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ABSTRACT  

The role of PI3K/ AKT/ mTOR pathway in programmed cell death of Cajal-Retzius 

cells and their contribution in the maturation of functional and dysfunctional 

cortical circuits. 

Cajal-Retzius (CR) cells are a class of transient excitatory neurons, generated from 

different domains located at the edges of the pallium in the embryonic telencephalon, the 

pallial septum (SE), the pallial-subpallial boundary (PSB), the cortical hem (CH), and the 

thalamic eminence (ET). SE-CRs, CH and ET contribute to approximately 80% of the total 

population of CRs in the neocortex, which commonly expresses the DeltaNP73 gene. From 

these sources, they migrate tangentially to cover the entire surface of the developing cortex. 

CRs play a key regulatory role in several stages of cortical development such as controlling 

neuronal migration, layer formation, and cortical areas patterning in the developing 

telencephalon via the secretion of several proteins such as extracellular matrix glycoprotein 

Reelin. After fulfilling their roles, CRs largely disappear during the first two postnatal weeks 

in mice by programmed cell death. 

Persistence of CRs during postnatal life has been detected in several pathological 

conditions related to epilepsy. Still, it is not yet clear whether their persistence is a cause or 

a consequence of these diseases. In order to study their contribution to these diseases, it is 

essential to decipher the possible molecular mechanisms involved in their death. 

The PI3K/AKT/mTOR pathway is well known to play an important role in several cellular 

functions related to cell proliferation, growth, metabolism as well as PCD modulation by 

regulating apoptosis and autophagy. In addition, dysregulation of this pathway has been 

shown to be one of the main causes of malformations of the cortex during development 

(MCD) and responsible for epileptic seizures. 

Considering the critical role of this pathway in cell survival, the main objective of this PhD 

project is to explore the role of this pathway in the modulation of PCD in the CRs. 

We first focused on the physiological activity of this pathway in CRs derived from 

DeltaNP73 positive progenitors at two stages: embryonic day 17.5 (E17.5) and post-natal 

day 1 (P1) before the cell death occurred. We have shown that this pathway is less active in 



 

2 

 

CRs after birth. In parallel, we separately explored the spatio-temporal activity of the AKT 

and mTOR pathways, which revealed the presence of a spatial difference in the activity of 

the two pathways in the rostro-caudal and medio-lateral axes. 

Then, using targeted genetic approaches involving positive (PIK3CA) or negative (PTEN or 

TSC1) regulators of the pathway, we demonstrated that maintaining its activity leads to a 

significant survival of CRs at a post-natal stage, with a stronger effect in PTEN. This survival 

is accompanied by a significant increase in the expression and secretion of Reelin by 

persistent CRs. 

A more focused analysis of the PTEN mutant showed that the morphology of persistent 

cells in the brain of these animals is modified leading to alterations in their intrinsic 

electrophysiological properties and their responses to injected currents. However, the 

cortex of mutated animals for PTEN does not show major alterations in the layers of 

pyramidal neurons but an increase in the activation of their mTOR pathway activity. 

Behavioral analyzes of locomotor activity, anxiety or working memory do not show any 

differences compared with controls. Similarly, increased mTOR signaling in the cortex is not 

associated with hypersensitivity to the development of seizures induced by kainate 

injection. 

Altogether, I showed that the reduction in the activation of the PI3K/AKT/mTOR pathway 

in CRs primes these cells to cell death probably through inhibiting an anti-apoptotic 

mechanism, and that the mTOR branch of the pathway contributes less to this survival. 

Keywords: Development, cell death program, Cajal-Retzius cells, neuronal survival, 

PI3K/AKT/mTOR pathway  
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RÉSUMÉ 

Le rôle de la voie PI3K/ AKT/ mTOR dans la mort cellulaire programmée des 

cellules Cajal-Retzius et leur contribution à la maturation des circuits corticaux 

fonctionnels et dysfonctionnels. 

Les cellules Cajal-Retzius (CR) sont une classe de neurones excitateurs transitoires, 

générés à partir de différents domaines situés aux bords du pallium dans le télencéphale 

embryonnaire Environ 80 % de la population totale de CR dans le néocortex expriment 

précocement le gène DeltaNP73. À partir de ces sources, elles migrent tangentiellement 

pour couvrir toute la surface du cortex au cours de son développement. Les CR jouent un 

rôle de régulateur clé dans plusieurs étapes du développement cortical via la sécrétion de 

plusieurs protéines dont la glycoprotéine de la matrice extracellulaire Reelin : le contrôle de 

la migration des neurones, la formation de couches et la structuration des zones corticales 

dans le télencéphale en développement. Au cours des deux premières semaines post-

natales chez la souris, les CR sont largement éliminés suivant un programme de mort 

cellulaire (PCD). 

La persistance des CR au cours de la vie postnatale a été détectée dans plusieurs 

conditions pathologiques liées à l'épilepsie, mais il n'est pas encore clair si leur persistance 

est une cause ou une conséquence de ces maladies. Pour pouvoir étudier leur contribution 

dans ces maladies, il est essentiel de déchiffrer les éventuels mécanismes moléculaires 

impliqués dans leur mort. 

La voie PI3K/AKT/mTOR est bien connue pour jouer un rôle important dans plusieurs 

fonctions cellulaires liées à la prolifération cellulaire, la croissance, le métabolisme ainsi que 

la modulation de la PCD en régulant l'apoptose et l'autophagie. En outre la dérégulation de 

cette voie a été démontrée comme l'une des causes principales de malformations du cortex 

au cours développement (MCD) et également responsable de crises d’épilepsie. 

Considérant le rôle critique de cette voie dans la survie cellulaire, l'objectif principal de 

ce projet doctoral est d'explorer le rôle de cette voie dans la modulation de la PCD dans les 

CRs. 

Nous nous sommes d'abord concentrés sur l'activité physiologique de cette voie dans les 

CR dérivés des progéniteurs positifs pour DeltaNP73 à deux stades périnataux avant la 
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survenue de leur mort cellulaire. Nous avons montré que cette voie est moins active dans 

les CR après la naissance. En parallèle, nous avons exploré séparément l'activité spatio-

temporelle des voies AKT et mTOR et cette étude a révélé qu'il existe une différence spatiale 

dans l’activation des deux voies dans les axes rostro-caudal et médio-latéral. 

Ensuite, en utilisant des approches génétiques ciblées portant sur de régulateurs positif 

(PIK3CA) ou négatifs (PTEN ou TSC1) de la voie, nous avons démontré que le maintien de 

son activation conduit à une survie plus ou moins importante des CR à un stade post-natal 

avancé avec un effet plus marqué dans le cas du mutant PTEN. Cette survie est 

accompagnée par une augmentation significative de l'expression et de la sécrétion de la 

Reelin dans les CR persistantes. 

Une analyse plus focalisée sur le mutant PTEN a montré que la morphologie des cellules 

persistantes dans le cerveau de ces animaux est modifiée conduisant à des altérations de 

leurs propriétés electrophysiologiques intrinsèques et de leurs réponses à des courants 

injectés. Toutefois le cortex des animaux mutés pour PTEN ne présente pas d’altération 

majeures des couches de neurones pyramidaux mais une augmentation de l’activation de 

leur voie mTOR.  Les analyses comportementales de l’activité locomotrice, de l’anxiété ou 

encore de la mémoire de travail ne montrent pas de différences avec les contrôles. De 

même, l’augmentation de la signalisation mTOR dans le cortex n’est pas associée à une 

hypersensibilité au développement de crises induites par l’injection de kainate. 

En conclusion, j’ai montré que la réduction de l'activation de la voie PI3K/AKT/mTOR dans 

les CR sensibilise ces cellules à la mort cellulaire en inhibant probablement un mécanisme 

anti-apoptotique, et que la branche mTOR de la voie contribue peu à cette survie. 

Mots-clés : Développement, programme de mort cellulaire, cellules de Cajal-Retzius, 

survie neuronale, voie PI3K/AKT/mTOR 
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1. Overview on the cerebral cortex 

Anatomically cerebral cortex can be split into two major parts, allocortex which is 

evolutionary older, including the hippocampus and the olfactory cortex, and neocortex 

which is unique to mammals (Klingler, 2017; Luzzati, 2015) . The cerebral cortex is located 

in the outermost part of the brain which controls sensory perception, motor behaviors and 

cognitive functions. These functions are relying on a complex architecture of neural 

networks that begins to be established during both embryonic and early postnatal 

development. Cell proliferation and cell death are two main selective and conserved 

evolutionary mechanisms which play a crucial role in sculpting the mature cerebral cortex 

through refinement of the developing neural circuits (Wong & Marín, 2019) . Studies in the 

past decades have discovered that disruption in the balance between these two 

mechanisms have been linked to the etiology of several neurological and psychiatric 

disorders such as macrocephaly  (Buxbaum et al., 2007), microcephaly, autism spectrum 

disorders (ASD), epilepsy (Enriquez-Barreto & Morales, 2016), intellectual disability and 

schizophrenia (Parenti et al., 2020; L. Wang et al., 2017). 

1.1. Neuronal composition 

In the radial dimension, the neocortex is composed of 6 layers. This laminar structure 

emerges from a dichotomy between two major neuronal subpopulations, spiny excitatory 

neurons (glutamatergic) and non-spiny inhibitory interneurons (GABAergic), which 

constitute almost 80% and 20% of the cortical neuronal population, respectively. 

Glutamatergic neurons are split into two subpopulations: projection (pyramidal) neurons 

and stellate neurons. The principal cells of the neocortex are pyramidal neurons, and each 

subtype differs in terms of layer position, morphology, dendritic arborization, and axonal 

projection targets. Pyramidal neurons are responsible for both axonal projections to the 

cortex and subcortical structures. stellate neurons are mainly located in layer 4 of primary 

sensory areas. GABAergic interneurons, show a huge diversity in both morphological and 

physiological structure and mainly have a local axonal projection within a circuit (Figure 1.B) 

(Kwan et al., 2012). 
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1.2. Architecture of the neocortex: layers, areas, and 

connectivity  

Anatomically cerebral cortex is composed of two hemispheres that communicate with 

each other and allow synchronized processing of sensory, motor, and cognitive information. 

Each hemisphere is split into two major parts, the allocortex, including the archicortex 

(hippocampus), the paleocortex (olfactory cortex), and the neocortex (isocortex) (Klingler et 

al., 2019). From an evolutionary point of view, the neocortex is likely the most recent 

structure of the brain compared to the allocortex, which is unique to the mammalian brain 

and has undergone a drastic expansion likely associated with the emergence of multiple 

complex functions (Kandel, 2013). 

Figure 1| Organization of the neocortex 

A. Schematic representation of the cortical organization in six tangential layers and radial columns, each 

containing pyramidal neurons. The dense apical dendrites of the pyramidal neurons in the underlying 

layers can be found in Layer 1 (L1), despite the fact that L1 lacks any pyramidal neurons (left panel). 

(Lodato & Arlotta, 2015) B. Principal types of neuronal cells in the adult cerebral cortex, Glutamatergic 

spiny excitatory neurons (left panel) and GABAergic non-spiny inhibitory interneurons (right panel). 

Dendrite (black) and axons (red). Targets of projection neurons toward the cortex and subcortical 

structures differ significantly depending on subtype and layer. Axons are directed within a local circuit by 

non-spiny interneurons with a wide range of morphology. Interneurons' subtypes also exhibit laminar 

preferences, which contributes to the cortical circuitry's layer differences (Kwan et al., 2012).  Dendritic 

spines (inset). 

Additional abbreviation: SP, Subplate 
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1.2.1. Layers 

In the radial dimension, the neocortex is distinguished by its organization of neurons into 

six horizontal layers (Figure 1.A) (Greig et al., 2013a). Starting from the surface or pia there 

is layer 1 (L1), or molecular layer which has a limited density of neurons, mainly limited to 

GABAergic interneurons, however, it hosts plenty of dendritic processes and axonal 

projections of pyramidal neurons from deeper layers and glial cells. During the embryonic 

and very early post-natal development (The first two weeks) L1 is mainly populated by Cajal-

Retzius cells (CRs) known as transient neurons (Harris & Shepherd, 2015; Ibrahim et al., 

2020; Tremblay et al., 2016). Deeper are layers 2/3 (L2/L3) historically defined as 

supragranular layers. These layers contain a large density of projection neurons that project 

into both collateral and contralateral cortices.  

Layer 4 (L4) known as the granule layer, contains projection and spiny stellate (granule) 

neurons. This layer is the main receiver of the sensory inputs originating from primary 

thalamic nuclei (Feldmeyer, 2012; Lodato & Arlotta, 2015). Below the upper layers of the 

neocortex (L2-L4) are the deep or subgranular layers called Layer 5 (L5) and Layer 6 (L6). L5 

contains mainly large projection neurons that shape or establish the major part of the 

subcerebral axonal projections. (Hendrickson & Ward, 1975). L6 is the deepest cortical layer 

which contains the biggest morphologically and physiologically diverse cell types. Projection 

neurons in that layer make a great contribution to the cortico-thalamic tract  (Briggs, 2010, 

p. 6; Greig et al., 2013a; Harris & Shepherd, 2015). 

1.2.2. Areas 

The human cortex is gyrencephalic, it contains many folds (gyri) split by elongated 

grooves called (sulci). This evolutionary convoluted form is believed to permit the presence 

of a greater number of neurons inside the limited space of the skull. In the mouse lack of 

gyri and sulci give the brain a smooth form. There is a pathological condition in humans, 

called lissencephaly, in which the absence of the grooves in the cerebral cortex, giving the 

brain a smooth shape similar to that of mice (Kato & Dobyns, 2003). Despite the 
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discrepancies in the superficial shape, the mammalian neocortex shares a similar structure. 

The cerebral cortex is tangentially subdivided into separated functional regions, called 

cortical areas. The areas can be split into primary areas which are surrounded by higher-

order areas, including secondary and associative. Cortical areas are defined by their model 

of connectivity with the thalamus: primary areas receive inputs from thalamic first-order 

nuclei (Pouchelon et al., 2014). There are three sensory primary areas, called visual area 

(VISp), somatosensory area (SSp), and auditory area (AUDp). These primaries receive and 

process sensory information collected at the periphery: the eye (vision), body 

(somatosensation), and ear (audition) (Figure 2). The fourth primary area is the motor 

(MOp), which controls the execution of voluntary movements. After processing of the 

information received by primary areas they will be transmitted to higher order thalamic 

nuclei and eventually to the secondary area and from here to associative areas which 

incorporate multimodal inputs coming from various stimuli, demonstrating a cortico-

thalamic-cortical loop (Alfano & Studer, 2013; Jabaudon & López Bendito, 2012; O’Leary et 

al., 2007; Pouchelon et al., 2014).  

1.2.3. Connectivity 

From a functional point of view, in the cortex, neurons establish horizontal connections 

within and across cortical areas as well as radial connections within functional columns. 

Cortical columns refer to groups of neurons from different layers in a vertical cluster within 

the sensory cortical areas that share a common response to the same type of stimulus 

(visual, auditory, etc.) (Figure 1.A) (Crowley & Katz, 1999; da Costa & Martin, 2010; Horton 

& Adams, 2005; Lodato & Arlotta, 2015). 

Interestingly, the organization of the neocortex into the laminar and radial plane is not 

only limited to this level but can also be found at the level of individual pyramidal neurons 

as building blocks of the neocortex. Pyramidal neurons mainly establish two groups of 

connection: intracortical which refers to the connection inside the cortex and corticofugal 

which points to connections projected from the cortex to the other parts of the brain (Figure 

2) (Lodato et al., 2015). Neurons located at the superficial level of layers (2, 3, 4) mostly 

establish intracortical axonal projection. In contrast, neurons localized in the deepest 
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cortical layers mainly project axons to the subcortical structures such as corticothalamic 

neurons in L6 which target the thalamus, and neurons in L5 which project to the tectum, 

hindbrain, and spinal cord (Jabaudon, 2017). The hierarchy construction of the laminar 

neocortex provides a link between structure and function (Feldmeyer, 2012; Larkum et 

al., 2018).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2| Brain areas, cortical and subcortical connectivity  

A. Schematic representation of the distinct primary cortical areas in the mouse brain (left-top panel). 

Schematic representation of the Intracortical and Corticofugal connections in the cerebral cortex: sagittal 

plane (left-bottom panel), coronal plane (right-top panel).  Intracortical connections are established by 

neurons in the superficial layers 2-4. Corticofugal connections are made by deep layers neurons 5 and 6. 

Top-down transmission of information in addition to bottom-up connection (Jabaudon, 2017). 

Abbreviations: VISp, Visual primary area; SSp, Somatosensory primarya rea; AUDp, Auditory area 

primary; Mop, Motor primary area. 

 

The classical dogma for the bottom-up cortical information processing implies that 

the collected sensory input from the periphery will transmit to L4 excitatory neurons 

through primary thalamic nuclei. From layer 4 excitatory neurons project to upper layers 
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2 and 3 and from there information will be transmitted to the collateral or contralateral 

cortex, and the deeper layers (L5 and L6) pyramidal neurons (Bartolini, Ciceri, & Marín, 

2013; Harris & Shepherd, 2015). Eventually, received inputs from upper layers by  L5 and 

L6 pyramidal neurons will be transmitted to subcortical regions (Harris & Shepherd, 

2015; Jabaudon, 2017). 

There is a top-down flow of information in addition to bottom-up connection, which 

transmits data from the sensory organ to the neocortex (Cauller, 1995; Ibrahim et al., 2020; 

Rubio-Garrido et al., 2009). Neocortical L1 is the main conduit for top-down information, 

where axonal input reaches neural networks directly, modulating their connectivity. This 

modulation is particularly significant because it frequently activates entire columns of the 

underlying cortex by reaching the apical dendrites of pyramidal neurons situated in several 

neocortical layers. One model in the somatosensory cortex that underlies conscious 

behavior and active touch discrimination (Cauller, 1995), as well as the ability to distinguish 

between internally and externally generated sensory representation (Keller & Mrsic-Flogel, 

2018), and predictions, suggest that the integration of top-down and bottom-up 

information in L1 is essential for active perception. 

Numerous studies have been conducted on the cerebral cortex, a sophisticated organ 

whose function is unknown. It is impossible to comprehend one's organization without 

considering its sequential development. Since some processes occur after birth, the initial 

steps begin very early and continue throughout the embryo's life. 
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2. Development of the cerebral cortex:  

The development of the brain is made up of multiple unique processes that are strictly 

regulated, and defects in any of those processes can have a detrimental effect on the growth 

of this sophisticated structure (Figure 3). Accordingly, I will briefly discuss some of the major 

processes that contribute to the maturation of the mouse brain in this chapter. These 

processes include the formation of the central nervous system (CNS), patterning of the 

primordia of important brain regions, proliferation of neuroepithelial cells, differentiation 

and migration of immature neurons, and removal of non-specific connections and excess or 

abnormal neurons through program cell death (PCD). 

 

Figure 3 | Mouse brain development timeline  

Schematic representation of major events occurring during embryonic (E) and postnatal (P) mice brain 

development. The shaded horizontal bars indicate the approximate timing of neurobiological processes 

(Wen et al., 2022).  

Cell death 



INTRODUCTION 

26 

 

2.1. General overview on telencephalic development 

The zygote goes through multiple rounds of cell division and migration after fecundation 

to eventually form the three germ layers known as the ectoderm, mesoderm, and 

endoderm. During neurulation, the ectoderm in mice begins to thicken and differentiate 

into the neural plate around the embryonic day 7.5 embryonic day (E 7.5) (Figure 4). After 

that, the neural plate will bend dorsally, bringing its two ends together, forming the neural 

tube at E8.5 in mice. The neural tube differentiates into the three primary vesicles known as 

the forebrain, midbrain, and hindbrain shortly after closure into the antero-posterior (AP) 

axis. The forebrain eventually separates 

into secondary vesicles such as the 

telencephalon. Pallium (also known as the 

cerebral cortex) is produced by the dorsal 

part of the telencephalon, while 

subpallium, which primarily produce the 

basal ganglia and migratory neurons, is 

produced by the ventral part (Kandel, 

2013; Puelles & Rubenstein, 2003).  

 

 

 

 

Figure 4 | Neural tube closure in the 
developing mouse brain 

A. Four different phases of primary neurulation 

during neural tube closure. Aa–c are dorsal 

views, whereas panel Ad is a lateral view. B. 

Stages of neural tube closure in a coronal view 

(Blom et al., 2006). 
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Cortical patterning is initiated very early by E10 through the patterning of the neural tube 

along the AP and dorso-ventral (DV) axis, which is mediated via secreted gradients of 

morphogens and signaling molecules produced by organizing centers in the developing 

brain. Morphogens are essential for defining distinct subdomains, such as cortical areas, as 

well as distinct regions of the CNS (Figure 5) (dorsal versus ventral), 

which is being done through regulation of the expression of transcription factors 

(TFs), necessary for neuronal differentiation and glial cell identity (Fukuchi-Shimogori & 

Grove, 2003; Greig et al., 2013a; Rallu et al., 2002). There are three organizing centers in 

the telencephalon: the anterior neural ridge (ANR) which rostro-medially secretes 

Fibroblast growth factors (FGFs) (Fgf8 and Fgf17), (Bachler & Neubüser, 2001; Crossley 

& Martin, 1995), cortical hem (CH) which caudo-medially secretes Wnts and Bone 

morphogenetic proteins (BMPs), and anti-hem also called the ventral pallium (VP) which 

laterally secretes Wnt antagonists and Epidermal growth factor (EGF) are organizing 

centers secreting morphogens in the dorsal telencephalon (Figure 5)(Assimacopoulos et 

al., 2003). Sonic hedgehog protein (SHH) is most abundant in the ventral part of the 

telencephalon, where is more involve in the development of ganglionic eminences (GE) 

and generation of interneurons (Hoch et al., 2009). Choroid plexus (ChP) secrets all 

different types of morphogens in to the Cerebrospinal fluid (CSF) which fills the lateral 

ventricles (LVs) (Greig et al., 2013a). Particularly, four main TFs whose expression is 

reciprocal in pairs have been identified. Empty spiracle homeobox 2 (Emx2) and paired 

box gene 6 (Pax6) are expressed in a caudo-medial and rostro-lateral gradients, 

respectively (Gulisano et al., 1996; Walther & Gruss, 1991). Chicken ovalbumin upstream 

promoter transcription factor 1 (Couptf1) and trans-acting transcription factor 8 (Sp8) 

are expressed in a caudo-lateral and rostro-medial gradients, respectively (Borello et al., 

2014; Q. Liu et al., 2000). Each postmitotic neuron can acquire a distinct area identity 

based on the level of TFs expression defined by these complementary gradients, which 

define coordinates. The motor identity is specifically determined by the expression of 

Pax6 and Sp8 in the rostral direction, while the specification of sensory areas is driven 

by the presence of Emx2 and Couptf1 in the caudal direction. In fact, numerous studies 
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have demonstrated that altering the expression of one of these factors can reorganize 

cortical regions. For instance, in the cortex, both the conditional ablation of Couptf1 and 

the haploinsufficiency of Emx2 result in an expansion of motor areas at the expense of 

sensory areas. On the other hand, the ablation of Pax6 has the opposite effect, resulting 

in a reduction in the size of motor areas and an increase in the size of sensory areas 

(Bishop et al., 2002; Greig et al., 2013b; Ohshima et al., 2004).  

 

Figure 5 | signaling molecules and TFs involved in pallial patterning 

A. Schematic illustrations of the signaling pathways and proteins involved in pallial patterning in the 

mouse brain (left) and frontal telencephalic hemisection (right). This included dorso-caudal signals of  

BMP and Wnt proteins from the roof plate and/or the cortical hem, rostral signals of FGF8 from the ANR 

and, ventral signals of  Shh from the precordal plate (initially) and the basal forebrain (later). Adopted 

from (Medina & Abellán, 2009) . B. Schematic representation of the gradient of main organizing centers 

involve in the patterning of the pallium. The differential expression of TFs, which, together with extrinsic 

signals, contributes to the establishment of cortical area identity, is regulated by the gradient of 

morphogens. Adopted from (O’Leary et al., 2007).  

Abbreviations: CP, cortical plate; MZ, marginal zone; VZ, ventricular zone; DP, dorsal pallium; VP, Ventral 

pallium ; LP, lateral pallium ; MGE, medial ganglionic eminence; CGE, caudal ganglionic eminence;  LGE , 

lateral ganglionic eminence; ANR, anterior neural ridge 
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2.2. Generation and migration of cortical neurons 

In the central nervous system, neurons are produced by neural stem cells, which this 

process is called neurogenesis. This is followed by, neuronal migration, dendritic and axonal 

growth, and synaptogenesis.  

The pallium, also known as the cerebral cortex, is formed by the dorsal telencephalon, 

and the ventral telencephalon transforms into the subpallium, which further produces GE 

and migrating neurons (Kandel, 2013; Puelles & Rubenstein, 2003). Undifferentiated 

neuroepithelial cells (NEs) construct the pallium telencephalic wall in mice at E10.5 

(Rubenstein & Beachy, 1998). At this time, some of these progenitors begin to differentiate 

into bipolar radial glia cells (RGs) and establish the primary germinal zone known as the 

ventricular zone (VZ). Since these cells are located in the apical VZ, they are referred to as 

apical RGs (aRGs), ventricular RGs, or vRGs. These cells are typically found in the developing 

brains of all mammalian species (Figure 6) (Paridaen & Huttner, 2014).  

aRGs span the thickness of the cortex by a short apical process that touches the 

ventricular surface (apical) of the developing cortex, and a longer basal process that touches 

the other superficial surface, the cortex' basal surface (pial surface) (Greig et al., 2013a; 

Rakic, 1971). At E11.5, RGs in the VZ undergo symmetric division to significantly increase the 

pool of aRGs progenitors and to generate additional progenitor classes, including 

intermediate progenitors (IPs) and outer RG basal RGs (bRGs, or outer RGs, oRGs, which 

collectively form the subventricular zone (SVZ). Unlike aRGs, bRGs do not have an apical 

process and remain attached to the pial surface via their basal process. bRGs are especially 

prevalent in humans (Hansen et al., 2010; Paridaen & Huttner, 2014). 

 IPs have a multipolar morphology and eventually divide either proliferatively to produce 

two progenitors or differently to produce two neurons. It has been demonstrated that 

microcephaly may result from mutations in the EOMES gene, which is responsible for 

encoding Eomesodermin, also known as T-box brain protein 2 (Tbr2) proteins. The fact that 

Eomesodermin/Tbr2 is highly expressed in IPs and plays an important role in their 

differentiation into other neurons lends credence to the significance of IPs in regulating 

neocortex size (Englund et al., 2005). The earliest-born neurons migrate away from the 

ventricular surface to segregate from progenitors and form the preplate (PP), which is 
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composed of the earliest-born neurons and differentiated from Neural stem/progenitor 

cells (NSPCs) in the VZ. At the same time, a/bRGs begin to produce projection neurons, 

which establish PP (Angevine & Sidman, 1961; Greig et al., 2013a). 

 

Figure 6 | Corticogenesis during mice brain development 

Schematic representation of the generation and migration of pyramidal neurons. NSPC produce aRGs, 

which multiply to expand the pool of progenitors and generate IPs, bRGs, and neurons. Before becoming 

neurons, IPs and bRGs undergo limited proliferation. Excitatory projection neurons of various subtypes 

are produced and colonize the cortical plate in an "inside out," manner, the earliest-born neurons in the 

deep cortical layers and the later-born neurons in the upper cortical layers (Greig et al., 2013). 

Abbreviations: CThPN, corticothalamic projection neurons; CPN, callosal projection neurons; GN, 

granular neurons; SCPN, subcerebral projection neurons. 

 

As neurogenesis progresses, projection neurons settle into the PP to establish the 

newly formed cortical plate (CP). The CP divides the PP into the subplate (SP), which will 

comprise a portion of layer 6, and the marginal zone (MZ), which will shape the entire 

neocortex L1. The neocortex's CP will eventually become L2 to 6. (Kwan et al., 2012; 

Marin-Padilla, 1978; Noctor et al., 2001; Sakayori et al., 2013).  

As neurogenesis proceeds and the thickness of cortex and distance to travel increase, 

neurons undergo a radial migration that can be broken down into four steps. Newly 

NSPC 

aRG 

IP 

bRG 
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generated neurons at the VZ migrate radially into the SVZ during the first phase. In phase 

2, new neurons lack polarization and they do not seem attached to the guiding extension 

of the radial glia cells, they move slowly in an RG-independent manner and extend and 

retract multiple processes into all direction. Neurons move into the locomotion mode 

during phase 3, they stretch an extension towards the basal dendrite of the adjacent RGs 

to use them as a scaffold to cross the CP through RGs and reach their final position. In 

Phase 4, they detach from the RGs and perform a terminal somatic translocation to 

conclude their migration (Kanatani et al., 2005; Noctor et al., 2004). 

 Excitatory projection neurons of various subtypes are produced and colonize the 

cortical plate at various time points: SP neurons start to invade the cortex at around 

E11.5, shortly after that at E12.5 and E13.5, corticothalamic projection neurons (CThPN) 

and subcerebral projection neurons (SCPN) are produced, respectively (Figure 6). By the 

E12.5, also some callosal projection neurons (CPN) are born, and those CPN that are born 

simultaneously with CThPN and SCPN also migrate to deeper layers, but the majority of 

CPN born between E14.5 and E16.5 migrate to superficial cortical layers. Around E14.5, 

granular neurons (GN) of L4 are born. 

As neurogenesis proceeds, migration of newly-born neurons happens in an inside-

first, outside-last manner leading to formation of the neocortex in an ‘inside-out’ 

fashion, meaning that early-born neurons  in and the neocortex is formed in an ‘inside-

out’ fashion, in which early-born neurons populate and form the deep layers (L6 first and 

then L 5), whereas later-born neurons migrate past them to progressively populate the 

superficial neocortical layers (L4, then L2/3) (Greig et al., 2013a; Kwan et al., 2012; 

Noctor et al., 2001). After neurogenesis is complete, neural progenitor cells shift to a 

gliogenic mode, to makes glia cells (oligodendrocytes and astrocytes) (Fiacco & 

McCarthy, 2006).   

Unlike excitatory projection neurons generated from progenitors at the VZ of the dorsal 

pallium, cortical interneurons (INs) originate from progenitors in the subpallium (Figure 7). 

Several germinal zones had been discovered, which give rise to a variety  of neuronal 

subtypes: NPs and INs the medial ganglionic eminence (MGE), and caudal ganglionic 
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eminence (CGE), which these two give rise to the majority of inhibitory neurons (60% and 

30% respectively), the lateral ganglionic eminence (LGE), and the preoptic area (POA) 

(Anderson et al., 2001; Flames et al., 2007; Q. Xu et al., 2004). 

 

 

Figure 7 | Migration patterns of interneuron in the developing telencephalon 

Schematic representation of the migration of subpallium-derived cortical interneurons at E15 in the 

rostral and caudal hemisection of the mouse telencephalon. Interneurons that originate in the preoptic 

area (POA), the caudal ganglionic eminence (CGE), or the medial ganglionic eminence (MGE) exit the 

proliferative zones and begin their migration toward the developing neocortex and striatum (orange). 

Interneurons in the cortex travel tangentially into the cortex after passing through the developing 

striatum and crossing the corticosubpallial boundary. The marginal zone (MZ), the subplate (SP), and the 

intermediate zone (IZ)/subventricular zone (SVZ) migratory streams are the primary pathways through 

which cortical interneurons travel to the neocortex. The net directionality of movement is indicated by 

arrows.(Guo & Anton, 2014). 
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After arriving at the cortex, INs migrate tangentially in streams above the MZ and below 

the SVZ and the CP to reach their position in these cortical regions before shifting to the 

radial migration to invade the CP and reach their ultimate location (Chu and Anderson, 

2015). Two waves of INs migration to the cortex have been identified: first at the E12 in mice 

to join the PP and second later between E13 and E15 to join the CP (Lopez-Bendito et al., 

2004; Nadarajah and Parnavelas,2002). It has been shown that INs still continue their 

migration during post-natal stages depending on synaptic activity. (From Marco Garcia et 

al., 2011). Besides INs, another population of excitatory neurons, the CRs, has been shown 

that joins the newly formed cortex at the MZ through tangential migration. (Bielle et al., 

2005; Takiguchi-Hayashi et al., 2004; Yoshida et al., 2006)  

2.2.1. Cajal Retzius cells at the center of cortical development 

2.2.1.1. Discovery of CR cells 

Through the use of Golgi staining, Santiago Ramon y Cajal reported for the first time 

in 1891 the existence of a type of horizontal cell with an ovoid soma and extremely long 

extensions that were only found on the superficial surface of the cortex of various 

mammals (cat, rabbit, rat, and dog) (Figure 8) (Ramon y Cajal, 1890). Two years later, in 

1893 Gustaf Retzius described a type of bipolar cell with multiple extensions and a cell 

body that is perpendicular to the surface of the cortex in L1 (Figure 8)  (Retzius, 1893). 

This type of bipolar cell was similar to what Cajal had reported. Comparison of the cells 

observed by two histologists in the MZ/L1 revealed that the cells in the human brains 

are quite distinct from those observed in other species, suggesting that the type of 

species and their developmental stages can significantly affect those cells. At the end of 

the 19th century, it was decided to give them the name Cajal-Retzius, which their 

nucleus and extension are located in the L1(Camacho et al., 2014; Martínez-Cerdeño & 

Noctor, 2014). CRs got more attention only after the recognition of the gene in charge 

of the reeler phenotype.  Falconer first described the reeler mice mutant in 1951. This 

mutant has a number of behavioral defects that suggest the involvement of the cerebral 
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cortex and cerebellum, such as jerky gait, ataxia, and tremors (Figure 9) (Falconer, 1951). 

Further histological examination of the reeler brain reveals that there is a defect in the 

proper migration of projection neurons that causes abnormal lamination of the cortex, 

cerebellum, and hippocampus, resulting in the absence of the CP and the subsequent 

separation of the PP from the SP and MZ (Ogawa et al., 1995).  

 

 

 

 

 

 

 

 

 

 

Figure 8 | Discovery of Cajal-Retzius cells 

Drawings of layer I (L1) cells obtained through the Golgi impregnation method.  A. compilation of cells 

discovered in the cortex of various small mammal (rabbit, mouse) specimens between 1890 and 1891.It 

is possible to observe the horizontal, bipolar, and area-restricted cells that Cajal described in the ZM, 

which are located in region A. (B and C). Represented L1 cells from the motor cortex of a child who was 

two years old  by Ramon y Cajal  (B) of a human fetus  with 26 weeks old by Retzius .The cells that Retzius 

first described are depicted in these observation drawings, with their multidirectional extensions and 

perpendicular soma at the surface (Ramon y Cajal, 1890; Retzius, 1893).  

 

Several month after Reln, which encodes reelin protein, has been identified as the 

gene responsible for the reeler phenotype (D’Arcangelo et al., 1995a). Further study 

discovered the different sources of reelin in the developing nervous system such as the 

neocortex, olfactory bulbs, and striatum. According to D'Arcangelo et al, CRs as a 

transient population of excitatory neurons are the only source of Reelin in the 

developing cortex (D’Arcangelo et al., 1995a; Del Río et al., 1997; Kirischuk et al., 2014; 

Marín-Padilla, 1998; Meyer, 2010)  
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Figure 9. Early cortical development in the reeler mice mutant 

At E13.5 the reeler phenotype is not obvious, further at E14.5, when cells need to migrate along radial 

glial (RG) fibres as migratory distances and the complexity of the environment increase. The early 

projection neuron (PNs) which make the cortical plate (CP) (green), divides the prelate (PP) into two 

parts. While the PP is not divided into two parts in the reeler CP, which is packed with cells that are 

oriented obliquely. In a normal situation, an inside-to-outside gradient is created around E15.5 when the 

second cohort of PNs (blue) migrates past the normal CP and settles superficially. Whereas the second 

cohort settles in the deep layers of the CP in reeler mutants, creating a gradient from the outside to the 

inside. (Tissir & Goffinet, 2003).   

2.2.1.2. Developmental origins and migration of  CR cells 

 

In the embryonic telencephalon, CRs are among the very first generated transient 

heterogeneous population of glutamatergic neurons lining the neocortex between E 9.5 

to E12.5 in mice (Hevner et al., 2003; Radnikow et al., 2002a; Zecevic & Rakic, 2001). CRs 

are generated at 4 distinct territories at the edges of the pallium and express pallial 

markers (Hevner et al., 2003). According to their origin they are divided into 4 

subpopulations: the pallial septum (SE), the pallial-subpallial boundary (PSB), the 

cortical hem (CH), and the eminentia thalami (ET) (Figure 10). CH, SE and PSB account 

for the majority of cortical CRs. (Ruiz-Reig et al., 2017; Tissir et al., 2009). Despite being 

known as glutamatergic neurons, CRs tangentially migrate to the surface of the cortex 

to help forming the PP. Shortly after the development of CP and the separation of the 
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PP from the SP and MZ, CRs are located in the MZ (Tissir & Goffinet, 2003). CRs depend 

on their site of origin preferentially populate distinct cortical territories: SE-CRs are 

located in the rostro-medial, PSB mainly in the rostro-lateral cortex, CH in the medio-

caudal, and ET the entorhinal and piriform cortex laterally (Figure 10)  (Barber & Pierani, 

2016; Bielle et al., 2005a; Griveau et al., 2010; Meyer, 2010; Tissir et al., 2009).  In 

addition to their cortical location, CH-CRs can be found in the hippocampus, specifically 

at the stratum lacunosum moleculare (SLM) and outer molecular structure of the 

dentate gyrus (OML). 

An extra neocortical source of CRs was first discovered by (Takiguchi-Hayashi et al., 

2004). They used the IG17 transgenic line, in which the promoter of the metabotropic 

glutamate receptor two (mGluR2) controls the green fluorescent protein (GFP) 

expression. In addition, they demonstrated that cells that express Reln, p73, and 

Calretinin and are positive for GFP are found in the MZ of these animals.  In addition, 

they demonstrate that at E12.5 β-Galactosidase (β gal) positive cells reached the MZ by 

tangentially migrating in a caudo-medial gradient by ex-utero electroporation of LacZ in 

mice at the caudo-medial border of the pallium, where CH-CRs are located. At E16.5, the 

cortex's entire surface is eventually covered in β gal positive cells that are also positive 

for GFP (Takiguchi-Hayashi et al., 2004). Further studies, has shown that SE-CRs and CH-

CRs both express Reln  and p73, while PSB-CRs express Reln and calretinin but not P73, 

indicating that distinct subtypes of CRs have distinct molecular properties (Griveau et al., 

2010). Furthermore, it was demonstrated that SE-CRs begin their migration earlier, 

travel faster, and migrate more linearly than other populations (Barber et al., 2015). It is 

clear that CRs are not a uniform population due to their various origins, molecular 

variations, and distinct distributions. 

Using the expression of a Cre recombinase as a genetic tool under the various gene 

promoters associated with distinct subpopulations of CRs made it possible to trace this 

neuronal population permanently, for instance: DNp73cre/+, which enables the genetic 

tracing of CRs originating from the SE, CH, and ET domains (Tissir et al., 2009), Dbx1cre/+, 
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which can target SE and PSB (Griveau et al., 2010), and Wnt3acre/+, which only targets 

CH (Yoshida et al., 2006) . 

 

Figure 10. CRs in mice brain 

A. Three-dimensional images of the developing brain, the surface views in c and b, as well as the sections 

in d and e, indicating the migratory streams (arrows) of CRs from the pallial septum (SE) (green), the 

pallial-subpallial boundary (PSB) (red), the cortical hem (CH) (blue) and the eminentia thalami (ET). 

(yellow). B. Postnatal mouse brain slices, shown in sagittal (upper panel) and coronal (lower panel) views, 

demonstrating the locations of CRs in the neocortex, hippocampus, and piriform cortex. 

Abbreviations: CGE, caudal ganglionic eminence; ChP, choroid plexus; LGE, lateral ganglionic eminence; LOT, 

lateral olfactory tract; MGE, medial ganglionic eminence; NCx, neocortex; Pir, piriform cortex; SP, subpallium. 
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DG, dentate gyrus; HF, hippocampal fissure; Hipp, hippocampus; NCx, neocortex; OML, outer molecular layer; 

Pir, piriform cortex; SLM, stratum lacunosum moleculare (Causeret et al., 2021).  

2.2.1.3. Functions of CRs 

CRs are well-known for their role in the correct migration of projection neurons and 

cortical lamination through the secretion of Reelin, and various functions in the 

establishment of the cortex have been associated them (Frotscher et al., 2001). Reelin is 

a 388 kilodalton (kDa) glycoprotein that phosphorylates the Dab1 adapter by binding to 

its receptors, apolipoprotein E receptor 2 (ApoER2) and very low density lipoprotein 

receptor (VLDLR) (Boyle et al., 2011; D’Arcangelo et al., 1995b). Several signaling 

pathways that control radial migration and dendrite formation in neurons are controlled 

by phosphorylated Dab1. 

As was previously mentioned, the reeler mutant's abnormal cortical lamination is 

caused by incorrect radial migration and the "inside-out" positioning of projection 

neurons, as well as problem with the PP's separation into MZ and SP (Figure 9) (Ogawa 

et al., 1995; Tissir & Goffinet, 2003). Human disorders such as lissencephaly, 

schizophrenia, bipolar disorder, and autism have been linked to RELN mutations (Fatemi 

et al., 2001; Impagnatiello et al., 1998).  

Numerous studies have been carried out to eliminate various subsets of CRs by 

expressing the fragment A of the diphtheria toxin (DTA), DTA interfere with production 

of proteins and causes cell death, under the control of various CRs promoters like 

deltap73, Wnt3a, and Dbx1 in order to investigate the role that CRs play in the 

development of cortical structures (Griveau et al., 2010; Tissir et al., 2009; Yoshida et al., 

2006).   

Bielle et al. in 2005 by using NesCre; Dbx1DTA lineage eliminated S-CRs and PSB-CRS. Further 

Fadel Tissir in 2009 was able to eliminate up to 75% of CRs using the delta Np73Cre ; Wnt3aCre 

lines, and in both cases there was no evidence of defect in the cortical lamination, regardless 

of the number of depleted CRs. This suggests that the remaining CRs can make up for the 

loss of Reln or that the cortex contains other sources of Reln that can compensate for the 

lack of CRs (Bielle et al., 2005a; Tissir et al., 2009; Yoshida et al., 2006). 
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 Several works done in our laboratory have highlighted the critical roles of CRs in cortical 

arealization in the developing telencephalon, CRs are produced at the signaling centers 

and express several morphogens important for correct cortical arealization. Fgf8, 

BMP/Wnt, and Egf/anti-Wnt are expressed by SE, CH and PSB CRs, respectively (Alfano 

& Studer, 2013). 

To investigate the role of CRs in the regionalization of the cortex, Amélie Griveau 

demonstrated in 2010, that ablation of SE-CRs results in a reduction in the proliferation of 

cortical progenitors in the rostro-medial part of the cortex, where SE-CRs tend to populate. 

In addition, they showed that upon ablation of SE-CRs, the CH- and PSB-CRs, the other two 

primary sources of CRs, begin to redistribute to populate the empty cortical region 

associated with the absence of SE-CRs.  The expression of TFs like Pax6, Emx2, and Sp8, 

which are necessary for correct early regionalization of the cortex, is altered due to this 

redistribution. As a result, at P8, the mutants' primary motor area has expanded at the 

expense of their primary somatosensory area (Figure 11)  (Griveau et al., 2010). As a direct 

consequence, the redistribution of CRs causes a reorganization of a number of higher order 

areas, including a reduce in the size of the secondary visual area (V2) and auditive area (A2), 

while the size of the secondary somatosensory (S2) and parietal associative (PtA) areas 

increase (Figure 11) (Barber et al., 2015). 

Furthermore, it has been demonstrated that the long-distance secretion of CR-produced 

morphogens and growth factors (FGFs, BMPs, and Wnts) influences the proliferation and 

differentiation of neighboring progenitor cells (Griveau et al., 2010). Therefore, CRs function 

as real mobile signaling centers that are essential for the patterning of the developing cortex 

by signaling to cortical progenitors. These studies indicate that distinct CR populations have 

distinct characteristics and functions during embryogenesis.  

In addition, CRs play an important role in the regulation of interneurons migration. The 

ablation of CH-CRs via the Emx1Cre ; Wnt3aDTA mutant leads to an early tangential 

migration of interneurons and followed by an anticipated radial migration into the CP.  This 

phenotype is linked to the decrease in the amount of the chemokine (C-X-C motif) ligand 12 

(CXCL12) chemokine, which binds to the C-X-C chemokine receptor type 4 (CXCR-4) in 

interneurons and regulates this type of migration (Caronia-Brown & Grove, 2011).  
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Figure 11. CRs regulate the size and position of cortical areas 

A. Ablation of S-CRs (in green) drive to a redistribution of pallial-subpallial boundary (PSB) (red), the 

cortical hem (CH) (blue) CRs, determining a shift in primary areas, whereas inactivating Vamp1-3 PSB- 

CRs and CH-CRs in the iBot model leads to a redistribution of these subtypes and a shift in higher order 

areas. B. By secreting a variety of long-distance factors necessary for correct cortical regionalization, CRs 

serve as mobile signaling units. Adapted from (Causeret & Pierani, 2016).  

Abbreviations: V2, visual area; A2, secondary auditory area; S2, secondary somatosensory area; PtA, 

parietal associative areas 
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2.2.1.4. Morphological and electrophysiological properties of 

Cajal Retzius cells 

2.2.1.4.1. Morphology of CRs 

Anstotz et al. specifically examined the morphology of neocortical CRs in mice, in 

2014, by injecting CR cells with biocytin between P7 and P11. The morphological criteria 

separated the CRs into two groups: typical and atypical (Anstötz et al., 2014). This 

classification was very similar to the one Radnikow et al. proposed to distinguish CRs in 

rat brain  between P5 and P11 (Radnikow et al., 2002a).  

Typical morphology: Approximately 80% of them are referred to as typical CRs. Their 

predominant feature is their bipolar shape. They have an ovoid cell body, which is 

located deep within L1. Their main dendritic branch is located at one of the soma's poles, 

parallel to the pial surface and it is divided into collaterals not longer than 100 

micrometers (μm), perpendicular to the surface. Normally, the axonal processes are 

spread horizontally in the opposite pole of the soma. The main axon can spread up to 

1.7 mm. (Figure 12). All of the extensions have a high density of buttons synapses, which 

suggests a high connectivity of these neurons (Anstötz et al., 2014; Radnikow et al., 

2002b). 

Atypical morphology: These type of CRs (20%) are much more diverse than typical CRs 

and lack their bipolar morphology. Although their dendritic and axonal extensions may 

not be at opposite poles, their cell bodies are located in the L1 like typical cells. They can 

extend vertically toward the surface of the pial and spread throughout the entire 

thickness of L1 (Figure.12). 
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Figure 12. Morphological properties of CRs 

Schematic representation of biocytin reconstructed CRs between P7 and P11. A. (a1, a2) Two examples 

of CRs with a typical morphology characterized by their bipolar shape and restricted spreading. B. (b1-3) 

Three examples of CRs with unusual morphology consisting of extensive spreading and long axonal 

extensions. Dendrites in red and axons in blue. (Anstötz et al., 2014).  
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Their synaptic content is similar to that of typical CRs (Anstötz et al., 2014; Radnikow et 

al., 2002b). At P4 and P11, at the level of the axonal and dendritic terminals, growth 

cones can be seen in both typical and atypical CRs forms. The majority of dendric spines 

are filopodia-shaped (Anstötz et al., 2014). After P5 the length of the axon' decreases as 

the number of collateral axons reaches its highest point. Additionally, the number of 

dendritic ramifications begins at a very low level at P1, rises to its highest level at P3, and 

then gradually declines over the following two weeks. These findings suggest that CRs 

retract after the first five days of life, when they acquire their most complex morphology (J 

et al., 2014). There is no apparent difference in morphology between different 

subpopulation of CRs, as reported (Sava et al., 2010). 

 

2.2.1.4.2. Electrophysiological properties of CRs  

 CRs maintain a profile of immature neurons during the first few weeks after birth . 

They have a depolarized resting potential that ranges from -40 to -50 mV, a high 

membrane resistance of 1-5 G, a low action potential trigger point of -35 mV, which is 

14 milliseconds (ms) long and have a low frequency (Anstötz et al., 2014; Sava et al., 

2010).  

In comparison, interneurons which are located within L1 during the second postnatal 

week, have a hyperpolarized resting potential of -70 mV, a membrane resistance of 0.5 

G, and an action potentials trigger point of -40 mV which last 2.5ms at high frequency 

(Figure 13) (J et al., 2014). Neither hippocampal CRs nor the various subsets of 

neocortical CRs (CH-, SH-, or PSB) have been found to differ in any electrophysiological 

properties (Anstötz et al., 2014; Sava et al., 2010) . 

In CRs, GABAergic synapses are mainly located on the soma as well as the proximal 

dendrite region , whereas the remaining part of the dendrites is covered by non-

GABAergic synapses (Anstötz et al., 2014; Radnikow et al., 2002b).  Due to the expression 

of The Na-K-Cl cotransporter 1 (NKCC1) in CRs, similar to all the immature neurons, 

GABA has a depolarization effect (Achilles et al., 2007). Indeed, a high chlorine 

https://en.wikipedia.org/wiki/Cotransporter
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concentration in the intracellular environment is necessary for the depolarizing response 

to GABA. The cotransporter NKCC1, which is expressed by neurons during embryonic 

development, keeps this internal concentration high. As a co-transporter, NKCC1 

facilitates the simultaneous entry of two Cl- ions as well as a Na+ and K+ ion. After birth, 

most of neurons transform this GABA's depolarizing activity into hyperpolarizing action. 

 

Figure 13. CR and interneuron electrophysiological profiles in L1between P7 and P11 

voltage responses to modification of membrane potentials during a 1-second stimulation caused by 

depolarizing and hyperpolarizing currents pulses in CRs (A-A2) and an interneuron (B-B2). A.  voltage 

response to weak hyperpolarizing and depolarizing current from CRs. They trigger only one action 

potential (AP) at the start of the stimulation. B. same stimulation response from interneurons. They can 

generate several APs following the stimulation, A2. Firing patterns in response to more intense 

depolarizing and hyperpolarizing currents from CRs. They generate different consecutive APs which 

decrease in amplitude. B2. same stimulation response from interneurons. They generate APs of the same 

amplitude throughout the duration of the stimulation (Anstötz et al., 2014). 
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A decrease in the expression of NKCC1 and a strong expression of the co-transporter 

K+/Cl- co-transporter (KCC2) are observed in mice during the first week after birth, which 

extrude Cl- together with a Na+ ion resulting in low concentration of Cl- inside the cells. This 

results in low chlorine's intracellular concentration. Following the fixation of its ligand, the 

opening of the GABAA receptor will allow the chlorine to enter via an osmotic gradient, 

resulting in neuron hyperpolarization (Figure 14) (Ben-Ari, 2002). The exception to the GABA 

switch is the CRs, which, according to Menville, continue to be depolarized by GABA until at 

least P13 in the rat. Indeed CRs do not express KCC2 at P11, whereas interneurons and 

pyramidal neurons express this co-transporter strongly at this stage (J.-M. Mienville, 1998; 

Pozas et al., 2008, p. 2). The presence of functional synapses on these neurons has been 

confirmed by the detection of spontaneous postsynaptic currents in CRs using calcium 

imaging (Schwartz et al. 1998) and patch clamp in cell attach configuration. Bicuculine, a 

GABAA receptor antagonist, completely eliminates GABAergic currents (Cosgrove & 

Maccaferri, 2012; Kilb & Luhmann, 2001). 

 

Figure 14. NKCC1 and KCC2 serve as two main regulators of GABA receptors. 

A. Immature neurons with a high chlorine intracellular concentration exhibit predominant the Na-K-Cl 

cotransporter 1 (NKCC1) expression. Chlorine escapes when GABAA receptors are activated. B) The 

K+/Cl- co-transporter (KCC2) expression is predominated in mature neurons with a low intracellular 

chlorine content. When GABAA receptors are triggered, chlorine enters the system. Adopted from (Ben-

Ari, 2002). 

Abbreviations: CLC2, Chlorine channel 2; VDCC, voltage-dependent calcium channel. 
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Regarding the non-GABAergic synapses, the presence of  ionotropic N-methyl-D-aspartic 

acid (NMDA)-like glutamate receptors in rats' CRs has been reported (J. M. Mienville & 

Pesold, 1999) whereas the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) or kainate receptors are absent on the surface of CRs. Radnikow and colleagues 

demonstrated the existence of weak currents which are completely eliminated by the 

application of AP-5, an NMDA receptor antagonist (Radnikow et al., 2002b). CRs also 

express the metabotropic glutamate receptors 1 (mGluR1) and mGluR2 glutamate 

receptors but they do not appear functional (Anstötz et al., 2014; Cosgrove & Maccaferri, 

2012).. In addition, CRs contain 5-HT3 receptors, and serotonergic projections have been 

observed on CRs from E15 in mice (Janušonis et al., 2004). 

Although CRs express a large number of membrane receptors for various neurotransmitters, 

only a small number have been found to be functional, probably because their expression 

varies greatly from species to species and over time. Despite these challenges, the current 

difficulty is defining the networks into which these CRs are integrated. 

2.2.1.5. Integration of CRs into immature cortical circuits 

It has not yet been fully clarified how CRs are embedded in brain circuits (Figure 15). The 

zona incerta's thalamic interneurons have been suggested as potential CRs inputs. In fact, 

the application of an anterograde tracer demonstrates that these interneurons send their 

long-distance terminals into L1 (Lin et al., 1991). Stimulation of SP neurons in mice using 

either electrical stimulation or local injection of GABA pressure produces a very rapid 

postsynaptic response in CRs (approximately 4 milliseconds after electrical stimulation of 

SP), indicating that there is a monosynaptic connection between SPs and CRs. Gabazine 

completely blocks this response, indicating that the SP interneurons are involved in these 

connections (Myakhar et al., 2011). In addition, an increase in spontaneous postsynaptic 

currents in CRs was induced by stimulation of Martinotti cells, interneurons positive for 

somatostatin (SST), which have deep-layer cell bodies and project to L1. This suggests that 

there is a connection between these two types of cells (Cosgrove & Maccaferri, 2012). 

Finally, putative synaptic contacts between L1interneurons and CRs have been observed 
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through light microscopy, indicating that these GABAergic cells may serve as CRs' 

presynaptic partners (Anstötz et al., 2014). The outputs of neocortical CRs are still largely 

unknown. Although an experimental demonstration in mice is still lacking, electron 

microscopy on biocytin-filled CRs in rats has formally demonstrated that CR axons form 

synapses with dendritic tufts of pyramidal neurons (Figure 15) (Anstötz et al., 2014; Derer & 

Derer, 1990; Radnikow et al., 2002b) . 

In the hippocampus circuits, both interneurons in the oriens lacunosum moleculare 

(OLM) and neuroglial forms provide local GABAergic inputs to CRs in the SLM (Quattrocolo 

and Maccaferri 2013). Regarding the output of hippocampal CRs, expression of the 

photoactivable protein channelrhodopsin in these neurons allowed for the detection of a 

response in SLM interneurons and CA1 pyramidal neurons, suggesting that CRs play a role 

in the plasticity of these regions (Figure 15) (Quattrocolo & Maccaferri, 2014). 

 

Figure 15. circuits with embedded Cajal-Retzius neurons: 

A. Subplate (SP) neurons, Martinotti cells (ovoidal cell bodies) in the CP, and neurons from the thalamic 

zona incerta provide GABAergic inputs to CRs in the cortex (blue). It is possible for other localized 

interneurons in the CP to synapse with CRs (represented by a “?”). Glutamatergic inputs may originate 

from SP neurons or CP pyramidal neurons, but their precise location has not yet been determined. 

Additionally, raphe or locus cereleus (gray line) could provide serotoninergic or adrenergic inputs to CRs. 

Synapses between CRs, L1interneurons, and CP pyramidal neurons are thought to exist. B In the 

hippocampus, neuroglial forms (NGF) and oriens lacunosum moleculare (OLM) interneurons provide 

GABAergic inputs to CRs. NGF interneurons and pyramidal neurons vz form synapses with CRs (Kilb & 

Frotscher, 2016). 
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2.2.1.6. Disappearance of CR cells 

Morphological studies and permanent labeling in mice have formally and quantitatively 

demonstrated that CRs die within two weeks after birth through PCD rather than migration, 

transformation, or dilution in an expanding cortex. The molecular mechanisms by which CRs 

are eliminated have just started to be identified (Blanquie, Liebmann, et al., 2017; 

Chowdhury et al., 2010; Ledonne et al., 2016). 

Del Rio et al. in 1997, monitored CRs in an in vitro explant of the hippocampus and 

somatosensory cortex between P0 and P1 on different days in vitro (DIV). They revealed 

while hippocampal CRs are still present by the last day of analysis (DIV 31), cortical CRs 

vanish between DIV 5 and 7. In addition, they showed that hippocampal CRs were reduced 

by four times when co-cultured with entorhinal cortex explants, indicating that the 

entorhinal cortex may be producing a toxic signal for these neurons (Del Río et al., 1997) . 

Neocortical explants were treated with tetradotoxin (TTX) to block sodium voltage 

channels, which led to a six-fold increase in the number of CRs at DIV 10. The explants were 

treated with NMDA or AMPA/Kainate receptor antagonists, (2R)-amino-5-phosphonovaleric 

acid (AP-5), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), respectively to ascertain the type 

of synapse involved. Similar cell survival results to the TTX experiment were observed when 

CNQX, but not AP-5, was introduced, indicating that AMPA/kainate receptors are the cause 

of CR elimination (Del Río et al., 1997). Because these channels have not yet been discovered 

on the membranes of CRs, the outcomes were unexpected  (Blanquie, Liebmann, et al., 

2017; Cosgrove & Maccaferri, 2012; Kilb & Luhmann, 2001).   

CRs from P0/P1 dissociated brains have recently been cultured. The number of CRs at DIV9 

increased when TTX was added. Muscimol, a GABAA agonist, also decreased the number of 

CRs in organotypic cultures at DIV 11. Because GABA is excitatory on CRs due to the high 

intracellular Chlorine concentration maintained by NKCC1, the authors used bumetanide to 

block the cotransporter, and they observed an increase in the number of CRs at DIV 19, 

which eventually decreased. Similar outcomes were observed when the pro-apoptotic 

factor p75 neurotrophin receptor (p75NTR), whose expression is increased by GABA-

induced depolarization on CRs, was inhibited (Blanquie et al. 2017). This study highlights the 

toxic effect of depolarizing GABA on these neurons and supports the significance of neuronal 
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activity in CRs PCD. Also mention the kir1.3 model where hyperpolarization of CRs increase 

CR number in L1. 

From the hand, it has been already shown that CH-CRs and SE-CRs express the transcription 

factor amino-terminal truncated protein, called deltaNp73, which has been shown to be 

important for their survival. The transcription factor p73 is a member of the p53 family of 

tumor suppressor proteins, and p53 is well-known for its pro-apoptotic function (Fang et al., 

1999; Yoon et al., 2015, p. 73). The nervous system has higher levels of p73 expression 

(Killick et al., 2011). 

In 2000, Pozniak et al. demonstrated that a p73 isoform that lacks the DNA-binding domain 

necessary for its pro-apoptotic function is specifically expressed in sympathetic ganglion 

neurons. (Pozniak et al., 2000). It has been called DeltaNp73. The entire p73 form is referred 

to as transactivating (TA) p73. 

According to Simoes-Wust et al., in 2005, this factor is capable of forming a dimer with the 

TAp73 transcript, which prevents the transcription of pro-apoptotic genes (Simões-Wüst et 

al., 2005). 

In line with that, it has been demonstrated that complete elimination of the deltaNp73 

by using deltaNp73cre/cre mutants, causes early death of CRs at E12.5. Therefore, 

deltaNp73 is essential for CH and SH-CR survival up to P0, when its expression begins to 

decrease (Tissir et al., 2009). This TF probably protects CRs throughout development, but its 

downregulation after birth makes these neurons more susceptible to harmful signals, 

whether intrinsic or external. Work from our laboratory has described an additional player 

involved in CRs disappearance (Ledonne et al., 2016), through experiment on the pro-

apoptotic factor BCL2 associated X protein (Bax). This pro-apoptotic protein regulates 

apoptosis in a variety of contexts, including the CNS (Buss et al., 2006; Southwell et al., 2012) 

. Ledonne et al.  demonstrated that only SE-CRs die in a Bax-dependent manner by 

specifically inactivating Bax in SE/CH- (Np73cre) or CH-CRs (Wnt3acre), as a 5-fold increase 

in CR density was observed exclusively using the deltaNp73cre line at P24 (Figure 16). 

Interestingly, they demonstrated that, despite the maturation of the cortical circuits in 

which they are embedded, these rescued CRs maintain the properties of immature neurons 

and remain active in the network (Ledonne et al., 2016). 
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Figure 16 | Model of Bax inactivation in CRs 

At P24, CRs had undergone a massive death event, with virtually no cells remaining. SE-CRs, but not CH-

CRs, escaped to cell death and remained in L1at P24 thanks to the inactivation of the pro-apoptotic factor 

Bax. Persistent CRs kept the properties of immature cells (Ledonne et al., 2016). 

 

Despite their common morphology CRs subpopulation are not a uniform population from 

different aspects, for instance their molecular signature, their preference for populating 

different territories of developing cortex and also the dynamic of their disappearance differs 

temporally and spatially. Notably, it has been reported that some CRs in mice's hippocampus 

survive to adulthood, whereas none are found in the neocortex at this stage (Louvi et al., 

2007).  
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There are three distinct localizations of CRs: between OML and SLM along the hippocampal 

fissure (HF); in the dentate gyrus' pial surface and L1 of the subiculum, with the HF having 

the highest density. However, a decrease in cell number was observed between P8 and P60, 

though to different degrees in various hippocampal regions: 98% in the L1 of the subiculum, 

85% in the HF, and 80% in the dentate gyrus' pial surface (Chowdhury et al. 2010; Ma et al. 

2014).. 

Since hippocampal CRs are derived from the CH, this study demonstrates the significance 

of the environment for the survival of CRs of the same lineage (Bielle et al. 2005). However, 

the specific survival factors of hippocampal CRs have not yet been determined. 

2.2.1.7. Persistence of Cajal Retzius cells in pathologies 

Anomalies in the organization of L1involving neurons with characteristics resembling those 

of CRs were discovered through histological analysis of surgical resections or postmortem 

brains from patients with defects in their cortical development. 

Eriksson. et al, have looked at 12 polymicrogyria patients between the ages of 21 and 10 

years old. Polymicrogyria is a neuronal migration disorder (NMD)-related cortical 

malformation characterized by an excessive number of abnormally small cortical gyria and 

disorganized layering  (Oegema et al., 2020). After gestation week (GW) 30, a greater 

number of Reelin+/Calretinin+ cells were found in the L1of patients than in control tissue. 

These neurons were more likely to be found in the distorted areas. The authors suggest that 

these cells may be CRs based on their location and expression of markers (Figure 17) 

(Eriksson et al., 2001).  
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Figure 17 | Persistence of CRs like cell in polymicrogyria 

A. An age-matched control's brain section shows presence of few neurons in a sulcus positive for reelin. 

B. Section from the brain of a patient (1 day) diagnosed polymicrogyria shows an increased number of 

reelin+ cells in a sulcus close to the polymicrogyric zone, as shown by the arrows. Adopted from (Eriksson 

et al., 2001) . 

 

The spectrum of focal developmental malformations known as focal cortical dysplasia (FCD) 

is characterized by a disruption of the normal cytoarchitecture of the cerebral cortex and is 

strongly linked to medically intractable epilepsy (Crino, 2015). Whereas type II FCD is 

characterized by the presence of dysmorphic/cytomegalic neurons with or without balloon 

cells, type I FCD is characterized by a dyslamination and disrupted organization of tissue 

architecture (Crino, 2015; Najm et al., 2018). According to Garbelli et al., in 2001, persistence 

of Calretinin positive, GABA negative neurons was found in 32 of 33 patients with type II FCD 

but not in any patients with type I FCD. This suggests that CR survival might be a sign of the 

former type of FCD (Garbelli et al., 2001). 
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Figure 18. Cytoarchitectural of the cortex in focal cortical dysplasia type IIB 

The left panel demonstrate a healthy six-layered cortex. The cytoarchitectural abnormalities found in 

type FCD II are depicted in the right panel: L1 is defined but widened and contains "balloon cells". The 

remaining layers are poorly defined and have more active glial cells and dysmorphic neurons. White 

matter is hypomyelinated and lacks a definite border with the deep layers. In addition, Balloon cells may 

also be detected in this area (Sisodiya et al., 2009). 

 

In another study, Blumcke et al. discovered that 27 patients with Ammond's horn 

syndrome (AHS) had an increase in the number of CRs not only in the neocortex but also in 

the SLM of the hippocampus. (Blümcke et al., 2013). 

AHS is associated with pharmaco-resistant temporal lobe epilepsies (TLE) and is 

characterized by the loss of pyramidal neurons in 3 hippocampus subfields, cornus 

Ammonis1 (CA1), CA3, and CA4 (Figure 19). This loss is compensated for by an invasion of 

ectopic glial cells, making the tissue difficult to cut and defining it as sclerotic  (Blümcke et 
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al., 2002, 2013). Interestingly, in another study a decrease in RELN positive neurons was 

observed in the hippocampus of 22 TLE patients (Haas et al., 2002). In addition, the reeler 

mouse also exhibits a susceptibility to seizure (Patrylo et al., 2006), indicating that RELN 

levels probably play a significant role in the onset of epilepsy. 

 

Figure 19 | Different hippocampal sclerosis cases 

Different hippocampal sclerosis cases.  Resections from human patients' hippocampi immunolabeled 

with the neuronal marker NeuN (brown) and counter-labeled with hematoxylin (purple). The symptoms 

of hippocampal sclerosis include A. a predominant loss of neurons in the CA1 and CA4 of hippocampal 

regions, B. loss of neurons confined to the CA1 region, C. absence of neurons in the CA4 region. D.  A 

healthy subject's hippocampus. The dentate gyrus is affected in all three cases almost equally (Blümcke 

et al., 2002).  

 

Although the cited studies suggest a connection between malformation of cortical 

developments (MCDs) associated with epilepsy and CR survival, it is unclear whether this 

abnormal persistence is the cause or just a result of the various diseases. However, it raises 
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the question of whether the proper maturation of cortical and hippocampal circuits is 

affected by the loss of CRs.  

Further investigation from our lab on SE persisted CRs mediated by inactivation of BAX 

revealed that the presence of electrically active subsets of CRs can lead to an 

excitation/inhibition imbalance in upper layer pyramidal neurons due to an increase in 

dendrite complexity and spine density (Riva et al., 2019). As a result of this, the animals may 

be more likely to develop seizures (Riva et al., in revision). 

 

Figure 20 | Spine density and recorded evoked synaptic activity in L2/3 pyramidal neurons in the CRs 
Bax modele 

A. Images showing spines in basal dendritic segments of controls Bax lox/+ (left) and mutant Bax lox/lox 

(right). B. voltage-clamp recorded at −70 mV and 0 mV from L2/3 pyramidal neurons between p24-26. 

C.   E/I ratio plot  calculated from eEPSCs and eIPSCs (Riva et al., 2019). 

2.3. Programmed cell death 

Despite the high metabolic expense of creating new cells, the brain only contains a 

small fraction of the neurons formed throughout embryonic development. At postnatal 

stages, some neuronal subpopulations are reduced, while others are completely 
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eliminated (Causeret et al., 2018a; Wong & Marín, 2019; Y. Yamaguchi & Miura, 2015).  

PCD eradicates extra cells from the nervous system at two distinct developmental 

junctures: during embryonic development, at the level of progenitors and newborn 

neurons, and after birth, as neurons mature and become integrated into neural circuits. 

The earliest neural PCD in mice has been observed in the anterior distal epiblast, which 

is thought to be the neural plate, at E6.5 (Yeo & Gautier, 2004). After this time, the lateral 

edges of the hindbrain, which are necessary for the lamina terminalis, optic invagination, 

and closure of the neural tube, experience cell loss. The pallium, the progenitor cells for 

pyramidal cells, CRs, and SP neurons, has been shown to be the site of cell death 

beginning as early as E10.5. On the contrary, progenitor cells in the subpallium, which 

gives rise to cortical GABAergic interneurons, appear to experience cell death less 

frequently (Causeret et al., 2021; Mihalas & Hevner, 2018).  

Studies on mutant mice lacking key pro-apoptotic proteins have demonstrated that 

embryonic cell death is essential for determining the development of the cerebral cortex. 

For instance, mouse embryos which are not able to activate executioner Caspases 3 and 7 

due to lack of apoptotic protease activating factor-1(Apaf-1) or Caspase 9 manifest a 

significant expansion of the proliferative zones in the developing cortex (Cecconi et al., 1998; 

D’Amelio et al., 2010). In cortical progenitor cells, PCD is not caused by the anti-apoptotic 

protein Bcl-XL or the pro-apoptotic factor Bax, which suggests that neurons and progenitor 

cells follow at least partially distinct apoptotic pathways (Nakamura et al., 2016; Roth et al., 

2000; White et al., 1998). Cell cycle checkpoint is probably connected to cortical progenitor 

PCD, as it ensures the accuracy of DNA replication, repair, and division. Perhaps progenitor 

cell death is triggered by changes in mitotic progression, particularly mitotic delay, or defeat 

of cell cycle checkpoints (J.-F. Chen et al., 2014; Pilaz et al., 2016). Programed cell death is 

also influenced by progenitor cell interactions with the local microenvironment, in addition 

to intrinsic factors. During brain development, for instance, alterations in notch or ephrin 

signaling increase progenitor cell death, pointing to a possible feedback mechanism by 

which newborn neurons could regulate the number of progenitor cells (Dhumale et al., 

2018; Park et al., 2013; X. Yang et al., 2004). 

https://www.powerthesaurus.org/manifest/synonyms
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Figure 21 | Timeline of post-natal programed cell death in the mouse developing cortex 

During embryonic development, PCD is abundant in progenitor cells of the ventricular zone (VZ) and 

subventricular zone (SVZ). Starting from postnatal day 2 (P2), pyramidal cells and subplate neurons (SP) 

undergo PCD. At P5, infragranular medial ganglionic eminence (MGE) interneurons, at P7 supragranular 

MGE interneurons and Cajal-Retzius CRs cells, and at P9 caudal ganglionic eminence (CGE) interneuron 

are the next to die (Wong & Marín, 2019). 

 Additional abbreviations: CP, Cortical plate; MZ, Marginal zone; SP, Subplate 

 

According to a temporal sequence that is only beginning to be understood, the most 

significant change in the number of cortical cells occurs in mice between the first and 

second postnatal weeks (Figure 21) (Causeret et al., 2018a, 2021; Verney et al., 2000; 

Wong & Marín, 2019; Y. Yamaguchi & Miura, 2015). The fact that the formation and 

growth of neural networks coincide with the cerebral cortex's most active period of PCD 

may not come as a surprise. The first two weeks of postnatal development in rodents' 

cerebral cortex are characterized by the formation of mature activity patterns and the 

modification of embryonic connections and structures (Blanquie, Liebmann, et al., 2017; 

Blanquie, Yang, et al., 2017; Butt et al., 2017), and the establishment of mature patterns 
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of activity  (Allene & Cossart, 2010; Khazipov & Luhmann, 2006; Luhmann & Khazipov, 

2018) Nevertheless, it is now known that different populations of cortical cells are being 

unevenly affected by PCD: in some cases it leads to the complete eradication of entire 

populations of transitory cells, but in others, it widely refines the final number of 

particular neuronal populations (Causeret et al., 2018a, 2021).   

 

2.3.1. The role of programmed cell death in the cortical 

development 

 

Given the metabolic cost associated with the CNS's excessive production of neurons 

and glial cells, maintaining a complex, cell-specific PCD mechanism must have significant 

evolutionary benefits. From a traditional perspective, the primary function of PCD is to 

eliminate abnormal, misdirected, or potentially hazardous cells prior to the formation of 

brain circuits. The cerebral cortex, for instance, has neurons with minor types of 

aneuploidy, an aberrant number of chromosomes in a cell, but extreme aneuploid cells 

are highly uncommon (Ohashi et al., 2015; Peterson et al., 2012; A. H. Yang et al., 2003). 

In line with that, it has been demonstrated by Peterson et al. that mice with reduced 

PCD have significantly more severe forms of aneuploidy in the cerebral cortex (Peterson 

et al., 2012). Aneuploidy may make cells less suitable for resource competition, which 

could make it more difficult for the growing cerebral cortex to form connections (Ohashi 

et al., 2015; J. Zhu et al., 2018).  

A certain degree of coordination between the various developmental programs is 

necessary for the development of tissues and organs with the proper number of cells. 

Since the initial production of the inputs and outputs is chronologically separated, one 

notable example of such coordination is the management of cell counts via 

quantitatively matching cells with reciprocal connections, also known as systems 

matching. For instance, the number of neurons in the substantia nigra and striatum, two 

brain regions that are inseparably linked, are highly dependent on one another 
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(Granholm et al., 2000; Oo et al., 2003). Recent investigations show that this may be 

directly related to the unique functional properties of each cortical area. In the cerebral 

cortex, the fraction of cell death is likely determined locally for each area and even for 

each layer (Blanquie, Yang, et al., 2017).  

Controlling programmed cell death is a crucial strategy for precisely shaping the 

cytoarchitecture of various cortical areas, as evidenced by the fact that interneuron 

survival is highly dependent on the activity of pyramidal cells (Wong et al., 2018). 

Regardless of the size of the cerebral cortex, PCD may have developed as a method for 

altering the ratios of excitatory and inhibitory neurons in the cerebral cortex and maybe 

other brain regions. This would make it simpler for us to comprehend why species with 

very different cortical sizes still have roughly the same number of interneurons to 

pyramidal cells (DeFelipe et al., 2002)  

Minor neuropathological and morphological changes are seen in genetically 

engineered mice with altered pro-apoptotic gene expression, especially in some genetic 

backgrounds. mice with the anti-apoptotic gene B-cell lymphoma 2 (Bcl-2) 

overexpressed in neurons or mice with the Caspase 3 and Bax mutations exhibit rather 

normal brain morphology.  However, closer inspection reveals that these mice are 

deficient in complex functions like learning, suggesting that PCD does play a significant 

part in the development of brain circuits (Krahe et al., 2015; Leonard et al., 2002). 

From the other hand, organization of the developing brain depends on specialized 

signaling hubs, also known as organizers, which generate molecules in charge of cell 

specification and regional identity. The distribution of the signals released from brain 

organizers depends on their position, size, and form, all of which are essential for their 

proper operation (Kirischuk et al., 2014) Numerous studies have demonstrated that PCD 

plays a crucial role in controlling the size of brain organizers. Apoptosis, for instance, 

regulates the size of the anterior neural ridge, which serves as an organizing center 

essential for the patterning of the telencephalon by producing Fgf8 (Houart et al., 1998)  

In addition, in the developing telencephalon, CR cells produce several morphogens that 

regulate progenitor proliferation, neuronal differentiation, and cell migration (Borello & 
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Pierani, 2010). These cells serve as temporary signaling units, Fgf8, BMP/Wnt, and 

Egf/anti-Wnt are expressed by SE, CH and PSB CRs, respectively (Alfano & Studer, 2013; 

Griveau et al., 2010). This theory proposes that CR cells undergo PCD to eliminate 

developmental signals that are no longer required. This idea is supported by the fact that 

various neurodevelopmental diseases, including polymicrogyria,, have been connected 

to the persistence of CR like cells in the adult cortex (Eriksson et al., 2001).  

The elimination of neurons that serve as temporary placeholder cells may also be 

significant in the process of programmed cell death. While waiting for the arrival of input 

from other neuronal populations, placeholder cells temporarily synaptically link with 

other neurons (Chao et al., 2009). This function is carried out during the maturation of 

the cerebral cortex by SP neurons as well as CR cells. SP neurons, in particular, help 

pyramidal cells migrate by forming temporary connections with them during embryonic 

development, which is thought to make it easier for them to invade the CP (Ohtaka-

Maruyama et al., 2018). Additionally, thalamocortical axons briefly interact with SP 

neurons before entering the cortical plate to innervate their intended targets (Ghosh et 

al., 1990; Ohtaka-Maruyama et al., 2018). 

When pyramidal cells reach their final location within the CP and thalamocortical 

axons reach L4, the placeholder function of SP cells becomes obsolete. This may explain 

why at least some of these neurons experience PCD (Price et al., 1997). Additionally, CR 

cells serve as temporary resting places for entorhinal axons that project into the 

hippocampus (Supèr et al., 1998).  Del Río et al., in 1997, showed that entorhinal axons 

make temporary synapses with CR cells in the embryo before moving on to their 

intended targets, in contrast to the adult hippocampus where they make synapses with 

the distal dendrites of pyramidal neurons. in addition, they showed that ablation of CR 

cell during embryonic stage alters the layer specificity of entorhinal axons, suggesting 

that presence of CRs is necessary for normal development of entorhinal projections into 

the hippocampal area (Del Río et al., 1997). 

Cell death also influences normal neuronal spacing. In the retina, intrinsically 

photosensitive retinal ganglion cells (ipRGCs) undergo Bax-dependent and proximity-
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mediated cell death. During this process, ipRGCs that are close to one another are more 

likely to undergo apoptosis. In Bax mutants, disruption of PCD alters these cells' ipRGC 

spacing and connection (S.-K. Chen et al., 2013). In addition, it has been hypothesized 

that the removal of CRs cells from L1 of the expanding cortex provides more room for 

the expansion of the terminal dendrites of pyramidal cells (Causeret et al., 2018a). 

2.3.2. Apoptosis 

Apoptosis is known as the most common form of PCD in the developing nervous 

system. Apoptosis was first defined by Kerr et al as a type of cell death characterized by 

intact plasma membranes in its early phase, chromatin condensation, DNA 

fragmentation, cell shrinkage or fragmentation, and the formation of small vesicles (Kerr 

et al., 1972). At least two major signaling mechanisms that lead to apoptosis are the 

intrinsic and the extrinsic pathways, which can be activated via receiving the Extrinsic 

death ligands or intrinsic signals like DNA damage, survival factor deprivation, ER stress, 

abnormal ion flux, or reactive oxygen overproduction (Green, 2019). In both cases, 

transmitted signals result in the activation of an evolutionary conserved family of 

cysteine proteases, called caspases, which work in a proteolytic cascade to break down 

and eliminate the dying cell (Degterev & Yuan, 2008). 

2.3.2.1. Extrinsic apoptosis pathway  

The extrinsic pathway begins outside the cell when circumstances in the extracellular 

environment necessitate its death, which mainly goes through death receptors. 

Receptor-mediated mechanisms can be triggered when the death ligands bind to the 

death receptor such as the tumor necrosis factor (TNF) ligand to TNF receptors, the 

homotrimeric protein Fas Ligand (FasL) to the Fas receptors, and the TNF-related 

apoptosis-inducing ligand (TRAIL) to TRAIL receptors (Bradley, 2008; Wajant, 2003).  The 

recruitment of adaptor proteins like Fas-associated protein with death domain (FADD) 

and the tumor necrosis factor receptor type 1-associated DEATH domain protein 
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(TRADD) is facilitated when death ligands are ligated to death receptors. Caspase 8, an 

essential mediator of the extrinsic pathway that ultimately leads to cell apoptosis, is one 

of the many downstream factors that these adaptor proteins encourage to recruit. The 

most extensively described death receptors are Fas and the TNF receptor 1 (TNFR1) 

(Muntané, 2011).  

2.3.2.1.1. Fas ligand pathway  

As a ligand for Fas, the homotrimeric protein FasL causes its receptor to oligomerize 

upon binding (Figure 22). This is connected to the clustering of the death domains and 

the binding of the cofactor FADD. After ligation, the death effector domain (DED), 

domain of the FADD protein interacts with a similar motif in pro-caspase 8. Fas, FADD, 

and pro-Caspase 8/10 are collectively known as the death inducing signaling complex 

(DISC). FADD is prevented from functioning as a co-factor through interaction with the 

regulator FLICE inhibitory protein (FLIP). After being recruited by FADD, pro-caspase 8's 

self-cleavage-driven its activation and Caspase 3 and 7 are then activated by active 

Caspase 8, causing the cell to undergo apoptosis (Caulfield & Lathem, 2014; Volpe et al., 

2016). 

 Caspase 3 can be activated via Caspase 8 through two pathways. In the first pathway, 

the COOH-terminal portion of B-cell lymphoma 2 (BCL-2) interacting protein (BID), which 

is cleaved by Caspase 8, translocates to the mitochondria where it mediates cytochrome-

C (CytoC) release. Together with deoxyadenosine triphosphate (dATP) and pro-caspase 

9, the released CytoC binds to apoptotic protease activating factor-1(APAF1) and 

activates Caspase 9, which then it mediates the activation of Caspase 3 by cleaving the 

pro caspase3. In Addition, Caspase 8 has the ability to directly cleave pro-caspase3 to 

activate Caspase 3. Shortly after, inhibitor of caspase-activated DNAse (ICAD), a DNA 

fragmentation factor, is cleaved by caspase 3 into a heterodimeric consisting of CAD and 

cleaved ICAD. CAD oligomerizes with DNase activity as a result of the separation of 

cleaved ICAD from CAD. The active CAD oligomer is responsible for internucleosomal 
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DNA fragmentation, an apoptotic marker that indicates chromatin condensation 

(Caulfield & Lathem, 2014; Griffith et al., 1995; McIlwain et al., 2013; Volpe et al., 2016). 

2.3.2.2. Intrinsic apoptotic pathway  

Different stresses, such as endoplasmic reticulum stress, growth factor deprivation, 

or DNA damage, as well as developmental cues, can lead to initiation of the intrinsic 

apoptotic pathway. The BCL-2 family of proteins, which has more than a dozen 

members, regulates the intrinsic apoptotic pathway, commonly referred to as the 

mitochondrial. Each family member is divided into pro-survival or pro-death categories 

based on how it functions. By having up to four BCL-2 Homology (BH) domains, they are 

all connected to one another.  BCL-2  itself, BCL-extra large (BCL-XL), Bcl-W (Bcl-2L2), 

myeloid cell leukemia 1 (MCL1), and Bcl-2 related gene expressed in fetal liver/ protein 

A1 (BFL-1/A1) are among the members that help survival (Czabotar et al., 2014). There 

are two more subgroups of pro-apoptotic members: the "effector" proteins, such as 

BAX, BCL2 antagonist-killer (BAK), and BCL-2 ovarian killer (BOK), as well as the "BH3-

only proteins," such as Bcl-2-like protein 11 (Bim), p53 upregulated modulator of 

apoptosis (Puma), NOXA, Bcl-2 associated death promoter (Bad), BH3 interacting-

domain death agonist (Bid), BIK, BMF, and harakiri (Hrk), that start the pathway 

(Matsuura et al., 2016). Despite their distinct functions, the pro-survival proteins and the 

BAX/BAK/BOK molecules share very similar structural features. There are four conserved 

BH domains (BH1-4) in the anti-apoptotic Bcl-2 family. Bcl-2's BH1 and BH2 domains are 

required for dimerization with pro-apoptotic proteins, while the BH3 domain is present 

in all members and is required for interaction between pro- and anti-apoptotic proteins. 

Anti-apoptotic activity is linked to the amino-terminal BH4 domain, but pro-apoptotic 

molecules also contain it (Elmore, 2007; E. F. Lee et al., 2008, 2019; Willis et al., 2007). 

In contrast, the BH3-only proteins are largely fundamentally unstructured and only 

contain the BH3 domain (Happo et al., 2012).The sequence of events that lead to 

initiation of cell death through this pathway is relatively well-known (H.-C. Chen et al., 

2015; Llambi & Green, 2011) . In response to cellular stress, the BH3-only proteins are 
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either "activated" by post-translational modifications, or their transcription is 

upregulated (Figure 22). The BH3-only proteins then bind the pro-survival proteins, 

displacing the pre-bound proteins and activating BAX/BAK. 

Upon activation, BAX and BAK oligomerize and lead to Mitochondrial outer membrane 

permeabilization (MOMP) by forming pore-like structures in the outer mitochondrial 

membrane, this results in the release pro-apoptotic proteins such as: second mitochondria-

derived activator of caspases (SMAC) and CytoC into the cytoplasm from the mitochondrial 

intermembrane space. SMAC frees caspases from inhibitor of apoptosis proteins (IAPs) (Bai 

et al., 2014; Vucic et al., 2002). Besides, CytoC binds to adaptor protein APAF-1, which 

leads to forming the caspase-activating apoptosome platform with CytoC and the cofactor 

dATP (P. Li et al., 1997). Apoptosome platform allows inactive caspase 3/7/9 zymogens to 

become active proteases. This ultimately causes the cell to die as a result of the cleavage of 

essential cellular substrates (Matsuura et al., 2016; McIlwain et al., 2013). 

Caspase activation during apoptosis is a tightly controlled process, according to 

biochemical investigations, mice lacking Caspase 3, Caspase 9, or APAF1 exhibit 

remarkably similar phenotypes, which include brain enlargement caused by a 

decrease in apoptosis during brain development (Cecconi et al., 1998; D’Amelio et 

al., 2010; Hakem et al., 1998; Kuida et al., 1998). Both caspase 3 and caspase 9-null 

mice die rapidly after birth (Kuida et al., 1998). Moreover, there is evidence 

suggesting a connection between human neural tube closure abnormalities and 

mutations in the apoptosis-related genes caspase 3, caspase 9, and APAF 1 (X. Zhou 

et al., 2018), suggesting that all these three play crucial roles in controlling neuronal 

apoptosis. 

As mentioned above, apoptosis occurs in response to different stimuli or deprivation 

in survival signals such as neurotrophic factors, which are necessary for the survival of 

neurons.  
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Figure 22. The extrinsic and extrinsic apoptosis pathways 

a. Schematic representation of intrinsic apoptotic pathway. Cellular stresses results in the transcriptional 

and/or post-translational induction of BH3-only proteins, which promote apoptosis. The essential 

apoptosis effectors, BAK and BAX, are released when the BH3-only proteins bind and deactivate pro-

survival BCL-2 proteins, causing mitochondrial outer membrane permeabilization (MOMP). As a result, 

apoptogenic components such cytochrome c (Cyto-C) and second mitochondrial activator of caspases 

(SMAC) are released. This leads to the formation of apoptosome by Cyto-C by attaching to apoptotic 

peptidase activating factor 1 (APAF1). Eventually, apoptosome activates the initiator caspase 9, which in 

turn proteolytically activates the effector caspases 3 and 7. On the hand, the activity of the caspase 

inhibitor X-linked IAP (XIAP) is inhibited by SMAC. b. Death receptor activation, such as FAS activation by 

FAS ligand (FASL) on neighboring cells, initiates the extrinsic pathway. The adaptor protein FAS associated 

via death domain (FADD) facilitates the recruitment of pro-caspase 8 to the intracellular death receptor 

region, resulting in the formation of the death-inducing signaling complex (DISC), which initiates caspase 

8 activation. Through direct proteolytic activation of effector caspases 3 and 7 or indirect proteolytic 

activation of the BH3-only protein BID into tBID, active caspase 8 initiates cell death. The later one, 

activates the intrinsic apoptotic pathway (Bedoui et al., 2020). 
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2.3.2.3. The PI3K/AKT/mTOR pathway  

Neuronal survival has been shown to be dependent on the growth factor signaling 

molecules Phosphatidylinositol-3-kinases (PI3Ks) and mitogen-activated protein (MAP) 

kinase (Pettmann & Henderson, 1998). Recent research suggests that Protein kinase B 

(PKB), also known as Akt, one of PI 3-kinase's downstream targets, is primarily 

responsible for the protective effects (Chong et al., 2005; Luo et al., 2003; G. Song et al., 

2005). Besides that, it has been shown that PI3K is an essential regulator of neuronal 

function. It plays critical roles in the formation of synapse and dendritic spines, necessary 

for the manifestation of functional connection as well as persistent forms of synaptic 

plasticity that support learning and memory, by transducing signals to the Akt/mTOR 

pathway from cell surface receptors (Cuesto et al., 2011; Hoeffer & Klann, 2010; Izzo et 

al., 2002; Jaworski et al., 2005; Sui et al., 2008). Therefore, it should come as no surprise 

that a growing body of research identifies dysregulated PI3K activity and subsequent 

signaling as a major cause of mental disorders and a potential therapeutic target (Jansen 

et al., 2015a; Kalkman, 2006; Karam et al., 2010; Waite & Eickholt, 2010).  

2.3.2.3.1. PI3K 

This survival cascade is typically activated when growth factors bind to their 

corresponding receptors to activate intracellular programs that support proliferation 

and survival. In vertebrates, PI3K enzymatic activity is mediated by eight distinct catalytic 

subunits, which then according to their structure, function, and regulatory (inhibitory) 

subunits are divided into three classes (I, II, III) (Gross & Bassell, 2014; Huang et al., 

2022).   

 Class I PI3Ks, which primarily function as lipid kinases, are heterodimers composed 

of one catalytic and one regulatory subunit. This class can be divided into two subclasses: 

IA and IB according to their mode of activation. The class IA isoforms are formed from 

several catalytic subunits  such as p110α (encoded by phosphatidylinositol-4,5-

bisphosphate 3-kinase, catalytic subunit alpha (PIK3CA) gene), p110β (PIK3CB), and 

p110δ (PIK3CD) which are associated with any one of the regulatory   
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subunits including:  p50α, p55α, p85α, p85β and p55γ (Jean & Kiger, 2014; Thorpe et al., 

2015; Yudushkin, 2019). Class IA PI3Ks can be activated by receptor tyrosine kinases 

(RTKs) (Gyori et al., 2017). On the other hand, subclass IB, is composed of one catalytic 

subunit  p110γ (PIK3CG) and the p101 regulatory subunit, can be activated through G 

protein-coupled receptors (GPCRs) (Fruman et al., 1998; Porta et al., 2014; Vadas et al., 

2011; Vanhaesebroeck et al., 2010) There are three distinct subtypes of Class II PI3Ks 

(PI3K-C2, PI3K-C2, and PI3K-C2). Class III PI3Ks have two subunits, Vps34 and Vps15, and 

they can be involved in the lysosomal autophagy and phagocytosis pathways (Huang et 

al., 2022).  

Recently, class I PI3Ks got more attention as they frequently comes out as the root 

cause of several diseases  including cancer (L. Zhao & Vogt, 2008), and defect in cortical 

development (Gross & Bassell, 2014). 

Autophosphorylation of tyrosine residues occurs when growth factor RTKs are 

activated. After that, one of the two SH2 domains in the adaptor subunit directly binds 

to phosphotyrosine consensus residues of growth factor receptors or adaptors to bring 

PI3K to the membrane. The catalytic subunit is allosterically activated as a result of this. 

The second messenger, phosphatidylinositol-3,4,5-triphosphate (PI3,4,5-P3), is 

produced within a few seconds after PI3K activation from the substrate, 

phosphatidylinositol-4,4-bisphosphate (PI-4,5-P2). The pleckstrin homology (PH) 

domain-containing signaling proteins Akt and 3-phosphoinositide-dependent protein 

kinase-1 (PDK1) are recruited to the membrane by PI3,4,5-P3. Individually, Akt controls 

a number of cell processes that are necessary for cell survival and the progression of the 

cell cycle (Fresno Vara et al., 2004; Gross & Bassell, 2014; Huang et al., 2022). 

2.3.2.3.2. AKT 

Serine/threonine kinase AKT is a crucial PI3K downstream signal. There are three 

types of AKT: AKT1, AKT2 and AKT3, which are encoded by PKBα, PKBβ and PKBγ, 

respectively (Y. Xie et al., 2019). Additional research demonstrated that different 

subtypes of AKT express in a tissue-specific manner for instance: AKT1 is expressed in a 
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variety of tissues (W. S. Chen et al., 2001), AKT2 is only expressed in insulin-sensitive 

tissues (Cho, Mu, et al., 2001), the expression of AKT3 is limited in to the brain and testis 

(Alcantara et al., 2017; Lopes et al., 2019). The distinct tissue expression patterns of the 

various AKT subtypes point to their critical involvement in the regulation of physiological 

processes in various tissues or organs. 

Three-dimensional structures of the three AKT subtypes are remarkably similar, with an 

average of 85 % amino acid sequence homology. In contrast, they were made up of three 

distinct functional domains. Regulation of protein-protein and protein-lipid interactions is 

carried out by the N-terminus PH domain, and the phosphorylation of Thr308 in this domain 

is necessary for AKT activation as well. The regulatory region of the C-terminal AKT domain 

contains Ser473, which is required for complete AKT activation (Du & Tsichlis, 2005; 

Woodgett, 2005). Several different type of hormones, such as insulin and growth factors, 

control activation of AKT [26]. As previously indicated, the PI3K regulatory subunit binds to 

the appropriate receptors or receptor-binding proteins on the cell membrane, activating its 

catalytic component, which subsequently catalyzes the synthesis of PIP3 and attracts AKT to 

the cell membrane (Du & Tsichlis, 2005; Tokunaga et al., 2008). Thr308 in the catalytic region 

of AKT kinase is phosphorylated by PDK1(Dangelmaier et al., 2014),while at Ser473 located  

in the regulatory region is phosphorylated PDK2 (Chan & Tsichlis, 2001). A number of 

potential PDK2 kinases have been identified recently, such as, mammalian target of 

rapamycin (mTORC2), DNA-dependent protein kinase (DNA-PK), integrin-linked kinase (ILK), 

and protein kinase C β (PKC β II) (Carnero et al., 2008; Du & Tsichlis, 2005). By further 

phosphorylating the glycogen synthase kinase 3 β (GSK-3β), FoxOs, Bad, Caspase 9, nuclear 

transcription factor-kappa B (NF-kappa B), mTOR, and p21 proteins, activated AKT mediates 

regulation of variety of cellular process including the, proliferation, cell growth, cell cycle, 

cell survival (Huang et al., 2022). 

Akt is an anti-apoptotic factor that prevents cell death signaling from happening 

either directly or indirectly (Shaw & Cantley, 2006). It has been demonstrated that Akt 

directly interfering with cell death pathways by phosphorylating key apoptosis-

regulatory proteins and shifts the ratio of pro- and anti-apoptotic proteins toward the 
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inhibition of cell death. One procedure in that Akt interferes with apoptosis signaling is 

by phosphorylating proapoptotic proteins, which reduces their activity.  

 

 

Figure 23 | Schematic representation of the PI3K/AKT/mTOR signaling pathway 

This survival cascade is typically activated when growth factor receptors are ligated by their 

corresponding growth factors to activate intracellular programs that support proliferation and survival. 

 

In line with that, it has been discovered that the serine (Ser)184 residue of Bax is 

phosphorylated in an Akt-dependent manner (H. Yamaguchi & Wang, 2001), resulting in 

a conformational change that prevents Bax from being activated (Gardai et al., 2004). 

Bim, another member of the Bcl-2 family, is also phosphorylated at its Ser 87 residue, 

just like Bax (Qi et al., 2006). Phosphorylation of Bax and Bim diminishes pro-apoptotic 

activity. Additionally, phosphorylation of Bim by Akt speeds up its degradation by the 

proteasome, preventing apoptosis from occurring.  
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Through the same mechanism Akt also inhibits Bad, Omi/high temperature 

requirement protein A2 (HtrA2) known as a mitochondrial protease, and Caspase 9 

(Parcellier et al., 2008).  

In addition to phosphorylating important signal transduction molecules, which 

directly interfere with cell death signaling pathways, Akt has also been observed to 

indirectly interfere with cell death programs by phosphorylating TFs. Some of the well-

known transcription factors involve in tumor suppressing are p53 and p73 which are 

crucial for controlling the cell cycle and the initiation of apoptosis. AKT modulates the 

activity of p53 and p73 mainly through, Mouse double minute 2 homolog (MDM2), 

which significantly controls p53 and p73 activity via different approaches. AKT- mediated 

phosphorylation of MDM2’s Ser 183 is a key step involved in protein stability and MDM2 

nuclear translocation to control activity of p53 and p73, which the later one has higher 

level of expression in the nervous system (Chibaya et al., 2021; Killick et al., 2011). MDM2 

decrease p53 transcriptional activity via forming a complex with p53 protein (Stad et al., 

2000), it also suppresses p53 activities by facilitating p53 nuclear export (Boyd et al., 

2000), and by acting as a E3 ubiquitin ligase to targets p53 for 26S proteasomal 

degradation (Honda et al., 1997). In addition, MDM2 inhibit p73 transactivation without 

promoting p73 degradation. By competing with p73 for binding to the p300/CBP N 

terminus which facilitate gene expression, MDM2 disrupted p73's interaction with 

p300/CBP. (Bálint et al., 1999; Zeng et al., 1999).  

It has been demonstrated that deltaNp73 which serves as anti-apoptotic isoform of 

p73 and plays a critical role in CRs survival, is degraded in a c-Jun-dependent manner 

upon genotoxic stress through proteasome-dependent mechanism (Dulloo et al., 2010). 

Akt can inhibits can the c-Jun N-terminal kinase (JNK) activation that is induced by stress 

and cytokines through antagonizing and the formation of the NK-interacting protein 1 

(JIP1)-JNK module as well as the activities of upstream kinases Apoptosis signal-

regulating kinase 1 (ASK1), Mitogen-Activated Protein Kinase Kinase 4 (MKK4) , MKK7(H.-

F. Zhao et al., 2015). Besides, Forkhead transcription factors such as Forkhead box 

protein O1 (FOXO1), FOXO3a, FOXO4, and FOXO6 as well as the transcription factors NF-
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kB and cAMP response element-binding (CREB) protein are all affected (Fulda, 2012). 

Inhibitors of Apoptosis (IAPs) proteins, Bcl-XL, and Bcl-2, are just a few examples of the 

many anti-apoptotic NF-KB target genes that can be transactivated as a result of Akt-

mediated activation of the transcription factor NF-KB (Ozes et al., 1999; Romashkova & 

Makarov, 1999). However, when forkhead TFs become phosphorylated by AKT, their 

transcriptional activity is stopped by cytosolic sequestration. In turn, this leads to a 

decrease in the production of proapoptotic proteins, such as Bim, Noxa, tumor necrosis 

factor (TNF)-related apoptosis-inducing ligand (TRAIL), and FAS ligand, which are known 

to be controlled by forkhead transcription factors (Van Der Heide et al., 2004). 

Additionally, forkhead transcription factors modulate the levels of ROS by regulating the 

transcription of antioxidant enzymes (de Keizer et al., 2011). 

2.3.2.3.3. mTOR 

Another member of the PI3k pathway is the mTOR protein, which acts as a serine-

threonine kinase. mTOR is a component of the mTORC1 and mTORC2 complexes (Saxton 

& Sabatini, 2017). The serine/threonine kinase activity of mTOR regulates cell growth, 

autophagy, and the actin cytoskeleton in response to growth factor stimulation or the 

availability of nutrients, energy, or oxygen. These two complexes have distinct structures 

and functions. 

The fact that mTORC1 contains the regulatory associated protein of mTOR (Raptor), 

and mTORC2 contains the rapamycin-insensitive companion of mTOR (Rictor), may 

explain why mTORC1 is sensitive to rapamycin treatment while mTORC2 is not. Both 

complexes have the mammalian lethal sec-13 protein 8 (mLST8), while the Mammalian 

stress-activated MAPK-interacting protein 1 (mSIN1or MAPKAP1) is just present in 

mTORC2 (Na et al., 2017; Zhang et al., 2017). mTORC1 can be controlled by the tuberous 

sclerosis complex (TSC). TSC is a heterotrimer that includes TBC1D7, TSC1, and TSC2. 

Simultaneously, TSC also serves as a GTPase Activation Protein (GAP) that has the 

potential to inactivate the small GTP enzyme RAS homolog enriched in the brain (RHEB). 

AKT-mediated phosphorylation of TSC2 leads to dissociation of the TSC1/2 complex, 
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which abolishes its GAP activity toward RHEB and consequently activates the mTOR 

signal (Zou et al., 2020).  

Upon activation, by generating two different kinase complexes, mTORC1 and 

mTORC2, mTOR promotes the phosphorylation of hundreds of substrates either directly 

or indirectly by activating downstream kinases such as 40S ribosomal S6 kinases (S6K) 

S6K, AKT, PKC, and Serine/threonine-protein kinase (SGK) (X. Xie et al., 2018, p. 168).  

mTORC1 mediates its role in autophagy, protein, lipid, and nucleotide synthesis upon 

activation via its downstream targets S6K and eukaryotic translation initiation factor 4E 

(eIF4E)-binding protein 1 (4E-BP1)(Zou et al., 2020). Another example is, autophagy-

related protein autophagy-related proteins -1 (Atg-1), which acts as a node in several 

distinct signaling pathways that control autophagy in vivo. One of Atg-1's upstream 

signals is mTORC1, and activating the mTOR signal can prevent Atg-1 from inducing 

autophagy (C. H. Jung et al., 2010; Noda, 2017, p. 1). mTORC2, which phosphorylates Akt 

Ser 473 to promote cell survival and migration (Baffi et al., 2021), is frequently over 

activated in cancer cells (Huang et al., 2022).  

As mentioned above mTOR pathway is involved in the control of autophagy also 

known as macroautophagy. Autophagy is a lysosome-mediated process of cellular self-

elimination in which damaged organelles, aged proteins, misfolded proteins, or 

cytoplasmic cargo is transported to lysosomes for bulk degradation in double- or multi-

membrane vesicles (autophagosomes) (de Duve, 2005; Noguchi et al., 2020; Settembre 

et al., 2013). In order to maintain homeostasis, autophagy occurs at a low basal level in 

cells under normal conditions (Settembre et al., 2013). Autophagic cell death, on the 

other hand, will take place under unfavorable circumstances like infection, oxidative 

stress, or a lack of nutrients. The emergence of a double-membrane sequestering 

compartment is the most noticeable characteristic of autophagy. This temporary 

organelle encloses a portion of the cytoplasm and develops into an autophagosome, 

which unites with the lysosome later to allow the cargo to be degraded (Y.-K. Lee & Lee, 

2016). A group of Atg genes control autophagy process, for instance: Atg8 (LC3, 

microtubule associated protein 1-light chain 3) which under specific cleavage and 
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lipidation it turns to LC3-II. further, LC3-II is brought to the membrane of the 

autophagosome. Important biomarkers of autophagy include elevated levels of LC3-II 

proteins and autophagosomes containing LC3-II (Green et al., 2011; Y.-K. Lee & Lee, 

2016; Noguchi et al., 2020). Although autophagy helps cells to maintain homeostasis 

under difficult circumstances as well as fight off apoptosis, excessive autophagy can also 

kill cells in some cases (Elmore, 2007).  This pathway which is characterized by the 

accumulation of autophagosomes in cells, known as is a type II programmed cell death 

(Galluzzi et al., 2018; Green, 2019).  

2.3.2.3.4. PTEN 

Phosphatase and Tensin Homolog (PTEN) is a phosphatase encoded by PTEN gene on 

Chromosome 10 (Shi et al., 2012) .It has been initially identified as a tumor suppressor 

capable of preventing the conversion of PIP3 to PIP2 by dephosphorylating the 3-position of 

the inositol ring in PIP3, which in turn inhibits the PI3K signaling (Kreis et al., 2014). 

Additional studies revealed that PTEN plays a variety of roles in the CNS during the various 

stages of brain development and in adulthood, besides its tumor suppressor function. In 

neurons, PTEN is expressed at high levels (Lachyankar et al., 2000). PTEN protein has four 

structural domains: A PI(4,5)P2 (PIP2) binding domain, a C2 tensin-type part which binds to 

phospholipids, a catalytic tensin-type phosphatase domain, , and a PDZ-binding domain (J. 

O. Lee et al., 1999). Expression and function of PTEN is tightly control at different steps: 

including transcriptional, translational, and posttranslational (Bermúdez Brito et al., 2015). 

However, posttranslational changes such as: phosphorylation, ubiquitination, and 

acetylation (Bermúdez Brito et al., 2015; M. S. Song et al., 2011), as well as protein-protein 

interactions may be the most important means by which PTEN is regulated (Shi et al., 2012). 

Phosphorylation of the PTEN’ C-terminal domain controls PTEN  membrane recruitment as 

well as its lipid phosphatase activity (Rahdar et al., 2009). 

PTEN's C-terminal domain, more specifically the amino acids Ser362, Thr366, and Ser370 

(Al-Khouri et al., 2005; D. Xu et al., 2010, p. 3), as well as the cluster that includes Ser380, 

Thr382, Thr383, and Ser385 (Torres & Pulido, 2001), are where the majority of the 

phosphorylation takes place. The phosphorylation of the aforementioned sites is primarily 
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mediated by Casein kinase 2 (CK2), and GSK3b (Al-Khouri et al., 2005; Torres & Pulido, 2001). 

PTEN activity, stability, and localization are negatively impacted by phosphorylation events. 

In another study it has been shown that ubiquitination of PTEN by neural precursor cell 

expressed developmentally down-regulated protein 4 (NEDD4), known as E3 ubiquitin-

protein ligase, facilitated PTEN nuclear import (Trotman et al., 2007). In addition, protein-

protein interactions such as binding of shank-interacting protein-like 1 (SIPL1) to PTEN can 

inhibits its lipid phosphatase activity (He et al., 2010). Interaction of PTEN with deltaNP73 is 

another example of this type of regulation, it has been shown that deltaNP73 through direct 

interaction and block PTEN and inhibits its activity (Vella et al., 2009a). In line with that it, 

an increase in phosphorylation of AKT has been observed upon overexpression of deltaNP73 

suggesting successful inhibition of PTEN activity through this protein (Vella et al., 2009a).   

It has been revealed, that PTEN can be found in distinct intracellular location for instance 

between the cytosol and plasma membrane, in the nucleus, where it is thought to 

contribute to the genome's stability as well as in cytoplasmic organelles like the endoplasmic 

reticulum, mitochondria, and mitochondria-associated membranes (MAM). More evidence 

also suggests that PTEN can be found in extracellularly as well (Figure 24) (Bermúdez Brito 

et al., 2015).  

It has been revealed that PTEN localization in mitochondria, increases upon apoptotic 

stimuli (Y. Zhu et al., 2006; Zu et al., 2011). It was discover by co-immunoprecipitation that 

PTEN interacts with BAX, which this protein-protein interaction has been linked to regulating 

PTEN's recruitment to the outer mitochondrial membrane, at least in the early stages of 

apoptosis (Y. Zhu et al., 2006; Zu et al., 2011). But, as yet, specific mechanistic insight into a 

proposed PTEN connection has not been achieved. 

Growing number of evidence has revealed that PTEN has several distinct roles in control 

of cell death independent from PI3K pathway. For instance: it can directly and indirectly 

regulate activity of p53. Directly via antagonizes the p53-MDM2 interaction and also 

promoting p300/CBP-mediated acetylation of p53 for stabilizing the protein (Ito et al., 2001, 

p. 2; Nakanishi et al., 2014). Indirectly through downregulation of PI3K which eventually 

leads to lack of MDM2 phosphorylation by AKT as well as decrease in expression of MDM2 

(Chibaya et al., 2021). 
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It has been demonstrated that p73α and PTEN proteins can directly bind to one another 

after DNA damage and form a p73/PTEN complex in the nucleus. Formation of this complex 

has been associated with the induction of PUMA/Bax. This mechanism initiates apoptosis 

independently from p53 (Lehman et al., 2011). Besides that, PTEN is a crucial mediator of 

mitochondria-dependent apoptosis. Dephosphorylates NKAP which leads to suppression of 

NF-κB (Chatterjee et al., 2019; Vasudevan et al., 2004). 

 

 

Figure 24 | PTEN multifunctions linked to different cellular localization 

PTEN has been shown to reside in the nucleus, where it is thought to contribute to the genome's stability, 

and between the plasma membrane and the cytosol, as previously mentioned. More evidence suggests 

that PTEN is also present in extracellular and cytoplasmic organelles like the ER, and mitochondria 

(Bermúdez Brito et al., 2015).  
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2.3.2.3.5. Dysregulation of this pathway as a main player in 

malformation of cortical development 

Brain development is made up of multiple unique processes that are tightly regulated, 

such as: proliferation of neuroepithelial cells, differentiation and migration of immature 

neurons, establishment of proper synapse and dendritic spines necessary for manifestation 

of functional connection, and finally removal of excess or abnormal neurons through PCD. 

Defects in any of those process due to genetic and/or environmental risks can lead to a 

spectrum of neurological diseases and disabilities. It has been already proven that the 

PI3K/AKT/mTOR signaling cascade plays critical roles in each and every steps of brain 

development mentioned above. Therefore, it should not come as a surprise that dysfunction 

of this node has been identified as the root cause of several neurodevelopmental and 

neuropsychiatric conditions such as autism spectrum disorders, epileptogenic brain 

malformations, FCD, and a range of growing brain abnormalities (Moloney et al., 2021; 

D’Gama et al., 2015; Crino, 2015; Jansen et al., 2015a; Striano & Zara, 2012). 

Megalencephaly (big brain) syndromes are most likely genetically mosaic diseases 

resulting from an increase in the PI3K/Akt3/mTOR pathway activity, due to a variety of 

Somatic gain of function mutations (Moloney et al., 2021; J. K. Kim et al., 2019; D’Gama et 

al., 2017; Crino, 2015; Jansen et al., 2015a; D’Gama et al., 2015; Striano & Zara, 2012). 

AKT3, PIK3R2(p85 regulatory subunit of PI3K), and PIK3CA (p110α catalytic subunit of 

PI3K) germline and somatic point mutations have recently been identified in the 

megalencephaly-related condition. In addition, AKT3, PIK3CA (p110α), and mTOR somatic 

gain of function point mutations have also been detected in hemimegalencephaly (HME), a 

rare neurological condition in which one side of the brain, or one half of the brain, is 

abnormally larger than the other (Sidira et al., 2021; Moloney et al., 2021; J. K. Kim et al., 

2019; D’Gama et al., 2017, 2015; Jansen et al., 2015a; Striano & Zara, 2012; Crino, 2015). 

Typically, HME results in medically severe paediatric epilepsy that needs to be surgically 

resected (Flores-Sarnat et al., 2003).  A variety of brain developmental anomalies, including 

microcephaly and agenesis of the corpus callosum (ACC), have been linked to deletions of 

chromosome at 1q42-q44 in the human genome, containing the AKT3 gene (Boland et al., 

2007; D. Wang et al., 2013, p. 44). A wide range of brain disorders, including megalencephaly 
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and HME, exhibit post-zygotic somatic activation of AKT3 (Lopes et al., 2019; Alcantara et 

al., 2017; Jansen et al., 2015a). The role of Akt3 in controlling brain size has been confirmed 

in by using mouse models, showing that AK3 inhibition causes brain shrinkage and also 

impairment of spatial cognition and hippocampal CA1 long long-term potentiation (T. Zhang 

et al., 2019; Tschopp et al., 2005; Easton et al., 2005), while the brain size and corpus 

callosum thickness increase when Akt3 is activated (Tokuda et al., 2011). Mice lacking only 

one of the Akt1 or Akt2 isoforms, in contrast to those lacking the Akt3 isoform, have a 

diabetes-like syndrome and smaller sizes for multiple organs, respectively (Cho, Mu, et al., 

2001; Cho, Thorvaldsen, et al., 2001). Deletion of Key PI3K-Akt-mTOR pathway members 

Pten, Pdk1, Tsc1/2, mTOR, and Raptor either conventionally or conditionally are all 

associated with manifestation of microcephaly in mice (Lim et al., 2017; Huber et al., 2015; 

Costa-Mattioli & Monteggia, 2013; J. Zhou & Parada, 2012). In the developing forebrain, the 

disruption of mTOR led to aberrant cell cycle progression of NPCs thereby disruption in the 

progenitor self-renewal process (Ka et al., 2014). Brain lesions, epilepsy, cognitive 

impairment, and autism are all linked to loss of function mutations in the tuberous sclerosis 

complex TSC1 or TSC2 genes that result in dysregulated mTOR activity (Lim et al., 2017; 

European Chromosome 16 Tuberous Sclerosis Consortium, 1993, p. 16). 

Loss of Pten has been identified as a risk factor for glioma, macrocephaly, and autism 

spectrum disorder (ASD), particularly because it increases the activity of the AKT-mTOR 

pathway (Koboldt et al., 2021; Fraser et al., 2004; L. Li et al., 2002). More recently presence 

of several PTEN pathogenic variants has been associated with manifestation of 

polymicrogyria (Shao et al., 2020). Cowden and Bannayan-Riley-Ruvalcaba syndromes, also 

known as PTEN hamartoma tumor syndrome, are caused by loss of function mutations in 

the PTEN that result in dysregulated AKT activity. These syndromes are associated with 

megalencephaly (MEG), cognitive impairment, autism, and epilepsy (Koboldt et al., 2021; 

Satterstrom et al., 2020; Pilarski et al., 2013; Arch et al., 1997).  

Multiple roles in brain development and its maintenance have been identified through 

conditional elimination of Pten. For instance, Pten disruption in premature neurons caused 

hypertrophy without affecting NPC proliferation (Fraser et al., 2004), whereas Pten deletion 

in NPCs elevated its proliferation and self-renewal in vitro and in vivo (Groszer et al., 2001). 
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It has been recently shown that Pten loss results in inappropriate excitatory excitatory 

synapse function (Tariq et al., 2022; Skelton et al., 2019). Pten haploinsufficiency (Pten +/-) 

leads to in a dynamic trajectory of brain overgrowth and altered neural cell scaling, with an 

increase in the beta-catenin signaling, which known as a risk gene for microcephaly and ASD 

(J. Chen et al., 2010). 

There are many similarities between the neuropathological phenotypes of the TSC, PTEN 

mutation syndromes, and HMEG, including dysmorphic neurons, cytomegaly, cortical 

dyslamination, as well as The majority of childhood intractable localization-related epilepsy 

is caused by FCD (Moloney et al., 2021; Hauptman & Mathern, 2012; Flores-Sarnat, 2002; 

Huttenlocher & Wollmann, 1991). 
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3. Objective of the study 

In the embryonic telencephalon, CRs are among the very first transient neurons 

generated in the neocortex which are well-known for their significant roles in the correct 

migration of projection neurons, cortical lamination by secreting of Reelin, as well as 

development of cortical structures through the expression of several different morphogens.  

After fulfilling their roles, CRs largely disappear during the first two postnatal weeks in mice 

by programmed cell death. 

Defects in the elimination of CRs have been associated with some pathological condition 

associated with epilepsy (Blümcke et al., 2013; Eriksson et al., 2001; Garbelli et al., 2001). 

Although the cited studies suggest a connection between the malformation of cortical 

developments associated with epilepsy and CR survival, it is unclear whether this abnormal 

persistence is the cause or just a result of the various diseases. However, it raises the 

question of whether the proper maturation of cortical and hippocampal circuits is affected 

by the persistence of CRs. Identifying and changing the potential mechanisms involved in 

the regulation of CRs cell death, as well as looking into the effects of their persistence, can 

help us answer this question.  

Indeed, we have seen in the introduction that a recent study from our lab through 

conditional inactivation of Bax, one of the pro-apoptotic proteins involved in the intrinsic 

mitochondrial pathway, showed that not all CRs subtypes die in a Bax-dependent manner. 

Suggesting the contribution of other cell death mechanisms involved in the elimination of 

CRs or even the existence of crosstalk between different mechanisms of cell death which 

can compensate for the loss of other connected pathways (s) (Fricker et al., 2018; Y. 

Yamaguchi & Miura, 2015). contrast to the multiple cell death mechanisms that work in 

concert to cause a neuron to die There are just a few systems known to be involved in cell 

survival that is restricted. In line with that an expanding body of research points to the 

PI3K/AKT/mTOR pathway as the major participant in providing cells survival signals and 

ultimately preventing cell death. Intestinally it has been shown that deltaNp73, which is 

known to be essential for Hem and septum CR survival up to P0, play an important role in 

the control of this pathway through inhibition of PTEN expression (Vella et al., 2009). PTEN 

has been known as one of the potent tumor suppressor genes as it serves as the main 
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negative regulator of the PI3K/AKT/mTOR pathway. However, the existence of this pathway 

and its function in CRs remain unknown. 

The primary goal of my PhD project was to investigate how the PI3K/AKT/mTOR pathway 

impacts programmed cell death in CR cells and eventually how CR cell persistence 

contributes to the formation of cortical circuits. To determine that my PhD project included 

three main objectives to: 

• Investigate the physiological activity of the PI3K/AKT/mTOR in CRs. 

• Determine whether this pathway is involved in the modulation of CRs programmed 

cell death. 

• Examine the impact of CR persistence on cortical development. 

To investigate the role of PI3K/AKT/mTOR pathway in PCD of CRs, we concentrated this 

project on SE-CRs, CH and ET that contribute to approximately 80% of the total population 

of CRs in the neocortex, which commonly expresses the DeltaNP73 gene. I first evaluated 

the physiological activity of this pathway in a spatiotemporal manner to cover the 

heterogeneity of CRs population together with their death timeline. Then, in order to 

maintain the activity of this pathway inside CRs, I generated 3 different mouse models by 

using genetic approaches to target positive (PIK3CA) and negative regulators of the pathway 

(PTEN and TSC1). Targeting different members of the PI3K/AKT/mTOR pathway gave us the 

advantage to precisely and piece by piece investigate the role of this large pathway in the 

PCD of CRs. To investigate the role of CRs persistence in the maturation of functional and 

dysfunctional cortical circuits and to evaluate the current hypothesis regarding the 

persistence of CRs as a cause or consequence of some neurological condition mentioned 

above, we conducted various experiments with different approaches, primarily focusing on 

PTEN mutants. 

We first evaluated the general behavior of PTEN mutants. In addition, we investigate their 

susceptibility to developing seizures via kainate injection. Additionally, we used patch clamp 

to examine the CRs' intrinsic properties together with multielectrode array (MEA) to record 

the field potential of neighboring neurons. 

Altogether the result from this PhD project provided an overview of the role of this 

pathway in the modulation of programmed cell death in CRs and the consequence of the 
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persistence of CRs through maintaining the activity of PI3K/AKT/mTOR pathway in the 

system. This work will lead to the publication of one paper already in preparation 

(Ramezanidoraki et al., manuscript in preparation). 
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Short description : 

The result from the current PhD project will lead to the publication of one paper titled 

“Activation of the PI3K/ AKT/ mTOR pathway in Cajal-Retzius cells leads to their survival and 

increases Reelin secretion in the cortex”, already in preparation. In this article, the role of 

this pathway in the modulation of programmed cell death in CRs and the consequence of 

the persistence of CRs through maintaining the activity of the PI3K/AKT/mTOR pathway in 

the system have been investigated from three different aspects mentioned below. 

Techniques and collaborators are mentioned for each section.  

• Investigation of the physiological activity of the PI3K/AKT/mTOR in CRs.  

o Generation of animals and preparation of samples were done by Nasim 

RAMEZANIDORAKI. 

o Histological analysis (immunofluorescence staining, image acquisition, 

quantification, and statistical analysis) done by Nasim RAMEZANIDORAKI 

and Margaux Le. 

• Study the role of this pathway in modulation of CRs programmed cell death. 

o Generation of models and preparation of samples was done by Nasim 

RAMEZANIDORAKI. 

o Histological analysis (immunofluorescence staining, image acquisition, and 

quantification and statistical analysis): was done by Nasim 

RAMEZANIDORAKI, and the writing of macro for 3D analysis of CRs was done 

by Philippe Bun. 

• Study the impact of CR persistence on CRs function, cortical development, and 

behavior. 

o Generation of PTEN animals was done by Nasim RAMEZANIDORAKI. 

o General behavior test: Performing of tests done by Nasim RAMEZANIDORAKI 

and Sabrina JAZA, analysis of the results done by Pierre Billuart and Danae 

Rolland. 

o kainate injection: Performing of the experiment and the statistical analysis for 

PTEN were done by Nasim RAMEZANIDORAKI and production of the result 
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was done by Margaux Le. For PI3K the experiment and analysis of the result 

were done by Stéphanie Moriceau.  

o Multielectrode array (MEA): Acquisition was done by Nasim 

RAMEZANIDORAKI, and analysis of results was done by Elena Dossi. 

o Patch clamp recording: Performing of experiment and analysis of results was 

done by Mahboubeh Ahmadi. 

• Writing the current article manuscript 

o Introduction, results, and discussion done by Pierre Billuart. 

o Figures, figure legends, Material and Methods, Supplemental Tables done by 

Nasim RAMEZANIDORAKI. 
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ABSTRACT  

Cajal-Retzius cells (CRs) are a class of transient neurons in the mammalian cortex which 

play a critical role in cortical development.  CRs undergo almost complete elimination in the 

first two post-natal weeks in rodents and the persistence of CRs during postnatal life has 

been detected in pathological conditions related to epilepsy. However, it is unclear whether 

their persistence is a cause or consequence of these diseases.  Deciphering the possible 

molecular mechanisms which are involved in CRs death we investigate the PI3K/ AKT/ mTOR 

pathway as it plays a critical role in cell survival. We first show that this pathway is less active 

in CRs after birth before massive cell death. In parallel, we explored the spatio-temporal 

activation of both AKT and mTOR pathways and revealed area-specific differences in both 

rostro-caudal and medio-lateral axes. Next, using genetic approaches to maintain active the 

pathway in CR, we found that the removal of either PTEN or TSC1, two negative regulators 

of the pathway led to differential CR survivals with a stronger effect in PTEN. Persistent cells 

in this latter mutant are still active, express, and secrete higher levels of reelin leading to 

non-cell autonomous activation of the mTOR pathway in the cerebral cortex without 

altering mice behavior. Altogether we show that the decrease of PI3K/AKT/mTOR activity in 

CRs primes these cells to death by possibly repressing a survival pathway, the mTORC1 

branch contributing less to the phenotype.  
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Introduction 

Cajal-Retzius cells (CRs) are transient excitatory pioneer neurons that migrate 

tangentially at the surface of the cortex during development (Causeret et al. 2021). They 

came in multiple flavors depending on their origins. At least four sources at the border of 

the pallium have been characterized: the cortical hem, the pallial septum, the ventral 

pallium, and the thalamic eminences (Bielle et al. 2005; Ruiz-Reig et al. 2016). Besides their 

well-known function in cortical layering through the secretion of Reelin (Reln), they also 

control multiple steps of cortical development from neuronal proliferation to 

dendritogenesis but also functional area formation (Causeret et al. 2021). In rodents, CRs 

are almost eliminated in the two first postnatal weeks according to a neuronal cell-death 

program which remains to be explored. Our previous studies have shown that Bax-mediated 

apoptosis is responsible for the elimination of a fraction of CRs, especially the one derived 

from the septum (Ledonne et al. 2016). In addition, this cell-death mechanism is dependent 

on neuronal activity since blocking their excitatory inputs from inhibitory neurons (Blanquie 

et al. 2016) or hyperpolarizing the CRs (Riva et al. 2019) led to their partial survival.  

Cell death and survival are two janus faced components of cell life and inactivation of cell 

survival will lead to the same outcome. Amongst the most well-known pathway involved in 

cell survival is the PI3K/AKT/mTOR one, which activation inhibits apoptosis potentially 

leading to human cancer when overactivated in proliferating cells (Yao and Cooper 1995). 

Class I PI3K catalytic subunits transduce the signal from either receptor tyrosine kinase 

(RTKs) or G protein-coupled receptors (GPCRs) to AKT which in turn phosphorylates 

numerous regulators to activate the mTORC1 complex. This pathway is negatively controlled 

at different levels by various proteins such as PTEN (Phosphatase and Tensin Homolog), 

which reduces PIP3 levels, or by the TSC1/2 complex (Tuberous Sclerosis Complex), which 

acts as the GTPase Activating Proteins to inhibit the GTPase Rheb, the main activator of 

mTORC1 (Bockaert and Marin 2015). Besides its phosphatase activity on PIP3 at the plasma 

membrane, PTEN functions also in different compartments such as the nucleus, the 

endoplasmic reticulum, and the mitochondria where it regulates transcription, calcium 

release from the ER and structure respectively (Bermúdez Brito 2015). 
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During brain development, activation of the pathway secondary to mutations in its 

components is responsible for various cortical malformations from hemimegalencephaly to 

focal cortical dysplasia associated with intractable pediatric epilepsy (Jansen et al. 2015). 

The severity of the phenotype correlates with the occurrence of the somatic mutation: the 

earlier, the worse the phenotype (D’Gama et al. 2017).  

 In the mouse brain, conditional activation of the pathway leads to different outcomes 

depending on whether eliminated in proliferating cells or neurons (Clipperton-Allen and 

Page 2020). Deletion of Pten in neural progenitors enhances cell proliferation (Groszer et al. 

2001) whereas it causes hypertrophy in early post-mitotic neurons without altering 

specification and radial migration in principal neurons of the neocortex (Kazdoba et al. 

2012). The pathway is also essential for synapse and dendritic development (Jaworski 2005) 

and participates in synaptic plasticity (Sanna et al. 2002). Pten removal in hippocampal 

granule cells led to focal seizures or generalized seizures depending on the mosaicism 

degree (LaSarge et al. 2021).  

During postnatal cortical development, active pyramidal neurons inhibit PTEN expression 

in interneurons and protect from cell death (Wong et al. 2018). Here, we investigated the 

role of the PI3K/AKT/mTOR pathway in the cell death of CRs derived from the deltaNp73 

lineage, which includes 80% of all CRs in the neocortex. We showed that this pathway is 

physiologically inhibited at post-natal stage in CRs before they start to die through 

apoptosis. We then sustained its activation using mouse genetics to prevent CRs from death. 

Both gain and loss-of-function approaches of PI3K or PTEN respectively led to CRs survival 

whereas the activation of the mTOR pathway by TSC1 removal had little effect on cell 

numbers. As expected for the activation of this pathway the morphology and the intrinsic 

properties of the survival CRs are altered but still, they are active and secrete more Reelin 

in an overall preserved cortex.  This Reln increase led to a non-cell autonomous activation 

of the mTOR pathway underneath pyramidal neurons without altering the neuronal 

network activity in the S1 Barrel cortex nor increasing the sensitivity of the mice to kainate-

induced epilepsy. In this context, activation of the PI3K/AKT pathway in CRs protects them 

from apoptosis but their persistence is not associated with epilepsy nor alteration in some 

general behavior tests. 
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Results 

Spatiotemporal regulation of the PI3K/AKT/mTOR pathway activity in deltaNp73-

CRs 

deltaNp73-CRs constitute approximately 80% of total population of CRs in the neocortex, 

namely Septum-CRs and Hem-CRs (Tissir et al. 2009). It has been shown that deltaNp73-CRs 

undergo Bax-mediated apoptosis in the two first postnatal weeks. However, the trigger of 

such apoptosis or the mechanisms regulating the death of other CR populations are still 

unknown (Ledonne et al. 2016). PI3K/AKT/mTOR pathway is one of the major cell survival 

signaling cascade involved in the regulation of mitochondria-mediated apoptosis and it is 

also known to induce cellular senescence in non-replicative cells (Fulda 2012). To decipher 

whether activity of this pathway might regulate the death of deltaNp73-derived CRs in vivo, 

we first looked at the physiological activity of the PI3K/AKT/mTOR pathway at prenatal and 

postnatal stages. We used the deltaNp73cre/+ line (Griveau et al. 2010; Tissir et al. 2009) to 

label CRs via the conditional expression of tdTomato (tdT) as a Cre recombinase reporter 

(Rosa26mT). Brain sections were analyzed along both rostro-caudal (Fig. 1A) and medio-

lateral (Fig. S1) axes at two different stages, embryonic stage E17.5 (E17.5) and postnatal 

day 1 (P1) before the beginning of massive cell death. The activity of the pathway was 

monitored by double immunofluorescence staining for pAKT (Ser473) and pS6(Ser240/244), 

two well-known biomarkers of the pathway (Fig. 1B). 

Quantification of the total number of tdT positive cells in the marginal zone along the 

rostro-medial axe showed a 40 % reduction in the level 1 (Sup Table 1.1) corresponding to 

either altered migration more rostrally or precocious cell-death in this level of the neocortex 

whereas no change was observed in levels 2 and 3 (Fig. 1C). As expected from the expansion 

of the cortex size between E17.5 and P1 stages, CRs densities along rostral-caudal axis were 

significantly reduced by 20 to 40% according to the level (Fig.1D, S1B and S1C) (Sup 

Table1.2). 

Next, to monitor the activity of the pathway, two related markers pATK and pS6 were 

used to distinguish between the activity of the PI3K/AKT and/or mTOR pathway respectively 

(Fig.1B and 1E). The proportion of tdT cells negative for activity (pink bar in Fig. 1E) or 
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positive for one or the other marker (gray and green bars in Fig. 1E) or positive for both (dark 

orange bar Fig. 1E) were quantified. 

Rostro-caudal analysis of the brain at E17.5 showed that 60 to 70% of total tdT cells are 

positive for one or the two markers (Fig.1E) with no difference between levels. At P1 stage 

there were overall a 40 -50% reduction in the activities of the pathway in all different brain 

levels in comparison to E17.5 stage (cells negative for any activity, Sup Table 1.3), more 

specifically the proportion of CRs positive for two markers (cells positive for both markers, 

Sup Table 1.3) (Fig. 1E). None of the single labeled cells, pAKT or pS6 alone, showed a 

significant difference between the two stages along the rostro-caudal axis (cells positive for 

only one marker, Sup Table 1.3).  

In contrast, medio-lateral analysis of the brain sections at E17.5 showed a spatial 

difference in the activities of PDK1 or mTORC2 (pAKT) and S6 kinases (pS6) in CRs (Fig. S1 

left panels). CRs positive only for p-AKT were more present in the medial part of the 

neocortex (pAKT vs tdT, Table 1.4) whereas CRs positive only for pS6 show a mirror pattern 

with an enrichment more laterally in all three brain levels (pS6 vs tdT, Table 1.4). Cells 

positive for both markers show differential pattern according to brain levels. In levels 1 and 

3, they show mirror distributions with less in lateral and medial regions respectively (Fig. 

S1A and S1C left panels) (pS6&pAKT vs tdT, Table 1.4) whereas, in level 2, they follow more 

or less the tdT positive CRs distribution (Fig. S1B left panel). With the expansion of the cortex 

size, beside the reduced activation of the pathway (Fig. 1E), the different patterns of 

phosphorylation observed at E17.5 tend to flatten at P1 but overall, they present the same 

pattern of distributions with less statistical differences compared to tdT positive cells (Fig. 

S1A, B, C right panels) (Table 1.5).  

All together the PI3K/AKT/mTOR pathway activity in deltaNp73-CRs presents with 

differential activation of AKT and mTOR pathways along the medio-lateral axe and a 

reduction in overall activity from prenatal to postnatal stages. This spatiotemporal control 

of the pathway activity is compatible with the hypothesis that down-regulation of a pathway 

involved in cell survival may contribute to CRs death later on during the 2 first postnatal 

weeks. 
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Constitutive activation of PI3K/AKT/mTOR pathway activity in deltaNp73-CRs 

leads to cell survival 

The perinatal period is a developmental critical time window for neurons since a lot of 

them are partially or almost eliminated (Causeret, Coppola, and Pierani 2018). To test if the 

observed reduction in PI3K/AKT/mTOR pathway activity during this period is responsible for 

cell death in deltaNp73-CRs, we explored the consequences of maintaining the pathway 

permanently active in these cells. To do so we used a conditional mouse model 

R26StopFloxp110* to constitutively express an activated version of the catalytic subunit of 

PI3K, the PIK3CA in CRs (Srinivasan et al. 2009).  Upon CRE recombinase mediated deletion 

of the STOP cassette, the mutated p110alpha protein is expressed together with tdT 

reporter in deltaNp73 derived CRs (deltaNp73>P110*). Mutant mouse model was first 

validated by monitoring the pathway activity at P1 stage using pAKT and pS6 markers in the 

cortex (Fig. S2 A top panels). Quantification of the tdT cells showed an increase in the 

proportion of double-positive cells for the two markers by 3 to 4 times compared to controls 

at the 3 levels (Fig. S2 C) (CR positive for both markers, Control versus PIK3CA, Sup Table 

2.3). None of the proportions for single labelling showed a significant difference between 

the two stages suggesting that strong AKT activation also leads to activation of mTOR. Thus, 

this genetic model allows to activate and maintain the activity of the pathway in CRs at a 

time when it should be physiologically downregulated.   

 Next, we determined whether the activation of the PI3K could interfere with embryonic 

development of CRs since deltaNp73 is expressed from E11.5 in post-mitotic cells. We found 

that cortex size (Fig. S2A) and tdT positive CRs densities (Fig.  S2B) (Sup Table 2.1) do not 

differ between p110* and controls at P1 stage in the rostro-caudal levels (Control versus 

PIK3CA, Table 2.2). Therefore, in this context, any difference in cell number after 2 weeks 

could only be attributed to cell persistence. At P24 stage (Fig 2A), the CR densities was 

reduced from approximately 15 000 (Fig S2B) (Sup Table 1.2) to 400 cells/mm3 (Fig 2C) (Sup 

Table 3.1) in controls as previously reported (Ledonne et al. 2016). In contrast the p110* 

expressing animals (Fig 2A) showed a density of 1 150 cells/mm3 (Fig 2C) (Sup Table 3.1) 

suggesting a significant increase of 3 to 4 times compared to controls at the same age in all 

three brain levels (Fig 2D) (Control vs PIK3CA Sup Table 4.1). Since we observed some 
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specific activation pattern of the pathway at E17.5 along the medio-lateral axis (Fig S1), we 

investigated the distribution of the deltaNp73 derived CRs in different cortical areas at P24 

(Fig 2E). As expected from a gain-of-function experiment with strong pathway activation, 

almost all areas showed a significant increase of the CR densities with different increases 

according to the area (Fig 2F and G)(Fig S3)(Control vs PIK3CA, Sup Table 3.2).  

 

Conditional inactivation of TSC1 or PTEN, two negative regulators of the 

PI3K/AKT/mTOR pathway, result in specific patterns of CR survival 

Results from the expression of the p110* clearly demonstrate the postnatal survival 

capacity of the pathway in NP73 derived CRs. However, since p110* is expressed in all CRs, 

we may lose the specificity of the pathway activation according to brain regions or cortical 

areas as previously observed in E17.5 embryos. We, then turned to a loss-of-function 

approach to activate the pathway only in places where it is controlled and used the 

conditional inactivation (cKO) of either Tsc1 or Pten, which encodes for two well-known 

negative regulators of the PI3K/AKT/mTOR pathway. Beside mTOR pathway, these 

molecules, especially PTEN are at the crossway of multiple other pathways (Bermúdez Brito 

2015) and we tested their respective contribution to the NP73 derived CR survival by 

comparing both phenotypes. At P1 tdT CRs in these 2 models have different levels of 

activation according to the neocortex levels (Fig S2 A and S2 C). Loss of TSC1 function 

increased the proportions of cells positive for pS6 in level 3 but not in levels 1 and 2 

suggesting that mTOR pathway is more activated in the caudal parts of the cerebral cortex.  

Regarding the Pten model, only level 3 showed a large increase in the proportion of double 

positive CRs whereas the proportion of pAKT single labeled CRs was unexpectedly decreased 

in level 1(Fig S2 C) (Control and PTEN, Sup Table 2.3).  

Next we determined the consequences of the activation on the development of 

deltaNp73 derived CRs in both Tsc1 and Pten models. At P1stage, whereas inactivation of 

Tsc1 did not alter the cortex size (Fig S2A) nor the densities of tdT positive cells in the 

marginal zone of the cortex (Fig S2B) (Sup Table 2.2), PTEN removal reduces overall their 

densities (Fig S2B) (Sup Table 2.2) without affecting the brain size (Fig S2A). Thus, the 
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embryonic development of the deltaNp73 derived CR is not altered in Tsc1 but lightly in Pten 

cKO. 

Next, we quantified the CRs densities at P24 in Tsc1 and Pten cKOs (Fig. 2C). At this stage, 

the pathway was still activated in both models as reveled by the pS6 staining increase in tdT 

CRs (Fig 2A). Loss of Tsc1 function increased almost 2 times the number of tdT positive CRs 

in all the brain levels (control versus Tsc1, Sup Tables 3.1 and 4.1) whereas loss of Pten 

increased it by 3 to 6 times depending on the brain levels similarly to p110* model (Fig 2E 

and 2D) (control versus Pten, Sup Tables 3.1 and 4.1). Looking at in more details the brain 

areas in each level (Fig 2E and 2D), Pten cKO had a stronger phenotype than Tsc1 since the 

densities were higher and affected more brain areas compared to Tsc1 cKOs (Tsc1 versus 

Pten, Sup Table 3.1). From the three levels comparison (Fig 2B), both cKOs altered the 

medial cortical regions of the cortex, namely the prefrontal cortex (ACA), retrosplenial-

motor (RSP-MO) and retrosplenial (RSP), characterized by the highest densities of deltaNp73 

derived CR in the cortex (Fig. S3 B, Fig. 2F and Fig S3D) (Sup Table 3.2). The areas of the 

intermediate section (level 2) are also more sensitive to the loss of either molecule 

compared to rostro (level 1) and caudal (level 3) sections (Fig. 2F/G and Fig. S3 B/C and 

S3D/E). These differences in cell densities at P24 in level 2 sections does not correlate with 

the differences in pathway activation observed at P1 in level 3. 

 Beside these commonalities, Pten cKOs present with significant increases in more lateral 

brain areas (Fig. 2F/G and Fig. S3 B/C and S3D/E)(Sup Table 3.2). When normalized to 

respective controls, the fold changes vary according to the areas especially in levels 1 and 2 

which shows an increase along the medio-lateral axes (Fig. 2G and Fig. S3 C and S3E) (Sup 

Tables 4.1 and 4.2). This suggest that lateral CRs are more sensitive than the medial one to 

the loss of Pten, indicating that the endogenous pathway is more inhibited in the lateral 

cortex. This hypothesis is strongly supported by the differential pattern of pAKT staining 

observed at P1 especially in level 2 (Fig S1)(Sup Table 1.5). Finally, there is no specific brain 

area where the Tsc1 cKO presents with an increase in CR density but not Pten cKO. 

All together NP73 derived cells are differently sensitive to the loss of TSC1 or PTEN 

function depending on the rostro-caudal axis with a stronger effect in the level 2 and also 

on the medio-lateral axe with higher numbers of survival CRs in the medial cortex whatever 
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levels. Finally, NP73 derived cells are more sensitive to Pten cKOs than Tsc1 suggesting that 

activation of the mTOR pathway contributes little to the survival phenotype observed after 

either Pi3K activation or PTEN loss of function. 

 

Pten inactivation in CRs alters their morphology and their intrinsic firing 

properties. 

Beside the increases in the CRs number after the activation of the PI3K/AKT pathway, the 

Pten model clearly presents with some obvious morphological alterations in the size and the 

number of CRs dendrites and/or axons at P24 (Fig. 2A, 3A and 3B)(Sup Table 5). These 

morphological changes resulting from polarity defects and neurite outgrowth have been 

already reported for other Pten conditional models where the AKT pathway has been 

activated (Kwon et al. 2001, 2006). Surprisingly, this phenotype in dendrites and/or axon 

was less penetrant after p110* expression than after Pten loss-of-function (Fig. 2A), which 

suggest partial compensation by endogenous PTEN in the P110* model or PIP3 independent 

mechanism of dendritic elongation and branching in CRs regulated by PTEN. In addition, very 

littles alterations of CR morphology were observed at P1 stage in Pten model (Fig. S2A) 

suggesting that the dendritic phenotype was acquired during the two first weeks and 

progressed with age as previously reported (Kwon et al. 2001).  

We next asked whether the surviving CRs in Pten model at P24 were still active neurons. 

We prepared coronal slices of mutant and control animals and performed whole-cell current 

clamp recordings of tdT positive cells in the somatosensory barrel S1cortex. All recorded 

cells were filled with biocytin and post-hoc imaging was performed to analyze cellular 

morphology (Fig 3A). We found that at P24, CR cells in control animals were extremely 

difficult to locate, and the soma too small and membranes too fragile to achieve usable 

electrophysiological recordings. Therefore, we recorded control cells at P10 before they die 

to allow comparison to the Pten model (Ledonne et al. 2016) . 

We found that Pten model CR cells had numerous intrinsic properties and physiological 

features consistent with active neurons (Fig 3D-F). They had more depolarized resting 

membrane potentials than control (Fig 3D1; Sup Table 6), higher input resistance (Fig 3D2; 

Sup Table 6) and higher membrane capacitance (Fig 3D3; Sup Table 6). To examine the 
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action potential firing properties of CR cells in control and Pten mice, cells were held at -75 

mV and depolarizing current steps were injected to induce action potential firing (Fig 3C). 

From these experiments, Pten CR cells fired significantly more action potentials per current 

step for current steps larger than 80 pA (Fig 3E1, Sup Table 6) and had larger action potential 

amplitudes (Fig 3E2, Sup Table 6). Additionally, the AP threshold was significantly reduced 

(Fig 3F1, Sup Table 6), as well as the AP Halfwidth (Fig 3F2, Sup Table 6) and lastly, the AP 

latency was longer for Pten CR cells than control (Fig 3F3, Sup Table 6). These results for 

Pten CR cells at P24 are consistent with surviving cell being larger, electrically active, and 

capable of repetitive firing compared to control CRs but overall they kept their intrinsic CRs 

characteristics. 

 

Increases in Reelin expression and secretion does not alter cortical layering in Pten 

mutants but lead to mTOR activation in the cortex 

CR are characterized by expression of the Reln and we tested whether persistent CRs in 

our models keep to express this marker at P24. We noticed that they not only express it but 

with an increase in signal intensity (Fig 2A). Quantification of Reelin intensities in Pten 

mutant CRs, which present the most extreme phenotypes showed a significant increase of 

expression compared to controls (Fig 3C)(Sup Table 5). Secreted Reelin appears as diffuse 

signal bands in both cortex and hippocampus (Fig 4A). In Pten mutant brains at P1 stage, the 

Reelin signal intensity was clearly increased around the tdT positive CRs compared to 

controls showing that Pten mutant CRs not only express more but also secrete more Reelin 

which diffuse in cortex and in hippocampus. This increase in Reelin secretion did not have 

any impact on the general cortical organization of the Pten mutant brain since they 

presented with similar thickness of the cortical layers in the S1 barrel field at P24 stage (Fig 

4B). 

Reelin has been shown to activate mTOR pathway in surrounded cells though binding to 

its receptor, phosphorylation of dab and the activation of PIK3/AKT/mTOR/S6 kinase to 

regulate dendritic growth of targeted cells (Jossin and Goffinet 2007). Since there was more 

secreted Reelin in Pten mutant brains, we used pS6 staining to monitor the S6kinase activity 

downstream of mTOR. Brains from Pten mutants clearly present with a large increase of pS6 
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staining in the cortex and the hippocampus compared to control (Fig. 4A). Therefore, the 

increased number of CRs together with the increase of Reelin secretion is responsible for a 

non-cell autonomous activation of the mTOR pathway in surrounded cells from cortex and 

hippocampus.  

 

Overall post-natal activation of mTOR in cortex and hippocampus does not induce 

epilepsy in Pten or PIK3CA CR specific mutants. 

Somatic mutations in the PIK3/AKT/mTOR pathway leading to its activation in pyramidal 

neurons are responsible for various brain malformations and epilepsy depending on the 

mutation occurrence during brain development (Jansen et al. 2015). In our model with the 

deltaNp73-Cre driven inactivation, the non-cell autonomous pathway activation due to 

more secreted reelin was relatively late in the brain development and no massive brain 

alterations are observed. However, it was still possible that this wide activation leads to an 

increased sensitivity of the neuronal circuit to epilepsy. To test this hypothesis, we first 

investigated at adult stages (P75) whether the deletion of PTEN altered neuronal network 

activity patterns in S1 cortex, a region where the CR densities above and the secreted Reelin 

were largely increased in the Pten model. For this aim, we recorded population activity 

spontaneously generated in pro-bursting ACSF (Mg2+-free with 6 mM KCl  (0Mg6K ACSF) in 

S1 cortical slices from control and Pten mutant mice by using the multi-electrode array 

(MEA) technique (Fig. 4D). We found that S1 slices from both control and mutant mice 

mostly display bursting activity (n = 12 out of 14 control slices (85.7%) and n = 13 out of 15 

mutant slices (87 %); Fig. 4E-F), while only a minority of the slices develops seizures (n = 2 

slices for both genotypes) in 0Mg6K ACSF (Sup Table 7). In addition, bursts recorded in 

control and mutant mice displayed similar frequency and duration (Fig 4G) (Sup Table7). 

These results thus indicate that Pten deletion in CR cells does not affect neuronal network 

activity in S1 cortex. 

We, then used an in-vivo approach to induce seizures by injecting kainate in adult mice 

and test the sensitivity to the epileptogenic drug. General behavioral characterization of the 

Pten mutants animals did not display any clinical manifestations using SHIRPA protocol 

(Rogers et al. 2001) up to 80 days old when they started to manifest cutaneous alterations 
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(see behavioral section in the material and methods part). More specific tests such as the 

open-field and the Y maze were also performed to monitor locomotor activity and anxiety 

or working memory, respectively (Fig S4 A, B and C)(Sup Table 8). In agreement with 

previous phenotypic characterization of Reelin-overexpressing mice, no significant 

difference was found whatever gender and genotype in all tests (Teixeira et al. 2011). Finally, 

we injected half of the previously analyzed mice with kainate (15 mg/kg IP) and monitor for 

120 minutes the latency, occurrence, and duration of the crisis (Fig S4 D). Since the Pten 

model presents overall with larger variability in several readouts, we also used the P110* 

one to activate the AKT/mTOR pathway and compared the two approaches for their 

sensitivity to kainate injection. No significant differences were observed in Pten model (Sup 

Table 8). However, we noticed a gender difference between the two approaches since the 

P100* and control littermate females were more sensitive than males whatever genotype 

(Fig S4 D bottom left histogram pink and grey). Although all animals from the p110* and 

control cohort presented with the same occurrence number of crisis (Fig S4 D bottom right 

histogram pink and grey), the P110* females have longer duration in crises compared to 

their littermate (Fig S4 D bottom middle histogram pink and grey), suggesting they were 

freeze, immobile during the few occurring crisis (Sup Table 8). 

Altogether, the increased number of CRs following the activation of the PI3K/AKT/mTOR 

pathway did not alter the behavior nor increase the brain sensitivity to epilepsy. 
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Discussion 

The PI3K/AKT/mTOR pathway is one of the major cell survivals signaling cascades 

involved in the regulation of mitochondria-mediated apoptosis and has been shown 

amongst others to control interneuron cell death (Wong et al. 2018). Here we focused our 

study on a particular type of excitatory neuron, the CRs which populate the surface of the 

cortex during embryogenesis and die postnatally after orchestrating cortical development. 

We previously showed that Bax-mediated apoptosis and neuronal activity are involved in 

their death (Ledonne et al. 2016; Riva et al. 2019). By investigating the PI3K/AKT/mTOR 

activity around postnatal stages, just before massive cell death occurs in deltaNp73 derived 

CRs, we found that it is decreased suggesting its participation in the control of CRs cell death 

as well (Fig 1E). Beside this temporal regulation of its activity, we also highlighted a 

differential spatial activation of PDK1 and S6K along the medio-lateral axes in 3 rostro-caudal 

levels. Overall, AKT and mTOR activities are higher in the medial/dorsal and lateral cortex 

respectively at E17.5 and P1 suggesting they are differentially regulated in the marginal zone 

above the future cortical areas (Fig. S1). We then sustained in vivo the activation of the 

pathway in these cells using mouse genetics and found that a fraction of them survived at 

P24 (Fig 2) in the cortex up to 110 days (data not shown) whereas they should be almost 

eliminated by days 15. By conditionally targeting Pten and Tsc1 in deltaNp73 derived CRs, 

we found that AKT activation contributes most to the survival CRs phenotype compared to 

mTOR (Fig. 2A). In addition, the CRs increase in the Pten model was higher in the lateral 

cortex than in the medio-dorsal (Fig. 2G), which correlates with the lower AKT pathway 

activation described at E17.5 and P1 stages (Fig S1). Altogether, the PI3K/AKT pathway is 

more inhibited in the lateral cortex compared to medio-lateral which may confer to the 

lateral CRs more sensibility to cell death. The various timing of CR elimination along the 

medio-lateral axe may influence the development of future brain areas as well. Since the 

secondary somatosensory auditory cortex presents with a 10-fold increase in CR at P24 in 

the Pten model (Fig 2G), it would be interesting in the future to challenge the animal 

behavioral response to various tests involving auditory stimulation (ie: pre-pulse inhibition 

or fear conditioning test).   
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During this study, we had also the opportunity to test and compare two models of 

activation through either the expression of an activated PI3KCA mutant protein (p110*) or 

the deletion of PTEN. Both approaches should increase the PIP3 levels to activate AKT 

through PDK1 and one would have expected a phenocopy between the 2 mutants and even 

a stronger phenotype for the P110* which has been shown to strongly activate AKT (Venot 

et al. 2018). Although the number of persistent CRs is similar between the two mutants (Fig 

2A and 2C), the Pten one clearly presents with a large increase in dendrite and/or axonal 

extensions which is rarely seen in the p110* model. One hypothesis would be the 

compensation of PIP3 overproduction in P110* mutant CR by endogenous PTEN, but one 

would expect to also have such compensation effect for cell survival and fewer CRs in P110* 

compared to Pten. Alternatively, PTEN may have also PIP3 independent functions 

(Bermúdez Brito 2015). Axodendritic outgrowth requires some reorganization of the 

actin/microtubule cytoskeleton and, besides the known regulation of F-actin dynamics by 

phosphoinositides through Rho GTPases, PTEN regulates directly the stability of the 

microtubules through their detyrosination (Kath et al. 2018). Apart from these 

morphological differences in CR projections, both mutants CRs present with an increase in 

the soma size together with an increase in pS6 staining. These two phenotypes are also 

observed in the Tsc1 mutant CRs (Fig2A) and are linked to the mTORC1 activation and the 

increase in protein synthesis (Bockaert and Marin 2015).   

Surprisingly, whereas loss of Tsc1 in the cortex has been shown to increase the basal 

dendrite arborization of pyramidal neurons, a phenotype reversible upon rapamycin 

treatment during a critical period (Cox et al. 2018), only bipolar CRs were observed in Tsc1 

cKO (Fig2A). This suggests that activation of the mTORC1 pathway alone is not sufficient in 

CRs to alter the neuronal polarity and/or the axodendritic outgrowth but it is probably 

necessary since these morphological changes required an increase in protein synthesis 

(Jaworski 2005).  

Altogether, these results strongly suggest PTEN regulates the growth of CRs extensions 

by both AKT-dependent and independent pathways. 

Our results together with the well-known effects of AKT activation on cell survival 

(Brunet, Datta, and Greenberg 2001) strongly suggest that apoptosis is inhibited in our Pten 
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model, which leads to an increase of CRs densities in the postnatal cortex. In theory, PTEN 

and Bax inactivation should have similar secondary phenotypes linked to CR persistence. 

They have similar increases in cell densities, about 5 times. However, the Bax model 

presents with an increase of dendrites and dendritic spine in upper pyramidal neurons which 

lead to an alteration of the Excitatory to Inhibitory balance and hyperexcitability together 

with an increase in sensitivity to kainate induced epilepsy. Although we did not investigate 

the morphological changes of these pyramidal cells in the Pten model, neuronal network 

activity is unaffected in the S1 barrel cortex and Pten animals do not present sensitivity to 

epilepsy. The mechanism by which rescued CRs in bax model induces morphological and 

functional changes in pyramidal neurons remains unresolved. Reelin has been shown to 

counteract the inhibitory effects of CSPG on dendritic growth in the MZ by activating the 

AKT pathway in pyramidal neurons (Zluhan et al. 2020). 

Therefore, one hypothesis to explain the discrepancies between Bax and Pten models 

would be the different levels of Reelin secretion. However, we found in our study that the 

Reelin secretion is increased in the Pten model together with an increase of pS6 staining in 

the cortex, suggesting the PI3K/AKT/mTOR pathway is activated in pyramidal cells after 

reelin binding to its receptor. Thus, this hypothesis is unlikely but we need to compare it 

with Reelin secretion in the Bax model to conclude. Alternatively, Pten inactivation also 

leads to morphological changes in CRs which are not observed in the Bax model. These 

changes alter the intrinsic properties of CRs which also respond with larger depolarization 

to the current application (Garcia-Junco-Clemente and Golshani 2014). Differences in the 

intrinsic properties and in neuronal activity may explain the different outcomes between 

the Bax and Pten models similar to the Kir2.1 model in which induced hyperpolarization of 

CRs increased the CR densities without altering the morphology nor the excitability of 

underneath pyramidals neurons (Riva et al. 2019). 

Finally, the large increase in pS6 staining, a biomarker of mTOR activity seen in the cortex  

(Fig 4A) is not associated with any change in neuronal network activity (Fig 4D-G) nor 

sensitivity to kainate-induced epilepsy, a result that contrasts with the abundant literature 

on focal cortical dysplasia (FCD) associated with mTOR pathway activation (Meng et al. 

2013). One current hypothesis for this discrepancy would be the extent of the mTOR 
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activation in the cortex. Overall activation of the pathway in many cells during neuronal 

network maturation would lead to compensation and an adaption to the hyperexcitability.  

 In conclusion, we have identified the PIK3/AKT pathway as a key player in the survival 

of deltaNp73 derived CRs, which is downregulated soon after birth priming these cells to 

death after exposition to other stressors (ie.: excitotoxicity, ROS production, DNA damages). 

Future investigations will determine whether other sources of CRs share the same 

protective pathway as deltaNp73 derived CRs and which neuronal growth factors control 

the pathway.  
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Material and Methods 

Animals 

deltaANp73CreIRESGFP(deltaNp73Cre)(Tissir et al., 2009), Ai9 line (Strain# 007905) ROSA26loxP-

stop-loxP-Tomato(R26mT) (Madisen et al., 2010) transgenic mice were kept in a C57BL/6J 

background. R26StopFlp110*mice (Strain# 012343) was a gift from Dr. Guillaume Canaud 

(University Paris Cité). PtenloxP mice (Suzuki et al., 2001) and TSC1loxP mice (Kwiatkowski, 

2002a) were provided by Dr. Mario Pende (University Paris Cité). Animals were genotyped 

by PCR using specific primers (Table in Sup material and methods).  

 

 

  

Histology Behavior 

Control Mutant Control Mutant 

deltaNp73Cre/+> 

R26mT/+ 

deltaNp73Cre/+> 

R26mT/+;Ptenlox/lox 

deltaNp73+/+> Ptenlox/lox 

deltaNp73Cre/+> R26mT/+ 

deltaNp73Cre/+> 

Ptenlox/lox 

deltaNp73Cre/+> 

R26mT/+ 

deltaNp73Cre/+> 

R26mT/+;Tsc1-/lox 

- - 

deltaNp73Cre/+> 

R26mT/+ 

deltaNp73Cre/+> 

R26p110*lox/mT 

deltaNp73Cre/+>R26+/+ 

deltaNp73+/+>R26p110*

lox/+  

deltaNp73+/+> R26+/+ 

deltaNp73Cre/+>R26

p110*lox/+ 
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All animals were handled in strict accordance with good animal practice as defined by the 

national animal welfare bodies, and all animal experiments were approved by the Veterinary 

Services of Paris (authorization number: C75-14-03) and by the Animal Experimentation 

Ethical Committee (CEEA #034) (reference: 20-074). 

 

Tissue preparation and immunohistochemistry 

Staging of animals was done, considering midday of vaginal plug as embryonic day 0.5 (E0.5) 

for the embryonic stage and the birth date as postnatal day 0 (P0) in the postnatal stage. 

Brain collection and fixation of both embryos and P1 animals were performed as previously 

described (Bielle et al., 2005b). For juvenile mice (P24 days after birth) brain sections, 

animals were anesthetized by intraperitoneal administration of a mixture of sedative 

(Xylazine 10mg/kg) and anesthetic (Ketamine 180mg/kg) substances and were intracardially 

perfused by 4% paraformaldehyde (PFA) in PBS 1X (v/w), pH 7.4 and post-fixed 2h in 4% PFA 

at 4°C. Brains were rinsed in PBS for 1 h and placed in 30% sucrose in PBS 1X  (v/w) overnight 

for cryoprotection, then embedded in O.C.T. compound (Sakura). Embedded tissues were 

sectioned on a cryostat with a 20 µm thickness for embryonic and P1 stage and 50 µm for 

P24 brains. Three sections from rostral, intermediate, and caudal brain levels were chosen 

from controls and mutants. Immunostaining on embryonic and P1 sections was performed 

as previously described (Bielle et al., 2005b). P24 brain sections were washed first in PBS 1X 

and then in 0.2% triton+ PBS1X before immunostaining. After sections were permeabilized 

Patch-cell recording Multi-electrode array 

Control Mutant Control Mutant 

deltaNp73Cre/+> 

R26mT/+ 

deltaNp73Cre/+> 

R26mT/+;Ptenlox/lox 

deltaNp73+/+> Ptenlox/lox 

deltaNp73Cre/+> R26mT/+ 

deltaNp73Cre/+> 

Ptenlox/lox 
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in PGT (PBS1X 0.25% triton 0.2% Gelatin) for 1h and then incubated with primary antibodies 

diluted in PGT at 4°C for overnight. The second day, after washing sections were incubated 

first in PGT for 10 min and then were incubated in a secondary antibody diluted in PGT at 

room temperature for 1 hour. Double immunostaining of two rabbit antibodies was done 

using Zenon kit (Zenon Alexa Fluor 488 Rabbit IgG Labeling Kit, Z25302, Invitrogen by 

Thermo Fisher Scientific). Primary antibodies used for immunohistochemistry were: goat 

anti-reelin antibody (R and D Systems AF3820, 1:500), rabbit anti-phospho-AKT Serine 473 

antibody (Cell signaling Technology 4060, 1:200), rabbit anti-phospho-S6 antibody (Ser 

240/244 Cell signaling Technology 5364, 1:1000), rat anti-ctip2 antibody (Abcam ab18465, 

1:250), rabbit anti-cux1,2 antibody (Santa Cruz sc-13024, 1:250). Secondary antibodies used 

against primary antibodies were: donkey anti-rabbit Alexa-488 (711-545-152, Jackson 

ImmunoResearch Laboratories,1:500), donkey anti-goat Alexa-488 (A-11055, Molecular 

Probes, 1:500), donkey anti-goat Cy5 (705-175-147, Jackson ImmunoResearch Laboratories, 

1:250), donkey anti-rat Alexa-Cy5 (712-175-153, Jackson ImmunoResearch Laboratories, 

1:250). DAPI (D1306, ThermoFisher Scientific, 1:1000) was used for nuclear staining. 

Sections were mounted using Vectashield (H-1000, Vector Labs).  

 

Image acquisition and analysis 

Immunofluorescence images were acquired using a confocal Leica SP8 microscope (Leica 

Microsystems, Mannheim, Germany), except for quantification of CRs at P24 that 

immunofluorescence images were acquired using a slide scanner Nanozoomer 2.0 

(Hamamatsu) with a 20x objective. 

At embryonic and P1 stages images were acquired using a 40X oil immersion objective, 

pinhole size “airy 2” and in order to acquire 20 µm thickness of section 4 z-stacks of 5 µm 

was defined.  

illustrated Images with bigger magnification in the Figure 2 and S2 were acquired with a 

40X and 3 digital zoom and 9 to 10 z-stacks of 2 to µm was defined. 

illustrated Images including Biocytin filled CRs in the Figure 3 were acquired using a 63X 

oil immersion objective. 20 to 60 z-stacks of 2 µm was defined depending of the thickness 

of sections and size of the neurons. 
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tdTOMATO+ neurons, were counted and analyzed for their position using the ImageJ 

software. Three sections from each biological replicate at embryonic, P1 and P24 stages 

were analyzed corresponding to three different brain levels.  

At embryonic and P1 stages 500 µm in the length (Medial to lateral cortex) and 100 µm 

depth from the surface of cortex was straightening and the X and Y position of each cell 

were recorded. At P24 sections were stained for CUX1/2, CTIPI2 to be able to define the 

brain areas. Then 150 µm depths from the surface of cortex was straightened and position 

of cells were recorded. 

For each section, the density of CRs (tdTOMATO + CRs/mm3) was calculated taking into 

account the thickness of the section and the length of the neocortex and areas at p24 and 

the depth from the surface of the cortex. 

 

Neuronal soma size measurement 

To extract the cell volume, we consider the entire z-stack to extract Regions of Interests 

(ROIs) using the machine learning-based WEKA tool implemented on Fiji/ImageJ2 (Arganda-

Carreras et al., 2017). Beforehand, we trained a WEKA classifier on fluorescent series of Td-

tomato-loaded cells set with the following features: Gaussian blur, Derivatives, Structure, 

Minimum, Maximum and Median. Classification was performed using the FastRandom 

Forest algorithm. Upon extraction of 3D ROIs, we recorded the volume using the 3D ROI 

manager tool developed by Ollion and colleagues (Ollion et al., 2013). 

 

Patch-Cell recording  

Slice preparation: Coronal slices were prepared from Pten transgenic animals between 

P20 and P24. At these ages, animals were anaesthetized with ketamine (100 mg/kg), 

xylazine (7 mg/kg) and isoflurane, and perfused transcardially with a sucrose-based cutting 

solution containing the following (in mM): Sucrose 110, KCl 2.5, NaH2PO4 1.25, NaHCO3 30, 

HEPES 20, glucose 25, thiourea 2, Na-ascorbate 5, Na-Pyruvate 3, CaCl2 0.5, MgCl2 10. 

Coronal slices were prepared from control animals at P10, as CR cells were non-viable for 

electrophysiological recording after this age. At P10, animals did not undergo cardiac 
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perfusion. For both PTEN and controls, brains were rapidly removed and placed upright cut 

into 300 μm thick coronal slices (Leica Biosystems Vibratomes, VT1200S, Germany) in the 

cutting solution at 4 °C. Slices were transferred to an immersed-type chamber and 

maintained in artificial cerebral spinal fluid (ACSF) containing the following (in mM): NaCl 

125, KCl 2.5, NaH2PO4 1.25, NaHCO3 26, glucose 10, Na-pyruvate 2, CaCl2 2, MgCl2 1. Slices 

were incubated at 32 °C for approximately 10 minutes then maintained at room 

temperature for at least 45 minutes. Prior to recording, slices were transferred to a 

recording chamber perfused with ACSF at 3 ml/min at 30 °C. 

Electrophysiological recordings: CR cells were located using the fluorescence tdTomato 

tag with a 535 nm LED and long-pass mCherry filter set in an Olympus BX51 microscope 

(Olympus Corporation, Japanese). A recording pipette with resistance between 2-5 MΩ with 

positive pressure was inserted into the layer I of the Barrel cortex. Whole-cell recordings 

were performed with intracellular solutions containing the following (in mM): K-methyl 

sulfonate 135, KCl 5, EGTA-KOH 0.1, HEPES 10, NaCl 2, MgATP 5, Na2GTP 0.4, Na2-

phosphocreatine 10 and biocytin (4 mg/mL). Series resistance was < 20 MΩ and was 

monitored throughout the recordings. Data was discarded if the series resistance changed 

more than 10% during the experiment. The bridge balance was measured every 20 seconds 

and compensated with internal circuitry and monitored throughout experiments. The liquid 

junction potential was not corrected. Data were obtained using a Multiclamp 700B amplifier 

and digitized using a Digidata 1440 ADDA board. Data were sampled at 10 kHz. Axon™ 

pCLAMP® 9 electrophysiology data acquisition & analysis software (Molecular Devices, USA) 

was used for data acquisition. Action potential firing properties were measured with a series 

of 1-second-long depolarizing current steps.  

Immunochemistry and cell identification: Post-hoc confirmation of all cells was 

performed by labelling intracellular biocytin. Following overnight incubation in 4% 

paraformaldehyde in PBS, slices were permeabilized with 0.2 % triton in PBS and blocked for 

48 hours with 3% goat serum (50062Z, by Thermo Fisher Scientific) in PBS with 0.2 % triton. 

Streptavidin, Alexa Fluor™ 546 conjugate (S11225, by Thermo Fisher Scientific,1:300) 

incubation was carried out in block solution for 4 hours at room temperature. Slices were 

mounted in ProLong™ Diamond Antifade Mountant (P36970, Invitrogen by Thermo Fisher 

https://en.wikipedia.org/wiki/Germany
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Scientific), resulting in a partial clarification of tissue following incubation at room 

temperature for 24 hrs. Images were acquired. 

Data analysis: Electrophysiological recordings were analyzed using custom-written 

macros with IGORpro (WaveMetrics Inc, USA) and Axograph software (Axograph Inc, USA). 

Action potentials (APs) were detected automatically by threshold crossing with Axograph 

(Axograph Inc, USA) followed by visual inspection. RM measurements were calculated from 

linear fits of the voltage responses to current step injections of 10 pA. Action potential firing 

properties were measured on a positive current step series starting at 20 pA with increasing 

10 pA current steps. The threshold was measured at the first AP at rheobase. The AP full-

width at half-maximal amplitude (AP width) and after-hyperpolarizing potential (AHP) 

amplitude were measured for the first AP at threshold. The latency of the first AP and 

number of APs was measured with increasing current steps over rheobase. The 

instantaneous firing frequency and amplitude of the first 5 APs were measured at current 

injection steps 1.5 times over rheobase. Sag potentials were measured with a protocol 

injecting current as necessary to maintain a VM of -70 mV with a 1-second-long negative 

current step resulting in a membrane hyperpolarization of -100 mV. The sag was calculated 

as the difference between the peak and steady-state voltage during the 1 second 

hyperpolarization. 

Multi-electrode array (MEA) recordings 

All experiments were performed on adult (P75) mice. Mice were sacrificed and the brain 

removed. Coronal slices (400 μm) of S1 cortex were cut at low speed (0.04 mm/s) and at a 

vibration frequency of 70 Hz in ice cold oxygenated artificial cerebrospinal fluid (ACSF) 

supplemented with sucrose (in mM: 87 NaCl, 2.5 KCl, 2.5 CaCl2, 7 MgCl2, 1 NaH2PO4, 25 

NaHCO3 and 10 glucose, saturated with 95% O2 and 5% CO2). Slices were maintained at 32°C 

in a storage chamber containing standard ACSF (in mM: 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 

MgSO4, 1 NaH2PO4, 26.2 NaHCO3 and 11 glucose, saturated with 95% O2 and 5% CO2) for 20 

min, and then stored for at least one hour before recording in a pro-epileptic (0 mM Mg2+, 

6 mM K+; 0Mg6K) ACSF. S1 cortical slices were transferred on planar MEA petri dishes (200-

30 ITO electrodes organized in a 12x12 matrix, with internal reference, 30 μm diameter and 

200 μm inter-electrode distance; Multichannel Systems, Germany), and kept in place using 
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a small platinum anchor. The slices were continuously perfused at a rate of 2 ml/min with 

0Mg6K ACSF during recordings. Image of S1 cortical slices on MEAs were acquired with a 

video microscope table (MEA-VMT1; Multichannel Systems, Germany) through MEA 

Monitor software (Multichannel Systems, Germany) to identify the location of the 

electrodes on the cortex and to select electrodes of interest. Data were sampled at 10 kHz 

and network activity was recorded at 32°C by MEA2100-120 system (bandwidth 1-3000 Hz, 

gain 5x, Multichannel Systems, Germany) through the MC Rack 4.5.1 software (Multichannel 

Systems, Germany).  

Multi-electrode (MEA) data analysis: Bursting raw data were analyzed with MC Rack 

(Multichannel Systems, Germany). Detection of bursts was performed using the “Spike 

Sorter” algorithm, which sets a threshold based on multiples of standard deviation of the 

noise (5-fold) calculated over the first 500 ms of recording free of electrical activity. A 5-fold 

standard deviation threshold was used to automatically detect each event, which could be 

modified in real-time by the operator on visual check if needed. Bursts were arbitrarily 

defined as discharges shorter than 5 s in duration. Typically, bursts were characterized by 

fast voltage oscillations followed by slow oscillations or negative shifts. To analyze seizure 

activity, data were exported to Neuroexplorer (Nex Technologies, USA). Paroxysmal events 

were identified as discharges lasting more than 5 s; successive paroxysmal discharges were 

considered separate events based on their waveform and on the presence of a minimum 

(>10 s) interval of silent or bursting activity between them (Boido et al., 2010). 
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Behavior  

Three independent cohorts were generated to produce a total of 15 to 20 mice per 

genotype (control and Pten model) and per sex (males and females). Due to deltaNp73 

expression in the epidermal and hair follicle stem cells (Beeler et al., 2019), Pten models 

start to develop skin accumulation under paws and curly fur  after 12 weeks that preclude 

later investigations for ethical considerations. Each cohort was submitted successively to an 

adapted SHIRPA test to evaluate clinically each animal at 8 weeks old, followed by the 

rearing activity (at 9 weeks-old) the open field (at 10 weeks-old) and the Y-Maze tests (at 11 

weeks-old) according to the International Mouse Phenotyping Resource of Standardised 

Screens (IMPReSS) recommendations (https://www.mousephenotype.org/impress/index). 

Finally, 12 weeks-old mice were processed for kainate injection to test the sensitivity to 

epilepsy before euthanasia.  

Horizontal activity: Spontaneous horizontal locomotor activity was assessed using the 

open field test (OFT). To do so, unacclimated mice were moved to the monitor area and 

immediately placed individually in the center of motor activity boxes (40 cm L, 40 cm W, 40 

cm H) placed on an infrared floor under ~50 lux of light measured in the center of the arena, 

for a 120-min period. Total distance traveled by animal (horizontal activity), and time spent 

in the center (25 cm X 25 cm) of the arena were recorded by an infrared camera system 

connected to the Videotrack v2.6 Automated Behavioural Analysis (ViewPoint, France). The 

results are indicated as distance traveled in centimeters.  

Vertical activity: Spontaneous locomotor activity was also evaluated with an infrared 

beam system fitted to rectangular cages (50cmx25cm) (ActiMot, TSE Systems GmbH, 

Germany version V5.1.9). Movement of the mice resulted in interruption of the infrared 

beams. Each interruption was automatically counted and the coordinates of the animal can 

be determined in three dimensions (X-Y-Z axis). Each unacclimated animal was placed in the 

center of the cage and the number of beam breaks recorded during a 1-h period. We 

examined and analyzed the vertical (Z beam breaks) and horizontal (X+Y beam breaks) 

activities directly from the data collected by the system software. 

Y-maze: Short-term memory was assessed by spontaneous alternation behavior in the Y-

maze task. Experiments were carried out in a standard Y-maze apparatus made of three 
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identical black plastic arms (60 cm arms; walls 10 cm) set at 120° angles from each other. 

Different visual cues (geometrical forms) were placed on the wall of 2 arms of the maze and 

were kept constant during the experiments.  Mice were placed at the end of one arm of the 

Y-maze and the sequence of arm entries were recorded during 10 min. The introduction arm 

was randomly assigned for each animal. An arm visit was recorded when a rat moved all 4 

paws into the arm. An alternation was defined as consecutive entries into all three arms 

(e.g. A,B,C or A,C,B) and was automatically recorded using Videotrack v2.6 Automated 

Behavioural Analysis (ViewPoint, France). The number of maximum alternations was the 

total number of arm entries minus two and the percentage of alternations was calculated 

as the ratio of actual to maximum alternations multiplied by 100: (actual 

alternations/maximum alternations) 9 100. Persevering behavior was defined as subjects 

making significantly fewer alternations than would be expected by chance (50%). 

 

Kainate injection and sensitivity to epilepsy  

Animals at 12 weeks old were injected with a single intraperitoneal dose of Kainate 

(#0222/10, 10mg Biotechne) at 15mg/kg and recorded for 2 h by a Videotrack v2.6 

Automated Behavioural Analysis (ViewPoint, Lyon, France) software. The latency, duration, 

and the number of crises were recorded by a user blind to the animals.  

Statistics:  

Histological analysis: All data were expressed as mean±SD. According to the data 

structure, experiments involving two groups were assessed by using a two-tailed unpaired 

Student T test or Mann-Whitney U Test. Statistical significance of more than two groups and 

treatments were tested by one-way or two-way ANOVA tests followed by  Sidak multiple 

comparisons as post-hoc test.  Density curves were compared using the non-parametric 

Kolmogorov-Smirnov test. Statistics were performed using GraphPad Prism 8.00 (GraphPad 

Software Inc., USA) and plotting was performed using GraphPad Prism 9.00 and R program 

(R program version 4.0.3, Austria).  

Patch-Cell and MEA recordings: Results are reported as mean ±SEM. Statistical 

significance of linear variables was assessed using paired or unpaired Student’s T test, 
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repeated-measures ANOVA where appropriate. Normality was tested with the Jarque-Bera 

test.  

In all cases: P<0.05 was considered significant. *p < 0.05, **p < 0.01, ***p < 0.001 
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Figure 1 – Reduction of PI3K/AKT/mTOR pathway activity from P1 to E17.5 stages. (A) 

Sagittal representation of brains at E17.5 and P1 (adopted from Allen brain), black lines 

highlight three different level, which were analyzed along the Rostro-caudal axis. (B) Merged 

and single channel confocal images of E17.5 and P1 control brains stained for pS6 Ser 240/244 

(gray), pAKT Ser 473 (green) and Dapi (blue). tdTOMATO (red) traces deltaNP73 derived CRs. 

(C) Number of the tdT positive cells at the neocortex levels 1, 2, and 3 (n=4 for  E17.5 and P1). 

(D) CR density (CRs/mm3) at the neocortex levels 1, 2, and 3 (n=4 for  E17.5 and P1). (E) 

Proportion of CRs positive for one or two marker or negative over total tdT cells (n=4 for  E17.5 

and P1). Mann-Whitney U test (C, D, E); Data are represented as mean ± SD; *p<0.05; 

**p<0.001; ***p<0.0001. Scale bars: 50 µm. 
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Figure 2 –Sustained postnatal activation of the PI3K/ AKT/ mTOR pathway leads to the 

persistence of CRs at later stages. (A) Merged and single channel confocal images of  P24 

control and mutants cortices in S1 barrel field stained for pS6 Ser 240/244 (gray), Reelin  

(green) and Dapi (blue).  DeltaNP73 derived CRs in tdTOMATO (red). The 3 single channels 

images on right are zoom in from left merged images (B) Schematic representation of the 

analyzed Medio-lateral axes along the three rostro-caudal levels . (C) CR density (CRs/mm3) 

in the Rostro-caudal axis of the neocortex levels 1, 2, and 3 (n=4 for control and mutants) (D) 

Fold changes in CR densities in the three levels (n=4 for control and mutants) (E) scatter plot 

of CRs positions along the Medio-lateral axis in level 2. (F) CR density (CRs/mm3) in the medio-

lateral axis of the neocortex levels 2 (G) Fold changes in CR densities in the medio axis of the 

neocortex levels 2. Two way Anova followed by a Sidak's multiple comparisons test for Control 

vs PI3K and TSC1; Multiple t-test control vs PTEN (C, F) One sample t test (D,G) . Data are 

represented as mean ± SD; *or # p<0.05; **or ## p<0.001; *** or ### p<0.0001. Scale bar 50 

µm. 
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Figure 3- Inactivation of PTEN in deltaNP73 derived CRs alters their morphology, their 

electrophysiological intrinsic properties and increases Reelin expression and AP 

amplitudes. (A) left: Merged channel confocal images of P24 control and PTEN brains Dapi 

(blue) and tdTOMATO (DeltaNP73 derived CRs). (A) right Merged channel confocal images of 

control (P10) and PTEN (P24) brains after Biocytin injection (green), tdTOMATO (DeltaNP73 

derived CRs) (B) 3D-Volume of tdTOMATO positive CRs (µm3). (C) Mean fluorescent intensity 

of Reelin staining within CRs positive for tdTOMATO; Quantification from images Fig 2A at P24 

(Control and Pten), Mann-Whitney U test (B,C); Data are represented as mean ± SD (C) 

Example trances of current clamp recordings of CR cells recorded from control (black) and 

Pten model mice. Cells were held at -75 mV and shown are a hyperpolarizing and depolarizing 

current steps. (D) Intrinsic properties of CR cells from control and Pten mice, D1, resting 

membrane potential, D2, Membrane resistance and D3, Membrane capacitance. (E) Action-

potential firing properties of CR cells from control and Pten mice. E1, number of action 

potentials in one-second long depolarization as a function of injection current. E2, Action 

potential amplitude for the first 5 action potentials. (F) Action potential firing properties, F1, 

Action potential threshold, F2, Action potential halfwidth, F3, Action potential latency.  D-F 

show average with error bars denoting SEM. *p<0.05; **p<0.001; ***p<0.0001. Scale bars: 50 

µm. 
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Figure 4- Inactivation of PTEN in deltaNP73 derived CRs increases reelin secretion and 

activates mTOR in cortex without altering cortical layering nor neuronal network activity 

in S1 cortex. (A) Merged and single channel confocal images of control and Pten mutants 

brains at P1 stage stained for pS6 Ser 240/244 (gray), Reelin (green) and Dapi (blue).  

DeltaNP73 derived CRs in tdTOMATO (red). The 3 single channels images on right are zoom in 

from left merged images. (B) Merged and single channel confocal images of control and Pten 

mutants S1 barrel cortex at P24 stage stained for Cux1(green), Ctip2 (white) and dapi (blue) 

(C) Thickness of different layers in pten mutant and control; Data are represented as mean ± 

SD (D) Image of a cortical mouse slice placed in a multi-electrode array (MEA) dish. The S1B 

cortex is highlighted by the red square. Scale bar: Big images 200 µm, small images 50 µm. (E) 

Representative MEA recordings of bursting activity in 0Mg-6K ACSF in control (top) and PTEN 

mutant (bottom) mice. Scale bars: 50 µV, 5 s. (F) Percentage of slices with bursting (blue) or 

seizures (orange) activity in control and PTEN mutant mice (n = 14 and 15 slices for control 

and PTEN mutant mice, respectively, from 4 mice for both genotypes). (G) Quantification of 

burst frequency and duration in control (n = 13 slices) and PTEN mutant (n = 14 slices) mice. 

Data are represented as mean ±SEM.  
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Figure S1 – Differential activity of the PI3K/AKT/mTOR pathway along the medio-lateral 

axis in 3 neocortex levels between E17.5 and P1 stages. Kernel density (top) and scatter 

plots (bottom) of pS6 or pAKT positive CRs for levels 1 (A), 2 (B) and 3 (C)  at E17.5 (left  6 

panels) and P1 (right 6 panels) stages (n=4 for E17.5 and P1). Kolmogorov-Smirnov test (A, B, 

C).  
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Figure S2 – Differential activation of the PI3K/ AKT/ mTOR pathway at P1 stage does not 

alter CR development nor cortex and hippocampus formations. (A) Merged and single 

channel confocal images of P1 control brains (level 2) stained for pS6 Ser 240/244 (gray), pAKT 

Ser 473 (green) and Dapi (blue). tdTOMATO (red) traces DeltaNP73 derived CRs. (B) CR density 

(CRs/mm3) at the neocortex levels 1, 2, and 3 (n=4 for controls and mutants). (C) Proportion 

of CRs positive for one or two marker or negative over total tdT cells (n=4 for controls and 

mutants) at the 3 levels. Two way anova test followed by Sidak post-hoc test (B); Mann-

Whitney U test (C); Data are represented as mean ± SD; *p<0.05. Scale bars: big images 200 

µm, small images 50 µm. 
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Figure S3 -Sustained postnatal activation of the PI3K/ AKT/ mTOR pathway leads to the 

persistence of CRs at later stages along medio-lateral axes in levels 1 and 3. (A) Schematic 

representation of the two other rostro-caudal levels 1 and 3 together with the analyzed 

Medio-lateral axes (B, D) CR density (CRs/mm3) in the medio-lateral axis of the neocortex 

levels 1 and 3 (C, E) Fold changes in CR densities in the medio axis of the neocortex levels 1 

and 3. Two way Anova followed by a Sidak's multiple comparisons test for Control vs PI3K and 

TSC1; Multiple t-test control vs PTEN (B, D) One sample t test (C,E) . Data are represented as 

mean ± SD; *or # p<0.05; **or ## p<0.001; *** or ### p<0.0001.  
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Figure S4_ Inactivation of PTEN in deltaNP73 derived CRs does not alter general animal 

behavior nor sensitivity to epilepsy induced by kainite. Anxiety in open-field (A), horizontal 

and vertical activities (A, B), spontaneous alternation in Y maze (C) were measured in control 

(grey) and Pten (blue) mutants males and females at 2 months and half stage. (D) Sensitivity to 

epilepsy after kainate injection was measured at 3 months by the latency, the duration and the 

number of crises developed in the genetic context of Pik3/AKT/mTOR pathway activation by 

either the Pten inactivation or the Pik3CA (red) expression.*p<0.05. 
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Supplemental Material and Methods 

 

Reagent type 

(species) or 

resource 

Designation Source or 

reference 

Identifiers Additional 

information 

Strain Mus 

musculus 

(males and 

female) 

C57BL6J Janvier    

Mus 

musculus 

(males and 

female) 

deltaNp73CreIRESGFP (Tissir et al., 

2009) 

deltaNp73Cre  

Mus 

musculus 

(males and 

female) 

ROSA26loxP-stop-loxP-

Tomato 

(Madisen et al., 

2010) 

R26mT  

Mus 

musculus 

(males and 

female) 

R26StopFlp110* (Srinivasan et 

al., 2009) 

PIK3CAp110*  

Mus 

musculus 

(males and 

female) 

PtenloxP  (Suzuki et al., 

2001) 

PTENlox/lox   

Mus 

musculus 

(males and 

female) 

TSC1loxP  (Kwiatkowski, 

2002b) 

TSC1del/lox  

Sequence-

based reagent 

deltaNp73Cre/+ 

genotyping delta1  

delta2  

This paper PCR primers delta1: 

GAA-TGC-CAA-

CTC-TCA-GTC-

CG  
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83RC delta2:  

GTC-TCT-CTG-

AAC-CCC-AAC-

CA  

83RC: 

GGT-GTA-CGG-

GCA-GTA-AAT-

TGG-AC  

Sequence-

based reagent 

R26mT genotyping 

RCE-1 

RCE-2 

RCE-3 

This paper PCR primers RCE-1:  

CCC-AAA-GTC-

GCT-CTG-AGT-

TGT-TAT-C 

RCE-2:  

GAA-GGA-

GCG-GGA-

GAA-ATG-GAT-

ATG 

RCE-3: 

CCA-GGC-GGG-

CCA-TTT-ACC-

GTA-AG 

 

Sequence-

based reagent 

Rosap110* 

genotyping 

RCE-1 

RCE-2 

NeoR1 

This paper PCR primers RCE-1:  

CCC-AAA-GTC-

GCT-CTG-AGT-

TGT-TAT-C 

RCE-2:  

GAA-GGA-

GCG-GGA-

GAA-ATG-GAT-

ATG 
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NeoR1:  

GAC-ATC-ATC-

AAG-GAA-ACC-

CTG-GAC 

 

Sequence-

based reagent 

PTEN genotyping 

New_Sens 

Del_AS 

i5_S 

(Suzuki et al., 

2001) 

PCR primers New_Sens: 

AGA-TTG-TAT-

GTG-ATC-ATC-

TGT-CAG-G 

Del_AS: 

AGC-AGG-TGA-

AAG-AGA-AGT-

ACA-G 

i5_S: 

ATT-AAA-TTT-

GGA-CTT-GTG-

CCC-CA 

Sequence-

based reagent 

TSC1 genotyping 

F4536 

R4830 

R6548 

(Kwiatkowski, 

2002a) 

PCR primers F4536: 

AGG-AGG-CCT-

CTT-CTG-CTA-

CC 

R4830: 

CAG-CTC-CGA-

CCA-TGA-AGT-

G 

R6548: 

TGG-GTC-CTG-

ACC-TAT-CTC-

CTA 
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Antibody goat 

polyclonal IgG 

anti-reelin 

antibody 

R&D Systems, 

USA 

Cat# AF3820, 

RRID:AB_22537

45 

 

IF(1:500) 

Antibody rabbit 

monoclonal anti-

phospho-AKT 

Serine 473 

antibody (D9E) 

Cell signaling 

Technology, 

USA 

Cat# 4060, 

RRID:AB_23150

49 

IF(1:200) 

Antibody rabbit 

monoclonal anti-

phospho-S6 

antibody (Ser 

240/244) (D68F8) 

Cell signaling 

Technology, 

USA 

Cat# 5364, 

RRID:AB_10694

233 

IF(1:1000) 

Antibody rat monoclonal 

anti-ctip2 

antibody 

Abcam, USA Cat# ab18465, 

RRID:AB_20641

30 

IF(1:250) 

Antibody rabbit polyclonal 

anti-cux1,2 

antibody 

Santa Cruz 

Biotechnology, 

USA 

Cat# sc13024, 

RRID:AB_22612

31 

IF(1:250) 

Antibody donkey anti-

rabbit Alexa-488 

Jackson 

ImmunoResearc

h Laboratories, 

USA 

Cat# 711-545-

152, 

RRID: 

AB_2313584 

IF(1:500) 

Antibody donkey anti-goat 

Alexa-488 

Molecular 

Probes, USA 

Cat# A11055, 

RRID:AB_25341

02 

IF(1:500) 

Antibody donkey anti-goat 

Cy5 

Jackson 

ImmunoResearc

h Laboratories, 

USA 

Cat# 705-175-

147, 

RRID: AB_23404

15 

IF(1:250) 
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Antibody donkey anti-rat 

Alexa-Cy5 

Jackson 

ImmunoResearc

h Laboratories, 

USA 

Cat# 712-175-

153, 

RRID: 

AB_2340672 

IF(1:250) 

Antibody  Zenon® Alexa 

Fluor® 488 Rabbit 

IgG Labeling Kit 

Thermo Fisher 

Scientific, USA 

Cat# Z25302, 

RRID:AB_25722

14 

 

Antibody DAPI (4',6-

Diamidino-2-

Phenylindole, 

Dihydrochloride) 

ThermoFisher 

Scientific, USA 

Cat# D1306, 

RRID:AB_26294

82 

IF(1:1000) 

Antibody  Biocytin  ThermoFisher 

Scientific, USA 

Cat#B1592  

Antibody Streptavidin, 

Alexa Fluor™ 546 

conjugate 

Life 

Technologies, 

by Thermo 

Fisher Scientific, 

USA 

Cat#S11225 

RRID:AB_25321

30 

 

Chemical 

compound, 

drug 

Vectashield Vector 

Laboratories, 

USA 

Cat# H1000,  

RRID:AB_23367

89 

 

Chemical 

compound, 

drug 

Normal Goat 

Serum (10%)  

Life 

Technologies, 

by Thermo 

Fisher Scientific, 

USA 

cat # 50062Z  

Chemical 

compound, 

drug 

ProLong™ 
Diamond Antifade 
Mountant 
 

Invitrogen by 

Thermo Fisher 

Scientific, USA 

cat # P36970  

Chemical 

compound, 

drug 

Triton 100X Eurobio, France Cat# GAUTTR00-

07 
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Chemical 

compound, 

drug 

Paraformaldehyd

e 

Sigma-Aldrich, 

USA 

Cat# P6148  

Chemical 

compound, 

drug 

Tissue Tek * OCT 

compound 

Sakura Finetek, 

USA 

Cat# NC186224

9 

 

Chemical 

compound, 

drug 

Gelatin from 

porcine skin 

Sigma-Aldrich, 

USA 

Cat# G2500  

Chemical 

compound, 

drug 

Ketamine 

(Imalgen 1000) 

Centravet, 

Dinan, France 

GTIN: 
0366110300319

9 

180mg/kg 

Chemical 

compound, 

drug 

Xylasine (Rompun 

2%) 

Centravet, 

Dinan, France 

GTIN: 

0400722103231

1 

10mg/kg 

Chemical 

compound, 

drug 

Kainate  Bio-Techne, 

USA 

Cat#0222/10 15mg/Kg 

Software, 

algorithm 

ImageJ/FIJI National 

Institutes of 

Health (NIH), 

USA 

RRID:SCR_0022

85 

 

Software, 

algorithm 

Adobe 

Photoshop CS6 

Adobe Inc., USA RRID:SCR_0141

99 

 

Software, 

algorithm 

GraphPad Prism 

8.0 

GraphPad 

Software, USA 

RRID:SCR_0003

06 

 

Software, 

algorithm 

CorelDraw 

Graphics Suite 

Corel 

Corporation, 

Canada 

RRID:SCR_0142

35 

 

Software, 

algorithm 

Axon™ pCLAMP® 

9 Software 

Molecular 
Devices, USA 
 

RRID:SCR_0113

23 

 

https://scicrunch.org/resolver/SCR_002285
https://scicrunch.org/resolver/SCR_002285
https://scicrunch.org/resolver/SCR_014199
https://scicrunch.org/resolver/SCR_014199
https://scicrunch.org/resolver/SCR_000306
https://scicrunch.org/resolver/SCR_000306
https://www.googleadservices.com/pagead/aclk?sa=L&ai=DChcSEwj8_quH5Mj6AhXJu9UKHbl0CJkYABAAGgJ3cw&ohost=www.google.com&cid=CAASJeRoNhkWU1ylvw11smPlXalzl5TWxlr3Wzmpx9MOg73OjO_syYk&sig=AOD64_0ky8cHb6Hc4HBxu62WEDMo0kUocA&q&adurl&ved=2ahUKEwjJsqOH5Mj6AhVM3RoKHfbYAYAQ0Qx6BAgJEAE
https://www.googleadservices.com/pagead/aclk?sa=L&ai=DChcSEwj8_quH5Mj6AhXJu9UKHbl0CJkYABAAGgJ3cw&ohost=www.google.com&cid=CAASJeRoNhkWU1ylvw11smPlXalzl5TWxlr3Wzmpx9MOg73OjO_syYk&sig=AOD64_0ky8cHb6Hc4HBxu62WEDMo0kUocA&q&adurl&ved=2ahUKEwjJsqOH5Mj6AhVM3RoKHfbYAYAQ0Qx6BAgJEAE
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Software, 

algorithm 

IGORpro  WaveMetrics 
Inc, USA 

RRID:SCR_0003

25 

 

Software, 

algorithm 

TaroTools  Jikei University 
School of 
Medicine, Japan 

?  

Software, 

algorithm 

Axograph 

software  

Axograph Inc, 
USA 

RRID:SCR_0142

84 

 

Software, 

algorithm 

MEA Monitor 

software 

Multichannel 
Systems, 
Germany 

?  

Software, 

algorithm 

MC Rack 4.5.1 

software 

Multichannel 
Systems, 
Germany 

RRID:SCR_0149

55 

 

Software, 

algorithm 

Videotrack v2.6 

Automated 

Behavioural 

Analysis  

ViewPoint, 
France 

  

Software, 

algorithm 

R program 

version 4.0.3 

R Core Team, 
Austria 

RRID:SCR_0019

05 
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Supplementary Table 5 
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Supplementary Table 6 and 7 
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During my PhD, I investigated the Role of PI3K/AKT/mTOR pathway in programmed cell 

death of deltaNp73 derived CRs.Moreover, I explored the contribution of CRs persistence in 

the formation or malformation of cortical circuits and the system's susceptibility to seizure 

development. 

1. The spatiotemporal activity of PI3K/AKR/mTOR 
pathway as possible mechanisms explaining the 
disappearance of deltaNP73 derived CRs 

In the developing cortex, CRs are among the very first generated transient neurons 

(Hevner et al., 2003; Radnikow et al., 2002a; Zecevic & Rakic, 2001). According to their 

origin, CRs are divided into 4 subpopulations(Ruiz-Reig et al., 2017; Tissir et al., 2009) , 

which based on that preferentially populate distinct cortical territories: SE-CRs is located in 

the rostro-medial, PSB mainly in the rostro-lateral cortex, CH in the medio-caudal, and ET 

the entorhinal and piriform cortex laterally (Barber & Pierani, 2016; Bielle et al., 2005; 

Griveau et al., 2010; Meyer, 2010; Tissir et al., 2009). Despite their common morphology, 

CRs subpopulations are not a uniform population and the dynamic of their disappearance 

differs temporally and spatially (Barber & Pierani, 2016; Bielle et al., 2005; Griveau et al., 

2010; Meyer, 2010; Tissir et al., 2009). persistence of CR-like cells has been described in 

some pathological conditions associated with epilepsy (Eriksson et al. 2001; Blumcke et al. 

1999; Garbelli et al. 2001), because of these observations, it is necessary to investigate the 

persistence of CRs as a potential cause or effect of these diseases. In this study, we 

investigated the role of the PI3K/Akt/mTOR pathway as one of the potential cell survival 

signals in the modulation of PCD in CRs. 

Spatial analysis of the PI3K/AKT/mTOR pathway in the medio-lateral axis in CRs 

confirmed that this pathway does not behave in a linear manner, which means upon the 

activity of PI3K/AKT we do not necessarily observe the activity of mTOR. CRs which are 

located in the medial part of the cortex show more PI3K/AKT pathway activation whereas 

lateral CR has more activation of the mTOR pathway. This suggests that the position of the 

cell in the cortex can affect its molecular properties. This has nicely shown that hippocampal 

CRs are derived from the CH, die way later than neocortical CRs drive from the same origin 
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suggesting the significance of the environment for the survival of CRs of the same lineage 

(Bielle et al., 2005a). 

In addition, investigation of the PI3K/Akt/mTOR pathway as one of the potential survival 

signals in a temporal manner in CRs revealed that overall activity of this pathway significantly 

decreases after birth and at P1 which is about the same time that the expression of 

deltaNp73 (P0) begins to decrease (Tissir et al., 2009). According to a temporal sequence of 

PCD, the most significant change in the number of cortical cells occurs in mice between the 

first and second postnatal weeks (Causeret et al., 2018, 2021; Verney et al., 2000; Wong & 

Marín, 2019; Y. Yamaguchi & Miura, 2015). The first two weeks of postnatal development 

in rodents' cerebral cortex are characterized by the formation of mature activity patterns 

and the modification of embryonic connections and structures (Blanquie, Liebmann, et al., 

2017; Blanquie, Yang, et al., 2017; Butt et al., 2017), as well as the establishment of mature 

patterns of activity (Allene & Cossart, 2010; Khazipov & Luhmann, 2006; Luhmann & 

Khazipov, 2018).  Nevertheless, it is now known that different populations of cortical cells 

are being unevenly affected by PCD, leading to the complete eradication of entire 

populations of transitory cells (Causeret et al., 2018, 2021).  In line with that, it has been 

demonstrated from our lab by Riva et al. that the formation of this early electrical activity 

plays an important role in the elimination of CRs (Riva et al., 2019). A decrease in the 

expression of NKCC1 and a strong expression of the co-transporter K+/Cl- co-transporter 

(KCC2) are observed in mice during the first week after birth, which extrude Cl- together 

with a Na+ ion resulting in low concentration of Cl- inside the cells. Following the fixation of 

its ligand, the opening of the GABAA receptor will allow the chlorine to enter via an osmotic 

gradient, resulting in neuron hyperpolarization (Ben-Ari, 2002). The exception is the CRs, 

which, according to Menville, continue to be depolarized by GABA until at least P13 in the 

rat. The fact that CRs do not express KCC2 at P11, whereas interneurons and pyramidal 

neurons express this co-transporter strongly at this stage (J.-M. Mienville, 1998; Pozas et al., 

2008). This can lead to the excitotoxicity in CRs. The following scenario may be the cause of 

CR cell death in this context. It has been shown that excitotoxicity can induce c-Jun N-

terminal kinase activation, which triggers the neuronal death (Centeno et al., 2007). On the 

other hand,  it has been demonstrated that deltaNp73 which serves as anti-apoptotic factor 
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and plays a critical role in CRs survival, is degraded in a c-Jun-dependent manner upon stress 

through proteasome-dependent mechanism (Dulloo et al., 2010). Eventually, upon 

degradation of deltaNp73, PTEN can be free from antagonize activity of deltaNp73 and 

resume its function as a negative regulator of the PI3K/AKT/mTOR pathway (Vella et al., 

2009b). In addition, pro-apototic form of p73, TAp73, also will get free from inhibiting the 

activity of deltaNp73 and can induce cell death. Altogether, the chain of these events can 

speed up CRs death. 

2. Maintenance of the PI3K/AKT/mTOR activity mediates 
persistence of CRs after birth  

In this study via genetic tools, we generated 3 different mouse models associated with 

PI3K/AKT and mTOR pathways by targeting positive (PIK3CA) and negative regulators of this 

large pathway (PTEN and TSC1). In all 3 models, the development of the cortex and CRs 

occurred as normal situation, suggesting that this over-activation of this pathway in CRs 

does not interfere with the correct development of the cortex. Overall in all models, we 

observed the persistence of CRs after the time point of cell death suggesting the critical role 

of this pathway as a protective signal against cell death in CRs. Interestingly the portion of 

the persistent cell was different in each model highlighting the distinct role of each of these 

molecules in cell survival despite their close collaboration. The observed difference can be 

explained through a more detailed view of possible downstream factors of each molecule. 

Through activating PIK3CA, we mainly targeted activation of Akt as an anti-apoptotic factor 

that prevents cell death triggered by both extrinsic and intrinsic signals from happening 

either directly or indirectly (Shaw & Cantley, 2006). It has been demonstrated that Akt 

interferes with cell death pathways by phosphorylating key apoptosis-regulatory proteins 

and shifts the ratio of pro- and anti-apoptotic proteins toward the inhibition of cell death. 

One procedure in that Akt directly interferes with intrinsic cell death mechanism is through 

phosphorylating pro-apoptotic proteins, which reduces their activity, for instance: Ser184 in 

BAX (Gardai et al., 2004; H. Yamaguchi & Wang, 2001) , Ser 87 of Bim (Qi et al., 2006), also 

Bad, HtrA2 and Caspase 9 (Parcellier et al., 2008). In addition to phosphorylating important 

signal transduction molecules, which directly interfere with cell death signaling pathways, 



DISCUSSION 

160 

 

Akt has also been observed to indirectly interfere with cell death programs by 

phosphorylating TFs or molecules involve in their control.  

Some of the well-known transcription factors involved in tumor suppressing are p53 and 

p73 which are crucial for controlling the cell cycle and the initiation of apoptosis. AKT 

modulates the activity of p53 and p73 mainly through MDM2, which significantly controls 

p53 and p73 activity via different approaches. AKT- mediated phosphorylation of MDM2’s 

Ser 183 is a key step involved in the protein stability of MDM2 as we as its nuclear 

translocation (Bálint et al., 1999; Boyd et al., 2000; Chibaya et al., 2021; Honda et al., 1997; 

Killick et al., 2011; Stad et al., 2000; Zeng et al., 1999).  

It has been demonstrated that deltaNp73 is degraded in a c-Jun-dependent manner upon 

toxic stress (Dulloo et al., 2010). Akt can inhibit the JNK activation that is induced by stress 

and cytokines through antagonizing and the formation of the JIP1-JNK module as well as the 

activities of upstream kinases such as ASK1, MKK4/7 (H.-F. Zhao et al., 2015). Besides that, 

AKT mediates phosphorylation of transcription factors such as FOXO1, FOXO3a, FOXO4, and 

FOXO6 as well as the NF-kB (Fulda, 2012). When forkhead TFs become phosphorylated by 

AKT, their transcriptional activity is stopped by cytosolic sequestration. In turn, this leads to 

a decrease in the production of pro-apoptotic proteins, such as Bim, Noxa, tumor necrosis 

factor TRAIL, and FAS ligand, which are known to be controlled by forkhead TFs (Van Der 

Heide et al., 2004).  As a result of transcription factor NF-KB phosphorylation it 

transactivates IAPs proteins, Bcl-XL, and Bcl-2 (Ozes et al., 1999; Romashkova & Makarov, 

1999).  

Upon activation of PIk3CA in our model, persisted CRs maintained their typical 

morphology but showed an increase in their soma size which was expected from activation 

of the mTOR pathway, downstream of PI3K. Besides that, they demonstrated a slight 

increase in RELN expression in a not homogenous manner. 

However, conditional inactivation of PTEN, resulted in a higher number of persisted CRs 

in the neocortex in comparison to PIK3CA. this can be explained through PTEN's role in the 

control of cell death independent from the PI3K pathway. For instance: it can, directly and 

indirectly, regulate the activity of p53. Directly via antagonizes the p53-MDM2 interaction 

and also promotes p300/CBP-mediated acetylation of p53 for stabilizing the protein (Ito et 
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al., 2001, p. 2; Nakanishi et al., 2014). Indirectly through downregulation of PI3K which 

eventually leads to a lack of MDM2 phosphorylation by AKT as well as a decrease in 

expression of MDM2 (Chibaya et al., 2021). 

It has been demonstrated that p73α and PTEN proteins can directly bind to one another 

after DNA damage and form a p73/PTEN complex in the nucleus. The formation of this 

complex has been associated with the induction of PUMA/Bax. This mechanism initiates 

apoptosis independently from p53 (Lehman et al., 2011). Besides that, PTEN is a crucial 

mediator of mitochondria-dependent apoptosis. Dephosphorylates NKAP which leads to 

suppression of NF-κB (Chatterjee et al., 2019; Vasudevan et al., 2004) 

Besides the difference in the number of observed CRs in the PTEN model, the morphology 

of cells was drastically changed, cells get significantly bigger with more dendritic branches 

and in some cases, they completely changed their bipolar morphology to a dysmorphic 

neuron. This can be associated with PTEN interaction with the structural, accessory, or 

regulatory proteins of the actin cytoskeleton. Although the direct effects of PTEN activity or 

actin cytoskeleton function are typically unknown (Kim et al., 2011).  In addition, CRs were 

expressing significantly higher amounts of reelin both at the P1 and P24 stages with the track 

of the reelin expression in the extracellular matrix at P1. It seems that an increase in the 

reelin expression by CRs into extracellular matrix consequently activated PI3K/AKT/mTOR 

through the DAB-1 mechanism (Jossin & Goffinet, 2007a) in the neighboring pyramidal 

neurons.  

It has been demonstrated that the mTOR pathway (downstream of AKT) is involved in 

the control of autophagy. Autophagy is happening to maintain the homeostasis inside the 

cell through the elimination of damaged organelles, aged proteins, misfolded proteins, or 

cytoplasmic cargo in a lysosome-mediated degradation (Noguchi et al., 2020). However, 

autophagic cell death, on the other hand, will take place under unfavourable circumstances 

like infection, oxidative stress, or a lack of nutrients (Denton & Kumar, 2019; S. Jung et al., 

2020). It has been demonstrated that there is a cross-talk between apoptosis and autophagy 

more likely through Atgs. Calpain-mediated cleavage of Atg5, for instance, which is known 

to initiate autophagy, transforms autophagy into apoptosis (Rubinstein et al., 2011). Atg12 

regulates the apoptotic pathway by binding to and inactivating two anti-apoptotic members 



DISCUSSION 

162 

 

of Bcl-2 family, MCL-1 and BCL-2 (Rubinstein et al., 2011). To test whether autophagy 

contributes to CRs cell death we targeted activation of mTORC1 via deletion of TSC1. Despite 

the increase in the number of CRs from the medial to the caudal part of the brain, CRs could 

not get even close to the number of cells observed in PTEN or PIK3CA models. Suggesting 

that activation of the mTOR pathway does not contribute much to the persistence of CRs. 

In addition, cells were showing normal morphology of CRs with and slightly increase in their 

size and reelin expression.  

3. The outcome of CR persistence is associated with the 
mechanism which mediated their survival 

Further investigation on persisted CRs mediated by the inactivation of PTEN, showed that 

these cells are perfectly active. However, we could not find any trace associated with 

dysfunction of neuronal circuit or increase in the susceptibility to develop seizures. This was 

quite surprising to us as, in theory, PTEN and Bax inactivation should have similar secondary 

phenotypes linked to CR persistence. They have similar increases in cell densities, about 5 

times. However, the Bax model presents with an increase of dendrites and dendritic spine 

in upper pyramidal neurons which lead to an alteration of the excitatory/inhibitory balance 

and hyperexcitability together with an increase in sensitivity to kainate-induced epilepsy. 

Although we did not investigate the morphological changes of these pyramidal cells in the 

Pten model, neuronal network activity is unaffected in the S1 barrel cortex and Pten animals 

do not present sensitivity to epilepsy. The mechanism by which rescued CRs in bax model 

induces morphological and functional changes in pyramidal neurons remains unresolved. 

Reelin has been shown to counteract the inhibitory effects of chondroitin sulfate 

proteoglycan (CSPG) on dendritic growth in the MZ by activating the AKT pathway in 

pyramidal neurons (Zluhan et al., 2020). Recently in several studies increase of the reelin in 

the system has been possibly associated with the prevention of certain behavioural 

phenotypes related to schizophrenia, bipolar disorder (Teixeira et al., 2011b), and even 

epilepsy (Kiroski et al., 2020). 

Therefore, one hypothesis to explain the discrepancies between Bax and Pten models 

would be the different levels of Reelin secretion. However, we found in our study that the 
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Reelin secretion is increased in the Pten model together with an increase of pS6 staining in 

the cortex, suggesting the PI3K/AKT/mTOR pathway is activated in pyramidal cells after 

reelin binding to its receptor. Thus this hypothesis is unlikely but we need to compare it with 

Reelin secretion in the Bax model to conclude. Alternatively, Pten inactivation also leads to 

morphological changes in CRs which are not observed in the Bax model. They have more 

dendrites linked to AKT activation and bigger soma size due to mTOR activation. These 

changes alter the intrinsic properties of CRs which also respond with larger depolarization 

to the current application. Differences in the intrinsic properties and in neuronal activity 

may explain the different outcomes between Bax and Pten models similar to the Kir1.3 

model in which induced hyperpolarization of CRs increased the CR densities without altering 

the morphology nor the excitability of underneath pyramidals neurons (Riva et al., 2019). 

Our results suggest that the outcome of CR persistence is associated with the mechanism 

which mediates their survival, as it can strongly alter the internal molecular profile of 

persisted cells and in the case of CRs which are well known for their secretion properties, 

other neighbouring cells. 

4. Conclusion and Perspectives 

The result from my PhD project revealed the existence of spatiotemporal regulation of 

the PI3K/AKT/mTOR pathway in the deltaNp7-derived CRs. Considering the fact that this Cre 

line targets two main sub-populations of CRs Hem and Septum it would be interesting to 

investigate whether this regulation is applicable for both sub-populations by repeating the 

same experiment with Wnt3a Cre which is only supposed to target hem-derived CRs 

In this study through the generation of 3 mouse models for conditional activation of the 

pathway, I showed a differential pattern of CRs rescue not only between models but also 

between brain areas within each model through analysis of the medio-lateral. For example, 

the secondary somatosensory auditory cortex presents with a 10-fold increase in CR at P24 

in the Pten model, it would be interesting in the future to challenge the animal behavioral 

response to various tests involving auditory stimulation (ie: pre-pulse inhibition or fear 

conditioning test).   
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It would be also interesting to investigate the contribution of each subpopulation of CRs 

by repeating the same experiment and analysis with Wnt3a Cre.  

During this PhD project, we showed that despite a significant increase in the number of 

persisted CRs in the PTEN mutant and drastic change in terms of its morphology and intrinsic 

properties PTEN model did not show any sign of increasing the susceptibility to develop 

seizure. The obtained result was not expected as Bax mutant with almost the same number 

of persisted cells led to an increase in the susceptibility to develop seizure. Further 

investigation between these two mutants point strongly to the differential expression and 

secretion of reelin by persisted CRs in the Pten model compared to Bax. To investigate 

whether overexpression of reelin is the main reason for the observed difference, it is 

necessary first to analyze morphology, intrinsic properties, and synaptic changes of the 

surrounding neurons and compare with models of reelin overexpression. It is also 

interesting to remove reelin from the PTEN model by crossing these animals to the Reelin 

flox model that already exist in the lab and see if generated animals are susceptible to 

developing seizure via kainate injection.  

Last but not the least, it would be intriguing to extend such investigations already done 

in this PhD project to hippocampal CRs, which despite originating from the same source the 

Hem as deltaNp73 cortical CRs manifest a completely different timeline of cell death. 
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Les cellules Cajal-Retzius (CRs) appartiennent à une classe particuliére de neurones 

excitateurs transitoires, générés à partir de différents domaines situés aux bords du pallium 

dans le télencéphale des jours embryonnaires (E) 9,5 à E12.5 : le septum pallial (SE), la 

frontière palliale-sous-palliale (PSB), l'heme cortical (CH) et l'éminence thalamique 

(ET)(Figure 10, page 39). À partir de ces sources, elles migrent tangentiellement pour couvrir 

toute la surface du cortex au cours de son développement. Environ 80 % de la population 

totale de CR dans le néocortex, exprimant le facteur de transcription DeltaNP73, est issu des 

régions SE, CH et ET. Les CRs jouent un rôle de régulateur clé dans plusieurs étapes du 

développement cortical via la sécrétion de plusieurs protéines dont la glycoprotéine de la 

matrice extracellulaire Reelin : le contrôle de la migration des neurones (Figure 9, page 37), 

la formation de couches et la structuration des zones corticales dans le télencéphale en 

développement (Figure 11, page 42). 

Bien qu'elles aient une forme similaire, les sous-populations de CR diffèrent les unes des 

autres de plusieurs manières, notamment par leur signature moléculaire, leur propension à 

coloniser des régions particulières du cortex en croissance et la dynamique de leur 

disparition, qui varient à la fois dans l'espace et dans le temps. 

Des études de traçage génétique chez la souris ont montré que les CRs ne disparaissent 

pas par migration, transformation ou dilution dans un cortex en croissance mais par mort 

cellulaire programmée (MCP) très probablement par apoptose dans les premières semaines 

après la naissance. Certains états pathologiques liés à l'épilepsie ont été associés à une 

persistance des CRs dans le cortex et dans l’héme. 

Bien que les études citées suggèrent un lien entre la malformation des développements 

corticaux associés à l'épilepsie et la survie de la CR, il n'est pas clair si cette persistance 

anormale est la cause ou simplement la conséquence des différentes maladies. Cependant, 

la maturation adéquate des circuits corticaux pourrait être affectée par la persistance des 

CR. Afin de répondre à cette question, mon laboratoire s'est concentré sur l'identification et 

la régulation du mécanisme potentiel de mort cellulaire des CR, ainsi que sur l'étude des 

conséquences de leur persistance. Une étude récente de notre laboratoire sur l'inactivation 

conditionnelle de Bax, l'une des protéines pro-apoptotiques impliquées dans la voie 

mitochondriale intrinsèque, a démontré que les sous-types de CR meurent selon plusieurs 



RÉSUMÉ LONG EN FRANÇAIS 

168 

 

mécanismes de mort cellulaire, ceux du SE partiellement par apoptose et ceux de l’hème 

par une autre voie. Ce résultat est en accord avec la littérature récente, démontrant 

l'existence de nombreux mécanismes de mort cellulaire, déclenchés par des signaux à la fois 

intrinsèques et extrinsèques, qui par une interaction complexe collaborent entre eux pour 

provoquer la mort d'un neurone. Pour cette raison, déterminer le mécanisme précis par 

lequel une population cellulaire particulière meurt est rendu difficile. Cela nous a incité à 

aborder le sujet d'un autre point de vue : au lieu d'étudier de nombreux mécanismes de 

mort cellulaire, qui peuvent éventuellement se compenser, nous nous sommes concentrés 

sur la recherche de signaux qui protègent les CR de la mort jusqu'aux premières semaines 

après la naissance. 

Il a été démontré que l'élimination complète du facteur de transcription deltaNp73 en 

utilisant des mutants deltaNp73cre/cre, provoque la mort précoce des CR à E12.5. Par 

conséquent, deltaNp73 est essentiel pour la survie de CH et SH-CR jusqu'à P0, lorsque son 

expression commence à diminuer. Ce facteur de transcription protège probablement les CR 

tout au long du développement, mais sa baisse d’expression après la naissance rend ces 

neurones plus sensibles aux signaux nocifs, qu'ils soient intrinsèques ou externes. Il a été 

démontré que deltaNp73 et peut antagoniser l'activité de p73, un facteur de transcription 

impliqué dans l'initiation de la mort cellulaire. En effet, deltaNp73 et p73 entrent en 

compétition pour la régulation génique de diverses cibles dont PTEN, un gène suppresseurs 

de tumeurs dont la protéine régule la voie PI3K/AKT/mTOR (Figure 23, page 71).  Il a été 

démontré que l'élimination des facteurs neurotrophiques, qui sont essentiels à la survie des 

neurones, provoque l'apoptose. Il a été établi que les molécules de signalisation du facteur 

de croissance PI3K et la protéine kinase activée par les mitogènes (MAPK) sont nécessaires 

à la survie neuronale. Des preuves récentes indiquent qu'Akt, l'une des cibles en aval de 

PI3K, est la principale cause de ces défenses contre diverses voies de mort cellulaire. De plus, 

il a été déterminé que la dérégulation de ce système est la cause sous-jacente d'un certain 

nombre de troubles neurodéveloppementaux et neuropsychiatriques. 

Au cours de ma thèse je me suis concentré sur les mécanismes de la mort cellulaire 

programmée (MCP) de la population de CRs dérivés des regions SE, CH et ET et en particulier 

sur le rôle de la voie PI3K/AKT/mTOR dans la survie des CRs.  
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J’ai tout d'abord étudié l'activité spatio-temporelle de cette voie de manière à couvrir toutes 

les sous-population de CRs ainsi que leur chronologie de mort. Pour cela nous avons profité du 

traçage génétique permanent en utilisant des lignées deltaNp73Cre/+> R26mT/+ à deux stades 

: E17.5 et P1, avant la mort cellulaire donc le pic est entre P4 et P10. J’ai étudié par 

immunofluorescence sur des coupes de cerveau la phosphorylation de deux protéines AKT et 

S6 de la voie de signalisation. 

L'analyse spatiale de la voie PI3K/AKT/mTOR dans l'axe médio-latéral des CR a confirmé que 

cette voie ne se comporte pas de manière linéaire. Les CR situés dans la partie médiale du cortex 

montrent plus d'activation de la voie PI3K/AKT alors que les CR latéraux ont plus d'activation de 

la voie mTOR. Cela suggère que la position de la cellule dans le cortex peut affecter ses 

propriétés moléculaires (Figure S1, page 126). De plus, l'étude temporelle de cette voie comme 

l'un des signaux de survie potentiels dans les CR a révélé que l'activité globale de cette voie 

diminue significativement après la naissance et à P1, soit à peu près au même moment où 

l'expression de l’isoforme deltaNp73 (P0) commence à diminuer (Figure 1, page 117). 

Ensuite, nous avons étudié si le maintien de l'activité de la voie PI3K/Akt/mTOR module la 

MCP dans les CRs. Trois modèles de souris conditionnelles ont été générés par des approches 

génétiques pour cibler l’activation de la voie dans les CRs dérivés de deltaNp73 : le premier  

permet  l’activation de la kinase PI3K (R26p110*) et les 2 autres inactivent des régulateurs 

négatifs (PTEN et TSC1). Cibler différents membres de la voie PI3K/AKT/mTOR nous a donné 

l'avantage de disséquer l’implication des différents mécanismes (apoptose, autophagie…) dans 

la MCP des CRs. De plus, PTEN possède des fonctions indépendantes de son activité 

phosphatase du PIP3 et la comparaison des modèles PIK3 et PTEN nous a permis d’ inhiber le(s) 

mécanisme(s) connu(s) et inconnu(s) probablement impliqué(s) dans la MCP de CR. 

Dans les trois modèles, deltaNp73Cre/+> R26 mT/+;Ptenlox/lox , deltaNp73Cre/+> R26mT/+;Tsc1-/lox et 

deltaNp73Cre/+> R26p110*lox/mT, le développement du cortex et des CRs ne sont pas altérés, 

suggérant que la suractivation de cette voie dans les CR n'interfère pas avec le bon 

développement du cortex (Figure S2, page 128). Dans l'ensemble,  nous avons observé la 

persistance de CRs dans tous les modèles après P10, ce qui suggère le rôle critique de cette voie 

dans la survie des CRs (Figure 2, page 118). Fait intéressant, la proportion de cellules 

persistantes était différente dans chaque modèle, soulignant le rôle distinct de chacune de ces 

molécules dans la survie cellulaire malgré leur étroite collaboration. La différence observée peut 

être expliquée par l’implication possible de divers facteurs en aval de chaque molécule. En 
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activant PI3K, nous avons principalement ciblé l'activation d'Akt en tant que facteur anti-

apoptotique interférant avec les voies de la mort cellulaire en phosphorylant les principales 

protéines régulatrices de l'apoptose et en déplaçant le rapport des protéines pro- et anti-

apoptotique vers l'inhibition de la mort cellulaire. 

Cependant, l'inactivation conditionnelle de PTEN a entraîné un nombre plus élevé de CR 

persistants dans le néocortex par rapport à PIK3CA. Cela peut s'expliquer par le rôle de PTEN 

dans le contrôle de la mort cellulaire indépendamment de la voie PI3K. Outre la différence dans 

le nombre de CR observés dans le modèle PTEN, la morphologie des cellules a été radicalement 

modifiée, les cellules grossissent considérablement avec davantage de branches dendritiques 

et, dans certains cas, elles ont complètement changé leur morphologie bipolaire en un neurone 

dysmorphique. Cela peut être associé à l'interaction de PTEN avec les protéines structurelles, 

accessoires ou régulatrices du cytosquelette d'actine bien que les effets directs ne soient pas 

encore connus.  

Il a été démontré que la voie mTOR (en aval de l'AKT) est impliquée dans le contrôle de la 

mort cellulaire autophagique. Pour tester si l'autophagie contribue à la mort cellulaire des CR, 

nous avons ciblé l'activation de mTORC1 via la suppression de TSC1. Malgré l'augmentation du 

nombre de CR dans les parties intermédiaires et caudale du cerveau, le phénotype est moindre 

que dans les modèles PTEN ou PIK3CA suggérant que l'activation de la voie mTOR ne contribue 

pas beaucoup à la persistance des CR. 

De plus, les CR exprimaient des quantités significativement plus élevées de reelin aux stades 

P1 et P24 avec le suivi de l'expression de la reelin dans la matrice extracellulaire à P1 (Figure 4, 

page 122). Pour étudier les conséquences de la persistance des CR dans la maturation des 

circuits corticaux et également tester l'hypothèse selon laquelle la persistance des CR est 

responsable de certaines affections neurologiques mentionnées ci-dessus, nous avons mené 

diverses expériences, principalement axées sur les mutants PTEN. L’enregistrement par patch-

clamp des CR a révélé des altérations de leurs propriétés électrophysiologiques intrinsèques et 

de leurs réponses aux courants injectés (Figure 3, page 120). Cependant, le cortex des animaux 

mutés pour PTEN ne montre pas d'altération majeure dans les couches de neurones pyramidaux 

mais une augmentation de l'activité de la voie mTOR plus probablement due à une 

augmentation de la sécrétion de la reelin par les CRs (Figure 4, page 122). Les analyses 

comportementales de l'activité locomotrice, de l'anxiété ou de la mémoire de travail n'ont 

montré aucune différence par rapport aux témoins (Figure 4, page 130). De manière 
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surprenante, l'augmentation de la signalisation mTOR dans le cortex n'a pas entraîné 

d'hypersensibilité au développement de crises induites par l'injection de kaïnate (Figure S4, 

page 130), un résultat négatif confirmé par les enregistrements multiélectrodes (MEA) du 

potentiel de champ des neurones dans le cortex somatosensoriel S1 (Figure 4, page 122). 

Au total, le résultat de ce projet de thèse a montré que la réduction de l'activité de la voie 

PI3K/AKT/mTOR dans les CRs sensibilise ces cellules à la mort cellulaire probablement en 

inhibant un mécanisme anti-apoptotique et que la branche mTOR de cette voie contribue peu 

à cette survie. De plus, nous avons montré que la persistance des CR par l'inactivation de PTEN 

n'augmente pas la susceptibilité à développer des crises plus probablement en raison d'une 

augmentation de l'expression de la reelin dans le système, comme récemment montré dans 

plusieurs études dans lesquelles l'augmentation de la reelin dans le système prévient 

l’apparition de certains phénotypes comportementaux liés à la schizophrénie, au trouble 

bipolaire et même à l'épilepsie. 

 

Mots-clés : Développement, programme de mort cellulaire, cellules de Cajal-Retzius, survie 

neuronale, voie PI3K/AKT/mTOR 
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