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The neocortex neurons underlie our cognitive and perceptual abilities. They are organised into vertical columns and horizontal layers and are thought to originate exclusively from germinative epithelium of the ventricular zone. However, the processes controlling the decision to generate a neuron, their specification and number and the formation of the functional units of the cerebral cortex are still matters of speculation [START_REF]Teleology for tangential migration in : Development of the cerebral cortex General discussion II[END_REF] . The clonal analysis reported here demonstrates that a group of neurons in the adult neocortex has an origin distinct from other neocortical neurons. Cells of this group disperse extensively in the tangential dimension and contribute to all telencephalic structures. Most likely this population originates outside the neocortical ventricular zone [START_REF] Anderson | [END_REF] and produces nonpyramidal GABA+ interneurons [START_REF] Parnavelas | The cell lineage of neuronal subtypes in the mammalian cerebral cortex 1-41-79[END_REF][START_REF] Mione | [END_REF] . The second clonal population of neocortex neurons originates from stationary precursors that produce radially arrayed neurons [5][6][7][8][9] and, presumably, derive from the germinative epithelium of the ventricular zone 10,11 . We propose that the stationary character of these progenitors is necessary for telencephalic formation. The progenitors of these two clonal populations of neurons are segregated before the onset of cortical neurogenesis. Therefore, neocortex neurons have a double clonal origin and arise from progenitors with distinct modes of migration and specifications. These findings should greatly facilitate further studies and interpretations of telencephalic development.

To visualize neuronal clones in the central nervous system (CNS) of adult mice, we have used a method of cell labelling based on the generation of a functional LacZ (𝛽-gal+) reporter gene during development of mice carrying an inactivated LaacZ ((𝛽-gal) transgene 12,13 . The initation event of the clone labelling is a recombination event that re-establishes the open reading frame of LacZ (Fig. 1). The random nature of the labelling technique makes it possible to compare characteristics of clones of different birthdates. The pan-neuronal targetted expression 14,13 simplifies the analysis and allows the classification of these clones in relation to their contribution to structure outside the neocortex 13 .

Figure 1:

The LaacZ labelling system12, a) Cell clones are labelled in the embryos by a random genetic event in a LacZ reporter gene containing an internal duplication (aa) that inactivates (𝛽-galactosidase (LaacZ). If an homologous recombination occurs between aa in LaacZ, it reestablishes the reading frame and results in a functional (𝛽-galactosidase. The modification is clonally inherited by the descendant cells. The labelling event occurs at very low frequency (10 -6 per cell and per generation) 12 . The neuron-specific enolase (NSE) promoter 14 combined to LaacZ allows for visualization of clonally related LacZ ((𝛽-gal+) neurons13. NSE LacZ 14 and NSE-1 LaacZ 13 , transgenic lines exhibit neuron-specific and pan-neuronal reporter expression, b) To produce random neuronal clones in the adult brain, homozygous NSE-1 LaacZ transgenic males were crossed with non-transgenic C57BL/6xDBA/2 females and their progenies were sacrified between PI2 to P30. Their brains were dissected into five pieces (the two cortical hemispheres, the cerebellum and the two dien-mes-rhomben-cephalons), X-gal stained 25,[START_REF] Bonnerot | Methods in Enzymology : Guide to techniques in mouse development[END_REF]13 and analysed in toto for the presence of (𝛽-gal+ cells. The production of a large number of clones provides a statistical representation of precursors of the neocortex at different developmental stages.

The in toto examination of 1753 brains of postnatal NSE-1 LaacZ transgenic mice led to the detection of large numbers of 𝛽-gal+ cells in the neocortex of 98 animals. 24 animals presented between 141 to 5691 labelled neurons in the neocortex. The clonal nature of the LacZ positive cells in these 24 animals has been assessed statistically (Table ). Next, clones were classified into three categories depending on the arrangement of lineally related cells. Labelled cells appeared as discrete clusters of neurons (Fig. 2, clustered clones), as single (or paired) cells widely scattered (Fig. 3, scattered clones) or as mixed comprised of the latter two types of clones (Fig. 2a,b). Therefore, neocortical neurons are composed of at least two neuronal populations whose progenitors have distinct clonal origin and properties.

Clustered clones contribute regionally to the neocortex. Some participate in dorsal regions whereas others contribute to lateral, rostral or caudal regions (Fig. 2, Table ). These clones are formed of numerous cellular groups separated from each other by 250 to 700 p.m in the tangential dimension of the cortex (Fig. 2 a-d). Other clones with only a few or even one cellular group have been observed (not shown). For all clustered clones, each cellular group is composed of several dozen cells whose nuclear size is highly heterogenous and which contribute radially to cortical layers I to VI (Fig. 2d,f). The neuronal population of clustered clones also shares features with the clusters observed following retroviral labelling5. The cells of these clones are mainly pyramidal glutamate positive neurons [START_REF] Parnavelas | The cell lineage of neuronal subtypes in the mammalian cerebral cortex 1-41-79[END_REF][START_REF] Mione | [END_REF] . These data establish that the progenitors of these cells are multipotent, relatively static in the tangential dimension and produce neurons mainly arranged radially. It is likely that these progenitors are localised in the germinative ventricular zone (VZ) of the neocortex between embryonic day 11 (E-ll) and E-17 5,6,15 and that cell intercalation duringVZ growth results in the observed spacing of the cellular groups. It is possible that the regional contribution of these clusters of radially arrayed cells is required and/or is [START_REF]Teleology for tangential migration in : Development of the cerebral cortex General discussion II[END_REF] indicative of a subdivision of the cortex into specialised regions. This in turn could be linked to the formation of genetic domains16 and/or cytoarchitectonie neocortical fields. In contrast to clustered clones, scattered clones (even those with only a few cells, as clone 97-241, 141 neocortical cells) participate uniformly in all neocortical regions (Fig. 3). Consequently, their progenitors must be very mobile. These clones are not radially arranged but are composed of single (solitary) or paired cells dispersed through all cortical layers (Fig. 3a,c). These data indicate that their progenitors have properties very distinct than those of clustered clones that localise to the VZ. The neuronal population of scattered neocortical cells shares features with the single and paired cells observed after retroviral labelling. Pamavelas et al and Tan et al (see the accompanying paper) have shown that the majority of these cells are GABA+ intemeurons [START_REF] Parnavelas | The cell lineage of neuronal subtypes in the mammalian cerebral cortex 1-41-79[END_REF][START_REF] Mione | [END_REF] . Recently, it has been shown that 80 % of the neocortical interneurons derive from cells localised in the LGE at E-12.5 2 , a structure that forms the striatum. In accordance with the hypothesis that scattered clones contribute these cells, we found that all scattered clones contribute to the striatum (Table, Fig. 3 d,e). The external origin of this neocortical neuronal population is in accordance with the dispersive property of the scattered clones and explains easily (i.e. active migration) as to why clonally related neurons are geographically separated 17,7 . confirmed since (whose Evo-Devo implications have not been discussed yet). It is also valuable for the pureness of the clonal analysis made herein. Email 2015: jfdnicolas@yahoo.fr, luc.mathis1@gmail.com. ). The arrow heads show the spacing of the cellular groups. e) radial arrangement of cells of a neocortical cellular group (clone 97-544), f) camera lucida tracings of a razorblade section through a large celular neocortical group (clone 94-499). Cells at different horizontal depths are represented. g to i) camera lucida tracings of clustered clones showing their regional neocortical distribution and their contribution in adjacent telencephalic cortical structures. g) clone 97-287, latero-caudal region of the neocortex and Po. h) clone 94-685, rostral region of the neocortex, MOB and Tu. i) clone 10, dorsal and latero-caudal regions of the neocortex and hippocampal regions. Arrowheads indicate the level of the section on the right. j) schematic representation of a sagittal section through a E-10.5 brain (adapted from Altman and Bayer) [START_REF] Altman | Atlas of prenatal rat brain development[END_REF] . Bars are : a, b, g, h, i : 1 mm, c : 50 𝜇m, d, e : 150 𝜇m, f : 300 𝜇m. MOB : main olfactory bulb, Po : primitive olfactory cortex, R : rhinencephalic neuroepithelium, NCx : neocortex, Hi : hippocampus, K: hippocampal formation, BG : basal ganglia, Tu : olfactory tubercule, CPu : caudate putamen (striatum), Spt : Septum. Hy : hypothalamus, THAL : thalamus, M : mesencephalon, RH : rhombencephalon, wm : white matter.

To determine when the progenitors of these two neuron populations segregate from each other, the contribution of the clones to structures outside the neocortex has been analysed (Table ). The observation of mixed clones among those contributing to diencephalon and/or more caudal structures (class A clones) indicates that the progenitors are not completely segregated in the neural plate. In contrast, clones contributing to only telencephalic structures are of one type (class Bs or Be clones, 19 cases out of 19). Therefore segregation of progenitors of these classes occurs no later than the time at which régionalisation of the telencephalon occurs (around E8-E9), that is before cortical neurogenesis (Ell-El7). The early clonal segregation of the precursors of clustered and scattered neuronal populations demonstrated in this article (see also the accompanying letter by Tan et al) is in agreement with an early cellular compartimentalization of the CNS. As scattered and clustered clones correspond to different classes of neurons, distinct cell specifications (e.g. neuronal type and migratory properties) accompany clonal segregation. For these cells it is their genealogical origin rather than their final position that determines many of their properties. Scattered clones participate in olfactory and hippocampal cortexes, striatum, septum structure as well as neocortex. This observation establishes the existence of common progenitors contributing to all these structures and that migration is not limited to the neocortex. Since clustered clones contributing to each of these telencephalic structures have been observed (Table ), they also must have a double clonal origin, a characteristic that is not unique of the neocortex. This finding raises the possibility that an external recruitment of some neural cells classes is involved in the development of all telencephalic structures. An alternative explanation would be, distinct, structure-dependent, modes of formation 18,19,20 , based on the utilization of at least two pools of early segregated progenitors (one of them being the progenitors for neocortical scattered clones). (Spt) (medial view from which the diencephalic, mesencephalic and rhombencephalic structures have been dissected out before histochemical X-gal staining). e) camera lucida drawings of 100 𝜇m sections (clone 97-547, class Bs) at four rostro-caudal levels (MOB, CPu, thalamus and mesencephalon). Bars are: a: 300 |𝜇m, b : 500 𝜇m, c : 50 𝜇m, d : 1 mm, e : 1.5 mm. Abbreviations are as in Fig. 2 Clustered neocortical clones also participate in other telencephalic structures, however, these clones follow a very different scheme than that of scattered clones (Table I, class Be clones). Clones regionalised caudally in the neocortex contribute to the hippocampal region and do not contribute to MOB. Reciprocally, the rostral clones contribute to MOB but do not contribute to the hippocampal region. Finally, only clones with a lateral location in the neocortex contribute to olfactory cortex (Table, Fig. 2). These characteristics suggest that even before the individualization of the neocortex from adjacent structures (Fig. 3j), the progenitors are relatively static ; that is they do not disperse into the whole of the cortical territories. This conclusion is strengthened by the regional neocortical contribution of precursors labelled very early (Table, Class A). A coherent growth precedes the allocation of progenitors to each of these cortical territories which, therefore, do not exhibit all the characteristics of clonal compartments. This situation is in contrast to that of the rhombencephalon 21,22,23,24 . We propose that the early decision of progenitors to be static is a necessary step for telencephalic formation and that this decision precedes subdivision within the telencephalic vesicle (Table, class A clones). Static phase could facilitate the step by step acquisition and maintenance of cells with different topographical and typological characteristics. Subsequently, cells belonging to certain territories would migrate tangentially contributing specific neuron types to many structures. Finally, after having reached their final position, these cells would be exposed to additional developmental signals that would determine their definitive phenotype.

  Table : CNS patterns of neocortical clones. Three classes of clones have been defined. Class A corresponds to clones contributing to diencephalic and/or more caudal (mesencephalic, rhombencephalic) regions. In bilateral clones, both sides are represented separately. Class B corresponds to clones contributing mainly to structures in the telencephalon (olfactory cortex, neocortex, hippocampal cortex and the basal ganglia). Class B has been further subdivided into scattered and clustered clones. Only class A clones contain mixed (scattered + clustered) clones. Clones in class B are either scattered or clustered. R (rostral), L (lateral), D (dorsal), C (caudal) designations in the neocortex refer to broad localisation of the clones. Scattered clones are uniformly distributed in all four regions. Clustered clones are regionalised. + : presence of 𝛽gal+ neurons ; 𝜀: presence of a few (𝛽-gal+ neurons ; -: absence of 𝛽-gal+ neurons ; nd : not determined, s : scattered, c, clustered, 1 : left, r : right. Pt: pretectum. Other abbreviations are as in Fig. 2. The clonality of the labelling has been tested by comparing observed frequencies with frequencies expected if the labelling is due to two independant events in the same hemi-encephalon. Different possibilities have been tested: mixed (scattered and clustered) clones (frequency: 7 out of 3506 hemi-encephalon) derives from the independant labelling of a precursor of a clustered clone (frequency: 17/3506) and of a precursor of a scattered clone (frequency: 18/3506); Class A (frequency: 9/3506) clones derives from the independent labelling of a precursor of a large brainstem or diencephalic restricted clone (frequency: 28/2400) and of a precursor of a class B clone (frequency: 19/3506); Class B clones (frequency: 19/3506) derives from the independant labelling of a precursor of a large (>10 cells) basal ganglia restricted clone (frequency: 10/2400) and of a precursor of a large (>100 cells) neocortical restricted clone (frequency: 0/3506). Statistical analysis of the frequencies allowed to reject the above hypotheses ( Chi 2 tests, 1 df. In each case, P<10 -4 ). Therefore, we consider that the observed (𝛽-gal+ labelling derive from a single recombination event.

Figure 2 :

 2 Figure 2 : The clustered, radially arrayed clones in the mature telencephalon, a) lateral view and b) camera lucida tracing of the left side of the brain (clone 95-106).Labelled cells appear as scattered neurons in the caudal regions and also as discrete cellular groups in the rostral regions (mixed clone, class A see Table). c) Higher magnification of several 250 to 700 |𝜇m-spaced cellular groups. d) Frontal section through the neocortex of clone 94-499 (clustered clone, class Be see Table). The arrow heads show the spacing of the cellular groups. e) radial arrangement of cells of a neocortical cellular group (clone 97-544), f) camera lucida tracings of a razorblade section through a large celular neocortical group (clone 94-499). Cells at different horizontal depths are represented. g to i) camera lucida tracings of clustered clones showing their regional neocortical distribution and their contribution in adjacent telencephalic cortical structures. g) clone 97-287, latero-caudal region of the neocortex and Po. h) clone 94-685, rostral region of the neocortex, MOB and Tu. i) clone 10, dorsal and latero-caudal regions of the neocortex and hippocampal regions. Arrowheads indicate the level of the section on the right. j) schematic representation of a sagittal section through a E-10.5 brain (adapted from Altman and Bayer)[START_REF] Altman | Atlas of prenatal rat brain development[END_REF] . Bars are : a, b, g, h, i : 1 mm, c : 50 𝜇m, d, e : 150 𝜇m, f : 300 𝜇m. MOB : main olfactory bulb, Po : primitive olfactory cortex, R : rhinencephalic neuroepithelium, NCx : neocortex, Hi : hippocampus, K: hippocampal formation, BG : basal ganglia, Tu : olfactory tubercule, CPu : caudate putamen (striatum), Spt : Septum. Hy : hypothalamus, THAL : thalamus, M : mesencephalon, RH : rhombencephalon, wm : white matter.

Figure 3 :

 3 Figure 3 : The scattered clones in the mature telencephalon. a) razorblade section (clone 97-547, class Bs) showing the scattering of labelled neurons in all cortical layers. b) camera lucida tracings of a frontal section through clone 97-241. Note the low cell density in the neocortex. c) in toto view of the lateral region of the cortex (clone 94-688, class Bs) illustrating a typical paired arrangement of scattered neurons. d) camera lucida tracings (clone 95-158, class Bs). Lateral and medial views. Note the uniform dispersion of the cells in the neocortex, and the labelling in MOB, Tu, Po (lateral view) and Hi (hippocampal region), striatum (caudate-putamen) and septum
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