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            Abstract
Several genes essential for neocortical layering have been identified in recent years, but their precise roles in this process remain to be elucidated. Mice deficient in p35â€”an activator of cyclin-dependent kinase 5 (Cdk5)â€”are characterized by a neocortex that has inverted layering. To decipher the physiological mechanisms that underlie this defect, we compared time-lapse recordings between p35âˆ’/âˆ’ and wild-type cortical slices. In the p35âˆ’/âˆ’ neocortex, the classic modes of radial migrationâ€”somal translocation and locomotionâ€”were largely replaced by a distinct mode of migration: branched migration. Branched migration is cell-autonomous, associated with impaired neuronal-glial interaction and rare in neurons of scrambler mice, which are deficient in Dab1. Hence, our findings suggest that inside-out layering requires distinct functions of Reelin and p35/Cdk5 signaling, with the latter being important for proper glia-guided migration.
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                    Figure 1: Migration behavior at E13.


Figure 3: Relationship between migrating neurons and radial glia.


Figure 4: Cell-autonomous functions of p35.


Figure 2: Migration behavior at E15.


Figure 5: Migration behavior of scrambler neurons.
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Supplementary information

Supplementary Fig. 1.
 (a) Examples of branched p35 deficient neurons selected from the videomicroscopic data. Branch points and branches are designated by thick and thin arrows, respectively. White and blue colors indicate two separate branching cells in the same mage field. (b) Examples of branched neurons, compiled from p35 deficient neocortices that were infected with a GFP-carrying retrovirus at E12 and subjected to GFP-immunohistochemistry 3 days later. (JPG 37 kb)


Supplementary Fig. 2.
 (a) Quantification of dynamic branching of a resting p35-/- neuron with complex branching morphology. (Top) Depicted is a resting neuron at two different time points (left, right) that shows dynamic changes of its branching morphology over time. The branching morphology consists of a main branch point (white arrows), a left branch (blue arrows), a right main branch (red arrows, left: growth cone is outlined) and a smaller right side branch (asterisk), which creates a side branch point. (Bottom) For the depicted neuron, the length of the branches (in Î¼m) and the angles of the branch points (in degrees) are plotted against time (in hours). The dynamic nature of branching is evident not only in the changes of branch lengths, but also in the changes of the main branch point angle. (b) Quantification of dynamic branching of a resting p35-/- neuron with simple branching morphology. This neuron possesses a branching morphology that comprises of one branch point from which a left and right branch extend. The lengths of the branches (in Î¼m) and the angle of the branch point (in degrees) are plotted against time (in hours). In this case, the dynamic changes in branching can be followed from branch point formation to branch point termination. Somal movement commences only after a second branch point is established at farther distance. (c) Dynamic branching of a p35-/- neuron that moves by branch-to-branch migration. The neuron analyzed here is pictured in figure 1c. Top: Depicted are the changes in the length of branches over time at two successive branch points (black, red). Bottom: Angles of both branch points and cumulative somal movement are followed over the same time period. It appears that somal movement in this case is associated with a fairly constant branch point angle, while branch length is subject to change (note the decrease in the length of the left branch at the second branch point). (JPG 109 kb)


Supplementary Fig. 3.
 Trajectory tracings of a representative wildtype (WT) and p35 deficient neuron from E15 videos. Each dot along the tracings represents the position of the cell soma at a distinct frame (time point) of the corresponding video. The tracings illustrate that while the WT and p35-/- neurons both advance in an overall radial direction, the p35-/- neuron moves in a "zig-zag"-like fashion, with significant changes in the direction of the trajectory that suggest glia-independent migration. The WT neuron, in contrast, does not deviate from its strict radial path, indicating migration along radial glia. VZ, ventricular zone; IZ, intermediate zone; CP, cortical plate. (GIF 4 kb)


Supplementary Fig. 4.
 An example of a p35 deficient neuron utilizing branch-to-branch migration. The cell soma of the depicted neuron is marked by an arrowhead, whereas branch points and branches are indicated by white and blue arrows, respectively. As the cell soma moves across the intermediate zone (IZ) to approach the branch point (I-II), the left branch retracts, while the right branch extends towards the subplate (II-III), becoming the new leading process (yellow arrows in II-III). A new branch point with two new branches is established (IV), to which the cell soma continues to move (IV-V), thereby advancing the neuron farther towards the cortical plate (CP). In panel VI, a second neuron with branched morphology can also be appreciated. Branch-to-branch movement in this case is associated with a 32 degrees change in the direction of the trajectory. (JPG 42 kb)


Supplementary Video 1.
 Branched migration at E13 in the p35 ko neocortex (time between frames 20 min).Quicktime movie illustrating several examples of neurons that have branched morphology and advance their cell somata by moving towards stably positioned branch points. (MOV 1182 kb)


Supplementary Video 2.
 Locomotion at E15 in the wildtype neocortex (time between frames,10 min).Quicktime movie of the two cells outlined in fig 2a, which move in tandem along the same radial path,presumably along the same radial glial fiber (glial fibers cannot be labeled with the Oregon Green calcium indicator used in the imaging studies). (MOV 846 kb)


Supplementary Video 3. 
Branched migration at E15 in the p35 ko neocortex (time between frames,10 min).Quicktime movie of the two cells shown in fig. 2b,which demonstrate dynamic branching and movement towards fixed branch points. (MOV 3014 kb)
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