx1/2 fl-venus-fl mice [START_REF] Rubin | The germinal zones of the basal ganglia but not the septum generate GABAergic interneurons for the cortex[END_REF]). Since Dlx1/2 is expressed in precursors of the LGE, MGE and CGE (Eisenstat et al., 1999;[START_REF] Yun | Modulation of the notch signaling by Mash1 and Dlx1/2 regulates sequential specification and differentiation of progenitor cell types in the subcortical telencephalon[END_REF], Venus expression is restricted to LGE/CGE-derived cells in

Nk2.1 Cre/+ ; Dlx1/2 fl-venus-fl embryos (Figure 1C). Venus expression showed that the

LGE/CGE gives rise to Co neurons, in addition to populations in the striatum and central amygdala (Figures S1A,B). Taken together, our results indicate that Co neurons are generated in the LGE/CGE.

To define a more restrictive fate-mapping model, we examined Islet1 Cre/+ ; R26 YFP/+ mice, since Islet1 and Ebf1 are expressed in Co neurons (Figures 1D-D'', S1C and S1D;López-Bendito et al., 2006;[START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF][START_REF] Lu | Dual role for Islet-1 in promoting striatonigral and repressing striatopallidal genetic programs to specify striatonigral cell identity[END_REF]. We confirmed that YFP + cells are bona fide Nkx2.1-negative striatal and Co cells (Figures S1E-F').

Since Islet1 and Ebf1 in the striatum are specific to dSPN (Lobo et al., 2006(Lobo et al., , 2008;;[START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF][START_REF] Lu | Dual role for Islet-1 in promoting striatonigral and repressing striatopallidal genetic programs to specify striatonigral cell identity[END_REF], we examined whether the Co region contained indirect projection neurons (iPN), which co-express Ctip2 and Drd2-EGFP [START_REF] Gong | A gene expression atlas of the central nervous system based on bacterial artificial chromosomes[END_REF][START_REF] Morello | Frizzled3 Controls Axonal Polarity and Intermediate Target Entry during Striatal Pathway Development[END_REF]. In E13.5 Islet1 Cre/+ ; R26 mt/+ ;Drd2-EGFP embryos, we found YFP + (Figures 1E-E') cells in the superficial Co, which showed bipolar, tangentially oriented morphologies consistent with tangential migration (see insets).

This population increased at E14.5, when the Co changed shape, getting thinner proximally end and assuming a triangular shape at the ventral end (Figures 1F-F''). To LGE/CGE origin. Along similar lines, Drd2-EGFP + neurons superficial to Co cells were found to expressed Ctip2, similarly to iSPN (Figure 2 G-I). The fact that Co cells express Ctip2, a marker of projection neuron but not interneurons in the striatum (Arlotta et al., 2008), suggests that they might establish long-range axonal connections. To test this possibility, we injected fluorescently labelled cholera toxin (CTB) in the hypothalamic/thalamic region of E12.5 embryos (Figure 2L). We identified numerous retrolabelled cells in the Co that are positive for Islet1 + Ctip2 + and negative for Nkx2.1 (Figures 2K-L). Thus Co neurons have a molecular identity of projection neuron and extend their axons outside of the telencephalon, which might contribute to their guidepost activity on thalamic axons (Squarzoni et al., 2015). Finally, Co neurons

were not expressing Prox1 (data not shown), the main molecular marker of LGE/CGEderived interneurons [START_REF] Miyoshi | Prox1 Regulates the Subtype-Specific Development of Caudal Ganglionic Eminence-Derived GABAergic Cortical Interneurons[END_REF][START_REF] Rubin | PROX1: a lineage tracer for cortical interneurons originating in the lateral/caudal ganglionic eminence and preoptic area[END_REF][START_REF] Touzot | Molecular control of two novel migratory paths for CGE-derived interneurons in the developing mouse brain[END_REF]. Taken together, these results indicate that Co cells have a projection neuron identity, which shares common features but is distinct from the one of dSPN.

Co-like cells contribute to central extended amygdala nuclei

To test whether Co and Vms neurons contribute to brain structures at later stages, we took advantage of our fate-mapping models and defined molecular fingerprints. Using E18.5 Islet1 Cre/+ ; R26 LacZ/+ , Nkx2.1 Cre/+ ; R26 LacZ/+ and Nk2.1 Cre/+ ; Dlx1/2 fl-venus-fl (Figures 3A,B and S3A-F) we found that the Islet1+LGE/CGE-derived lineage contributed to the bed nucleus of the stria terminalis (BNST) and the interstitial nucleus of posterior limb of anterior commissure (Ipac). Considering their relative location, the BNST likely derives from the Co and the Ipac from the Vms (Figure 3A). We furthermore found that, like Co and Vms cells, Islet1 Cre/+ ; R26 S3). The BNST and Ipac are part of the central extended amygdala, a continuous macrostructure involved in reward and anxiety, which has previously been proposed to originate in the LGE (Malenka et al., 2009;[START_REF] Alheid | Extended amygdala and basal forebrain[END_REF][START_REF] De Olmos | The concepts of the ventral striatopallidal system and extended amygdala[END_REF][START_REF] Olmos | Distribution of nitric oxide-producing neurons in the developing and adult mouse amygdalar basolateral complex[END_REF][START_REF] Walker | Role of the extended amygdala in short-duration versus sustained fear: a tribute to Dr[END_REF][START_REF] Waraczynski | The central extended amygdala network as a proposed circuit underlying reward valuation[END_REF][START_REF] Hirata | Identification of distinct telencephalic progenitor pools for neuronal diversity in the amygdala[END_REF][START_REF] Waclaw | Developmental Origin of the Neuronal Subtypes That Comprise the Amygdalar Fear Circuit in the Mouse[END_REF]Bupesh et al., 2011). Our long-term fate mapping establishes such origin and conversely reveals that Co cells and Vms cells contribute to central extended amygdala structures, namely the BNST and Ipac, respectively.

Since the Co and Vms also contained early-born Drd2-EGFP + Ctip2 + cells (Figure S1G), we searched for their potential derivatives at late embryonic stages and found them in both the BNST and Ipac (Figures 3E-E'' and Figure S3J). Taken together, these findings reveal that LGE/CGE projection neurons forming the Co and Vms contribute to nuclei of the extended amygdala, thereby revealing an intriguing link between thalamic guidepost neurons and basal ganglia circuits.

Co neurons-like contribute to nuclei that mediate anxiety response

To further investigate whether Co-derived cells contributed to specific circuits, we focused on their contribution to the BNST, which organization and function has been recently investigated [START_REF] Asok | Corticotropin releasing factor type-1 receptor antagonism in the dorsolateral bed nucleus of the stria terminalis disrupts contextually conditioned fear, but not unconditioned fear to a predator odor[END_REF][START_REF] Choi | Bed nucleus of the stria terminalis subregions differentially regulate hypothalamic-pituitary-adrenal axis activity: implications for the integration of limbic inputs[END_REF][START_REF] Daldrup | Neuronal correlates of sustained fear in the anterolateral part of the bed nucleus of stria terminalis[END_REF][START_REF] Geng | Neuregulin 1-ErbB4 signaling in the bed nucleus of the stria terminalis regulates anxiety-like behavior[END_REF][START_REF] Hott | Bed nucleus of the stria terminalis NMDA receptors and nitric oxide modulate contextual fear conditioning in rats[END_REF][START_REF] Kim | Diverging neural pathways assemble a behavioural state from separable features in anxiety[END_REF]. The BNST is a complex structure that comprise a large number of subdivisions which are difficult to identify on anatomical criterions (Ju et al., 1989a,b;Bayer, 1987). However, in its rostral part, it is formed by morphologically subdivisions including the anterodorsal (BNSTad), the ovalis (BNSTov), the juxtaposed nucleus and dorsomedial (BNSTdm) nuclei (Figure S4).

These subdivisions play distinct roles, as illustrated by the fact that the BNSTad send long range projections and its activation has anxiolytic effects, whereas the BNSTov inhibits anxiolysis by targeting the BNSTad (Dong et al., 2011;[START_REF] Kim | Diverging neural pathways assemble a behavioural state from separable features in anxiety[END_REF]. In the rostral BNST, we found at P5 that neurons of the Islet1 lineage and Drd2-EGFP + ;Ctip2 + neurons are intermixed in the BNSTad, BNSTju and BNSTdm demonstrating that the two populations contribute to different nuclei (Figure S4). The BNSTov seemed devoid of Islet1-derived cells, however it is not easily identifiable at this stage. We thus examined juvenile mice (P14) where the BNSTov can be identified by the expression of protein kinase C delta (Pkcδ, Figure 4C;[START_REF] Bodnar | Endogenous opiates and behavior: 2012[END_REF][START_REF] Cai | Central amygdala PKC-δ(+) neurons mediate the influence of multiple anorexigenic signals[END_REF][START_REF] Haubensak | Genetic dissection of an amygdala microcircuit that gates conditioned fear[END_REF]. A large number of Co-derived neurons populated the BNSTad at this stage (Figures 4A-B), whereas very few of them were found are found within the BNSTov (Figures 4C-C'). Instead, more Drd2-EGFP + were observed in this nucleus compared to the adjacent BNSTad (Figures 4D-E). These findings suggest that

LGE/CGE derived neurons that transiently populate the corridor contribute to the BNSTav and not the BNSTov (Figure 4). Since the BNSTad has been shown to have an axiolytic effect and the BNSTov an antagonistic one [START_REF] Ahmari | Dissecting OCD circuits: crom animal models to targeted treatments[END_REF][START_REF] Crowley | Dynorphin Controls the Gain of an Amygdalar Anxiety Circuit[END_REF][START_REF] Geng | Neuregulin 1-ErbB4 signaling in the bed nucleus of the stria terminalis regulates anxiety-like behavior[END_REF][START_REF] Pêgo | Dissociation of the morphological correlates of stress-induced anxiety and fear[END_REF][START_REF] Tovote | Neuronal circuits for fear and anxiety[END_REF][START_REF] Ventura-Silva | Stress shifts the response of the bed nucleus of the stria terminalis to an anxiogenic mode[END_REF], Co-derived neurons might play specific functions in reducing anxiety-like behaviour (Figure 4F). Taken together, our findings show that LGE/CGE contributes to the formation of evolutionarily conserved structures of the extended amygdala, and suggests that populations that transiently act as guidepost cells during development possess specific roles in anxiety-related circuits.

Conclusions and perspectives

We have shown that projection neurons originating from the LGE/CGE form a transient tangential corridor during embryonic development which contributes to anxiety circuits of the extended amygdala in the mature brain. LGE/CGE derived cells contains two neuronal populations, Co guidepost cells and early-born Drd2-EGFP + Ctip2 + neurons, that bear resemblance in terms of molecular identity and axonal projections to striatal direct and indirect projection neurons, respectively. At postnatal stages, Co-derived neurons and Drd2-EGFP + neurons participate to specific nuclei of the BNST, suggesting that they might distinct opposite roles in anxiety circuits. Our results reveal that Co neurons, as an entire population, contribute to two sequential functions in the brain, firstly as guidepost cells and secondly as part of anxiety circuits. While the guidepost function is performed at earlier developmental stages, it is likely that their contribution to the extended amygdala constitutes their primary ancestral role [START_REF] Bielle | Emergent growth cone responses to combinations of Slit1 and Netrin 1 in thalamocortical axon topography[END_REF]Bupesh et al., 2011;[START_REF] Medina | Contribution of Genoarchitecture to Understanding Forebrain Evolution and Development, with Particular Emphasis on the Amygdala[END_REF]. In addition, our work reveals unexpected ontogenic links between the thalamocortical and anxiety circuits, which provides important insights for pathological forebrain wiring.

Experimental Procedures

Mouse lines

For fate mapping studies, Islet1 Cre/+ and Nkx2.1 Cre/+ animals (REFS), were crossed with either R26 LacZ/LacZ , R26 YFP/YFP or R26 mt/mt ;Drd2-EGFP mice ( [START_REF] Gong | A gene expression atlas of the central nervous system based on bacterial artificial chromosomes[END_REF]).

Nkx2.1 Cre/+ ;Dlx1/2 fl-VENUS-fl E14 and E18.5 embryos were kindly provided by N. Kessaris and generated as described in [START_REF] Rubin | The germinal zones of the basal ganglia but not the septum generate GABAergic interneurons for the cortex[END_REF]). Wild-type and GFP-expressing transgenic mice [START_REF] Hadjantonakis | Generating green fluorescent mice by germline transmission of green fluorescent ES cells[END_REF], maintained in a Swiss background, were used for expression analysis, cholera toxin injection and tissue culture experiments.

All transgenic lines are kept in C57/Bl6 background, with the exception of Islet1 Cre/+ and Drd2-EGFP lines that are kept in B6D2F1/J background. The day of vaginal plug was considered as embryonic day (E) 0.5 and day of birth as postnatal day (P)0.

Animals were kept under French and EU regulations.

In situ hybridization, immunohistochemistry and X-Gal staining

For in situ hybridization, mouse brains were fixed overnight in 4% paraformaldehyde in PBS (PFA) at 4°C. 100μm free-floating vibratome sections (Leica S1000) were hybridized as described before [START_REF] Lokmane | Sensory Map Transfer to the Neocortex Relies on Pretarget Ordering of Thalamic Axons[END_REF]. For immunohistochemistry, embryos were collected in cold PBS1X, their brain were dissected and post-fixed in 4% in PFA for 2 (E13.5-E14.5) or 8 (E17.5-E18.5) hours. Postnatal mice were perfused with 4% PFA. Brains were dissected and post-fixed overnight at 4°C.

Immunohistochemistry was performed on 60μm free-floating vibratome sections.

Slices were incubated 1h at room temperature (RT) in a blocking solution containing 0,25% Triton X-100 (Sigma), 0,02% Gelatin in PBS, and incubated in the same blocking solution with primary antibodies overnight at 4°C. Primary antibodies were used at the following concentrations: rat anti-CTIP2 1/500 (Abcam), rabbit anti-DsRed 1/500 (Living colors), rabbit anti-Ebf1 1/250 (Abcam), mouse anti-Islet1 39.4D5 1/100 (Developmental Studies Hybridoma Bank, DSHB), rabbit anti-FoxP1 1/200 (Abcam), goat anti-FoxP2 1/200 (Santa Cruz), chicken anti-GFP 1/1000 (Aves), rabbit anti-Pkcδ 1/250 (Abcam), rabbit anti-Nkx2.1 1/1000 (BIOPAT). Sections were rinsed several times in PBS and incubated from 2h to overnight at 4°C with the appropriate fluorescent secondary antibodies (1/400, Jackson ImmunoResearch): A488-conjugated donkey anti-rabbit, anti-rat or anti-chicken, Cy3-conjugated donkey anti-rat, anti-goat, antimouse, Cy5-conjugated donkey anti-rabbit or anti-rat. Hoechst (Sigma) was used for fluorescent nuclear counterstaining. For X-gal staining, brains or cultures vesicles were fixed in 4% PFA at 4°C for 40 min, washed in PBS and incubated with X-gal staining solution (10 mM Tris-HCl pH7.3, 0.005% Na-desoxycolate, 0.01% Nonidet P40, 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6, 2 mM MgCl2 and 0.8 mg/ml X-gal) at 37ºC until the staining was visible. After several PBS washes, brains were post-fixed in 4%PFA overnight.

EdU staining

Pregnant dams were intraperitoneally injected at the appropriate gestation day with a solution containing 5-Ethynyl-2'-deoxyuridine (EdU, Thermo Fisher). 60-100 μm freefloating vibratome sections were processed following manufacturer instructions (Click-iT EdU Alexa Fluor 488 Imaging kit, Life Technologies) for 30 minutes at RT. Sections were rinsed three times in 3%BSA and then in PBS. Hoechst staining was done for 30 min at RT before continuing with immunohistochemistry as described.

Slice culture experiments

Organotypic slice preparation was performed as previously described (López-Bendito et al., 2006) on wild-type brain tissue cut at either a coronal or horizontal angle. The

LGE of E13.5 GFPu or Drd2-EGFP embryos was manually dissected and grafted homotopically on organotypic slices. Slices were subsequently cultured for 2 days at 37°C, 5% CO 2 . Immunostaining was performed as described.

Cholera Toxin tracing

For retro-labelling of guidepost cell axons and cell bodies, we injected Alexa594 coupled -Cholera Toxin B subunit (CTB, Alexa Fluor) in the thalamic/hypothalamic region of wild-type embryos, that were subsequently maintained in "bubbling" oxygen at 37°C for 3h in a solution containing DMEM-F12 (Invitrogen), Glutamine, Glucose and Pen/Strep.

Injected brains were then fixed by immersion in 4% PFA for 6 hours at 4°C, processed and immunostained as described.

Image acquisition and analysis

Images were acquired with fluorescence binocular microscope (Leica MZ16 F), fluorescent microscope (Leica DM5000 B) or confocal microscope (Leica TCS SP5).

Image analysis was performed with ImageJ and Adobe Photoshop software, unless otherwise stated.

Quantifications

For cell density quantification, 2 μm thick sections of around 6.700μm size were acquired using confocal microscope (Leica TCS SP5). Eventual ROI were defined manually, while counting was performed semi-automatically using ImageJ built-in functions. Synthetically, single channels were transformed in black and white The telencephalon controls major brain function via two of its main components, the basal ganglia and the neocortex. While we know a great deal about how the laminated neocortex is assembled during development, we still have a strikingly fizzy view on how the striatum and amygdaloid complex are built. This lack of information is in sharp contrast with the progress that was recently made on how striatal and amygdalar circuits function or are connected (Cui et al., 2013;Freeze et al., 2013;Gründemann and Lüthi, 2015;Jin and Costa, 2015;[START_REF] Kravitz | Distinct roles for direct and indirect pathway striatal neurons in reinforcement[END_REF]Letzkus et al., 2015). Considering that several neurological and psychiatric diseases involve basal ganglia dysfunctions, it is now essential to decipher how these circuits emerge if we want to grasp the aetiology of disorders as well as if we want to progress in potential cellular therapies.

During the course of this work, we have found that the neuroepithelium that generates the 

Genetic tools used to investigate migration and differentiation of neuronal subtypes in the basal ganglia

The development of BAC transgenic mouse lines helped tremendously the study of basal ganglia by allowing independent targeting of dSPN and iSPN (see [START_REF] Lobo | Molecular Profiling of Striatonigral and Striatopallidal Medium Spiny Neurons[END_REF] for a comprehensive discussion of this approach). However, not all SPN-subtype specific lines are equally suitable to study basal ganglia development. For example, we chose not to use Drd1cre and Drd2-cre because they did not allow labelling of dSPN and iSPN at early stages (data not shown). Instead, we used Drd2-EGFP [START_REF] Gong | A gene expression atlas of the central nervous system based on bacterial artificial chromosomes[END_REF] to label differentiating iSPN. This BAC transgenic line does not allow genetic fate map, but early GFP expression (i), lack of overlap with Islet1 + cells (ii) and the possibility to cross this line with Cre-dependent lines (iii) made it the best choice for our study. In addition, we used Islet1 Cre [START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF][START_REF] Lu | Dual role for Islet-1 in promoting striatonigral and repressing striatopallidal genetic programs to specify striatonigral cell identity[END_REF] to genetically fate map dSPN and Co cells (by coupling with either R26 mt/mt or R26 YFP/YFP mice) and/or to drive Ebf1 conditional inactivation (by crossing Islet1 Cre/+ ;Ebf1 +/-with Ebf1 fl/fl mice). This line has several caveats that can be bypassed: Islet1 is expressed in a subset of LGE derivatives [START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF][START_REF] Lu | Dual role for Islet-1 in promoting striatonigral and repressing striatopallidal genetic programs to specify striatonigral cell identity[END_REF] and in POA derivatives, including cholinergic striatal interneurons [START_REF] Elshatory | The LIM-homeobox gene Islet-1 is required for the development of restricted forebrain cholinergic neurons[END_REF]Moreno et al., 2008;Wang and Liu, 2001), which can be easily identified as they are also in the Nkx2.1-cre lineage (Magno et al., 2011;Zhao et al., 2014). Moreover, Islet1 is expressed in motor neurons (Kobayashi et al., 2011;[START_REF] Kim | Diverging neural pathways assemble a behavioural state from separable features in anxiety[END_REF]Qu et al., 2014). To overcome this possible limitation to the study of Islet1 Cre ;Ebf1 fl/-mutants, we analysed this line in parallel with Dlx5/6::Cre; Ebf1 fl/fl mice. This line has its own caveats, including thalamocortical axon defects [START_REF] Lokmane | Sensory Map Transfer to the Neocortex Relies on Pretarget Ordering of Thalamic Axons[END_REF]; however, since Dlx5 and Dlx6 are expressed in the ventral telencephalon but not in motor neurons (Ruest et al., 2003;Eisenstat et al., 1999), parallel analysis of the two different lines allowed us to overcome the limitations of each.

Beyond direct and indirect pathways: cellular subtypes derived from the lateral ganglionic eminence

Different subtypes of striatal projection neurons

The lateral ganglionic eminence (LGE) is the source of striatal projection neurons (SPN) of the dorsal and ventral striatum (dSTR and vSTR, respectively; [START_REF] Hamasaki | Neuronal cell migration for the developmental formation of the mammalian striatum[END_REF]Wichterle et al., 2001). Classically, SPN are divided in two main subtypes: direct pathway (dSPN) and indirect pathway (iSPN), regardless of the structure they are located in. Our study on the organization and connectivity of the striatum suggest the existence more of subtypes of striatal projection neurons than this basic subdivision suggests. A first important distinction can be made between dSPN and iSPN of the dSTR and vSTR; the two populations show important differences in terms of their connectivity (see Introduction; also [START_REF] Kupchik | Coding the direct/indirect pathways by D1 and D2 receptors is not valid for accumbens projections[END_REF], intermix (see Introduction; also Gangarossa et al., 2013a) and molecular expression (for example, Ebf1

expression is restricted to dSPN of the dorsal striatum), suggesting that they are distinct subsets.

A second distinction that can be made is between dSPN and iSPN of the dSTR that contribute to striosome and matrix compartments. It has been shown that early-born dSPN and iSPN form striosomes, while late-born ones form the matrix (Fishell and van der Kooy, 1987; [START_REF] Newman | Dynamic Ordering of Early Generated Striatal Cells Destined to Form the Striosomal Compartment of the Striatum[END_REF]; moreover, striosomes show higher expression of Substance P (Tajima and Fukuda, 2013), which regulates dopamine transmission (Brimblecombe and Cragg, 2015), and Mu-opioid receptor, while matrix has higher level of calbindin-D28k, acetylcholinesterase (Gerfen, 1992) and Enkephalin (see Figure S1, Tinterri et al., in preparation). In addition to this, striosome dSPN might possess unique projections to the substantia nigra pars compacta (SNc, Burguière et al., 2015;Friedman et al., 2015;[START_REF] Graybiel | The basal ganglia: learning new tricks and loving it[END_REF]. Finally, transcription factors Islet1 and Ebf1 are more important for the differentiation of striosome dSPN and matrix dSPN, respectively (see Results; also [START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF]Garel et al., 1999;Lobo et al., 2008). Taken together, these findings indicate that striosome and matrix dSPN and iSPN are different at the molecular and functional level, and should be considered as distinct subtypes, suggesting that, in the striatum alone, there exist at least six subtypes of projection neurons derived from the LGE. Moreover, our and other studies indicate that the LGE also contributes to other structures of the basal ganglia and extended amygdala.

Striatal-like neurons contribute to other structures of the subcortical forebrain

In contrast to the MGE, which derivatives can be permanently labeled by Nkx2.1-cre tracing (Marin et al., 2000;Xu et al., 2008), there are no ideal tools currently available to specifically fate-map LGE progenitors and their progeny: this has rendered the study of LGE contribution to brain structures more difficult. As a proxy, we have used a subtractive approach developed by Nicoletta Kessaris using Dlx1/2 lox-venus-lox ; Nkx2.1 cre mice or the islet1 Cre driven recombination (Abellán and Medina, 2009;Bupesh et al., 2011). Fate mapping with Islet1 Cre shows cellular contribution of the LGE to the central amygdala [START_REF] Waclaw | Developmental Origin of the Neuronal Subtypes That Comprise the Amygdalar Fear Circuit in the Mouse[END_REF], the bed nucleus of the stria terminalis (BNST), which is part of the central extended amygdala, and the interstitial nucleus of the posterior limb of the anterior commissure (Ipac), a nucleus of the central extended amygdala (see Figure 3,Tinterri,Deck et al.,in preparation). Furthermore, we described that neurons contributing the BNST and Ipac express Islet1, Ebf1 and Ctip2, but not FoxP1 or FoxP2; this suggest that their cellular identity is similar to, but distinct from, direct pathway neurons of the dSTR. Our study thus establishes that several LGE-derived neurons colonize the MGE and subcortical territories, via streams of migration that all seem to be tangential (see part II). Intriguingly, another subpopulation of LGE-derived neurons deriving from Ascl1 + progenitors has been shown to migrate tangentially into the GP, where they become arkypallidal neurons [START_REF] Dodson | Distinct Developmental Origins Manifest in the Specialized Encoding of Movement by Adult Neurons of the External Globus Pallidus[END_REF][START_REF] Nóbrega-Pereira | Origin and molecular specification of globus pallidus neurons[END_REF]. This population expresses FoxP2 [START_REF] Dodson | Distinct Developmental Origins Manifest in the Specialized Encoding of Movement by Adult Neurons of the External Globus Pallidus[END_REF], but whether these neurons are also part of the Islet1 lineage is currently unknown. 

What are the common properties of LGE-derived populations?

A common trait of all subtypes of striatal projection neurons is their spiny morphology, raising the question of whether striatal-like derivatives of the LGE possess this characteristic. [START_REF] Waclaw | Developmental Origin of the Neuronal Subtypes That Comprise the Amygdalar Fear Circuit in the Mouse[END_REF] reported that this is the case for Islet1 Cre neurons of the central amygdala.

However, whether Co cells-derivatives possess this feature remain to be directly examined.

We have shown that many Co neurons populate the juxtacapsular nucleus (BNSTju) and the anterodorsal nucleus (BNSTad) of the BNST; both regions contain spiny cells with a rather simple dendritic tree that closely resembles that of Cem neurons (McDonald, 1983;Rodríguez-Sierra et al., 2013). Interestingly, both Cem neurons and Co cell lack FoxP2 expression. Since

FoxP2 gain-of-function, via expression of its human form in transgenic mice, is sufficient to promote formation of richer dendritic trees in SPN [START_REF] Enard | A humanized version of Foxp2 affects cortico-basal ganglia circuits in mice[END_REF][START_REF] Reimers-Kipping | Humanized Foxp2 specifically affects cortico-basal ganglia circuits[END_REF], it is tempting to speculate that lack of FoxP2 expression might be related to the simplified dendritic tree of these LGE derivatives. In any case, none of the three main cell types that have been identified by electrophysiology within the BNSTad, BNSTov and BNSTal bears particular resemblance to dSPN electrophysiological signature (Daniel and Rainnie, 2016), indicating the need for a more refined morphological and electrophysiological analysis of Islet1 lineage neurons in the BNST.

Another feature of SPN is projection neuron identity. Due to their localization, molecular fingerprint and/or electrophysiological properties, long-range projections have been suggested

or demonstrated for all LGE derivatives of the Islet1 lineage as well as arkypallidal neurons (See results; also Bienkowski et al., 2013;[START_REF] Dodson | Distinct Developmental Origins Manifest in the Specialized Encoding of Movement by Adult Neurons of the External Globus Pallidus[END_REF][START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF][START_REF] Kim | Diverging neural pathways assemble a behavioural state from separable features in anxiety[END_REF][START_REF] Lu | Dual role for Islet-1 in promoting striatonigral and repressing striatopallidal genetic programs to specify striatonigral cell identity[END_REF]Rodríguez-Sierra et al., 2013;[START_REF] Waclaw | Developmental Origin of the Neuronal Subtypes That Comprise the Amygdalar Fear Circuit in the Mouse[END_REF].

Moreover, a fascinating possibility is that LGE-derived neurons that populate different structures might be interconnected. Indeed, GABAergic neurons of the anterodorsal and dorsomedial BNST send inhibitory projections to the Cem (Dong et al., 2001;Gunzor et al., 2015;Sun and Cassel, 1993); since the Cem is the main output station of the amygdala for conditioned fear (Gunzor et al., 2015;Vening et al., 1984), it has been proposed that BNST GABAergic projections to Cem reduce conditioned fear response [START_REF] Kim | Diverging neural pathways assemble a behavioural state from separable features in anxiety[END_REF].

Furthermore, studies in primates show that the Cem sends massive projections to the BNST (Oler et al., 2016) as well as the ventral striatum (Fudge and Haber, 2002;Fudge et al., 2004;deCampo and Fudge, 2013). The striatum and BNST, in turn, are densely interconnected (Avery et al., 2014;Dong and Swanson, 2006;Torrisi et al., 2015;Wood and Swann, 2005), indicating a common role in anxiety (Lago et al., 2016). Finally, arkypallidal neurons send GABAergic projections on striatal projection neurons, providing inhibitory feedback to motor activation [START_REF] Dodson | Distinct Developmental Origins Manifest in the Specialized Encoding of Movement by Adult Neurons of the External Globus Pallidus[END_REF]Fujiama et al., 2015, Glajich et al., 2016;[START_REF] Nóbrega-Pereira | Origin and molecular specification of globus pallidus neurons[END_REF]. Taken together, these findings raise the possibility that developmentally related populations originating from the LGE might form a modular organization across different forebrain structures. It would be thus important to analyse such degree of connectivity, the underlying molecular mechanisms, and to what degree this organization is conserved across evolution, as it could provide key information to understand the wiring of subcortical forebrain.

Other neuronal populations of the amygdala might derive from the LGE

Most of the LGE-derived populations described so far derive from Islet1 lineage. However, this gene is expressed only in around 50% of SPN (see Figure 1, Tinterri et al., in preparation; also [START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF][START_REF] Lu | Dual role for Islet-1 in promoting striatonigral and repressing striatopallidal genetic programs to specify striatonigral cell identity[END_REF]. The LGE is thought to generate also iSPN, that are not part of the Islet1 lineage and represent a similar portion of the total SPN number (Gangarossa et al., 2013a[START_REF] Gangarossa | Distribution and compartmental organization of GABAergic medium-sized spiny neurons in the mouse nucleus accumbens[END_REF]Thibault et al., 2013). To date, it has been impossible to embryonically fate-map this lineage. However, thanks to the early embryonic expression of Drd2-EGFP, we have been able to describe that, in addition to the striatum, early-born Drd2-EGFP + neurons migrate in a tangentially oriented stream through the corridor and the ventromedial stream.

Due to their early origin, migratory pattern and molecular fingerprint, we suggest that these populations might be generated in the LGE (or CGE) and end up contributing to BNST and Ipac (see Tinterri,Deck et al.,in preparation). Although the potential contribution of indirect SPN-like neurons outside the striatum remains largely to be investigated, the picture that is emerging is that the LGE generates a large amount of different neuronal subtypes that not only form the striatal mosaic, but also contribute to cellular diversity in different structures of the subcortical forebrain, through the generation of projection neurons that interconnect across different structures. While the development of novel fate mapping tools will be essential to refine our current view, past work and our current studies presented

in Table 1 reveal the potential distinct neuronal subtypes that can be identified. This provisional framework gives a roadmap for attempting to generate vitro specific neuronal cell types, bearing in mind the need for long lasting cellular therapies in diseases, such as PD and HD.

In addition, it raises the question of how the LGE neuroepithelium can produce such variety.

Last but not least, it reveals that under the seemingly homogeneous composition of the striatum and associated structures lies a more elaborate cellular organization.

SPN located in the SVZ, consistent with acquisition of radial migratory phenotype. However, no major migratory defects have been described in FoxP2 knockout mice, despite the great attention this gene has received due to its involvement in language acquisition [START_REF] Chiu | Foxp2 regulates neuronal differentiation and neuronal subtype specification[END_REF][START_REF] Reimers-Kipping | Humanized Foxp2 specifically affects cortico-basal ganglia circuits[END_REF][START_REF] Enard | A humanized version of Foxp2 affects cortico-basal ganglia circuits in mice[END_REF]French et al., 2012). Since homolog gene FoxP1 is also expressed in developing SPN (Ferland et al., 2003), a possible explanation is that FoxP1 could be responsible for partial rescue of FoxP2 phenotype. It would then be interesting to analyse double FoxP1/FoxP2 knockouts to observe whether radial migration of SPN is affected. In any case, dSPN and Co cells will provide an outstanding model to study the different mechanism that drive radial versus tangential in neurons.

Striatal dSPN and iSPN reorganization and intermix

To achieve full formation of the striatal multi-layered organization, SPN subtypes undergo a complex choreography of migration and intermix. In the dorsal striatum, early-born iSPN and dSPN have different distribution at early stages (see Figure 2, Tinterri et al., in preparation), but end up intermixed within striosomes at late stages of embryogenesis (see Figure 2 and Figure 5, Tinterri et al., in preparation;also Fishell and van der Kooy, 1987). During this period, late-born iSPN and dSPN migrate in the striatal mantle and intermix to form the surrounding matrix. The mosaic organization of dSPN and iSPN is not only important for recurrent collateral connections, that are disrupted in pathological models [START_REF] Taverna | Recurrent Collateral Connections of Striatal Medium Spiny Neurons Are Disrupted in Models of Parkinson's Disease[END_REF], but also to allow parallel activation of direct and indirect pathway in response to topologically organized cortical input (Cui et al., 2013;Hintiryan et al., 2016;Jin andCosta, 2010, 2015). We currently have a very limited understanding of how these processes takes place, primarily because compartment formation and SPN subtype intermix have long been inextricable. Within this complex framework, our results provide novel insights that allow to partially dissociate SPN intermix and compartment formation.

We have shown that Ebf1 conditional inactivation leads to defective matrix formation. However, this defect is not accompanied by dramatic changes in striosome development, indicating that striosomes and matrix formation are regulated by different mechanisms; it has been suggested that sorting of striosome and matrix cells depends at least in part on cell repulsion mediated by ephrinA5/EphA4 signalling (Passante et al., 2008), but overall the question of which mechanisms underlie formation of the two compartments is still largely unanswered

In addition, we have shown that intermixing of matrix dSPN and iSPN is selectively impaired in Ebf1 conditional mutants. Taken together, these findings suggest the existence of at least three different processes occurring during striatogenesis: (i) intermix of early-born dSPN and iSPN neurons; (ii) sorting of all early-born neurons in striosomes and all late-born neurons in the matrix; (iii) intermix of late-born neurons in the matrix. We show that Ebf1 controls specifically the latter process, by acting on dSPN matrix differentiation. Our findings allow for the first time to dissociate dSPN and iSPN intermix from compartment formation, and suggest that both early-born and late-born dSPN and iSPN need an active process of intermix to achieve mosaic organization. This process might be of relevance in the aetiology of diseases that alter the balance of direct and indirect pathway activity (Cepeda et al., 2013;Deng et al., 2014;[START_REF] Gardoni | Modulation of the glutamatergic transmission by Dopamine: a focus on Parkinson, Huntington and Addiction diseases[END_REF]Plotkin and Surmeier, 2015;Schroll et al., 2015). Since our study demonstrates that intermix in the striatal matrix is controlled by Ebf1-dependend mechanisms, the results of our RNA-sequencing analysis on conditional Ebf1 knockout mice may provide precious hints on the molecular regulation of matrix dSPN and iSPN intermix. In particular, the expression of two different collagen proteins, Collagen XXV alpha 1 (Col25a1)

and Collagen VI alpha 1 (Col6a1) is dramatically reduced in Ebf1 cKOs. Collagen is a common substrate for cell migration, suggesting that it might be implicated in intermixing defects observed in Ebf1 mutants. Col25a1 is only expressed in neurons and significantly upregulated in Alzheimer's disease (AD, Tong et al., 2010), while Col6a has been linked to cervical cancer (Hou et al., 2016); it would therefore be interesting to test whether the migration of mutant SPN can be influenced by different collagen substrates. Moreover, we observed significant changes in genes involved in cell-cell adhesion, such as cadherin transmembrane protein family that dSPN can act as a migratory substrate for iSPN, a similar screening would give precious insight on the regulation of dSPN and iSPN neurogenesis, that is currently very poorly understood; in particular, it could indicate whether LGE progenitors generate sequentially dSPN and iSPN or the two are generated in parallel. Another related and fascinating possibility is that corridor dSPN-like neurons could serve as a migration substrate for other cellular populations. It is well described that at E13.5 many MGE-derived interneurons migrate toward the neocortex passing through the corridor and LGE SVZ [START_REF] Gelman | The Generation of Cortical Interneurons[END_REF]Marin et al., 2000;Marín andRubenstein, 2001, 2003), suggesting that Co cells might provide a permissive corridor not only to axons but also to tangentially migrating neurons. In addition, we have described that an early-born population of Drd2-EGFP + neurons migrates along the corridor starting from E13.5 (no GFP expression is detectable at E12. What are the roles of Ebf1 in direct pathway formation?

Ebf1 is not required for dSPN fate specification

A role for Ebf1 in differentiation and survival of matrix dSPN has been previously reported by studies in full Ebf1 knockout animals (Garel et al., 1999;Lobo et al., 2006Lobo et al., , 2008)). However, these studies did not address in detail the question of what are the cellular roles played by this gene in striatal development. As described in the introduction (see Part IV), Ebf1 is part of the COE family of transcription factors. COE genes possess a conserved role in the specification of cellular subtype identity. For example, in drosophila col acts as an intrinsic regulator of hematopoietic progenitor fate (Benmimoun et al., 2015) and dorso-lateral somatic muscle cells (de Taffin et al., 2015), while in caenorhabditis elegans UNC-3 is necessary to repress motor neuron identity [START_REF] Prasad | unc-3-dependent repression of specific motor neuron fates in Caenorhabditis elegans[END_REF] and sufficient to induce cholinergic fate in other neuronal types (Kratsios et al., 2011). Consistently, a conserved role of mammalian Ebf1 in cellular subtype specification has been demonstrated in B-cell development (Gyory et al., 2012;[START_REF] Zhang | Enforced expression of EBF in hematopoietic stem cells restricts lymphopoiesis to the B cell lineage[END_REF]. Taken together, these findings suggest that Ebf1 might play a role also in subtype specification of dSPN. This hypothesis is further reinforced by Ebf1-specific expression in dSPN (see Figure 1, Tinterri et al., in preparation) and by its ability to act both as a transcriptional regulator [START_REF] Boller | The regulatory network of B-cell differentiation: a focused view of early B-cell factor 1 function[END_REF] and as a chromatin remodeler (Boller et al., 2016;Guilhamon et al., 2013), since it has been shown that histone modification can play an important role in suppression of alternate subtype identity in iSPN (Maze et al., 2014).

Our findings indicate that Ebf1 is not required to generate dSPN, if we define dSPN as SPN that express the Drd1 receptor gene. In addition, Ebf1 inactivation did not induce drastic alteration in the overall balance of dSPN and iSPN populations at late embryonic stages (see Figure 5,Tinterri et al.,in preparation). In fact, Ebf1 conditional inactivation did not cause significant changes in mRNA levels of iSPN-associated genes, as indicated by quantitative analysis (Figure 4,Tinterri et al.,in preparation) and in situ hybridization (data not shown).

Finally, we failed to observe significant changes in striatal interneuron populations (data not shown), while both striosome and matrix dSPN subtypes are correctly generated and migrate from proliferative areas to the striatal mantle. Taken together, these findings indicate that, unlike what has been proposed for the other known dSPN subtype-specific transcription factor, Islet1, [START_REF] Lu | Dual role for Islet-1 in promoting striatonigral and repressing striatopallidal genetic programs to specify striatonigral cell identity[END_REF], Ebf1 is not involved subtype specification. Instead, we have shown that this gene plays key roles in specific aspects of dSPN differentiation.

Ebf1 controls dSPN axon development

We have shown that, in addition to intermix with iSPN (discussed above), several other aspects of dSPN differentiation are affected by Ebf1 conditional inactivation. In particular, despite projecting outside the striatum and through the globus pallidus, fewer dSPN axons navigate through the cerebral peduncle on their way toward the substantia nigra (SN), indicating a defective axonal development (see Figure 7, Tinterri et al., in preparation). Reduced projections to the SN had already been reported at postnatal stage in Ebf1 full knockout mice (Lobo et al., 2006); however, we have shown that this defect is already present before the time of birth. At this stage, the molecular identity of dSPN is only partially altered (see Figure 3 and these experiment could unveil the mechanisms that promote dSPN axon development.

Ebf1-dependent regulation of synaptogenesis

In addition of outward connectivity, the phenotype observed in Ebf1 cKO suggests a novel role for Ebf1 in promoting synapse formation on matrix dSPN. Indeed, we have shown that at perinatal stage dSPN of the mutant matrix compartment receive significantly less glutamatergic input from the cerebral cortex and the thalamus, along with fewer input from dopaminergic nuclei (Figure 7,Tinterri et al.,in preparation). At the molecular level, we have shown reduced expression of protein PlexinD1 in Ebf1 mutants. Within the striatum, this protein is restricted to dSPN and controls formation of their spines [START_REF] Ding | Semaphorin 3E-Plexin-D1 signaling controls pathway-specific synapse formation in the striatum[END_REF]. This finding suggest that PlexinD1 might act as a downstream effector of Ebf1 to regulate dSPN spinogenesis, similar to what happens in Islet1 mutants [START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF]. In addition, other proteins emerging from our functional screening might be implicated inward connectivity of dSPN; these include Synaptotagmin 4, part of a family of membrane proteins involved in various aspects of receptor signalling (Herdman and Moss, 2016;Morita and Miyata, 2013;Wahlin et al., 2008;Zhang et al., 2009) and contactin-associated protein Cntnap3, recently shown to important for functional maturation of the striatum (Hirata et al., 2016a(Hirata et al., , 2016b)). Finally, Cadherin-8, a homophilic adhesion protein encoded by a gene associated with autism spectrum disorders and learning disability (Pagnamenta et al., 2011), is a strong candidate to regulate corticostriatal synapses (Friedman et al., 2015b) and is dramatically affected by Ebf1 conditional inactivation. Taken 

Ebf1 conditional mutants: a resource to understand striatal functioning

Taken together, our findings reveal that Ebf1 is a key regulator of some, but not all aspects of dSPN differentiation. Indeed, while axon development, synaptogenesis and morphology of dSPN is defective in Ebf1 conditional mutants, these neurons still conserve traits of their subtype identity, including spiny morphology and expression of D1 dopamine receptor; furthermore, these neurons survive up to adult age, indicating that Ebf1 is not directly implicated in the survival of this cellular subtype in contrast to what has been observed and proposed in the study of the full knock-out (Lobo et al., 2006(Lobo et al., , 2008)). Quite surprisingly, defective dSPN in Ebf1 cKOs are drastically unconnected but still present until adulthood, suggesting that integration in circuits and survival are not necessarily tightly linked. Further studies will be required to better understand the molecular cascades that are downstream of Ebf1 and regulate the different aspects of dSPN development. In particular, since Ebf1 is only transiently expressed in dSPN (Garel et al., 1999), it would be of great interest to investigate whether the long-lasting consequences of its deletion could be due to Ebf1 ability to control the chromatin landscape (Boller et al., 2016;Guilhamon et al., 2013) and whether plasticityinducing events such as drugs of abuse can induce post-natal re-activation of Ebf1 [START_REF] Jordi | Differential effects of cocaine on histone posttranslational modifications in identified populations of striatal neurons[END_REF]. Finally, the fact that Ebf1 conditional knockout mice survive up to adult age and, despite severe impairment in direct pathway functioning (see Figure 8 and S9 in Tinterri et al., in preparation), show no crippling behavioural deficits, makes them an extremely interesting tool to study the role of direct and indirect pathway balanced activity in other striatal functions such as sequence learning and formation of habits (Cui et al., 2013;Jin andCosta, 2010, 2015;[START_REF] Jin | Basal ganglia subcircuits distinctively encode the parsing and concatenation of action sequences[END_REF]. Once again, parallel analysis of Islet1 Cre ;Ebf1 fl/-and Dlx5/6::Cre; Ebf1 fl/fl mutants could overcome the limitations of each Cre line. Taken together, our studies provide precious insights on the molecular pathways that control dSPN differentiation, paving the way for further studies addressing the development and functioning of this important population and providing cues toward a better understanding of the different pathologies associated with damage and degeneration of dSPN.

One of the things I most appreciated during my thesis was the possibility to collaborate with many passionate and skilled peopleeach collaboration both helped the advancement of my 
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  it develops. In this introduction, I synthetically present the anatomical organization of the striatum (Part I) and current theories of striatal functioning in health and disease (Part II) before addressing the question of how the striatum and related structures form during embryonic development (Part III). Finally, I introduce the transcription factor Early-B cell factor 1 (Ebf1), on which I focused on during my doctoral studies due to its importance for striatal development (Part IV).
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 1 Figure 1: Main input to the striatum
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 2 Figure 2. Striatal output projections
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 3 Figure 3. Direct and Indirect striatal projection neuron subtypes
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 5 Figure 5. Dorso-lateral to ventro-medial organization of striatal input
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 6 Figure 6. The classic "go/no go" model of basal ganglia function
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 7 Figure 7. Main subdivisions of the embryonic ventral telencephalon
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 8 Figure 8. Different modes of progenitor division in LGE and cortex in mice

  Members of the Dlx family of homeodomain transcription factors are related to drosophila distal-less (Dll) gene. Within the ventral telencephalon, Dlx1, Dlx2, Dlx5 and Dlx6 are expressed in partially overlapping patterns in parts of the septum, the LGE, MGE and POA. They are expressed at different moments of differentiation, with Dlx2 being the earliest and Dlx1 expressed before Dlx5, which in turn precedes Dlx6. Dlx1 and 2 are expressed in proliferating progenitors and downregulate Notch signaling to promote differentiation of neurons, while Dlx5 and Dlx6 are expressed by

Figure 9 .

 9 Figure 9. Different modes of migration in the ventral telencephalon

  Ebf genes in mammalsEarly B-Cell Factor (EBF) was first isolated as a transcriptional regulator of genes specifically expressed in early stages of mouse B-lymphocyte differentiation. Together with its drosophila ortholog Collier (col), EBF (later renamed as Ebf1) was identified as the first member of a new family of HLH transcription factors named COE(Dubois and Vincent, 2001). Ebf1 shows strong sequence overlap with three other members of the family present in mouse, Ebf2, Ebf3 and Ebf4. All COE factors consist of four protein domains: a N-terminal atypical zinc finger DNAbinding domain (DBD), an IPT (Ig-like/plexins/transcription factors) domain, a HLH dimerization domain and a C-terminal transactivation domain (CTD). This last domain is only poorly conserved between the COE family members. The HLH domain enables the formation of homo or heterodimers between family members and other HLH proteins. In mammals, Ebf1

Figure 10 .

 10 Figure 10. Conservation and homology of COE family genes

  the first article (Tinterri et al., in preparation) I investigated how the striatum is formed during embryonic development by migration and differentiation of its two main neuronal populations, direct and indirect pathway projection neurons. I used a combination of genetic tools available in mice and focused in particular on the different roles played by transcription factor Ebf1 in direct pathway neurons. I discovered that this gene controls integration of these neurons in cortico-basal ganglia circuits by controlling axonal and synaptic development. Moreover, I found that Ebf1 conditional inactivation impairs the ability of direct and indirect pathway neurons to intermix in the matrix compartment, revealing that the two populations rely on each other to form striatal mosaic organization. This work represents the main part of my thesis project. All experiments, with the exception of RNA-sequencing analysis (realized at IBENS genomic platform), electrophysiological recordings (realized by Marco Diana), and behavioral analysis (performed in part by me and in part by Fabien Menardy) were performed by me under the direction of Sonia Garel.In the second article (Tinterri*, Deck* et al., in preparation) I studied the contribution of Co cells to adult brain circuits. These early-born neurons share similarities with striatal direct pathway projection neurons; however, while the latter migrate radially to form the striatum, the former migrate tangentially to form a transient corridor and act as guidepost cells for thalamo-cortical axons. With a combination of genetic tools, I show that these neurons contribute to specific nuclei of the central extended amygdala, indicating an evolutionary conserved role in anxiety circuits. This project was started in the host laboratory by Franck Bielle and Marie Deck; I realized part of the experiments, made all countings and statistical analysis, assembled figures and wrote the manuscript under the direction of Sonia Garel.

  Zfp521, Mef2c (also involved in synaptogenesis, seeDietrich et al., 2012) as well as PlexinD1, which has been involved in dSPN synaptogenesis[START_REF] Ding | Semaphorin 3E-Plexin-D1 signaling controls pathway-specific synapse formation in the striatum[END_REF] and Slc35d3 (important for D1 receptor intracellular localization and involved in metabolic syndrome, seeZhang et al., 2014). In addition, Gene Ontology analyses revealed that conditional inactivation of Ebf1 specifically altered the expression of factor regulating axon development (Neurofilament, Cxcr4, Ntrk2; FigureS4B) cell-cell adhesion properties (several Cadherins, FigureS4D) and synaptogenesis (Synaptotagmin 4, Cntnap3 + others; FigureS4F). Taken together, our findings indicate that, while dispensable for acquisition of global SPN identity and iSPN specification, Ebf1 controls specific aspects of dSPN differentiation, in particular axon formation, synaptogenesis and adhesion properties.

(

  threshold function) and individual cell nuclei were counted using Analyze Particle function. For analysis of co-localization, selections of thresholded channels was superposed on different channels and co-localization was measured with Analyze Particle function. For each experiment, single sections were manually counted as a control. For ex vivo explants, cells were counted manually and co-localization was measured manually. To measure synaptic input, the density of puncta was measured on 2 μm thick striatal sections of around 6.700μm size. Based on co-localization with DARPP-32 or Enkephalin, ROI were manually defined and the density of synaptic puncta was measured using Analyze Particle function. Statistical significance was tested using either Microsoft Excel or GraphPad Prism.

  a 7000smz-2 vibratome (Campden Instruments Ltd.). The slicing procedure was performed in an ice-cold solution containing (in mM): 130 potassium gluconate, 15 KCl, 0.05 EGTA, 20 Hepes, 25 glucose, 1 CaCl2 and 6 MgCl2. Slices were then transferred for a few minutes to a solution containing (in mM): 225 D-mannitol, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 25 glucose, 1 CaCl2 and 6 MgCl2, and finally stored for the rest of the experimental day at 33 °C in oxygenated BBS, containing: 115 NaCl, 2.5 KCl, 1.6 CaCl2, 1.5 MgCl2, 1.25 NaH2PO4, 26 NaHCO3 and 30 glucose (pH 7.4 after equilibration with 95% O2 and 5% CO2). For all recordings, slices were continuously superfused with oxygenated BBS, supplemented with the GABAa receptor blocker SR95531 (Gabazine; 2µM) and with Tetrodotoxin (TTX; 500nM), at 32-34°C.ElectrophysiologyElectrophysiological recordings were performed from either D1-dTomato positive or D2-dTomato negative dorsal striatal cells. Cells were patched in the transmitted deep red light with which slices were visualized using a CoolSnap HQ CCD camera (Photometrics) run by Metamorph software (Universal Imaging) and mounted on either a Slicescope (Scientifica), or a BX51 (Olympus) microscope. Before patching, D1-dTomato positive cells were identified by their red fluorescence using a 530-nm wavelength LED (Thorlabs) coupled to the slice chamber via the epifluorescence pathway of the microscope.
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 1 Figure 1. Definition of an embryonic molecular fingerprint of dSPN
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 2 Figure 2. Progressive intermix of dSPN and iSPN
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 3 Figure 3. Conditional deletion of the dSPN-specific transcription factor Ebf1
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 4 Figure 4. Transcriptional profile of dSPN, but not iSPN is affected by Ebf1
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 5 Figure 5. Ebf1 cKO affects distribution and intermix of dSPN and iSPN
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 8 Figure 8. Direct pathway activity is specifically perturbed in adult Ebf1 cKO

Figure S5 .

 S5 Figure S5. Defects in the distribution of iSPN in Ebf1 cKO (A) In E17.5 Islet1 Cre ;R26 mt/+ embryos, late-born iSPN (defined as Ctip2 + , EdUE14 + and tom -) are present both dorsally (A') and more ventrally (A'') in the dSTR, suggesting dorso-ventral migration from the vLGE VZ. (B) In Islet1 Cre ;Ebf1 fl/-;R26 mt/+ , late-born iSPN are abundant dorsally (B') but reduced ventrally (B''), suggesting a potential delay in the migration of late-born iSPN into the striatal matrix. Scale bar: 200 μm (A-B), 50 μm (A'-B'') dSTR dorsal striatum; GP, globus pallidus; VZ, ventricular zone.

Figure S6 .

 S6 Figure S6. dSPN form aggregates in the postnatal mutant matrix compartment (A) At P5, Islet1 Cre ;R26 mt/+ dSPN are homogeneously distributed in the Enk high matrix compartment (inset in A'). (B) On the contrary, in Islet1 Cre ;Ebf1 fl/-: R26 mt/+ mutants, tom + neurons are densely packed in Enk low areas and less abundant in Enk high , indicating that Ebf1 knockout cause impaired intermix of dSPN and iSPN. Scale bar: 200 μm (A-B), 50 μm (A'-B'').

Figure S7 .

 S7 Figure S7. Postnatal cortical and thalamic inputs contact both dSPN and iSPN (A-F) Vglut1 puncta, which labels cortical input juxtaposes both dSPN (Ctip2+ GFP-) and iSPN (Ctip2+GFP+) in the dorsal striatum at P5 (A-C). It is particularly clearin the extreme caudal part of the striatum there is a small region containing mostly dSPN (D-F). (G-L) Similarly, Vglut2 staining, which labels thalamic terminals, is homogeneous in the dorsal striatum (G-I) as well as in the extreme caudal striatum (J-L), suggesting that both dSPN and iSPN receive thalamic input. Scale bars: 250 μm (A-B), 50 μm (A'-B'). Strios., striosomes.

Figure S9 .

 S9 Figure S9. Adult Ebf1 cKO mice do not show major motor deficits (A-B) Basal motor activity in open field. Islet1 Cre ;Ebf1 fl/-mice (n=7) show a nonsignificant trend toward hyperactivity (p>0.05) when recorded for 10 minutes in an open field and compared to controls (n=8) (A). Activity is reduced 40 minutes after s.c. saline injection, as in control animals (B). (C-D) When put on an accelerating rotarod, shortterm learning performance of mutants is similar to controls (C), as is the performance three days after testing (D), indicating that Islet1 Cre ;Ebf1 fl/-motor learning skills are relatively spared. * p-value <0,05.

Figure S10 .

 S10 Figure S10. Striatal neurons retain spiny identity in Ebf1 cKO (A-C) Golgi staining performed in adult control, Islet1 Cre ;Ebf1 fl/-and Dlx5/6::Cre;Ebf1 fl/- brains. A subset of striatal neurons shows a reduction in the dendritic size. However, dendritic spines are present on striatal neurons dendrites in all conditions (n=10 cells per condition observed). Scale bars: 25 μm (A-C), 3 μm (A'-B').

  directly test if ventral streams migrate tangentially from the LGE, we took LGE explants from E13.5 GFPu or Drd2-EGFP embryos, grafted them in wild-type coronal or horizontal organotypic brain slices (Figures S1H-L and data not shown). Many GFP+ cells migrated tangentially from the LGE into the MGE SVZ ex vivo, supporting our in vivo analyses. Taken together, our findings demonstrate that Co and iPN-like neurons migrate tangentially from the LGE/CGE into the MGE territory.Defining the molecular and cellular identity of Co neuronsCo neurons are GABAergic LGE/CGE-derived neurons raising the question of whether they are interneurons or projection neurons. Since the expression of Ebf1 and Islet1 is common to Co cells and dSPN of the striatum, we examined whether these two cell types share additional molecular markers. Using E13.5 Islet1 Cre/+ ; R26 YFP/+ embryos, we confirmed that dSPN were labelled by immunostaining against the transcription factors Ctip2 (Figures2A and 2B, 93±2%) and FoxP1 (Figures2D and 2E, 71±8%). In the Co, most YFP + cells expressed Ctip2 (80±9%) but almost none co-expressed FoxP1 (Figure 2F; 5±3%, p<0.002) and its homolog FoxP2 (data not shown). This difference allows us to define Co cells as LGE/CGE-derived cells expressing Ctip2 but not FoxP1. Interestingly, a similar molecular fingerprint characterizes Islet1 Cre/+ ; R26 YFP/+ cells in the ventro-medial stream (Vms), a transient cellular stream located deep to the Str (Figures S2A-B and 2A, D). These results indicate that Co and Vms neurons have a common molecular identity that differs from dSPN, despite sharing a

(

  threshold function) and individual cell nuclei were counted using Analyze Particle function. For analysis of co-localization, selections of thresholded channels were superposed on different channels and co-localization was measured with Analyze Particle function. For each experiment, single sections were manually counted as a control. Statistical significance was tested using either Microsoft Excel or GraphPad Prism using Mann-Whitney test.
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  Figure 1. Tangentially oriented streams within the ventral telencephalon derive
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 2 Figure 2. Co cells have molecular and cellular properties of projection neurons

Figure 3 .FIgure 4 .Figure 5 (

 345 Figure 3. Tangential streams contribute to the Central Extended Amygdala.

Figure S2 .

 S2 Figure S2. Vms neurons and corridor cells have a similar molecular fingerprint (A-B). Islet1 Cre ;R26 YFP/+ lineage neurons of the Vms share expression of Ctip2 and lack of FoxP1 expression with corridor cells. At E13.5, scattered Islet1 Cre ;R26 YFP/+ are found in the Vms, located ventrally and medially to the striatal mantle (see Figure 2A). These cells express Ctip2 (A) but not FoxP1 (B), similar to corridor cells. (C) Drd2-EGFP + , Ctip2 + double-positive cells are also found in the Vms at E14. Scale bar: 25 μm. Str, striatum; Vms, ventro-medial stream.

  striatum, the LGE, actually gives rises to large number of different direct and indirect projection neurons, thereby exceeding the traditional direct/indirect dichotomy. I will briefly discuss the genetic models used for my studies in Part I before addressing what the results obtained reveal about neuronal heterogeneity in striatal and extended amygdala circuits (Part II). A related issue is that all these different cell types migrate and intermix thereby forming mosaics of cells inside cellular compartments. I will summarize and discuss in Part III what we know about different types of migration, redistribution, intermingling and what remains to be deciphered. Finally, I will discuss the different roles that transcription factor Ebf1 plays in the differentiation of one of this subtypes, direct pathway projection neurons of the matrix compartment, as well as the molecular actors that might regulate different aspects of dSPN development and normal functioning (Part IV).

  5, data not shown) and might end up contributing to the BNST together with Co neurons (see Tinterri, Deck et al., in preparation). The expression of Drd2 receptor and Ctip2, along with possible origin within the LGE, suggest that their lineage could be related to iSPN, similarly to how dSPN and Co neurons are related. Therefore, like iSPN might use dSPN to migrate, this population could use Co cells as a migration substrate. To test this hypothesis, it might be interesting to study corridor formation and migration along the corridor in Ebf1 conditional mutants; while it is known that Co shape is significantly altered in Ebf1 -/-(Garel, 2002) and Dlx5/6::Cre;Ebf1 fl/-mutants[START_REF] Lokmane | Sensory Map Transfer to the Neocortex Relies on Pretarget Ordering of Thalamic Axons[END_REF], it might be more preserved in Islet1 Cre ;Ebf1 fl/-embryos due to later Cre recombination (seeFigure 3, Tinterri et al., in preparation). Therefore, comparing migration dynamics along the corridor in the two mutants might help our understanding of how superstructures such as the extended amygdala are built during development and elucidate the mechanisms of non-radial migration in the ventral telencephalon.

Figure 4 ,

 4 Figure 4, Tinterri et al., in preparation), indicating that the axon guidance phenotype is probably

  together, our findings provide molecular insights of the Ebf1-dependent effectors that might regulate dSPN inward connectivity and reveal a novel role for this transcription factor in dSPN synaptogenesis. An important observation is that, despite the impaired connectivity, adult dSPN seem to retain dendritic spines in Ebf1 mutants (see Figure8and S10, Tinterri et al., in preparation and data not shown), indicating that Ebf1 deletion is not sufficient to completely override dSPN spiny identity.Does Ebf1 play a role in dSPN morphology?Ebf1 ortholog col has been shown to control acquisition of multidendritic morphology in drosophila class IV neurons, suggesting a role for Ebf1 in dendritic development. In adult Ebf1 mutants, dSPN, but not iSPN, show a stunted morphology with reduced dendritic arborisation, indicating that this might the case (see Figure8,Tinterri et al., in preparation). However, whether the defective morphology of adult dSPN is a result of Ebf1-dependent cell-intrinsic programs or whether it is a secondary consequence is still unknown. To test the hypothesis that Ebf1 directly controls morphological development of dSPN, we are injecting Ebf1 fl/fl ;R26 mt/mt embryos with an AAV-Cre virus at low titration to induce Ebf1 inactivation only in a subset of dSPN. Analysis of Ebf1-deficient neurons at postnatal stage will reveal whether Ebf1 directly controls dSPN morphological development.
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2 Pathologies associated with striatal function 2.2.1 Neurodegenerative disorders: Parkinson's Disease and Huntington's Disease

  

	2.Parkinson's disease (PD) is a degenerative disorder that affects mainly the motor system. Its
	main symptoms are movement-related, including shaking, rigidity, slowness of movement and
	difficulty with walking and gait. In advanced phases of the disease, depression and dementia
	occur commonly. The symptoms result from widespread cell death in the SNc leading to loss
	of DA input to the striatum. According to the classic model, this leads to a disproportionate
	increase in indirect pathway activity and consequent inability to initiate movement sequences.
	These "sustain-type" dopamine neurons are confined to the caudal-lateral SNc and project to
	the caudate tail, suggesting that DA neurons of SNc can selectively promote learning and
	retention of habitual behavior.
	Since DA modulates a variety of functions in SPN excitability, as well as in habit learning. By
	influencing glutamatergic corticostriatal and thalamostriatal synapses, cross-talk between DA
	and glutamate receptors has been proposed as a main mechanism in different striatal
	pathologies, in particular neurodegenerative disorders, schizophrenia and addictive
	behaviours.

  YFP/+ labelled neurons in the BNST and Ipac were

	positive for Ctip2 (Figures 3C-C'', 71±18% and 67±9% in the BNST and Ipac,
	respectively), negative for FoxP1 (Figures 3D-D'', 7±7% and 7±2% in the BNST and
	Ipac, respectively) and born at E11.5 or to a lesser extent at E12.5 (Edu labelling in
	Figure

  Taken together, these findings indicate that the LGE produces a wide panel of neurons that contribute to different structures of the basal ganglia and amygdala and show different degrees of similarity to striatal projection neurons. This finding, together with the identification of LGE/CGE derived interneurons, reveals that the neuroepithelium of the LGE can generate a large number of subtypes. Finally, it raises the questions of what features are common amongst LGE derivatives and how many different subtypes can be distinguished.

Tinterri*, Deck* et al., Figure 2

Tinterri*, Deck* et al., Figure3

Tinterri*, Deck* et al., Figure 4

mutants is patchy, with areas containing Ctip2 + ;GFP -dSPN but not iSPN. In control DOR dSTR, 22±12% of Ctip2 + cells are double-positive for GFP + . This percentage raises to 37±11% in Islet1 Cre ;Ebf1 fl/-;Drd2-EGFP (p=0.01) and to 33±7% in Dlx5/6::Cre;Ebf1 fl/-;Drd2-EGFP mice. Conversely, the percentage of double-positive GFP + Ctip2 + iSPN in MED dSTR is 40±6% in controls and drops to 14±6% in Islet1 Cre ;Ebf1 fl/-;Drd2-EGFP (p=0.0001) and to 13±4% in Dlx5/6::Cre;Ebf1 fl/-;Drd2-EGFP embryos (p<0.0001). Statistical analysis with Student's t test, results are presented as means +/-standard deviation. Scale bar: 200 μm (A-C and E-G) and 50 μm (A'-C'' and E'-G''). Correspondence to : Sonia Garel garel@biologie.ens.fr (+33-1-44-3237 18)

Summary

In mammals, thalamic axons are guided internally towards their neocortical target by corridor (Co) neurons that act as axonal guideposts. The existence of Co-like neurons in non-mammalian species in which thalamic axons do not grow internally, raised the possibility that Co cells might have an ancestral role. Here, we investigated the contribution of corridor (Co) to mature brain circuits. We unexpectedly found that Co neurons contributes to striatal-like projection neurons in the central extended amygdala. In particular, Co-like neurons participate to specific nuclei of the bed nucleus of the stria terminalis (BNST), which plays essential roles in anxiety. Our study shows that Co neurons possess an evolutionary conserved role in anxiety circuits independently from their acquired guidepost function. It furthermore reveals an intriguing link between the ontogeny of distinct circuits and highlights that neurons can have multiple sequential functions during brain wiring.

the LGE/CGE contribution to BNST subnuclei and their possible functions related to previously published results (Dong et al., 2001;[START_REF] Kim | Diverging neural pathways assemble a behavioural state from separable features in anxiety[END_REF] 

Discussion

GP Arkypallidal ? V ? ? ? ?

Table 1. Known or Suspected LGE-derived populations

Different LGE-derived populations are defined by their molecular fingerprint, their time of birth and their mode of migration (see below). *Islet1 has a prominent role in development of striosome dSPN, while Ebf1 is more important for matrix dSPN [START_REF] Ehrman | The LIM homeobox gene Isl1 is required for the correct development of the striatonigral pathway in the mouse[END_REF]Garel et al., 1999;Lobo et al., 2006Lobo et al., , 2008;;[START_REF] Lu | Dual role for Islet-1 in promoting striatonigral and repressing striatopallidal genetic programs to specify striatonigral cell identity[END_REF].

Migration in striatal derivatives: from early migration to redistribution

Migratory behaviour of dSPN and Co cells: radial versus tangential?

Since the LGE generates so many different cellular subtypes, a key question is how these neurons migrate from their point of origin to contribute to different structures. It is generally accepted that SPN migrate radially to form the dorsal striatum [START_REF] Hamasaki | Neuronal cell migration for the developmental formation of the mammalian striatum[END_REF]Wichterle et al., 2001). However, as aforementioned, LGE-derived neurons also contribute to the central amygdala [START_REF] Waclaw | Developmental Origin of the Neuronal Subtypes That Comprise the Amygdalar Fear Circuit in the Mouse[END_REF], Nucleus accumbens Shell and Core (Wichterle et al., 2001), globus pallidus [START_REF] Dodson | Distinct Developmental Origins Manifest in the Specialized Encoding of Movement by Adult Neurons of the External Globus Pallidus[END_REF][START_REF] Nóbrega-Pereira | Origin and molecular specification of globus pallidus neurons[END_REF] and extended amygdala (See Results; also Bupesh et al., 2011). It is therefore extremely probable that at least some subtypes of LGE-derived neurons use non-radial migration to reach their destination; this has been demonstrated for GP arkypallidal neurons and proposed for Co cells (Abellán and Medina, 2009;Bupesh et al., 2011;López-Bendito et al., 2006) on the basis of in vivo and ex vivo evidence (See Figure S1, Tinterri, Deck et al., in preparation; also [START_REF] Bielle | Emergent growth cone responses to combinations of Slit1 and Netrin 1 in thalamocortical axon topography[END_REF]. However, the mechanisms that drive different migratory behaviour of LGE derivatives are largely unknown. dSPN and Co neurons provide an interesting model to study migratory behaviour, since the two subtypes are born at a similar time and show similar molecular blueprint, with the exception of different expression of FoxP1 and FoxP2 (See Table 1 andResults). It might be tempting to speculate that this difference can relate to the different migratory behaviour of Co cells and dSPN, since this gene has been involved in transition from multipolar to bipolar morphology of developing SPN (Garcia-Calero et al., 2015). In particular, FoxP2 overexpression seem to promote bipolar morphology and entry in the MZ in newly born members Cadherin-8 (Cdh8), strongly downregulated in Ebf1cKO, and Cadherin-4 (Cdh4), Cadherin-7 (Cdh7) and Cadherin-20 (Cdh20) who are instead significantly upregulated.

Although these findings represent only the first step to understand the process of SPN intermix, they support the idea that adhesion and motility properties of dSPN play a relevant role in intermix with iSPN. In particular, three main and non-exclusive hypotheses could be conceived to explain migration and intermix of dSPN and iSPN: (i) both subtypes migrate radially to the mantle area and undergo a successive process of redistribution; (ii) at least one subtype (probably iSPN) use non-radial migration to integrate with the other subtype; (iii) migration of late-born dSPN and iSPN redisposes early-born neurons. Whatever the case, ex vivo video microscopy experiments on Islet1 Cre/+ ;R26 mt/+ ;Drd2-EGFP embryos, that we are currently setting up, could give precious insights on the process of dSPN and iSPN migration and intermix.

Can dSPN-like cells act as a substrate for iSPN-like migration?

At earliest stages, dSPN represent the overwhelming majority of neurons in the striatal mantle (see Figure 2, Tinterri et al., in preparation, and data not shown). Moreover, when iSPN start populating the mantle they are restricted to the lateral part and only gradually distribute more homogeneously (see Figure 2, Tinterri et al., in preparation). This observation, coupled with the fact that at later stages iSPN rely on dSPN to migrate and intermix (see Figure 5 and Figure 6, Tinterri et al., in preparation), raise the fascinating question of whether dSPN provide a migration substrate for iSPN during normal development. This hypothesis is corroborated by the observation that EdU at earlier stages of striosome neuron generation labels mainly dSPN, indicating that they are born earlier than iSPN and consequently they reach the striatal mantle before early-born iSPN. It can therefore be asked whether the same can be true for late-born SPN that build the matrix. This can be tested through a EdU birthdate screening in Drd2-EGFP embryos with injections from E13.5 to E15.5. If the hypothesis is correct, more dSPN would be labelled by earlier injections and more iSPN by latter. In addition to provide support to the idea
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