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TITRE ET RESUME: 

Caractérisation ultrastructurale, morphologique, et moléculaire des 

cellules hétérotopiques dans un modèle d’épilepsie hippocampique, 

les souris inactivées pour le gène Dcx 

Des mutations dans le gène doublecortine (DCX) sont responsables de lissencéphalie 

de type 1 ou d’hétérotopie laminaire sous-corticale, un spectre de malformations 

corticales associées à  de sévères crises d’épilepsie ainsi qu’à des déficits cognitifs. 

Les souris invalidées pour le gène Dcx sont épileptiques et présentent des anomalies 

hippocampiques, avec notamment la présence de deux couches de cellules 

pyramidales spécifiquement dans l’aire CA3 de cette structure. Le sujet de cette thèse 

concerne la caractérisation de ces neurones  «hétérotopiques ». Cette hétérotopie 

hippocampique est associée à une hyperexcitabilité susceptible de perturber la 

fonction du  réseau neuronal. Notre but est d’identifier les mécanismes moléculaires 

et cellulaires responsables de cette hyperexcitabilité chez les souris Dcx. Pendant ma 

thèse, et grâce à la technique de microdissection au laser suivie d’une étude de 

transcriptome, j’ai pu isoler les neurones mal-positionnés de la région CA3 de 

l’hippocampe des souris inactivées pour le gène Dcx, afin de comparer leurs profils 

d’expression génique à ceux des neurones de la région CA3  des souris contrôles. Les 

analyses comparatives globales de leurs profils d’expression génique ont permis de 

révéler des informations importantes sur leur génération et leur migration, nous aidant 

ainsi à mieux comprendre l’origine de l’hétérotopie. Les résultats au stade P0 (jour de 

la naissance des souris), montrent que les profils d’expression génique de chacune des 

deux couches hétérotopiques présentes chez les souris Dcx, diffèrent 

significativement entre eux ainsi qu’en comparaison avec les profils de la couche 

pyramidale des souris contrôles.  Sur le plan fonctionnel, cette étude indique des 

perturbations au niveau des organelles intracellulaires, tels que les endosomes, les 

mitochondries et l’appareil de Golgi.  En étudiant séparément les profils associés à 

chacune des deux couches des souris Dcx, nous avons mis en évidence des 

différences de degrés de maturité neuronale entre chacune des couches, suggérant des 

fenêtres temporelles distinctes de production des neurones.  L’utilisation de 

marqueurs moléculaires spécifiques aux couches en combinaison avec des 

expériences d’injections de bromo-désoxy-uridine (BrdU) à différents moments du 
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développement suggère une inversion des couches neuronales présentes chez les 

souris Dcx en comparaison avec les souris contrôles. En complément des données 

d’expression génique, et en collaboration avec la plateforme de microscopie 

électronique de notre institut, j’ai également réalisé des analyses morphologiques et 

notamment des propriétés ultrastructurales des neurones anormaux en comparaison 

avec celles des neurones contrôles, au stade P0. Ces expériences ont ainsi permis de 

préciser  la nature du défaut de lamination ainsi que les défauts morphologiques des 

cellules CA3 dans le modèle Dcx. Ces études indiquent que les cellules 

hétérotopiques des souris Dcx, présentent des anomalies d’organelles intracellulaires, 

avec notamment des défauts de mitochondries et des modifications de l’appareil de 

Golgi. Qui plus est, nos données montrent une augmentation significative de la mort 

cellulaire dans les régions CA1 et CA3 de l’hippocampe. Aussi, nous avons 

également montré que les couches hétérotopiques étaient hétérogènes, présentant 

notamment des distributions anormales des précurseurs d’oligodendrocytes et des 

interneurones exprimant la somatostatine, ce qui n’est pas le cas chez les souris 

contrôles.  L’ensemble de ces données devrait nous permettre de mieux comprendre 

les dysfonctionnements des neurones pyramidaux chez les souris Dcx adultes. Ces 

résultats ouvrent donc de nouvelles perspectives pour mieux comprendre la 

physiopathologie de ces maladies graves associées à des hétérotopies neuronales dans 

le cerveau, de l’épilepsie et des déficits cognitifs. 
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TITLE & ABSTRACT: 

Ultrastructural, morphological and molecular characterization of 

heterotopic cells in the hippocampus in epileptic Dcx knockout (KO) mice. 

Mutations in the doublecortin gene (DCX) are responsible for type 1 lissencephaly 

and subcortical band heterotopia, malformations that lead to intellectual disability and 

epilepsy. This thesis work concerns the characterization of abnormally positioned 

‘heterotopic’ neurons present in the Dcx knockout (Dcx KO) mouse model, which 

exhibits hippocampal dysplasia and epilepsy. The pyramidal cell layer of the 

hippocampal CA3 region in Dcx KO mutants is divided into two heterotopic cell 

layers instead of a single layer observed in the wild type (WT) controls. Heterotopic 

neurons show hyperexcitability, which is likely to lead to a perturbation of network 

function and subsequent epilepsy. Using the Dcx KO model, our work investigates 

the molecular and cellular mechanisms leading to hyperexcitability. During my thesis, 

I was able to isolate abnormally positioned heterotopic neurons using laser capture 

microdissection, from the CA3 region of the Dcx KO hippocampus, and compare 

them to WT neurons. Using transcriptome experiments, I aimed to determine the 

specific gene expression profiles of such cells. Global gene expression analyses of the 

knockout neurons revealed information concerning their generation and migration, 

which helps us understand why their positioning is abnormal. Knockout layers were 

shown to differ from each other and from WT at postnatal day 0. Common perturbed 

mechanisms affect intracellular organelles including endosomes, mitochondria and 

Golgi apparatuses. Studying perturbed mechanisms specific to the individual KO 

layers shows defined but distinct neurogenesis time windows of each layer, that 

correspond to a different maturity status in early postnatal stages. Layer specific 

molecular markers and bromo-deoxyuridine (BrdU) birth dating experiments in KO 

and WT mice, suggest that there is an inversion of the neuronal layers of the Dcx KO 

CA3 region, compared to wild type. Complementing these gene expression data, and 

in collaboration with the electron microscopy facility of our institute, I carried out 

ultrastructural and morphological analyses of abnormal Dcx KO neurons compared to 

WT, in their tissue environment of the developing brain (postnatal day 0). This 

revealed the nature of the lamination defect and the state of CA3 cells in this model. 

Potential organelle abnormalities, including mitochondrial defects and modifications 
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of the Golgi apparatus, were identified in Dcx KO cells, as well as significantly 

increased cell death in CA1 and CA3 regions. Oligodendrocyte precursor cells and 

somatostatin-positive interneurons were found interspersed within the pyramidal cell 

layers in early postnatal stages, and this was not the case in wild-type. These 

combined data may provide clues to the abnormal functioning of pyramidal neurons 

in the adult. These results therefore open up new directions in order to better 

understand the pathophysiology of a sepectrum of severe disorders associated with 

heterotopic neurons in the brain, presenting in human patients with severe epilepsy 

and, developmental delay, and intellectual disability. 
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DG dentate gyrus PSB  pallial–subpallial boundary 

EE enriched environment PSC post synaptic current 
EM Electron microscopy PV parvalbumin 

FGF fibroblast growth factor RGC radial glial cell 

GABA gamma-aminobutyric acid  RP roof plate  

GAD glutamic acid decarboxylase  SBH subcortical band heterotopia 

GLAST 
astrocyte-specific glutamate 

transporter 
Shh Sonic hedgehog  

Hes Hairy/Enhancer of Split  SP subplate 

IN interneuron SsT  somatostatin 
IP intermediate progenitor SVZ subventricular zone 

IPB  the infrapyramidal bundle TA terminal arborization 

IPSP 
inhibitory post-synaptic 
potential  

TA terminal arborization 

IS irregular-spiking  TF transcription factor 
IZ intermediate zone TGF! transforming growth factor !  

JIP-1 JNK interacting protein  Unc5 uncoordinated 5 

JNK c-Jun N-terminal kinase  VAMP2 
vesicle-associated membrane 
protein 2  

KCC2 
potassium- chloride 
cotransporter 2  

VP ventral pallium  

LGE Lateral ganglionic eminence VZ ventricuar zonel 

  WT wild type  
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CHAPTER 1: INTRODUCTION 
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PREAMBLE 

The behavioral and cognitive tasks performed by the adult brain depends on its 

structural organization and a correct sequence of developmental events occurring 

during embryonic and early postnatal life, that will assure correct connectivity 

between several millions of neurons. This thesis discusses a neurodevelopmental 

problem and hence different developmental steps are presented here. Despite its 

complexity, the brain starts as a sheath of non-specified neuroepithelium. Elaborate 

early processes of patterning events, including neuronal identity specification at the 

anterior end of the neural plate, and territorial definition and arealization, will result in 

the formation of the telencephalon. This structure gives rise principally to two major 

progenitor domains; a dorsally positioned cortical ventricular zone that will generate 

the majority of glutamatergic excitatory (pyramidal) neurons, and ventrally positioned 

ganglionic eminences, that will contribute to the generation of inhibitory GABAergic 

interneurons in the adult cortex and hippocampus. A tightly coordinated program of 

neurogenesis, neuronal migration, differentiation and maturation of neuronal circuits 

is fundamental to assure normal brain development and adult functions.  

From the earliest stages of neurogenesis, neuronal molecular identity and laminar fate 

are determined. This fate will be further refined during later processes of neuronal 

migration and differentiation, during which synapse formation, neurotransmitter 

release and cell to cell electrical signaling will permit the individual cell to 

incorporate intrinsic genetic and extrinsic environmental factors, that will allow the 

cell to interact in synchrony with other cells of the same or distinct types, contributing 

to the overall brain function. 

Disruptions at various stages of cortical development lead to a wide spectrum of 

disorders presenting frequently in children with developmental delay and epilepsy. In 

1996, Barkovich introduced the term Malformation of Cortical Development (MCD) 

to include a spectrum of cerebral cortical malformations that were detected and 

classified according to magnetic resonance imaging findings. With the huge 

advancement of genetic techniques, including most recently high throughput genomic 

and exome sequencing, the hunt for new disease-causing genetic mutations has 

largely widened our knowledge in this field. New syndromes have been described, 

and many new genes and mutations have been identified. In addition, the 

advancement in molecular and cell biological techniques has helped us to model these 
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disease-causing mutations in other species, opening the avenue to new discoveries, 

and better understanding of the role of each of these genes and mutations in cerebral 

cortical development in humans and model organisms. Therefore, the integration of 

genetic together with the cellular and molecular data has led to a better understanding 

and classification of MCDs; for example, we know now that while disorders of 

neurogenesis give rise to abnormalities in cerebral cortical size, disorders of neuronal 

migration give rise to aberrantly positioned ‘heterotopic’ neurons, either close to the 

ventricular surface or within the white matter.  

The work of my thesis was focused on the study of perturbed developmental 

programs and subsequent morphological, molecular and ultrastructural phenotypes of 

malpositioned, ‘heterotopic’ neurons in the hippocampus of the doublecortin 

knockout (Dcx KO) mouse model of neuronal migration defects and spontaneous 

epilepsy. More specifically, my first objective was to characterize molecular profiles 

of heterotopic cells in the hippocampal CA3 region of Dcx KO mouse during 

development and in the adult. In my second objective, I aimed at studying the 

morphological and ultrastructural characteristics, and the maturation program of these 

heterotopic cells at perinatal period. Therefore, in the introduction of my thesis, I will 

address the major steps of cerebral cortex development focusing on neuronal 

phenotype specification, neurogenesis, neuronal migration, generation of cellular type 

diversity, and synaptogenesis, processes that will culminate in the generation of 

normal mature neuronal circuits. The development of the hippocampus, a structure 

with a particular layout of cells and fiber pathways that has historically attracted the 

attention of neuroscientists, and is particularly affected in Dcx KO mice will be 

presented. Being attracted by the beauty and the particularity of this structure, I will 

address in some depth the seminal work that revealed the elegance of developmental 

programs culminating in its formation. The distinct cellular events and molecular 

programs that fingerprint the unique hippocampal architecture, development, and 

connectivity patterns from other cortical areas, will be addressed here. In the last 

section of the introduction, I will summarize what we know about Dcx protein 

function, human patient phenotypes mutated for DCX, and I will briefly present the 

available mouse models of Dcx loss of function, that helped in shedding light on 

important aspects of its function and interaction with other molecular partners during 

cerebral cortex development. 
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SECTION 1: CEREBRAL CORTEX DEVELOPMENT, PATTERNING 
AND NEURONAL CELL FATE SPECIFICATION 
 

The cerebral cortex is a layered structure derived from the dorsal pallium which is 

basically a cylindrical layer surrounding fluid-filled ventricles. Other telencephalic 

structures are derived from pallium including the medial pallium (MP), which gives 

rise to the archicortex, and the hippocampus; the lateral pallium (LP), which generates 

the olfactory cortex; and the ventral pallium (VP), from which the claustroamygdaloid 

complex is generated. 

The ventral telencephalon consists of two distinct progenitor domains, the lateral 

(LGE) and medial (MGE) ganglionic eminences, generating the striatum and 

pallidum, respectively. These telencephalic subdivisions are traced on the basis of 

differences in morphology, connectivity and neurochemical profiles, and by distinct 

patterns of gene expression, reflecting the initial acquisition of regional identity by 

progenitor populations during early embryonic development. 

The neocortex represents the brain structure that has been subjected to a major 

expansion in its size and complexity during the course of mammalian evolution. The 

achievement of such a highly complex architecture relies on a precise orchestration of 

the proliferation of progenitors, onset of neurogenesis, spatiotemporal generation of 

distinct cell types and control of their migration and differentiation. Complex 

molecular mechanisms participate in coordinating growth and patterning of the 

developing cortex 

The cerebral cortex is organized into 6 layers of neurons, which are arranged in an in-

side-out lamination sequence (Angevine and Sidman, 1961; Rakic, 1972). Cortical 

layers are not simply stacked one over the other; there exist characteristic connections 

between different layers and neuronal types, which span all the thickness of the 

cortex. These cortical microcircuits are grouped into cortical columns and 

minicolumns, the latter of which have been proposed to be the basic functional units 

of cortex (Jones and Rakic, 2010). Functional properties of the cortex change abruptly 

between laterally adjacent points; however, they are continuous in the direction 

perpendicular to the surface. Functionally distinct cortical columns have been shown 

in the visual cortex, auditory cortex, and associative cortex (Maduzia and Padgett, 

1997; Meyer et al., 2010a, 2010b).  
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Patterning cues in the developing cerebral cortex are governed by both intrinsic and 

extrinsic signals of neuronal progenitors. Early anterioroposterior and dorsoventral 

patterning of the developing embryo, and generation of progenitor domains and 

neuronal specification into major classes of telencephalic cells, together with the 

precise coordination of cell cycle control, differentiation and spatiotemporal control 

of cell fate along both the radial and tangential dimension of the developing cerebral 

cortex are crucial steps required for the patterning of early cortical territories 

(regionalization) and of postnatal cortical areas (arealization).  

 

1.1 Intrinsic control of cerebral cortex development through 

patterning centers and transcription factor (TF) gradients 

Multiple signaling centers or ‘organizers’ are involved in the induction and patterning 

of early brain territories through the expression of specific TFs. Secreted molecules 

(morphogens and growth factors) at signaling centers affect cortical growth and 

patterning at short range at early developmental stages. Four patterning centers are 

responsible for early induction and patterning of the telencephalon in the mouse 

embryo (Figure 1): 

1. The anterior neural ridge /commissural plate at the rostral midline forming the 

border between neural and non-neural ectoderm. During neurulation and 

closure of the neural tube, Fgf8 is expressed at the rostral midline in the 

anterior neural ridge, thus defining the anterior patterning center. Later on, at 

E10.5–E12.5, after the expansion of the telencephalic vesicles, the fibroblast 

growth factors  (Fgf8, Fgf15, Fgf17, Fgf18) are expressed anteriorly in nested 

domains at the commissural plate (CoP) and septum. 

2. The roof plate (RP) and cortical hem at the dorsal/caudal midline and 

immediately adjacent territories, the Wnts and Bone morphogenetic proteins 

(Bmps) are localized at the dorsal/caudal midline in the RP and cortical hem. 

3. The prechordal plate (PP)/ventral telencephalon signaling units, Sonic 

hedgehog (Shh) is localized in the ventral telencephalon at the PP. 
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4. The pallial–subpallial boundary (PSB) or anti-hem get involved later to 

coordinate growth and spatial patterning as growth proceeds and the distance 

between patterning centers increases (E11.0–E13.5). The PSB localizes at the 

lateral edge of the pallium and expresses of Fgf7, Sfrp2, and Tgfa 

(Assimacopoulos et al., 2003). 

 

 
 

Figure 1: Schematic representation of the role patterning centers and secreted morphogens in 

telencephanlon development: 

Adapted from (O’Leary and Sahara, 2008; Stevens et al., 2010). 
 

During neurulation and closure of the neural tube, Fgf8 is expressed at the rostral midline in the ANR, 

Shh is expressed at the ventral midline in the PP, and Wnts/Bmps are localized at the dorsal midline in 

the RP. After the expansion of the telencephalic vesicles, the Fgfs are expressed anteriorly at the CoP 

and septum. The Wnts and Bmps are localized at the dorsal/caudal midline in the RP and cortical hem 

and Shh in the ventral telencephalon in addition to the PP. At this stage the the anti-hem localizes at the 

lateral edge of the pallium. 

Fgfs in telencephalic progenitors and Shh and Wnts in other CNS regions accelerate 

the cell cycle by shortening the G1 phase, thus enhancing cell cycle exit (Pierani and 

Wassef, 2009). This represents an intrinsic effect that will ultimately have a crucial 

role in controlling the area-specific and, possibly, species- specific rates of neuron 

production. 

 

1.2 Extrinsic signals that control cerebral cortex patterning 

Although patterning centers and their secreted morphogens play a crucial role in the 

initial territorial shaping of the developing telencephalon, the proceeding of growth 

and the increase in the distance between signaling centers require the addition of other 
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patterning mechanisms. Diffusion works efficiently at short distances, but alone 

cannot pace with the expanding size. The emergence of other efficient signals that 

combine speed and functionality sounds fundamental, and a postmitotic neuronal 

compartment, together with migrating and differentiating cells seem needed to assure 

a correct fine-tuning of developing brain. 

The ventricular fluid, which has been shown to contain signaling molecules like bFGF 

or Slits, could serve as a vehicle for forebrain growth signals through the formation of 

gradients mediated by the synchronized beating of cilia (Sawamoto et al., 2006). 

Additionally, migrating cells could act as mobile patterning cues where through their 

motility; they can mediate long distance transport of signaling molecules. Cajal-

Retzius (CR) cells represent a transient class of earliest born neurons that populate the 

marginal zone of the developing cerebral cortex from early stages of development 

when regionalization takes place. CR cells secrete Reelin, an extracellular matrix 

protein that plays an important role in normal lamination of developing cortex. They 

are composed of a combination of molecularly distinct subtypes arising from 

restricted locations at the borders of the developing pallium, which actually represent 

the major patterning centers, namely the hem, the pallium–subpallium border and the 

septum (Figure 2) (Bielle et al., 2005; Pierani and Wassef, 2009). After generation, 

CR cells migrate from sites of origin and distribute in specific cortical regions. Fgf8, 

expressed at the rostral patterning center, and Tgfb, expressed at the caudal patterning 

center, induce the production of CR subtypes, which modulate early cortical 

patterning by transporting signaling molecules over a long distance (Griveau et al., 

2010). 

Figure 2: Patterning over a 

long distance. 

Adapted from Borello and 

Pierani, 2010 

Fgf8 and Tgfb expressed at 

the rostral and caudal 

patterning centers 

respectively, induce the 

production of CR subtypes, 

which modulate early cortical 

patterning by transporting 

signaling molecules over a 

long distance. 
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Additionally, a new class of migrating projection neurons, cortical plate (CP) transient 

cells, as well as the meninges and the invading vasculature also play a role in fine-

tuning the developing telencephalon (Vasudevan et al., 2008; Siegenthaler et al., 

2009). 

Altogether, a complementary interplay between intrinsic and extrinsic patterning 

mechanisms seems pivotal for the early events that help in correctly instruction 

telencephalon development and patterning.  

 

SECTION 2: CEREBRAL CORTEX HISTOGENESIS, 
NEUROGENESIS AND SPECIFICATION OF NEURONAL 
PHENOTYPES IN THE DEVELOPING TELENCEPHALON 
 

The histogenesis of the cerebral cortex starts from the time when the cerebral 

hemispheres develop from the wall of the telencephalic vesicle. The neuroepithelial 

cells initially span the thickness of the wall, and as they continue to undergo cell 

division, the area of the hemispheres expands. At this early stage of development, the 

progenitor cells are thought to undergo primarily symmetric cell divisions, and their 

progeny both remain in the cell cycle. Soon, however, a few cells withdraw from the 

cycle to develop as the first cortical neurons. These neurons migrate a short distance 

to form a distinct layer, just beneath the pial surface, known as the preplate (Bayer 

and Altman, 1990) (Figure 3). The preplate and its derivatives contain projection 

neurons, collectively named as pioneer neurons, whose axonal arborizations establish 

the earliest corticofugal projection systems during cortical development (Soria et al., 

1999; Soria and Fairén, 2000). The CP develops within the preplate, so that preplate 

neurons become redistributed between the marginal zone, containing a group of large, 

stellate-shaped CR cells, and a deeper zone of cells called the intermediate zone 

(IZ)/SP, where most of the glutamatergic pioneer neurons are located and increasing 

numbers of incoming axons (Allendoerfer and Shatz, 1994; López-Bendito et al., 

2002; Morante-Oria et al., 2003; Espinosa et al., 2009). A minor group of preplate 

pioneer neurons are not found later in the subplate (SP), they are rather divided into 

two groups and are found in the marginal zone, and the CP respectively (Espinosa et 

al., 2009).  The two groups of non-SP pioneer neurons show distinct early locations in 

the preplate and later on, express distinct neurochemical properties (figure 3).  
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Figure 3: The developmental processes that will lead to organization of the neocortex into 

distinct neuronal layers.  

Adapted from (Dehay and Kennedy, 2007; Espinosa et al., 2009) 

Schematic presentation of the sequential layering events in the mouse and rat embryonic cortex. VZ: 

ventricular zone, SVZ: subventricular zone, PP: preplate, SP: subplate, CP: cortical plate, MZ: 

marginal zone, FL: fiber layer. 

In rats, non-SP pioneer neurons situated in the upper part of the preplate before its 

partition will express the calcium binding proteins calbindin and calretinin, and the 

cell adhesion molecule L1. However, a second subtype of non-SP pioneer neurons is 

located deeper in the preplate. They will specifically express the adhesion molecule 

TAG-1, and will be transiently located in the upper CP (Espinosa et al., 2009). In 

mice, similar populations of pioneer non-SP neurons also exist. However, the more 

superficial cells express the adhesion molecule L1, but not the calcium binding 

proteins calbindin and calretinin. Interestingly, the two populations of non-SP pioneer 

neurons show different projection patterns. Axons of L1 neurons project to the 

ganglionic eminences and the anterior preoptic area, whereas axons of TAG-1 pioneer 

neurons only project to the lateral parts of the ganglionic eminences at the early stages 

of cortical histogenesis (Dehay and Kennedy, 2007; Espinosa et al., 2009). 

From the earliest stages of cortical development, the processes of the apical 

progenitor cells span the entire thickness of the cortex (Miyata et al., 2001; Nadarajah 

et al., 2001). The first cortical neurons that are generated use the predominantly radial 
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orientation of their neighboring progenitor cells to guide their migration. However, 

the accumulation of neurons within the CP results in a marked increase in cortical 

thickness. As a result, the processes of later born cells no longer are able to extend to 

the external surface of the cortex. Nevertheless, the newly generated cortical neurons 

still migrate primarily in a radial direction guided by a remarkable set of cells, known 

as radial glia, which provide a scaffold (Rakic, 1978; Nadarajah et al., 2001; 

Nadarajah and Parnavelas, 2002). 

These glial cells have long processes that extend 

from the ventricular zone all the way to the pial 

surface. They form a scaffold that neurons 

migrate along. Serial section electron 

microscopic (EM) studies by Pasko Rakic first 

clearly demonstrated the close association of 

migrating neurons with radial glial cells in the 

cerebral cortex (Figure 4). The migrating neurons 

wrap around the radial glial processes, and move 

in a saltatory way, with migrating neurons 

frequently starting and stopping along the way.  

The next phase of cortical histogenesis is 

characterized by the gradual appearance of 

defined layers within the CP. As increasing 

numbers of newly generated neurons migrate 

from the ventricular zone (VZ) into the CP, they 

settle in progressively more peripheral zones. 

Meanwhile, the earlier generated neurons start to 

differentiate. Thus, later generated neurons 

migrate past those generated earlier. This results 

in an inside-out development of cortical layers 

(Rakic, 1978; Nadarajah et al., 2001; Nadarajah 

and Parnavelas, 2002). Richard Sidman used the 

3H-thymidine birthdating technique, to mark 

newly born neurons from the VZ to their settling point in the CP, and was the first to 

Figure 4: a three-dimensional 

reconstruction of a migrating neuron 

along the surface of a radial glial 

fiber 

Adapted from (Rakic, 2003)  

Neurons are generated in the 

proliferative ventricular zone. They 

traverse the expanding cerebral wall 

and pass through the layer of earlier 

generated neurons in the deep layers, 

before settling in at the top of the 

developing cortex. Migrating neuron is 

attached to the radial glial fiber, which 

guides the neurons to the appropriate 

layers of the cerebral cortex. RF: radial 

fiber, N: neuron. 
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demonstrate the inside-out pattern of cerebral cortical histogenesis. The neurons 

labeled in the cortex of pups born from pregnant female rats injected with thymidine 

on the 13th day of gestation were located in the deeper layers of the cortex, whereas 

the neurons labeled after a thymidine injection on the 15th day of gestation were 

found more superficially. This inside-out pattern of cortical neurogenesis is conserved 

across mammalian species. Thymidine injections at progressively later stages of 

gestation result in progressively more superficial layers of cerebral cortical neurons 

being labeled. Each cortical layer has a relatively restricted period of developmental 

time over which it is normally generated (Angevine and Sidman, 1961; Caviness and 

Rakic, 1978; Caviness, 1982; Fairén et al., 1986). 

Time-lapse imaging of labeled neuroblasts (Nadarajah et al., 2001; Noctor et al., 

2004) shows clearly that many of the neuroblasts migrate just as predicted from the 

EM reconstructions of Rakic. However, direct visualization of the migration process 

also revealed that many of the neuroblasts move via a very different process, a 

process termed somal translocation. In this case, in early stages of corticogenesis, the 

migrating cell has a leading process that extends to the pial surface, while the cell 

body is still near the VZ. Then, with progressive shortening of the process, the cell 

soma is drawn to the pial surface (Nadarajah et al., 2001).  

In addition to their function in supporting migrating neurons, radial glial cells are also 

neuronal progenitors. They undergo several cell divisions, and the progeny are not 

always additional radial glia but migrating immature neurons that migrate along the 

radial glia that generated them and label for neuron specific markers, while the radial 

glial cell that generated them expresses proteins typical of radial glia (Noctor et al., 

2002; Lui et al., 2011). 

In addition to this predominantly radial migration of the newly generated neurons, it 

has been shown that other populations of cortical cells migrate tangentially to the 

cortical surface. These correspond to different populations of GABAergic 

interneurons, oligodendrocytes, Cajal-Retzius cells and endothelial cells. 

Indeed there was an important discovery of a subset of cortical neurons that do not 

arise in the pallial VZ, but instead, originate in distinct subpallial regions (Wonders 

and Anderson, 2006). Fate mapping experiments and loss-of-function analyses in 

rodents have shown that cortical interneurons arise predominantly from the medial 
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and caudal (CGE) ganglionic eminences, and from the embryonic preoptic area 

(POA) (Gelman et al., 2009). However, recent observations in fetal human and 

monkey brains have suggested that, in these two species, a substantial proportion of 

cortical interneurons may arise from the lateral ventricular epithelium starting from 

the second half of gestation (Letinic et al., 2002; Yu and Zecevic, 2011).  

Abundant evidence indicates that cortical interneurons comprise distinct neuronal 

subpopulations as defined by their morphological, neurochemical and 

electrophysiological properties (Butt et al., 2005). It has been suggested that the 

generation of the different subpopulations is linked to regional differences, defined by 

the expression of particular combinations of TFs, in the specification of progenitor 

cells in the subpallium, and these differences are key contributors to the generation of 

interneuron diversity in the cerebral cortex. These topics will be detailed in this 

section. 

 

2.1 NEUROGENESIS : FROM NEUROEPITHELIAL STEM 

CELLS TO RADIAL GLIAL CELLS 

During development, neuroepithelial (NE) cells are the neural stem cells that give rise 

to all the neurons of the mammalian central nervous system. They are the source of 

the two types of neurons, cortical projection neurons and interneurons, as well as, 

astrocytes and oligodendrocytes. NE stem cells are self-renewing for a certain number 

of cell divisions; they first undergo symmetric, proliferative divisions, each of which 

generates two daughter stem cells (McConnell, 1995; Rakic, 1995). These divisions 

are followed by approximately 5-6 asymmetric, self-renewing divisions. Each of these 

divisions generates a daughter stem cell, plus a more differentiated neuronal 

precursor.  

At the neural tube stage, the NE cell layer is composed of highly polarized 

pseudostratified epithelial cells, with the nuclei of these cells migrating up and down 

the apicobasal axis during the cell cycle (interkinetic nuclear migration) (Huttner and 

Brand, 1997). Tight junctions are present at the most apical end of the lateral plasma 

membrane and receptors for basal lamina constituents such as integrins contact the 

basal lamina (Wodarz and Huttner, 2003). With the generation of neurons, the 

neuroepithelium transforms into a more specialized tissue for neuron production. In 
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the VZ, the most apical cell layer that contains most of the progenitor cell bodies, 

neuroepithelial cells switch to neurogenesis and downregulate certain epithelial 

features (Aaku-Saraste et al., 1996). Astroglial markers appear and a distinct, but 

related, cell type — radial glial cells — which exhibit residual neuroepithelial as well 

as astroglial properties appear (Kriegstein and Götz, 2003). Radial glial cells represent 

more fate-restricted progenitors than neuroepithelial cells and successively replace the 

latter. As a consequence, all of the projection neurons in the brain are derived, either 

directly or indirectly, from radial glial cells. 

 

 
 Figure 5: Neuronal progenitors  

Taken  from (Taverna and Huttner, 2010) 

Apical-basal polarity of NE cells (A) and 

apical progenitors (B). AP mitosis (M) occurs 

at the apical surface, whereas S phase takes 

place at a more basal location, with apical-to-

basal nuclear migration in G1 and basal-to-

apical nuclear migration in G2. Mention basal 

progenitors. 

 

 

 

 

I. Types of neuronal progenitors in the developing telencephalon 

Cortical neurons are exclusively generated from progenitors located within the 

dorsolateral wall of the telencephalon. Heterogeneity within this progenitor 

population has been shown, with apical progenitors (APs) (some of which are radial 

glial cells) located along the luminal wall and intermediate “basal” progenitors (IPs) 

which delaminate from the VZ and divide at a distance from the lumen (Figure 5) 

(Kriegstein et al., 2006).  

 

1. Apical progenitors (APs)  

At the time of corticogenesis (E10 in the mouse), NE cells switch and give rise to 

other neuronal progenitor populations: radial glial cells (RGCs) and short neural 
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precursors (SNPs) both still residing in the VZ. APs exhibit apical-basal polarity, with 

the apical plasma membrane lining the lumen of the ventricle, the primary cilium 

protruding from the apical plasma membrane, and the interphase centrosomes located 

at the apical plasma membrane. AP nuclei occupy different positions along the apical-

basal axis depending on the phase of the cell cycle and undergo interkinetic 

movement (Figure 5). Both these cell types will be further detailed here. 

a. Radial glial cells: 

As NE cells, RGCs exhibit an apico-basal polarity and span the entire cortical wall 

with an apical process contacting the ventricle and a basal process extending to the 

basement membrane. RGCs and NE cells also share expression of the intermediate 

filament protein Nestin, as well as expression of RC2 and the TF Pax6, but RGCs are 

further delineated by the expression of astroglial markers such as the astrocyte-

specific glutamate transporter (GLAST), vimentin and the brain lipid binding protein 

(BLBP) (Pinto and Götz, 2007). With the onset of corticogenesis, RGCs comprise the 

predominant progenitor population within the VZ. They play a dual role in providing 

migratory guides for newly born neurons, and they are able to generate neurons or 

neuronal progenitors following asymmetric division, thereby giving rise, directly or 

indirectly, to most projection neurons of the cerebral cortex (Noctor et al., 2004). Like 

NE cells, RGCs show interkinetic nuclear migration, with their nuclei undergoing 

mitosis at the apical surface of the ventricular zone and migrating basally for S phase 

of the cell cycle (Figure 5). However, whereas in neuroepithelial cells the nuclei 

migrate through the entire length of the cytoplasm, this is not the case in RGCs. This 

interkinetic nuclear movement underlies the pseudostratification of the VZ. It allows 

the limited apical space to be used efficiently for AP mitoses, and functions by 

influencing the AP fate by controlling the exposure of AP nuclei to different, 

proliferative versus neurogenic, signals localized along the apical-basal axis (Noctor 

et al., 2004). 

Time lapse imaging experiments have shed light on the molecular and cellular 

mechanisms of interkinetic nuclear movement. This movement appears completely 

independent of centrosome behavior and occurs along the MT network spanning the 

entire length of the progenitor cell. RNA interference (RNAi) experiments using in 

utero electroporation to inhibit the expression of dynein, block apically directed but 
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not basally directed nuclear movement. Basally directed movement, however, was 

inhibited by RNAi of the unconventional kinesin heavy chain protein, kinesin 3 

(Kif1a) (Tsai et al., 2010). Thus, interkinetic nuclear movement is regulated by very 

specific molecular motors. 

 

b. Short neuronal progenitors SNPs: 

The identification of SNPs as a distinct progenitor population added further evidence 

to the heterogeneity of VZ cells (Gal et al., 2006). RG cells remain the main 

progenitor population. SNPs can be morphologically characterized by the presence of 

a short basal process, which does not contact the basal lamina (figure 6), as well as by 

the activity of the tubulin alpha1 promoter, suggesting that they are restricted 

neuronal progenitors; their true origin (NE cell- or RGC-derived cells) remains 

unknown. Despite differing in cellular and molecular features, NE cells, RGCs and 

SNPs all display strong apico-basal polarity as well as having a specialized membrane 

domain facing the ventricular lumen that is limited by apical junctional complexes. 

Remarkably, they all undergo interkinetic nuclear migration. Based on the location of 

their nuclei during mitosis, all three above-mentioned progenitor cell types can thus 

be referred to as APs (Fish et al., 2008).  

2. Intermediate ‘basal’ progenitors (IPs): 

As soon as neurogenesis begins, a different type of progenitor, called intermediate 

(basal) progenitors, arise from a division event from an AP (e.g. NE cell or RGC), 

they detach from the VZ to form the subventricular sone (SVZ) at later stages of 

neurogenesis. In the SVZ, IPs undergo mitosis and contribute to both early and late 

born neurons (Miyata et al., 2004; Noctor et al., 2004). IPs contribute to neurogenesis 

by undergoing symmetric cell division and might function to increase the number of 

neurons generated from an apical division (Haubensak et al., 2004). In contrast to 

APs, IPs do not exhibit interkinetic nuclear migration, nor display any apparent signs 

of polarity and typically lack both an apical and a basal process contacting the 

ventricle and the basal membrane, respectively (Figure 5, 6). Moreover, IPs are 

molecularly distinct from APs and exclusively express the TF Tbr2, and Cux1; a 

progressive attenuation of Pax6 expression concomitant with the appearance of Tbr2 
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transcripts characterizes the transition of APs to IPs (figure 6) (Englund et al., 2005). 

The non-coding RNA Svet-1 and the TF Cux2 (Nieto et al., 2004) are also expressed 

in subsets of IPs during the generation of upper layer neurons.  

 

 

 

Figure 6: Rodent (A) and human neocortical development (B). 

Adapted from (Lui et al., 2011) 

In rodents RG cells generate intermediate progenitor (IP) cells that divides to produce pairs of neurons, 

which use RG fibers to migrate to their final destination. oRG cells exist in the mouse as well as in 

humans, but they are much  less frequent in the mouse. SNPs, are also shown.  

 

APs and IPs produce neurons by distinct mechanisms. During neurogenesis, APs 

undergo mostly asymmetric, self-renewing divisions, each of which generates an AP 

and an IP, or an AP and a neuron. IPs (at least in rodents) in most cases (90%) divide 

once, and nearly always symmetrically to produce two neurons with the same 

birthdate (Noctor et al., 2004). APs and IPs therefore represent two modes of neuron 

production, with a self-renewing progenitor pool and a “consumptive”, non-self- 

renewing pool for neuron production, respectively. For neuron production, the APs 

act as the self-renewing compartment where asymmetric divisions maintain the pool 

of progenitors while producing neuronal cells (direct neurogenesis). The self-renewal 

capacity of APs appears intimately linked to their epithelial-like features such as the 

apico-basal polarity and apical junctional complexes (Cappello et al., 2006). Mitotic 
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spindle and cleavage orientations determine if polarity is retained. The loss of these 

key features seems to be associated with neuronal differentiation and may also be 

causative for the loss of self-renewal and neurogenic potential at the end of 

neurogenesis. As for the IPs, these may be considered a neurogenic transit amplifying 

progenitor population that expands the number of particular neuronal populations 

(indirect neurogenesis). As both modes of neurogenesis take place simultaneously 

throughout cortical development, a crucial issue is whether they generate different 

subtypes of cortical neurons. 

3. Outer radial glial cells (oRGCs):  

A new class of neuronal progenitors is found in the outer part of the SVZ, termed 

outer radial glial (oRG) cells.  These cells have been described in different species 

including mouse (Shitamukai et al., 2011; Wang et al., 2011), ferret (Fietz et al., 

2010; Reillo et al., 2011), marmoset (García-Moreno et al., 2012; Kelava et al., 2012)  

and human (Hansen et al., 2010; Lui et al., 2011). Interspecies differences in number 

and abundance have been described for oRGs, with humans and higher mammals 

having much more numerous oRGs when compared to rodents (Lamonica et al., 

2012). This difference could be one of the evolutionary mechanisms adopted by 

higher mammals to expand the tangential cerebral cortex surface area and form a 

gyrencephalic brain. Unlike RG cells, oRG cells are located far from the ventricle, 

with no apical contact to the luminal surface, but they possess a long basal fiber that 

often extends to the pial surface (Figure 6). They express Pax6 and Sox2, but not Tbr2 

(Hansen et al., 2010; Reillo et al., 2011). 

Time lapse imaging experiments have shown common fundamental features between 

these oRG cells among mammals; they are generated directly from RG cells in the 

VZ, and migrate away to the superficial SVZ via mitotic somal translocation rather 

than interkinetic nuclear migration. However, an important difference between 

species does exist. In mice, oRG cells undergo self-renewing asymmetric division to 

generate neurons directly, while human oRG cells generate transit-amplifying cells 

that in turn generate neurons (Wang et al., 2011). 

The limited number of oRG cells and their rapid terminal differentiation in mice 

justifies the fact that the contribution of oRG cells to neurogenesis and cortical layer 

formation in rodents is small compared to higher mammals, and this may explain why 



 29 

genetic mutations causing severe brain malformation phenotypes in human do not 

necessarily cause the same dramatic phenotype in rodents (Pulvers et al., 2010). 

 

II. The subventricular zone: a secondary zone of neurogenesis 

This secondary zone of neurogenesis is established upon migration of IPs that are 

generated from NE and RGCs at the apical surface of the neuroepithelium/VZ and 

migrate to the basal side of the NE/VZ. In rats, from E11 to E14, mitoses occur 

exclusively at the ventricular surface; however, at E16, the SVZ forms, subadjacent to 

the VZ, and the SVZ continues to generate neurons and glia long after the VZ has 

ceased cell division at E19 (Tarabykin et al., 2001; Martínez-Cerdeño et al., 

2012).The majority of the glia of the forebrain are thought to be derived from the 

SVZ. In recent years, the SVZ has become the subject of intense investigation owing 

to its maintenance in the adult brain. The rostral migratory stream represents another 

specialized migratory route found in the brain of some animals along which neuronal 

precursors that originated in the SVZ of the postnatal brain migrate to reach the main 

olfactory bulb. After the initial burst of gliogenesis (see above), most of the neuronal 

precursors generated in the SVZ during the postnatal period and in mature rodents 

migrate to the olfactory bulb (Lois et al., 1996). The cells migrate in chains, along 

extended astrocyte networks. These networks are complex but in general have rostral-

caudal orientation. One might imagine that the association of migrating SVZ cells is 

analogous to the migration of cortical neurons along radial glia; however, the SVZ 

cells do not appear to require the glia. The migration of SVZ cells has been termed 

chain migration and is hence distinct from the migration of neurons along radial glia. 

The SVZ cells form a chainensheathed by astrocytic processes, and migrate by sliding 

along one another. Thus, glia might help to orient SVZ migration but are not essential 

for it (Nam et al., 2007). 

2.2  SPECIFICATION 

I. Neuronal versus glial cell fate choice in the telencephalon 

One of the first decisions that neural progenitors must make during development is 

whether to adopt a neuronal or a glial cell fate. Neuronal stem cells alter their output 
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over time; they initially give rise to committed neuronal precursors and only later to 

glial precursors (Qian et al., 2000). 

1.1 The role of Notch signaling:  

Notch signaling has a permissive rather than instructive role in promoting an 

uncommitted NSC state in the telencephalon (Henrique et al., 1997). Hairy/Enhancer 

of Split (Hes) genes are downstream mediators of Notch signaling that function by 

inhibiting the expression or activity of positively acting bHLH proneural proteins 

(Figure 7). In Hes1 single and Hes1/Hes5 double mutants, telencephalic NSCs have a 

reduced self-renewal capacity and undergo premature neuronal differentiation. 

Ectopic expression of Hes genes in telencephalic progenitors delays differentiation 

without biasing cells towards a neuronal or glial identity (Ohtsuka et al., 2001). This 

confirms the Notch pathway as a permissive rather than instructive mediator. 

1.2 Proneural proteins and neuronal cell fate determination 

Mash1 and Ngn2 proneural bHLH proteins are intrinsic mediators of the neuronal 

over glial fate decision. Loss-of-function and in vitro gain-of-function studies have 

shown that both Mash1 and Ngn2 promote the specification of a neuronal over a glial 

fate in the embryonic telencephalon (Sun et al., 2001). However, overexpression 

studies in vivo suggest that Mash1 and the Ngns are not very efficient at converting 

progenitors in the cortex to a neuronal fate. A likely explanation for this is that forced 

expression of bHLH factors in vivo is not sufficient to counteract the effect of 

extracellular signals that promote a glial fate, in part, by interfering with bHLH 

activity. This result supports the idea that the transition from neurogenesis to 

gliogenesis may involve inhibition of proneural protein activity, in addition to 

transcriptional repression of proneural genes, as well as glial-promoting signals. Thus, 

NSCs must integrate a variety of neuronal and glial promoting cues that change over 

time. As a result, neuronal determinants (e.g. Ngns) are induced during the period of 

neurogenesis, and these neuronal determinants are later inhibited and astrocytic 

determinants are activated during the subsequent period of gliogenesis, at late 

embryonic/postnatal stages (Qian et al., 2000; Hand et al., 2005; Heng et al., 2008a) 

(Figures 7, 8).  



 31 

 
 

Figure 7: Neuronal versus glial cell fate specification 

From (Schuurmans and Guillemot, 2002) 

 
 

1.3 Gliogenic signals   

Several extracellular factors, including leukemia inhibitory factor Lif, Bmp2, and 

fibroblast growth factor2 (Fgf2) influence glial fate decisions in an instructive fashion 

in the telencephalon (Nakashima et al., 2001) (Figure 7).  

• Bmp2 and its downstream effector Smad1 promote astrocytic differentiation, 

in cooperation with Lif and its downstream effector Stat3, through the 

formation of gliogenic Smad1/Stat3/p300 transcriptional complexes.  

• Bmp2/Smads induce expression of Hes5 and bHLH proteins of the Id family, 

which are known to interfere with Ngn1, another neurogenesis inducing 

proneural protein (Nakashima et al., 1999). Ngn1 has been shown to have 

reciprocal, dual functions, independently promoting neurogenesis through 

transcriptional activation of neuronal differentiation genes, and suppressing 

gliogenesis by associating with Smad1/p300 complexes and by competing for 

the formation of the gliogenic Smad1/Stat/p300 complexes (Sun et al., 2001). 

 

II. Specification of neuronal phenotypes in the ventral telencephalon  

The subdivision of the telencephalic VZ by the regionalized expression of TFs is 

followed by the differentiation of distinct types of neurons in each of these 
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subdivisions. In the basal telencephalon, differentiating neurons are primarily !-amino 

butyric acid GABAergic and are characterized by expression of the homeodomain 

proteins Dlx5 and Dlx6 (Wilson and Rubenstein, 2000), and by Nkx2.1, Lhx6 and 

Lhx7 expression for neurons born in the MGE (Grigoriou et al., 1998). GABAergic 

interneurons found in the adult cortex, hippocampus and olfactory bulb express these 

molecular markers. Results from a number of genetic studies, clonal analysis and 

migration assays demonstrated that many interneuron populations are generated in the 

basal telencephalon, primarily in the MGE, and later migrate into the overlying cortex 

(Anderson et al., 1997).  

 

 

 

Figure 8: Specification of neuronal 

phenotypes in the developing 

telencephalon 

From (Schuurmans and Guillemot, 2002)  

Unique gene expression patterns define 
dorsal and ventral domains of the developing 
telencephalon, and will regulate the 
spatiotemporal differentiation of different cell 
types present in the adult brain. Dorsal 
telencephalic progenitors express high levels 
of the bHLH TFs Ngn1 and Ngn2, and the 
homeodomain proteins Emx1, Emx2, Lhx2 
and Pax6. Ventral progenitors express Mash1 
and the Gsh1, Gsh2, Dlx1, Dlx2, Dlx5 and 
Dlx6. Important cross-regulatory interactions 
between Ngn1/2 and Mash1 and Pax6 and 
Gsh2 participate in the maintenance of 
telencephalic progenitor identity.  

 

 

The specification of GABAergic interneurons, as well as oligodendrocytes, at long 

distances from their final destination thus allows the physical segregation of inductive 

cues, thereby increasing the capacity for cell diversity.  

Intrinsic factors are involved in the specification of a GABAergic phenotype. In 

rodent, Mash1 respecifies cortical neurons when misexpressed in dorsal progenitors, 

inducing the expression of Dlx genes and directing the differentiation of a 

GABAergic phenotype. Dlx2 induces the biosynthetic enzyme glutamic acid 
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decarboxylase (GAD) 67, when ectopically expressed in cortical explants (Anderson 

et al., 1999).  Therefore, a genetic pathway Mash1-Dlx-GAD operates during 

GABAergic differentiation in the telencephalon. However, some redundancy in this 

system is suggested by the persistant expression of Dlx and GAD67 in the ventral 

telencephalon of Mash1 mutant mice (Shieh et al., 2011), and ventral telencephalic 

neurons acquire a GABAergic phenotype in the absence of both Dlx1 and Dlx2. 

Factors that participate in the specification of neuronal phenotypes other than 

GABAergic that are found in the basal ganglia, play a role; Nkx2.1 mutants lack 

almost all striatal interneurons and 50% of cortical interneurons, including all 

neuropeptide Y (NPY), nitric oxide synthase and somatostatin (Sst), suggesting a role 

for this gene in the specification of distinct neuronal populations (Kawauchi et al., 

2010). There is also evidence that Lhx6 participates in the specification of striatal 

interneurons and that Lhx7 is involved in the specification of cholinergic interneurons 

in the striatum (Marin et al., 2000). 

 

III. Specification of neuronal phenotypes in the dorsal telencephalon (the 

developing cerebral cortex), (Figure 8)  

The cerebral cortex is a six-layered structure comprised primarily of glutamatergic 

projection neurons, originating from dorsal telencephalic progenitors, and of 

interneurons of ventral origin. Cortical projection neurons are distinguished early on 

by their expression of the T box TF Tbr1 and several bHLH proteins including 

NeuroD1, NeuroD2, Math2 and Math3 acting in regulatory cascades orchestrating 

neuronal differentiation (Fode et al., 2000; Pleasure et al., 2000). Lhx5, which is 

required for the proper proliferation and differentiation of hippocampal precursors but 

not for their initial specification, also has characteristics of a neuronal differentiation 

gene (Zhao et al., 1999). In contrast to the role of Mash1 in specifying a GABAergic 

phenotype ventrally, the dorsally restricted bHLH gene Ngn2 does not appear to have 

an instructive role in the specification of neuronal identity in the dorsal telencephalon; 

Ectopic replacement of Mash2 by Ngn2 in ventral telencephalic progenitors, did not 

convert ventral telencephalon into a cortical phenotype (Parras et al., 2002). Thus, the 

function of Ngn2 in the specification of neuronal identity is that of a permissive 
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cofactor, acting in conjunction with as yet unidentified instructive factors (Mizuguchi 

et al., 2001).  

Little is known about the genes involved in the specification of laminar identity of 

cortical projection neurons. Transplant studies have demonstrated that laminar 

identities are specified just prior to a progenitor’s last mitosis and that laminar 

potential is progressively lost during development (McConnell and Kaznowski, 

1991). Tarabykin et al. have modified this idea by proposing a model whereby deep 

and upper layer neurons derive from distinct cortical progenitor populations, located 

in the VZ and SVZ, respectively (Tarabykin et al., 2001). As discussed earlier in this 

section, AP and IP located in the VZ and SVZ, respectively, are two types of 

progenitors well known to differ with respect to their proliferative properties, and the 

final destination of neurons derived from them (Takahashi et al., 1995, 1999; Noctor 

et al., 2004). This model is further confirmed by the discrete and non-overlapping 

gene expression patterns in both upper and lower layer neurons. Upper layer neurons 

generated from SVZ progenitors, express the gene Svet1, which specifically marks 

SVZ progenitors and upper layer neurons. The expression of Svet1 is reduced in the 

SVZ of Pax6 mutants and fewer upper layer neurons are produced in these mutants 

(Tarabykin et al., 2001). Otx1 has a complementary expression to Svet1, being 

restricted to VZ progenitors and deep layer neurons (Tarabykin et al., 2001). 

However, the analysis of Otx1 mutants failed to reveal early defects in the 

specification of deep layer identity, suggesting that other factors may be involved in 

the complex processes of laminar specification. Tbr1 is one of the few known genes 

with a role in the generation of a defined subpopulation of cortical neurons. Tbr1 is 

expressed at high levels in early born neurons, and Tbr1 mutant defects are restricted 

to early born neurons of the marginal zone, SP and layer 6 (Hevner et al., 2001). 

Similarly, the COUP-TF1 orphan nuclear receptor may play a role in the specification 

of SP identity, as this layer is specifically missing in COUP-TF1 mutants (Zhou et al., 

1999). 
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SECTION 3: CELL TYPE DIVERSITY IN THE BRAIN 
 

The developing and mature CNS is populated by a wide diversity of cells that perform 

discrete but complementary functions, culminating in the precise formation of mature 

functional electrical circuits. 

3.1 CAJAL-RETZIUS CELLS 

Cajal-Retzius cells represent a transient class of neurons found at the surface of the 

developing cerebral cortex of mammals. Santiago Ramón y Cajal and Gustaf Retzius, 

first described them at the end of the 19th century. These ‘special cells’, as Cajal 

initially called them, populate the marginal zone (layer I) of the cortex from early 

stages of development, and thus have a strategic position to influence its organization. 

CR cells have a peculiar morphology with distinctive horizontal dendrites, and they 

release the neurotransmitter glutamate. CR cells are among the first neurons to be 

generated in the embryonic telencephalon. They start invading the preplate at E10.0–

E10.5 in mice (König et al., 1977, 1981; del Río et al., 1995) and are subsequently 

localized in the most superficial layer (marginal zone (MZ)/layer I) of the developing 

cortex. Their best-documented function is to control the radial migration of neurons 

and the formation of cortical layers by secreting the extracellular glycoprotein Reelin. 

They act as ‘project managers’ in the construction of the cerebral cortex; the absence 

of Reelin or other molecules from its signaling pathway results in a severe disruption 

of the laminar organization of the cortex (Meyer and Wahle, 1999). Additional 

functions for CR cells have been proposed at late stages of development, such as the 

regulation of the radial glia phenotype (Larroche, 1981), and the development of 

hippocampal connections (Del Río et al., 1997). The rare finding of CR cells in adult 

brain could be due to a limited production of these cells very early during 

development, thus the distance between cells increases progressively and this could 

account for their apparent scarcity in the adult cortex. However, some studies suggest 

that most CR cells are eliminated through cell death during early postnatal stages, 

only a small proportion differentiating into nonpyramidal glutamatergic cells and this 

may account for their scarcity in the adult cortex. 
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Figure 9: Schematic representation showing multiple origins and distribution of Cajal-Retzius 

cells in the brain. 

Adapted from (Kerjan and Gleeson, 2007) 

The dorso-medial part of the telencephalon (L1 level) is mainly populated by septum-derived cells. 

Very few hem-derived cells can be detected. No PSB-derived CR (Dbx1+) cells are detected at this 

level. At the dorso-lateral level (L2 level), more hem-derived cells are detected compared to L1, 

positioned dorsally to septum-derived cells. PSB-derived CR (Dbx1+) cells are exclusively found at the 

septum  and at the PSB  (green and red domains, respectively). At caudal levels (L3 level), hem-

derived CR cells are the main population accounting for 85–95% of CR cells in caudo-medial 

territories, whereas PSB-derived CR cells represent 50–60% CR cells along the dorso-caudal and 

lateral territories.  

CR cells are generated at signaling centers and migrate over long distances to cover 

the entire surface of the cerebral cortex. Genetic tracing experiments have described 

at least three sites of origin of CR neurons at the borders of the developing pallium, 

which corresponds to the major patterning centres in the developing telencephalon: 

the PSB (or anti-hem) laterally, the pallial septum (also called commissural plate) 

rostromedially, and the cortical hem caudomedially (Bielle et al., 2005) (Figure 9).  

Hem-derived CR neurons have been shown to predominantly populate the 

caudomedial and dorsolateral pallium at E12.5. The expression of the homeodomain 

TF Dbx1 at the septum and the PSB gives rise to two molecularly distinct subtypes of 

CR cells that migrate over long distances from their origins to primarily populate the 

rostromedial and lateral developing pallium, respectively (Bielle et al., 2005). The 

choroid plexus and the thalamic eminence have also been suggested to generate CR 

neurons which invade caudoventral telencephalic regions (Abellan et al., 2010). The 

simultaneous production of CR cells at several sites guarantees a complete coverage 

of all regions of the cerebral cortex. From these sites molecularly distinct CR 

subtypes move by tangential migration over long distances to cover the cortical 

primordium by E11.5 and distribute in specific subtype combinations into pallial 

territories at the time of cortical regionalization (Bielle et al., 2005). All three sites of 
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CR generation coincide with patterning centres, and it has been recently shown that 

Fgf8 and Tgfb signaling are involved in the generation of rostral and hem CR 

subtypes, respectively. The different CR subtypes express specific repertoires of 

signaling factors. Genetic ablation of one subpopulation leads to a highly dynamic 

redistribution of the two others. This results in defects in expression of TFs and in 

progenitor cell proliferation, which correlate with the resulting changes in the size and 

positioning of cortical areas. These ablation experiments confirm the participation of 

CR cells in the regulatory hierarchy of cortical patterning and point to a strategy of 

morphogen delivery over long distance by migrating cells (Zimmer et al., 2010). 

 

3.2 PROJECTION NEURONS  

3.2.1 Laminar fate specification of projection neurons 

During development, the various subtypes of projection neurons are produced in a 

temporal sequence and subsequently migrate radially to specific laminar positions. 

Neurons in layers V and VI project to subcortical targets, with thalamic projections 

arising from neurons in layer VI (known as corticothalamic projection neurons) and 

neurons in layer V (known as subcerebral projection neurons) projecting to the 

midbrain, hindbrain and spinal cord. Neurons that send their axons to other cortical 

areas (as well as those projecting to the contralateral hemisphere via the corpus 

callosum) are particularly abundant in layers II and III (known as corticocortical 

projection neurons). Finally, there are also neurons in layers I and IV that form axonal 

connections locally within the cortical hemisphere (Figure 10).  

Insights have been gained into the mechanisms of areal specification, including the 

contribution of graded morphogens and TFs in the generation of diverse types of 

cortical neurons generated from embryonic stem cells (Monuki et al., 2001; Muzio et 

al., 2002; Hanashima et al., 2004; Shen et al., 2006). This molecular link between 

areal and laminar patterning may provide the first hints as to how different areas are 

composed of the same six layers, but in distinct proportions.  However, the extent of 

diversity of neural progenitors remains underestimated. Molecular mechanisms that 

allow cortical progenitors to change competence in a time-dependent fashion, and 

how the various features of the identity of a cortical neuron are coordinated to achieve 
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a proper match between laminar position and connectivity, as well as how this is 

related to the differentiation of cortical areas are not fully understood. 

 

3.2.2 Molecular specification of cortical projection neurons 

A Specification of cortical identities 

In the developing telencephalon, crosstalk between morphogens secreted by 

patterning centers establishes the graded expression of four major TFs, Emx1 and 2, 

Pax6, Lhx2 and FoxG1, in neuronal progenitors. These TFs play an important role in 

positional identity and fate specification of telencephalic neurons. At the molecular 

Figure 10: Projection neuronal types in the 

cerebral cortex 

Adapted from (Molyneaux et al., 2007) 

a. Commissural projection neurons: Small to 

medium pyramidal sized neurons are primarily 

located in layers II/III, V and VI, and extend an 

axon across the corpus callosum to three major 

sites; single projections to the contralateral 

cortex (black); dual projections to the 

contralateral cortex and ipsilateral or 

contralateral striatum (blue); and dual 

projections to the contralateral cortex and 

ipsilateral frontal cortex (green).  

b. Corticothalamic (subcortical) projection 

neurons: These neurons are located in the 

deeper cortical layers; VI and layer V to a lesser 

extent. They project subcortically to different 

nuclei of the thalamus (Th).  

c. Subcerebral projection neurons. Large sized 

neurons located primarily in deep-layer V and 

extend projections to the brainstem and spinal 

cord. They are subdivided into several distinct 

projection neuron subtypes according to their 

subcortical projection;   

i. Corticotectal neurons are located in the 

visual area of the cortex and maintain 

primary projections to the superior colliculus, 

with secondary collateral projections to the 

rostral pons (Po).   

ii. Corticopontine neurons (pink) maintain 

primary projections to the pons. 

iii. Corticospinal motor neurons (purple) are 

located in the sensorimotor area of the cortex 

and maintain primary projections to the 

spinal cord, with secondary collaterals to the 

striatum, red nucleus, caudal pons and 

medulla.  
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level, these TFs act by promoting the establishment of cortical neuron phenotypes as 

well as by repressing adjacent cell fates. 

As early as E9 in the mouse, Pax6 shows a regionalized expression pattern that is 

confined to the neuroepithelium of the pallium in a rostral/lateral high to 

caudal/medial low gradients and contributes to pallial vs. subpallial specification. In 

the Pax6 Small eye mutant, cortical progenitors fail to express some cortical markers 

and ectopically express markers of subpallium such as Mash1, Gsh2 and Dlx1/2 

(Stoykova et al., 2000). Emx1 and Emx2 are expressed in cortical progenitors in an 

opposite gradient pattern with regards to Pax6, and Emx1/2 mutations result in a size 

reduction of the cortex (Bishop et al., 2000). Emx2 is also required, in concert with 

Pax6, for establishing the dorsal identity of dorsal progenitors. In Pax6/Emx2 double 

mutant embryos, the cortex is absent and subpallial domains expand across the entire 

telencephalon (Muzio et al., 2002). Lhx2 is expressed in the whole telencephalic 

neuroepithelium, except in the cortical hem. In the dorsal telencephalic primordium, 

Lhx2 functions as a selector gene to cell-autonomously specify hippocampal and 

cortical fate and to suppress adjacent cell fates. The absence of Lhx2 results in the 

spreading of adjacent structures: the cortical hem and anti-hem (a putative secondary 

signaling center at the lateral extreme of the pallium) (Mangale et al., 2008).  FoxG1 

is expressed in a cortical rostral/lateral high to caudal/medial low gradient in the 

telencephalic primordium as early as E9 in the mouse.  Foxg1 is critical for 

establishing cortical neuron identity. Early deletion of FoxG1 will result in cortical 

neurons that express Reelin (a marker for Cajal–Retzius cells) while losing cortical 

plate- neuronal specific markers (Hanashima et al., 2004). This effect represents a 

medial to lateral repatterning of the cortical field, which is respecified as cortical hem 

and hippocampus in the absence of FoxG1. Additionally, loss of FoxG1 after the 

onset of corticogenesis also results in the production of Reelin-expressing cells, 

indicating that persistent expression of FoxG1 is required to maintain cortical 

progenitor identity (Shen et al., 2006).  

In addition to the positional identity instruction encoded by the regionalized, 

combined expression of these TFs to NE cells in the pallium, they also drive 

additional and interlinked crucial functions during corticogenesis, such as self-

renewal, transition from APs to IPs, neuronal commitment, and subtype specification. 

For example, Pax6 directly activates an enhancer element of the proneural TF 
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Neurog2 in APs (Scardigli et al., 2003), which in turn restricts APs to a 

neuroprogenitor fate, as well as driving neuronal subtype specification in postmitotic 

neurons. Levels of Pax6 are critical for the proliferation of APs and the absence of 

Pax6 in Sey mutants favours the generation of IPs by promoting asymmetric division 

of APs (Estivill-Torrus et al., 2002; Quinn et al., 2007). In Sey mutants, axon 

guidance is disrupted, and the majority of thalamocortical axons fail to enter the 

ventral telencephalon and those that do are unable to innervate their cortical targets. 

In addition, the expression of upper layer markers Svet-1 and Cux2 is lost in the SVZ 

and in upper layer neurons suggesting that Pax6 might selectively regulate 

transcriptional programs to specify upper layer neurons and regulate subsequent 

thalamo-cortical connectivity (Frantz and McConnell, 1996; Jones et al., 2002; 

Molyneaux et al., 2007). Thus Pax6 is a key TF for cortical development and is likely 

to play several roles. 

 

B Temporal specification of cortico-laminar identities 

Both intrinsic properties of progenitors and extrinsic factors cooperate to define the 

laminar fate of projection neurons. Furthermore, this cooperation seems to be 

essential for determining the number of upper layer neurons. 

The specification of projection neurons follows a coordinated temporal sequence as 

neurons from different layers are progressively generated. Pioneering transplantation 

experiments demonstrated that the cell intrinsic determinants of laminar fate are 

present in progenitors (prior to mitosis), and that cortical progenitors become 

progressively restricted in their potency to populate the different cortical layers as 

neurogenesis proceeds. Thus, early cortical progenitors are multipotent. They usually 

produce deep layer neurons, but can be competent to generate later born neurons after 

transplantation into older hosts(McConnell and Kaznowski, 1991; Nguyen et al., 

2006). Conversely, late cortical progenitors produce only neurons of upper layers 

even when transplanted into an early permissive environment (younger embryo) (Wu 

et al., 2005). Remarkably, in vitro culture of early cortical progenitors or neural 

progenitors derived from embryonic stem cells leads to clones that generate layer- 

specific neurons in an appropriate temporal order resembling that observed in vivo. In 

addition, changes in cell cycle length appear to correlate with the timing of 
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neurogenesis (Marín-Padilla, 1992), supporting the idea that cell cycle control 

mechanisms are involved in the fate determination process (Reiner, 1991). Altogether, 

these data indicate that both intrinsic properties of progenitors and extrinsic factors 

cooperate to define the laminar fate of projection neurons. Furthermore, this 

cooperation seems to be essential for determining the number of upper layer neurons 

(Marín-Padilla, 1992). Accordingly, thalamocortical afferents, as mentioned above, 

and GABAergic interneurons that reach the developing cortex during corticogenesis 

have been proposed to participate in the timing of neurogenesis. Interestingly, factors 

secreted by thalamic axons and the neurotransmitter GABA have been shown to 

influence the proliferation of cortical progenitors (Smart et al., 2002; Kriegstein et al., 

2006). As mentioned above, during neurogenesis, certain genes are selectively 

expressed by cortical progenitors, which correlate with their layer specific neuronal 

identity. Many of these genes continue to be expressed at various levels in their 

progeny, making them attractive candidates to control either fate specification or 

maintenance of a specific neuronal lineage. One such example is the TF FezF2 which 

is expressed by APs and is persistently detectable in deep layer (layers V and VI) 

neurons as they mature. During their genesis, deep layer neurons express FezF2 at 

low levels in the VZ and more robustly in the developing CP, consistent with the 

position of newborn deep layers neurons (Bohner et al., 1997). Postnatally, FezF2 is 

expressed primarily in subcerebral projection neurons of layer V, with lower levels of 

expression in corticothalamic neurons of layer VI. Targeted deletion of this gene in 

mutant mice has demonstrated that FezF2 acts to specify the fate of subcerebral 

projection neurons of layer V (Chen et al., 2008), with the most striking phenotype 

being a respecification of subcerebral projections towards a callosal projection fate 

(Chen et al., 2008). Interstingly, the respecification of projection neurons in Fezf2"/" 

cortex, resulted also in abnormal radial distribution of interneuronal populations, and 

altered GABAergic inhibition (Lodato et al., 2011). In another example, expression of 

the non-coding RNA Svet-1 and the TF Cux2 in subsets of IPs in the SVZ correlates 

with the generation of upper layers neurons that still express these markers. Recent 

elegant in vivo genetic fate mapping and in vitro clonal analysis experiments have 

shown that a RGC sublineage present early on in the VZ, expresses the upper layer 

marker Cux2. These identified RGCs are intrinsically specified to generate the 

majority of upper layer neurons later on, once they become IPs. These experiments 

add to the heterogeneity of the progenitor pool that will produce specific cell 
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population at a specific time point. It also highlight the fact that intrinsic signals in 

RGCs play a fundamental role in generating proper layer-specific neuronal 

populations (Franco et al., 2012). However, whether these signals act independently 

as key determinants for the specification of these neurons remains to be determined as 

there is evidence that the SVZ constitutes a unique “permissive” environment to 

synchronize migration by isochronically generated projection neurons and 

interneurons and subsequent acquisition of their appropriate laminar identity 

(Kriegstein and Noctor, 2004). Providing further support to this hypothesis is that the 

newborn projection neurons have been observed to pause in the SVZ for up to 24h 

before initiating their radial migration, thereby entertaining this hypothesis. 

Nevertheless, the relative contributions by cell-intrinsic and extrinsic factors towards 

the establishment of the laminar identity of cortical neurons remains to be further 

clarified, with special effort made to determine at which precise step during the 

specification process are instructions imparted by these factors (e.g. does the switch 

between a corticofugal towards a callosal fate observed in FezF2 mutant result from 

lack of FezF2 expression in the progenitor cell or in the newborn neuron?).  

 

C Subtype specification of projection neurons 

Layer and neuron subtype specificity are identified not only by neuronal birth but also 

through postmigratory differentiation and expression of specific molecular markers 

(Figure 11). Two major classes in the cortex are specified by different genetic 

mechanisms: 

• Callosal projection neurons, which are present through layers II–VI (though 

are particularly abundant in upper layers II–IV) 

• Corticofugal neurons, which reside in deep layers V and VI. 

 

 3.1. Specification of corticofugal vs. callosal projection neurons 

Two genes, are exclusively expressed in distinct subsets of cortical projection neurons 

and are essential for specification of their respective neuronal populations (Britanova 

et al., 2008). Ctip2, encoding a zinc finger transcriptional co-factor, is specifically 

expressed in early born corticofugal neurons, with a high expression level in 



 43 

subcerebral neurons of layer V and a much lower level in corticothalamic neurons of 

layer VI. Satb2, a DNA-binding protein, is exclusively expressed in callosally 

projecting neurons (layers II–VI) (Britanova et al., 2008). The expression of each of 

these genes in cortical neurons is almost mutually exclusive, thus they serve roles 

exclusive to their respective subpopulations. Accordingly, Satb2 antagonizes the 

expression of Ctip2 by direct binding to MAR (matrix attachment region) sequences 

in the regulatory regions adjacent to the Ctip2 gene. As a result, the switch in axonal 

targeting observed in Satb2 mutants is accompanied by a recovery of Ctip2 

expression. Importantly, both these genes are instructive for their subtype 

specification function, since with loss of Ctip2 function; neurons fail to extend axons 

towards the spinal cord (Rallu et al., 2002), whereas in the absence of Satb2, neurons 

that would normally project axons across the corpus callosum instead extend axons 

towards subcortical targets. The ectopic expression of Ctip2 or Satb2 is sufficient to 

redirect their axons towards subcortical targets or the corpus callosum, respectively 

(Britanova et al., 2008).  

 

Figure 11: Gene expression correlation to axonal projection and cortical layer organization. 

Adapted from (Gaspard and Vanderhaeghen, 2011) 

Neurons sending corticofugal projections (in blue) reside exclusively in the deep layers V and VI of the 

cortex, and express Fezf2, CTIP2, Sox5, Tbr1 and Satb2 TFs. Neurons sending projections within the 

cortex (in red), are located primarily in the upper layers, and express Cux1 and Satb2 TFs. 
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Ctip2 is a major downstream effecter of FezF2; and they play a common role in the 

specification of layer V neurons. The expression of Ctip2 is lost in FezF2 "/" mutant 

cortex, and rescue of Ctip2 expression in FezF2 mutant neurons can partially 

ameliorate their axonal miswiring phenotype (Bohner et al., 1997).  

 

3.2. Specification of corticofugal projection neuron subtype 

Several other TFs have recently been shown to play crucial roles in the specification 

of corticofugal projection neuron identity.  

Tbr1 is expressed soon after cortical progenitors begin to differentiate, and is highly 

expressed in the preplate and in layer VI neurons. Tbr1 is a key determinant in the 

generation of these cortical neurons and loss of Tbr1 expression in genetically 

modified mice leads to specific molecular and functional defects in SP and 

corticothalamic neurons (Hevner et al., 2001). 

Sox5, belonging to the SRY-box-containing gene family, is expressed by 

subcortically projecting neurons in layers V, VI and the SP (low levels detected in 

layer V neurons, with higher levels in SP and layer VI neurons) and is largely 

excluded from intracortically projecting neurons. Sox5"/" mutant cortices exhibit 

failed preplate splitting, defects in laminar positioning and aberrant axonal projections 

(Kwan et al., 2008). Sox5 has been proposed to control the temporal maturation 

sequence of deep layer neurons (first with the production of SP neurons, followed by 

corticothalamic then subcerebral projection neurons of layer V), since loss of Sox5 

leads to a premature acquisition of subcerebral projection neuron features by early-

born SP neurons (Lai et al., 2008). While this model implies that Sox5 acts early to 

control this sequential corticofugal projection neuron subtype production, an 

alternative view is interpret a post-mitotic, post-migratory function for Sox5 in 

controlling subtype specification through direct transcriptional repression of FezF2, 

which in turns suppresses Ctip2 expression (Kwan et al., 2008).  

The TF Otx1 acts at a later stage than FezF2, Ctip2 and Sox5 in the specification 

program for subcortically projecting neurons. It is specifically expressed by some 

subcerebral layer V projection neurons, during the period of refinement and 

elimination of a subset of long-distance projections. In Otx1 mutant mice, layer V 

neurons maintain exuberant axonal projections suggesting that Otx1 might control the 
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refinement of axon collaterals (Weimann et al., 1999). Furthermore, Otx1 protein 

localization in these neurons shifts from the cytoplasm to the nucleus, and could 

suggest a transcription regulatory role for its control of axonogenesis. Thus Otx1 acts 

at later stage than FezF2, Ctip2 and Sox5 in the specification program for 

subcortically projecting neurons, though this remains to be completely elucidated 

(Weimann et al., 1999).  

 

3.2.3 Migration of projection neurons 

A Inside-out lamination  

Newly born neurons adopt two main strategies to disperse throughout the CNS, 

designated as radial and tangential migration (Hatten, 1999; Marín and Rubenstein, 

2003). These two modes of migration are adopted by glutamatergic cortical projection 

neurons (pyramidal cells) and GABAergic interneurons respectively. Some of the 

basic mechanisms underlying the movement of cells using each of these two modes of 

migration are different. Radially migrating neurons principally use radial glial fibers 

as substrate and follow a trajectory that is perpendicular to the ventricular surface. 

Tangentially migrating neurons do not require radial glial fiber support. They move in 

trajectories that are parallel to the ventricular surface and orthogonal to radial glial 

processes. However, both types of migration share common principles, in particular 

those directly related to the cell biology of movement (Marín et al., 2006). 

The neocortex develops with new waves of neurons that occupy progressively more 

superficial positions within the CP (Gupta et al., 2002). As mentioned previously, 

birthdating studies have shown that layers in the cortical plate (future cortical layers 

2–6) are established according to an inside-outside pattern, where the deeper layers 

contain cells that become postmitotic earlier than the cells in more superficial layers 

(Angevine and Sidman, 1961; Rakic, 1972). Thus, neurons born simultaneously (in 

terms of cell-cycle sequence rather than time of neurogenesis per se) (Takahashi et 

al., 1999) migrate and stop migrating roughly at the same time, so they all occupy the 

same cortical layer. In parallel to this process, GABAergic interneurons migrate to the 

cortex, where they disperse tangentially via highly stereotyped routes in the MZ, SP, 
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and lower IZ/SVZ. Interneurons then switch from tangential to radial migration to 

adopt their final laminar position in the cerebral cortex (Tanaka et al., 2003). 

Cortical pyramidal cells and most interneurons both follow an inside-out layering 

sequence. Inside-out layering means that each neuronal precursor has to migrate 

outward from the ventricle, pass beyond its predecessors and then stop, in a cortical 

layer corresponding to its birthdate, undergo terminal differentiation and establish its 

synaptic connections (Marín and Rubenstein, 2003). The region where migration 

stops is defined by the layer of pioneer CR cells. CR cells secrete Reelin and other 

factors in the MZ; where neurons stop moving. Reelin induces detachment of neurons 

from radial glia, possibly by downregulating integrin adhesive molecules (Sanada et 

al., 2004), which causes neurons to stop migrating, thus providing a potential 

explanation for mechanisms of inside- out cortical layering. 

Interestingly, radially migrating neurons and tangentially migrating interneurons that 

are born at the same time, share the same laminar fate (Marín and Rubenstein, 2003). 

Interneurons migrate across a much longer distance and are not exposed to the same 

microenvironmental cues as radially migrating neurons until late in their migratory 

path. This suggests that a precise interplay between the two neuronal populations is 

needed to assure correct final positioning. To achieve this, interneurons, upon arrival 

in the CP, are capable of sensing layer fate determinant cues from the cortical 

microenvironment and might need to descend to the VZ in order to receive the correct 

layer specification cues from the local microenvironment (Polleux et al., 2002; 

Tanaka et al., 2009; Hernández-Miranda et al., 2010). On the other hand, cortical 

projection neurons spend time in the exploratory, multipolar stage (Altman and Bayer, 

1990a), probably “searching” for the incoming interneurons arriving from the ventral 

telencephalon. The ‘sojourning’ of pyramidal neurons in the SVZ might delay their 

migration sufficiently for isochronically-generated GABAergic cells to complete their 

tangential migration into the dorsal cortex. This interplay will finally help both cell 

types to reach the same layer at the same time.  
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B Cellular and molecular mechanisms involved in neuronal 

migration 

Cortical pyramidal neurons migrate toward the CP in three phases: in phase one, 

neurons born in the cortical VZ pause or sojourn in the SVZ in a multipolar stage 

(Altman and Bayer, 1990a). In phase two multipolar neurons become highly polarized 

(bipolar) in the direction of their movement and migrate along radial glial fibers by 

locomotion.  During the last phase of migration, close to the MZ, neurons undergoing 

locomotion adopt the somal translocation mode of migration, where they detach from 

radial glial fibers and reach their final laminar position (Noctor et al., 2004) by 

shortening their leading process attached to the pial surface. 

Somal translocation and radial glia guided locomotion represent two different but 

complementary modes of migration. Birth date and the time of neurogenesis seems to 

be the major factor that determines the original mode of migration of a neuron; early-

generated cortical neurons adopt a simplified mode of migration that is unaffected by 

the cascade of signaling mechanisms that regulate the glia-guided migration of later-

generated CP neurons. They reach the developing cortex by somally translocating 

from the VZ to their positions beneath the pial surface, where a migrating neuron 

extends a single long leading process with branched ends attached to the pial surface. 

By shortening this process, the cell body is progressively pulled to superficial regions 

(Nadarajah and Parnavelas, 2002) (Figure 12). This basic migratory cycle is adopted 

in early born pyramidal neurons or during the last cycle of later born neurons, which 

have undergone radial glial-guided locomotion.  

 

Figure 12: The two distinct forms of cortical 

neuron movement during migration. 

Adapted from (Gupta et al., 2002) 

A: Somal translocation, in which young neuroblasts 

translocate their somata through radially oriented 

processes, occurs predominantly in early 

corticogenesis. B: Glial-guided locomotion, in 

which neurons use radially oriented glial fibers as a 

scaffold to reach the CP, is more prevalent in later 

corticogenesis 

 

 

 

Neurons undergoing locomotion follow three synchronized steps to move (Ayala et 

al., 2007). First, the cell extends a short unbranched leading process that is attached to 
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a radial glial process. Second, the nucleus translocates into the leading process, a step 

referred to as nucleokinesis. In the final step, the migrating neuron eliminates its 

trailing process, which leads to the net movement of the cell. The subsequent 

remodeling of the leading process will initiate a new migratory cycle, which will be 

repeated until the neuron reaches its final destination (Noctor et al., 2004).  

 

Leading Process Dynamics  

The leading process plays an important role in guiding migrating neurons by sensing 

the surrounding microenvironment and selecting the direction of migration in 

response to chemotactic cues. The leading process also reflects the state of 

polarization of migratory neurons. Newly born pyramidal cells have a single process 

as they leave the VZ (Noctor et al., 2002), they become transiently multipolar for a 

short period of time in the SVZ (Tabata and Nakajima, 2003). Subsequently, 

pyramidal cells become highly polarized again and establish a leading process that 

remains in contact with radial glial fibers until they reach their final destination. 

Defects in the extension or maintenance of the leading process, and its interaction 

with radial glial fibers, leads to aberrant migration. Cdk5, a serine/threonine cyclin-

dependent kinase, modulates the extension of the leading process through 

phosphorylation of Pak1 and p27Kip1, two important actin regulators (Kawauchi et 

al., 2006). Pak1 phosphorylation by Cdk5 down-regulates Pak1 activity, thereby 

modulating the actin dynamics in the growth cone (Nikolic et al., 1998). On Cdk5 

phosphorylation, p27Kip1 is stabilized in neurons, and this stabilization is critical to 

keep the proper level of F-actin in the leading processes (Kawauchi et al., 2006).  

Connexin 26 (Cx26) and connexin 43 (Cx43) are gap junction proteins expressed at 

the contact points between radial fibers and migrating neurons. These two gap 

junction proteins provide dynamic adhesive contacts between the internal actin 

cytoskeleton of a pyramidal cell and radial glial fibers, thus mediating leading process 

stabilization along radial fibers and subsequent nucleokinesis (Elias et al., 2007). 

Endocytic trafficking of adhesion receptors plays a pivotal role in controlling leading 

process dynamics and neuronal migration; insertion of new adhesion receptors in 

front of the cell body generates traction that pulls cell components forward, while 

removal of adhesive elements in the rear may facilitate forward translocation (Figure 
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13, 14). Clathrin-coated pits are located closely proximal to neuron–glial junctions of 

radially migrating neurons (Shieh et al., 2011), where N-cadherin and integrin 

molecules, which are involved in neuron–neuron or neuron–glial adhesion, are 

localized to the endocytic compartment. Endocytic adaptor proteins are located 

primarily in the portion of the leading process just proximal to the neuronal cell body 

and endocytic recycling of activated integrin receptors is required for growth cone 

turning and the tangential migration of SVZ neurons in the adult (Hines et al., 2010). 

Specific and non-specific inhibition of endocytosis, via small-molecule endocytosis 

inhibitors or overexpression of dominant-negative dynamin constructs respectively, 

block neuronal migration and lead to an accumulation of adhesion receptors at the 

rear of the migrating neuron (Shieh et al., 2011). Finally, endocytic trafficking 

pathways involving the Rab5, Rab7 and Rab11 proteins (small Ras-related GTPases 

regulating discrete stages of endocytosis) control neocortical radial migration. Rab5 

and Rab11 pathways regulate surface expression of N-cadherin in migrating neurons 

such that inhibition of endocytosis leads to increased surface N-cadherin, excessive 

adhesion and perturbation in migration. Rab7 appears to regulate final somal 

translocation within the cortical plate (Kawauchi et al., 2010). Thus, endocytic 

trafficking of adhesion receptors dynamically orchestrates adhesive interactions 

required for normal neuronal migration. 

 

 
 

 

 



 50 

Figure 13: Adhesion dynamics of migrating neurons leading to the extension and maintenance of 

the leading process.  

Adapted from (Solecki, 2012) 

a: A gradient of adhesive contacts is generated during the process of migration; new adhesions are 

primarily located in the leading process, stable adhesions near the soma and adhesions are removed 

near the rear of the soma. b: Summary of recently reported signaling pathways that control adhesion 

receptor endocytosis: integrin receptor endocytosis occurs at the rear of migrating SVZa neurons via 

dynamin and N-cadherin surface levels are regulated via endocytic recycling controlled by the Rab5, 7 

and 11 GTPases. c: Summary of recently reported signaling pathways that control adhesion trafficking 

to the neuronal cell surface. A Reln Dab1 and Rap1A dependent pathway controls multipolar transition 

and final cortical plate positioning by regulating N-cadherin. (Gray shading: glial fiber. Red: 

adhesions) 

 

Leading process dynamics differ in tangentially migrating interneurons. These cells 

have two branches oriented toward the front of the cell and have a dynamic, 

exploratory behavior until the cell decides what direction to follow. At this point, only 

one of the branches keeps extending, whereas the other begins retracting. This event 

is followed by nucleokinesis. These steps are repeated continuously with the 

generation of a new branch in the leading process in each migratory cycle (Bellion et 

al., 2005). The ability of tangentially migrating neurons to generate a branched 

leading process appears to be intimately linked to their guidance. In these cells, 

chemoattractants and chemorepellents induce the biased formation of new leading 

processes already oriented toward or against, respectively, the source of the guidance 

molecule (Martini et al. 2009;Ward et al. 2005). This seems to allow migrating 

neurons to rapidly change direction without having to reorient pre-existing branches 

representing a very efficient method for the exploration of the microenvironment 

(Britto et al., 2009).  

Lissencephaly 1 (Lis1) and Doublecortin (Dcx), two MT associated proteins are 

involved in regulating leading process branching in migrating interneurons (Kappeler 

et al., 2006; Nasrallah et al., 2006; Gopal et al., 2010). The leading process of Dcx-

deficient interneurons branches more frequently than normal, but new branches are 

unstable. In contrast, the leading process of interneurons heterozygous for a Lis1 

mutation branches less frequently and, consequently, is longer than in normal cells 

(Nasrallah et al., 2006). Together, these data indicate that Lis1 and Dcx play 

complementary roles in leading process dynamics. 
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Nucleokinesis  

Nucleokinesis occurs in two steps. First, a cytoplasmic swelling forms in the leading 

process, immediately proximal to the nucleus (Bellion et al., 2005). The centrosome, 

which is normally positioned in front of the nucleus, moves into this swelling 

accompanied by additional organelles, including the Golgi apparatus, mitochondria, 

and the rough endoplasmic reticulum (Tsai and Gleeson, 2005) (Figure 14b). Second, 

the nucleus follows the centrosome (Figure 14c,d). These two steps are repeated 

producing the typical saltatory movement of migrating neurons. These processes 

originally shown in interneurons and then also later seen in radially migrating neurons 

(Bellion et al., 2005; Schaar and McConnell, 2005; Tsai and Gleeson, 2005; Solecki 

et al., 2009). 

During nucleokinesis, forces generated within the leading process are transmitted to 

the centrosome, which moves forward. The centrosome is linked to the nucleus 

through a MT network that envelops the nucleus in a cage like structure. Following 

centrosome movement, the nucleus is pulled toward it by dyneins associated with the 

MT network. In addition, actomyosin contraction in the rear of the cell contributes to 

drive the nucleus forward during nucleokinesis (Malone et al., 2003; Xie et al., 2003; 

Tanaka et al., 2004a; Tsai and Gleeson, 2005). 

Figure 14: Cellular and 

molecular mechanisms of 

neuronal migration 

Adapted from (Marín et al., 

2006) 

a: Microtubule plus ends are 

recruited to the cortical actin 

meshwork. b: In the 

intermediate segment of the 

leading process, microtubule 

destabilization through the 

stathmin family of proteins 

will render them loose 

enough to enable forward 

movement of the centrosome. 

!-Tubulin and the 

microtubule-related protein 

ninein show a wide distribution in migrating neurons. c: Forward movement of the centrosome. Both 

centrioles split during the advance of the soma. d, e: Nucleokinesis, requires a microtubule motor 

complex based on dynein; proteins interacting within this include dynactin, Lis1, Ndel1, Disc1 and 

Dcx. Dcx molecules are found attached to microtubules that extend from the centrosome to the 

perinuclear ‘cage’. Ca2+ signaling might also operate at this stage. f: Trailing-process retraction. 

Actomyosin contraction has a role in driving the nucleus towards the centrosome. 
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The movement of the centrosome and the nucleus is highly dependent on the integrity 

of a rich network of MTs with different post-transcriptional modifications that 

extends between both of them. Lis1, and the motor protein dynein and its partner 

Ndel1, belong to a highly conserved complex of proteins that are associated with MTs 

and that regulate nuclear migration in filamentous fungi, an event that is similar to 

nucleokinesis in migrating neurons (Morris, 2000). Lis1 associates with MTs and a 

proportion of Lis1 protein localizes to the centrosome. It promotes MT stability by 

inhibiting MT catastrophe (Sapir et al., 1997). Ndel1 facilitates the interaction 

between Lis1 and dynein and is capable of targeting dynein, through Lis1, to the plus 

end of MTs (Li et al., 2005a). Ndel1 is also required for targeting Lis1 and dynein to 

the centrosome, and facilitates the nucleation and anchoring of MTs to the 

centrosome. In addition, Ndel1 facilitates the interaction between Lis1 and dynein and 

regulates dynein-mediated retrograde transport. Disruption of Lis1, Ndel1, or dynein 

function abolishes centrosome- nucleus coupling, increasing the distance between the 

two organelles (Gupta et al., 2002; Li et al., 2005a). 

Dcx is a MT-associated protein (Francis et al., 1999; Gleeson et al., 1999) that also 

may participate in the regulation of nucleokinesis during neuronal migration. 

Interneurons lacking Dcx have nucleokinesis abnormalities; the centrosome-

containing cytoplasmic swelling can move backward toward the nucleus in Dcx 

mutant neurons, indicating a problem in the polarization of organelles in these cells 

(Kappeler et al., 2006). Consistently, knockdown of Dcx in pyramidal cells leads to 

an abnormally hyperactive centrosome, with loss of directional movement and lack of 

spatial correlation with the nucleus (Sapir et al., 2008). In addition, the centrosome-

nucleus uncoupling observed in Lis1 or dynein-deficient cells is rescued by Dcx 

expression (Tanaka et al., 2004a), confirming that Dcx can function in the 

maintenance of the MT network for coupling the centrosome and the nucleus in 

migrating neurons. 

Mark2 (MT affinity- regulating kinase 2, also known as Par-1), one of the proteins 

involved in cell polarity (Sapir et al., 2008), plays an important role in coordinating 

the movement of the centrosome and the nucleus in each migratory cycle. Loss of 

Mark2 function impairs migration probably due to excessive MT stabilization. Dcx is 

a substrate of Mark2, and loss of Dcx function increases MT dynamics, co-reduction 

of Mark2 and Dcx resulted in a partial restoration of normal neuronal migration in 
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vivo. This highlights the fact that the kinetic behavior of the centrosome, regulated by 

different molecular mechanisms, is important to ensure successful nucleokinesis and 

proper neuronal migration (Sapir et al., 2008). 

The motor protein myosin II is localized to both the leading process of most neurons 

and at the rear of neurons undergoing movement (Solecki et al., 2009). The presence 

of activated myosin II at the trailing edge is often correlated with a cup-like shape of 

the cell rear that is suggestive of the cell soma being contracted. Pharmacological 

blocking of Myosin II ATPase activity inhibits nucleokinesis, suggesting that rear 

contraction of actomyosin fibers plays a complementary role and provides additional 

forces required for nucleokinesis and neuronal migration (Bellion et al., 2005; Schaar 

and McConnell, 2005). Additionally, F-actin and Myosin II motors are enriched in the 

proximal region of the leading process of migrating cerebellar granule cells. Rapid F-

actin turnover powered by Myosin II in this region appears to contribute to the 

forward movement of the centrosome, which in turn facilitates the subsequent 

displacement of the nucleus (Solecki et al., 2009).  

 

Cues regulating radial migration; reelin signaling and its role as in cerebral 

cortex lamination 

Reelin is a large secreted extracellular matrix glycoprotein that helps regulate 

processes of neuronal migration and positioning in the developing brain by 

controlling cell–cell interactions (Franco et al., 2011; Jossin and Cooper, 2011). 

During brain development, reelin is secreted in the cortex and hippocampus by Cajal-

Retzius cells which are predominantly found in the MZ of the developing cortex and 

in the hippocampal stratum lacunosum-moleculare and the upper marginal layer of the 

dentate gyrus (Alcántara et al., 1998). Reelin's function is mediated by its binding to 

two members of low density lipoprotein receptor gene family: Vldlr and the ApoER2 

(Trommsdorff et al., 1999). This binding induces tyrosine phosphorylation of the 

adaptor protein, Dab1 (Hack et al., 2007). Mouse mutants helped in deciphering the 

Reelin signaling pathway and its fundamental role in neuronal migration and cerebral 

cortex layering. The naturally occurring reeler, scrambler and yotari mouse mutants, 

as well as the engineered mutants that are double homozygous null for the genes Vldlr 

and Lrp8 (which encode Vldlr and ApoER2) show defects in preplate splitting, with 
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SP cells remaining adjacent to the MZ (Caviness et al., 1972; Howell et al., 1997; 

Sheldon et al., 1997; Trommsdorff et al., 1999). Moreover, birth dating experiments 

showed an inverted lamination pattern of the reeler cortex (Caviness, 1982). 

Consequently, the CP is established underneath a superplate and is itself severely 

affected, as layering is inverted and indistinct (Kerjan and Gleeson, 2007). 

Dab1 phosphorylation is translated into the regulation of MT dynamics, as supported 

by several lines of evidence. First, tyrosine phosphorylation of Dab1 is coupled to the 

activation of PI3K in the leading processes of migrating neurons. This in turn 

activates Akt and induces the serine phosphorylation of Gsk3b, which inhibits its 

activity (Beffert et al., 2004). One of the major substrates of Gsk3b is the MT 

associated protein tau, which stabilizes MTs in its unphosphorylated state. Under 

physiological conditions, activation of Dab1 might function to maintain tau’s 

dephosphorylation, thereby promoting MT stability. Accordingly, both reeler and 

Vldlr/ ApoER2 double mutant mice show hyperphosphorylation of tau at Ser202 and 

Thr205, two Gsk3b sites (Hiesberger et al., 1999; Ohkubo et al., 2002, 2003). On the 

other hand, Reelin signaling can also induce the phosphorylation of Gsk3b at its 

tyrosine residue, leading to its activation. Activated Gsk3b functions synergistically 

with Cdk5 to phosphorylate another MT associated protein, Map1b (González-

Billault et al., 2005). Phosphorylation of Map1b is believed to regulate both MT 

stability and the cross talk between MTs and actin filaments in axonal growth cones 

(Kawauchi et al., 2005). These opposite effects on Map1b and tau phosphorylation 

likely reflect a very dynamic regulation of MT dynamics by Reelin signaling, 

depending on the context of the cellular compartment or phases of migration. Third, 

Dab1 interacts with Lis1, and this interaction depends on the tyrosine phosphorylation 

of Dab1 (Assadi et al., 2003). Furthermore, LIS1 mutations associated with severe 

phenotypes in humans disrupt the LIS1-Dab1 interaction. In addition, the compound 

Reelin/Lis1 heterozygous mice show a greater degree of cortical malformation than 

the individual heterozygotes, suggesting an epistatic relationship of the two genes 

(Assadi et al., 2003). Taken together, these studies suggest that the Reelin signaling 

pathway regulates MT dynamics through multiple signaling components. 

Interestingly, the aberrant behaviour of Reelin signaling-deficient neurons are 

characterized by two components, implying that the biological functions of the Reelin 



 55 

signaling pathway are multifaceted, affecting several aspects of neuronal migration 

and possibly the development of radial glial processes: 

(1) The early inability of the first-migrating neurons to split the preplate, a process 

mediated principally by migrating neurons that carry out somal translocation, the glia 

independent mode of migration. To split the preplate, the leading edge of a 

translocating neuron concentrates Vldlr or ApoER2 on its surface. When the leading 

edge attaches to the pial surface, either of the two receptors is able to bind to Reelin 

secreted by the CR cells of the developing MZ. The Reelin–receptor interaction 

results in tyrosine phosphorylation of Dab1, which activates downstream signaling 

events that propel the cell soma towards the leading edge to split the preplate 

successfully (Beffert et al., 2004). 

(2) The late inability of glial-guided cells to migrate past each other, when locomoting 

cells need to detach from radial glia to complete their journey by somal translocation. 

During this step, Reelin interacts with cell adhesion molecules including integrins and 

cadherins. 

Downregulation of #3$1 integrin is important for the radial detachment of neurons as 

they migrate closer toward the MZ. Reelin binds to #3$1 integrin and forms a 

complex with Vldlr and ApoER2. This binding induces the tyrosine phosphorylation 

of Dab1, which promotes the endocytosis of the entire complex. Endocytosis results 

in the degradation of Reelin and Dab1 and the modulation (decrease) of #3$1 integrin 

receptor levels leading to a switch from a gliophilic adhesion system to a neurophilic 

adhesion system, such that the migratory neuron detaches from the radial glial fiber 

and begins to differentiate in its “home” cortical layer (Dulabon et al., 2000). 

Cadherins are a group of cell adhesion molecules that have broad roles in neocortical 

development and have been shown to interact with the Reelin signaling pathway. N-

cadherin is highly expressed in the MZ, where Reelin controls glia-independent somal 

translocation. Reelin binding to its receptors triggers Dab1 phosphorylation and the 

activation of their downstream effector Rap1. Rap1 regulates neuronal adhesive 

properties of N-cadherin, which act downstream to control terminal translocation of 

migrating neurons (Franco et al., 2011). Thus, Reelin is a really important molecule 

regulating cortex development in several different ways, via its effects on migrating 

neurons. 
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3.3 INTERNEURONS 

GABAergic interneurons mostly originate from precursors located in the subpallium 

and migrate tangentially to invade the cortex and hippocampus to occupy the different 

cortical layers. Interneurons comprise around 20% of the cortical neuronal population. 

They are locally projecting to pyramidal cells to control and synchronize their output 

(McBain and Fisahn, 2001; Zsiros and Maccaferri, 2005). Through mostly inhibitory 

mechanisms, interneurons control hyperexcitability, by controlling the timing of 

pyramidal cell firing, synchronizing network activity, and the generation of cortical 

rhythms. Thus, they play an important role by responding to dynamic changes in 

excitation, and maintaining the excitatory and inhibitory balance necessary for the 

transfer of information. The required precision of this function depends on the 

existence of a variety of interneuron types. Understanding interneuron diversity is 

thus critical to understand information processing within the cerebral cortex (Ascoli et 

al., 2008). Moreover, malfunction or deficiency of these neurons has been implicated 

in a number of diseases such as epilepsy (Cossart et al., 2001; Noebels, 2003; Cobos 

et al., 2005). 

Multiple distinct types of interneurons exist; they are defined by a constellation of 

molecular, neurochemical, anatomical and electrophysiological characteristics (Yuste, 

2005; Wonders and Anderson, 2006; Gelman and Marín, 2010; Hernández-Miranda 

et al., 2010; Cossart, 2011; Jovanovic and Thomson, 2011).  Several attempts to 

classify interneurons into distinct classes gathering different characteristics have been 

attempted (The Petilla Interneuron Nomenclature Group PING, 2008). The 

embryological origin of interneurons has been shown to be crucially related to 

interneuron structure and function. Different classes of interneurons originate from 

three main sources in the developing subpallium: the MGE, the CGE and the POA, 

and reach the cortex following different migratory routes (Anderson et al., 1997; 

Wichterle et al., 2001; Nery et al., 2002; Xu et al., 2004; Welagen and Anderson, 

2011). Three major groups of interneurons exist, with each group expressing a 

specific molecular marker, and including several subtypes of interneurons that differ 

in morphological and electrophysiological properties and likely have different 

functions in cortical circuits.  These major groups include the Ca2+-binding protein 

parvalbumin (PV) expressing interneurons, the neuropeptide somatostatin (Sst) 

expressing interneurons, and the ionotropic serotonin receptor 5HT3a (5HT3aR) 
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expressing interneurons. These groups account for nearly 100% of neocortical 

interneurons, and further subdivisions of interneurons arise from the combinatorial 

expression of other molecular markers (Lee et al., 2010; Rudy et al., 2011). 

 

3.3.1 Migration of interneurons from the ventral telencephalon 

to developing cortex 

As mentioned previously, interneurons generated in the subpallium migrate 

tangentially before they arrive in the cortex, and employ other modes of intracortical 

migration, to populate different cortical layers at the end of their journey. Immature 

interneurons derived from the MGE, LGE/CGE, and POA have an impressive 

capacity for migration (Figure 15). In vitro experiments show that LGE cells migrate 

more than 100 um per day, and MGE cells migrate almost three times faster (Eisenstat 

et al., 1999; Long et al., 2009). A constellation of orchestrating guidance systems is 

needed to direct these diverse migrating cells.  

A : Tangential neuronal migration 

Motogenic factors: 

Several factors have been shown to possess motogenic activity, stimulating the 

undirected movement of neurons from their original position. Neurotrophic factors 

have been implicated in controlling the rate of migration of neurons derived from the 

subpallial telencephalon. Addition of brain-derived neurotrophic factor (BDNF) and 

neurotrophin 4 (NT4), both of which are high-affinity ligands for the tyrosine kinase 

receptor TrkB, produce heterotopic accumulations of neurons in the MZ of the cortex 

(Brunstrom et al., 1997). These heterotopias are probably caused by increased 

migration, and they contain neurons that resemble GABA-containing subpial granule 

cells (Meyer et al., 1998). Consistent with the idea that TrkB receptor activation 

might stimulate neuronal migration in the developing telencephalon, tyrosine kinase 

inhibitors block BDNF-induced migration in cortical slice cultures (Behar et al., 

1997). It is not yet known if the distinct migratory behaviour of CGE- and MGE-

derived precursors depends on the differential expression of receptors for these 

motogenic factors. 
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Figure 15: Origin and migratory routes of 

cortical interneurons. 

Adapted from (Jovanovic and Thomson, 2011) 

Coronal section through the brain of an 

embryonic mouse at E14.5. Expression 

patterns of the transcription factors that play a 

role in differentiation and migration of 

interneurons. The birthplaces of Sst, PV, Clr, 

and Clr + Sst interneurons are indicated.  

Neuropilin receptors mediate the repulsive 

actions of class 3 semaphorins on axons. Due 

to the repellent action of semaphorin 3, 

neuropilin-expressing interneurons will avoid 

the striatum and invade the developing cerebral 

cortex.  Early born interneurons follow a 

ventral route before migrating through the MZ 

overlying the developing cortex (superficial 

stream). Later born neurons migrate through 

the IZ. Later on, neurons follow a more dorsal 

route and then migrate through the SVZ.  

 

 

Extracellular substrates. 

Tangentially migrating cells in the IZ of the cortex seem to be closely associated with 

corticofugal axons (Denaxa et al., 2001), indicating that migrating neurons might use 

other neuronal processes as the substrate for their migration (axonophilic migration). 

The number of interneurons migrating to the cortex in slice cultures is severely 

reduced by adding antibodies against the neuronal adhesion molecule TAG-1 

(contactin 2), which is expressed on corticofugal axons (Denaxa et al., 2001). 

However, the in vivo analysis TAG-1 mutants have shown its essential role in 

interneurons migrationg to the caudal medulla, but not to the cerebral cortex (Denaxa 

et al., 2005). Therefore it is still unclear whether most interneurons that migrate to the 

cortex interact with fibre tracts in vivo (Wichterle et al., 2001). 

 

Guidance factors.  

Tangential migration in the telencephalon is a highly directional process. Several 

families of ligands/receptors are candidates for guiding the trajectories of tangentially 

migrating interneurons (Fig. 15). Neuropilins are transmembrane receptors that 

mediate the repulsive actions of class 3 semaphorins on axons. In the subpallial 

telencephalon, neuropilins are expressed by interneurons that migrate to the cortex, 

but not by interneurons that invade the developing striatum. Expression of neuropilins 
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allows migrating cortical interneurons to respond to a chemorepellent activity in the 

striatal mantle, of which the class 3 semaphorins Sema3a and Sema3f are likely 

components . Loss of neuropilin function increases the number of interneurons that 

migrate into the striatum and decreases the number that reaches the embryonic cortex. 

So, the final destination of tangentially migrating interneurons (striatum or cortex) is 

determined by the expression of the class 3 semaphorin receptors neuropilin 1 and 

neuropilin 2. Moreover, by channeling migrating cortical interneurons into superficial 

and deep pathways, the chemorepellent activity in the developing striatum might also 

help to distribute cortical interneurons differentially into superficial (MZ) and deep 

(SVZ/lower IZ) positions within the cortex (Marín et al., 2001). 

The neuregulin 1 (NRG1) family of proteins is essential for interneurons to leave the 

MGE and enter the cortical wall. First, the membrane bound isoform of NRG1 (type 

III) is found highly expressed by so-called corridor cells present in the SVZ but not 

the VZ of the LGE. Together with the inhibitory action of semaphorins emanating 

from the striatum, a permissive corridor is created through the SVZ for interneurons 

to traverse the LGE. Second, the secreted isoforms of NRG1 (types I and II), which 

are expressed in the neocortex, act as a long-range chemoattractant for migrating 

interneurons. This helps them cross the corticostriatal notch. It has been shown that 

the complete loss of NRG1 in the forebrain leaves interneurons incapable of leaving 

the MGE (Flames et al., 2004; Batista-Brito and Fishell, 2009). 

 

B: Intracortical migration of interneurons 

Once interneurons arrive in the cortex, they need to switch from tangential migration 

and employ a radial migration mode to enter the CP. Both inward radial migration 

towards the CP from the MZ and outward radial migration towards the CP from the 

IZ/SVZ can be employed (Tanaka et al., 2006). 

The switch from tangential to radial migration is dependent on neurite branching 

dynamics (Tanaka et al., 2009). While migrating in tangential migratory streams, 

interneurons maintain the orientation of the leading neurite parallel to the ventricular 

surface/pia. Once they receive the signal to move into the CP, the angle of the leading 

branch changes from small to nearly orthogonal, and the switch from tangential to a 

radial migratory mode is achieved (Martini et al., 2009). Candidate molecular cues 



 60 

governing this switch have been identified; the downregulation of connexin 43 

expression in interneurons significantly decreased the percentage of radially oriented 

cells, with a concomitant increase in tangential cell orientation (Elias et al., 2010). 

The downregulation of cues required for anchoring interneurons in the MZ during the 

horizontal dispersion phase could be a second mechanism. The chemokine CXCL12 

and its receptors CXCR4 and CXCR7 attract cortical interneurons in the MZ and 

SVZ, and loss of CXCL12 signaling increases interneuron branching and dramatically 

disrupts tangential migration, resulting in the premature entry of interneurons into the 

CP and abnormal lamination. Thus, CXCL12/CXCR signaling may play a dual role, 

initially attracting interneurons to the neocortex and subsequently maintaining their 

migration in the tangential streams until the correct radial signal is received (Tiveron 

et al., 2006; López-Bendito et al., 2008). 

 

C: Differentiation and maturation of interneurons 

Upon arrival at their final destination, interneurons perceive that they have reached 

their target position and continue to differentiate into mature neurons. Early patterns 

of neuronal activity generated in the target region may influence this process. 

Migrating interneurons, for example, sense ambient GABA and glutamate on their 

way to the cortex via their GABAA and AMPA/NMDA receptors (Bortone and 

Polleux, 2009). At early stages of cortical development, both neurotransmitters seem 

to depolarize migrating cells, inducing intracellular Ca2+ transients that promote cell 

movement. Upon arrival in the cortex, interneurons upregulate the expression of the 

potassium/chloride (K+/Cl-) exchanger KCC2, which modifies their response to 

GABA from depolarizing to hyperpolarizing. This later event leads to a reduction in 

the Ca2+ influx, and since this is ultimately needed for movement, the net result is 

that neurons end up halting their migration (Bortone and Polleux, 2009). According to 

this model, KCC2 expression determines the end of the migratory period for cortical 

interneurons. To this end, it would be interesting to further understand the dynamics 

of KCC2 expression in interneurons, as these cells tend to invade the cortex in 

different waves according to their birth date (Miyoshi and Fishell, 2011). 
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3.3.2 Major classes of cortical interneurons 

A: Parvalbumin (PV) Interneuron Group 

PV expressing cells constitute the major type of cortical interneuron, accounting for 

about 40% of all. There are two types of PV neurons: basket cells, neurons that make 

synapses at the soma and proximal dendrite of target neurons and have a multipolar 

morphology, and chandelier cells, which target the axon initial segment (AIS) of 

pyramidal cells (Cauli et al., 1997; Kawaguchi and Kubota, 1997; Ascoli et al., 2008).  

Fate mapping experiments have shown that PV expressing interneurons originate 

exclusively from the MGE mainly at E13.5 in embryonic mouse. 

PV expression has been associated with a fast spiking firing pattern (Kawaguchi et al., 

1987). Acquisition of the fast-spiking characteristics and expression of PV seem to be 

defined by the concerted action of Nkx2-1, Dlx5, Dlx6, Lhx6 and Sox6, five genes 

expressed by specific cohorts of cortical interneurons (Azim et al., 2009; Wang et al., 

2011). 

The fast-spiking, basket cells are identified by their innervation at the soma and 

proximal dendrite of target neurons (both pyramidal and GABAergic) (Freund, 2003). 

They are also identified by their fast kinetics; including high-frequency repetitive 

firing and brief single spikes. They innervate postsynaptic targets close to the site of 

action potential initiation, the axon initial segment. Therefore, they provide strong 

inhibitory control over postsynaptic cell firing and are the main class of cells to 

provide feedforward inhibition resulting in precise control of neuronal output (Pouille 

and Scanziani, 2001). Moreover, PV basket cells contact a vast number of 

postsynaptic cells to mediate fast, precise, and powerful inhibition of target neurons. 

This characteristic renders them the major neuronal subtype capable to synchronize 

the firing of large groups of neurons and likely the dominant inhibitory system in the 

cortex (Jonas et al., 2004). They have been also implicated in the establishment and 

maintenance of fast (gamma frequency) cortical rhythms (Traub et al., 2004). 

 

Chandelier (or axo-axonic) cells are one of the most distinctive types of GABAergic 

interneurons in the cortex. They exclusively innervate pyramidal cells, and do not 

make synapses with other cell types (Martínez et al., 1996). These cells have a 

distinctive axonal arbor, with parallel arrays of short vertical sets of presynaptic 

terminals, which resemble the candlesticks of a chandelier lamp. Each chandelier cell 
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targets many dozens of pyramidal neurons and establishes several synapses in their 

axonal initial segment (DeFelipe et al., 1985). The functions of chandelier cells are 

controversial. Although they are traditionally considered inhibitory neurons, where 

some reports indicate a predominantly hyperpolarizing effect of chandelier cells on 

their postsynaptic targets (Glickfeld et al., 2009), data from rat and human neocortical 

preparations suggest that chandelier cells can in some circumstances have a 

depolarizing effect on pyramidal neurons at resting membrane potential, and can even 

activate synaptic chains of neurons (Szabadics et al., 2006; Molnár et al., 2008; 

Woodruff et al., 2009). This depolarizing effect, could be mediated by local 

differences in the expression of the Na–K–2Cl transporter NKCC1 (Woodruff et al., 

2006) and the the K+/Cl" co-transporter KCC2 (Szabadics et al., 2006) that changes 

Cl- concentration, and hence the reversal potential of GABAA receptors, at the 

pyramidal cell AIS. Despite the strong evidence of depolarizing effect of chandelier 

cells on their postsynaptic pyramidal cells, it is it is not yet clear if this effect could 

actually be excitatory and lead to spiking activity in the whole circuit. Determination 

of the effect of these cells in quiescent as well as excited fields is still needed to 

understand the physiologic relevance of these cells and their contribution to the 

electrical activity of the brain under certain stimuli. 

 

B: Somatostatin (Sst) Interneuron Group 

Sst-containing interneurons are primarily generated in the MGE. They represent a 

group of GABAergic interneurons abundant in layer V, although they can be found 

throughout layers II-VI, with ascending axons that arborize in layer I spreading 

horizontally to neighboring columns and making synapses on the apical and basal 

dendrites of pyramidal neurons. Synaptic contacts are found mainly on dendritic 

shafts and on spines. As a result of this feature, repetitive activity in a single 

pyramidal cell can drive a somatostatin interneuron to fire and provide feedback 

inhibition to pyramidal neurons across layers and columns (Silberberg and Markram, 

2007). Sst cell-mediated inhibition is selective by inhibiting more strongly excitatory 

inputs arriving at the dendrite in close proximity to the location of the interneuron 

inputs (Silberberg and Markram, 2007). 

There are two main subpopulations of Sst cells in the neocortex; Sst+/Calretinin 

(Clr)+ interneurons which account for 30% of Sst interneurons, and Sst+/Clr - 
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interneurons.  The two cell populations have differences in intrinsic firing properties, 

the expression of molecular markers, connectivity, and in embryonic origins. 

Although both Sst+/Clr+ cells and Sst+/Clr - cells exhibit similar cell anatomical 

features and have similar adapting spike-firing patterns, they differ in the horizontal 

extension of their dendritic fields and number of primary processes. In layers II/III, 

the two subtypes of Sst interneurons have different connectivity. Sst+/Clr - cells 

receive strong excitatory input from both layers II/III and IV, while Sst+/Clr + cells 

receive excitatory input mainly from layers II/III where they are concentrated and 

only weakly from layer IV (Xu and Callaway, 2009). Another feature suggesting a 

difference between the two populations is evidenced by the difference in their 

embryonic origin with the Sst+/ Clr+ population mainly arising from the dorsal Nkx6-

2-positive region of the MGE (Sousa et al., 2009). 

 

C: 5HT3aR Interneuron Group  

Although PV and SST expressing interneurons are mainly derived from the MGE, the 

CGE is the origin of most interneurons that do not express these markers (Miyoshi et 

al., 2010). This includes the reelin-expressing late-spiking neurogliaform cells as well 

as bipolar/bitufted VIP-expressing cells. A recent report suggests that most, if not all, 

GABAergic neurons in the cortex that do not express PV or SST express the 5HT3a 

receptor; these 5HT3aR-positive interneurons comprise 30% of GABAergic neurons 

in somatosensory cortex (Lee et al., 2010; Rudy et al., 2011). The VIP expression 

interneurons, which do not overlap with those that express PV or SST, account for 

40% of the 5HT3aR population. All VIP and at least 90% of 5HT3aR neurons 

originate in the CGE (Lee et al., 2010). 

VIP cells are particularly enriched in layers II/III. A significant fraction of VIP 

neurons (40%) express Clr, which, as described earlier, is also expressed in a fraction 

of Sst neurons, as well as in interneurons that do not express VIP or Sst (Lee et al., 

2010; Miyoshi et al., 2010). These VIP+/Clr+ cells have a bitufted morphology with a 

vertically oriented descending axon reaching deep layers. They are often referred to as 

irregular-spiking (IS) cells (Lee et al., 2010; Miyoshi et al., 2010). Non-VIP cells 

account for 60% of 5HT3aR neurons. More than 80% of these interneurons express 

reelin, and they reside in layer I where more than 90% of neurons in this layer belong 
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to this group (Miyoshi et al., 2010). This reelin-positive, VIP-/Sst- 5HT3aR group 

includes the neurogliaform cells, which have a characteristic morphology consisting 

of a small, round soma from which multiple dendrites spread radially in all directions 

and have a wider round axonal plexus composed of fine branches (Lee et al., 2010). 

Neurogliaform cells are the only cortical interneuron type, which establish electrical 

synapses not only with each other but also with other interneuron types. Thus, 

neurogliaform cells play a central role in generating and shaping synchronized 

activity of neuronal circuits (Simon et al., 2005). Moreover, neurogliaform axonal 

varicosities containing synaptic vesicles were often not associated with classical 

synaptic contacts, although they produced hyperpolarizing responses in a large 

fraction of neighboring neurons. These results led to the suggestion that 

neurogliaform cells influence target neurons by volume release of GABA, thus 

eliciting slow, long lasting inhibitory post-synaptic potential (IPSP) on pyramidal 

cells and other interneurons, through a combined activation of slow GABAA and 

GABAB receptors (Oláh et al., 2009).  

 

3.4 MACROGLIA, ASTROCYTES AND OLIGODENDROCYTES 

Astrocytes and oligodendrocytes are 

macroglial cells derived from the 

neuroepithelium and are found throughout 

the mature CNS, accounting for more 

than 50% of the total cells in the mature 

rodent brain. In the developing brain, 

radial glial cells give rise to all neurons 

and macroglia in the adult brain (Qian et 

al., 2000). By contrast, the other group of 

glia; microglia has a mesodermal origin 

(Alliot et al., 1999). 

The specification of macroglial cells is 

similar to the development of the diverse 

neuron types. Spatiotemporal factors 

restrict the pools of RGCs and commit them to produce astrocytes and 

Figure 16: Signaling cascade that results in 

the generation of glial precursors from RGCs 

Adapted from (Deverman and Patterson, 2009) 

 



 65 

oligodendrocytes, at later stages during embryonic development (Qian et al., 2000; 

Tomita et al., 2000; Viti et al., 2003; Anthony et al., 2004). The neuron to glial switch 

is mediated by several intrinsic (genetic) and extrinsic (environmental) mechanisms. 

Activation of Notch signaling in radial glia promotes astrogenesis (Namihira et al., 

2009), in part, through HES proteins, which inhibit neurogenic bHLH factors, but also 

through epigenetic mechanisms that will promote cytokine- mediated activation of the 

JAK–STAT pathway (Kamakura et al., 2004; Deverman and Patterson, 2009) (Figure 

7, 16). Demethylation of the two-astrocyte promoters, GFAP and S100B, will render 

the neuroepithelial cells sensitive to cytokine signals (Takizawa et al., 2001). Neurons 

secrete the gliogenic cytokines-IL-6 family members, including leukaemia inhibitory 

factor (LIF), ciliary neurotrophic factor (CNTF) and cardiotrophin 1 which bind to a 

receptor complex that contains the #-subunit of the LIF receptor and gp130, activating 

the gp130–JAK–STAT pathway in cortical precursor cells and promoting gliogenesis 

(figure16) (Bonni et al., 1997; Ochiai et al., 2001; Barnabé-Heider et al., 2005). Thus, 

a neuronal feedback mechanism seems to be involved to regulate the developmental 

switch to gliogenesis. 

Although the gp130–JAK–STAT pathway is crucial for promoting gliogenesis in 

cortical precursor cells, it is not necessarily sufficient to commit precursors to 

astrocytic fate; cells stimulated to express GFAP by LIF remain multipotent and self-

renew, at least in vitro (Bonaguidi et al., 2005). The presence of BMP signaling seems 

to be crucial to transform multipotent progenitors into the mature form of adult 

astrocytes with the typical stellate morphology (Figure 16), (Bonaguidi et al., 2005). 

Mouse mutants lacking type I Bmp receptors Bmpr1a and Bmpr1b have 25-40% 

reduction of GFAP and S100B positive cells in the cervical spinal cord (See et al., 

2007).  Thus BMP signaling seems to play a dual role in glial cell fate switch; it 

regulates neurogenesis during the neurogenic period and astrogenesis during the 

gliogenic period. Intrinsic factors have also been implicated in the specification of 

oligodendrocyte precursor cell (OPC) identity, including the bHLH proteins Olig1 

and Olig2, which label OPCs in the spinal cord (Lu et al., 2000; Zhou et al., 2000). In 

the telencephalon, Olig genes are expressed in a more widespread manner than 

expected of OPC-specific genes, suggesting that their function is not limited to 

oligodendrocyte specification. 



 66 

While the presence of bipotent cells in the cortex in the late developmental stages, 

that give rise to both neurons and glia has been confirmed (Costa et al., 2009), the 

presence of a bipotent progenitor precursors pool that give rise to astrocytes and 

oligodendrocytes is widely debated (Richardson et al., 2006). On the one hand, some 

studies showed the presence of two types of astrocyte precursor in vitro (type 1 and 

type 2 astrocytes) and indicated that type 2 astrocytes and oligodendrocytes developed 

from a common oligodendrocyte-type 2 astrocyte precursor (Raff et al., 1983). In 

addition, Herrera et al., showed the presence of a bipotent oligodendrocyte-astrocytes 

from glial-restricted precursor cells that were able to generate both oligodendrocytes 

and astrocytes (Herrera et al., 2001).  However, in vivo retroviral fate mapping studies 

targeting proliferating cells, indicated that mixed astrocyte and oligodendrocyte 

clones were rarely or never observed in the studied embryos (Costa et al., 2009).  

Using the Cre-lox approach in transgenic mice to follow the development of distinct 

OPC populations in the developing telencephalon has shown the presence of three 

different spatiotemporal origins of oligodendrocytes (Figure 17), (Kessaris et al., 

2005); an early wave of OPCs (OPC1) were generated in the Nkx2.1-expressing MGE 

and anterior entopeduncular area around E12.5 and subsequently migrated widely into 

all parts of the telencephalon, entering the cerebral cortex after E16. By postnatal day 

10, there were very few Nkx2.1-derived OPCs or oligodendrocytes in the cortex. At 

this stage, they have been replaced by OPCs arising from a second group of 

precursors expressing the homeobox gene Gsx2 in the MGE and LGE, starting at 

E15.5 (OPC2); and a third group (OPC3) arising from precursors expressing the 

homeobox gene Emx1 in the cortex, starting at birth (Figure 17) (Kessaris et al., 

2005).  

Figure 17: Competing waves of 

oligodendrocytes in the developing forebrain  

Adapted from (Rowitch and Kriegstein, 2010) 

Three sequential waves of OPCs are generated 

from different regions of the forebrain 

ventricular zone: OPC 1 (green arrows) arises 

from Nkx2.1-expressing precursors in the 

medial ganglionic eminence; OPC 2 (blue 

arrows) arises from precursors expressing Gsx2 

in the LGE and MGE; and OPC 3 (red arrows) 

arises from precursors expressing the 

homeobox gene Emx1 in the cortex. 
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I. Migration and functional differentiation of of astrocytes 

and oligodendrocytes 

Similar to other cell types in the developing brain, astrocytes and OPCs are highly 

migratory. Being generated from multiple distant sites in the developing brain, OPCs 

need to migrate long distances. This migration is mediated in part by interactions 

between the OPCs (identified by the unique expression of platelet derived growth 

factor receptor alpha, PdgfA) and growing axons (Ono et al., 1997). OPCs intended 

for the optic nerve for example, will interact with the chemorepellent molecules, 

netrin-1 and the semaphorins (Sugimoto et al., 2001; Spassky et al., 2002). The 

cessation of migration of these cells upon arrival is mediated probably by the 

extracellular matrix molecule tenascin C (Kiernan et al., 1996). Growing numbers of 

studies have started to unscramble the molecular mechanisms involved in directing 

OPC migration along significant distances in the developing cortex, a task that has 

been long complicated by the wide variety and multiple origins of OPCs. Axonophilic 

mechanisms are suggested to play a role in OPC migration and the ephrin and Eph 

receptors have been suggested to be possible candidates for this (O’Leary and 

Wilkinson, 1999). Also, Nogo-A, an inhibitor of axonal regeneration, is expressed by 

maturing oligodendrocytes, and Nogo-A-deficient mice exhibit a marked delay of 

oligodendrocyte differentiation and transient hypomyelination (Pernet et al., 2008) 

(Pernet et al., 2008).  Several growth factors regulate OPC behavior, including Pdgfa 

which has been shown to be critical for myelination, and Fgf2 (Baron et al., 2000; 

Vora et al., 2011). Both of these interact with receptor tyrosine kinases, and regulate 

migration via activation of the extracellular regulated kinase (Erk) pathway (Vora et 

al., 2011). Also, a localized concentration of the cytokine Cxcl1 (a homologue of 

interleukin-8) will act as a stop signal for migrating OPCs (Tsai and Miller, 2002; 

Tsai et al., 2002). Activation of the Cxcl1 receptor, Cxcr2, leads to inhibition of 

PdgfA induced oligodendrocyte progenitor migration (Vora et al., 2012).  

Unlike OPCs, astrocytes originate from multiple domains of the NE and constitute a 

heterogenous cell population (Miller and Szigeti, 1991). Direct differentiation of 

radial glial cells into astrocytes represents one of their sources, and these cells do not 

need to migrate significant distances to their final location (Voigt, 1989; Hunter and 

Hatten, 1995). A second origin of astrocytes is the subventricular zone of the 

developing cortex and elegant tracer studies suggest these cells migrate radially into 
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overlying white and gray matter (Zerlin et al., 1995). Insights into astrocyte migration 

have been drawn from transplantation experiments, where astrocytes were injected 

into organotypic slice cultures in different regions and at different developmental 

stages (Jacobsen and Miller, 2003). These studies have shown that the pattern and 

extent of dispersion of transplanted astrocytes are dependent on both the age of the 

host brain in which the cells are transplanted and the area of the brain into which 

these cells are placed, with younger hosts having more dispersed astrocytes, 

preferentially occupying myelinated white matter tracts rather than in gray matter or 

unmyelinated tracts (Andersson et al., 1993).  

 

II. Function of astrocytes and oligodendrocytes in adult 

brain  

Function of astrocytes in adult brain:  

Astrocytes are the most abundant cells in the mammalian CNS. They play critical 

roles in the developing and adult brain. During development, they take part in 

inducing formation of the blood brain barrier, which protect the CNS from substances 

in the systemic circulation (Abbott et al., 2006). In the adult, astrocytes play variable 

critical roles to maintain the homeostasis of the CNS. By regulating hydrogen and 

potassium ion concentrations, they can modulate pH and water balance in the brain 

(Papadopoulos and Verkman, 2007). They can modulate neuronal synaptic activity by 

sequestering and releasing neurotransmitters like GABA (Schousboe and 

Waagepetersen, 2006) and glutamate (Bergles and Jahr, 1997) as well as synthesizing 

their precursors (Hertz et al., 1999). Astrocytes contribute to the maintenance of the 

metabolic homeostasis in the brain by the detoxification of ammonium (Johansen et 

al., 2007) and reactive oxygen species (Liddell et al., 2006), and providing neurons 

with energy substrates such as glucose, lactate and pyruvate (Pellerin et al., 2007; 

Rouach et al., 2008). 

Function of oligodendrocytes in adult brain: 

Oligodendrocytes are the myelin producing cells of the CNS. There are five basic 

phases of the oligodendrocyte development: generation, migration, proliferation, 

differentiation and myelination. Myelin reduces ion leakage and decreases the 

capacitance of the cell membrane. It also increases impulse speed, as saltatory 
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propagation of action potentials occurs at the nodes of Ranvier in between Schwann 

cells (of the peripheral nervous system) and oligodendrocytes (of the CNS). In 

contrast, satellite oligodendrocytes are functionally distinct from most other 

oligodendrocytes. They are located primarily in the grey matter and are not attached 

to neurons and, therefore, do not serve an insulating role (van Landeghem et al., 

2007). They remain apposed to neurons and regulate the extracellular fluid and 

provide metabolic support to principal neurons (Takasaki et al., 2010). Upon 

demyelinating injury, satellite oligodendrocytes are responsible for remyelination of 

gray matter axons (van Landeghem et al., 2007). A role of these cells in regulating 

extracellular glutamate levels in the brain after injury has been suggested by the 

spatiotemporal alterations in their expression of glutamate transporter proteins upon 

ischemic injury (van Landeghem et al., 2007). 

 

3.5 MICROGLIA 

Microglia are abundant nonneuronal cells derived from myeloid progenitors that take 

up residence in the brain of vertebrates during development are found in the neural 

plate as soon as it is formed (Herbomel et al., 2001). Their heavily branched 

morphology, response to pathological tissue changes, and similarity to macrophages 

have led researchers to propose that they might have a surveillance or maintenance 

role in brain function. In mice, the major increase in microglial number occurs 

postnatally from day 6 (Cohen et al., 2002). Microglia have been ascribed many roles 

most frequently relating to immunological, apoptotic cell clearance and repair 

activities (Glezer et al., 2007; Lalancette-Hébert et al., 2007; Streit and Xue, 2009). It 

has also been suggested that they have a role in neuronal development by guiding 

axons (Milligan et al., 1991) and eliminating neuronal projections (Berbel and 

Innocenti, 1988). Synaptic pruning by microglia is necessary for normal brain 

development and normal maturation of neurons (Paolicelli et al., 2011). In addition, 

roles in neurogenesis, neuronal survival and synaptogenesis have been proposed 

(Michaelson et al., 1996; Walton et al., 2006; Bessis et al., 2007; Thored et al., 2009). 

Macrophages are primarily regulated by the growth factor, colony stimulating factor-1 

(CSF-1, also known as macrophage-CSF) (Chitu and Stanley, 2006). CSF-1 signals 

via a Class III transmembrane receptor tyrosine kinase CSF-1R. CSF-1R mouse 
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mutants, where no functional activated microglia can be found, have perturbations in 

brain architecture. Although early brain development proceeds normally with no gross 

defects, a gradual increase in the volume of the ventricular system is observed, 

becoming very severe by 3 weeks of age, when the lateral ventricles are significantly 

enlarged and the abutting brain regions are reduced and/or misshapen including the 

cerebral cortex, olfactory bulb and hippocampus. This late progression of pathology 

could be due to true non-atrophic hydrocephalic condition, pointing to microglia 

involvement in blood brain barrier development. The interference of normal outflow 

of cerebrospinal fluid could be related also to accumulating cellular debris, especially 

high during developmental programmed cell death, that would normally be 

significantly cleared by phagocytic microglia in the parenchyma (Erblich et al., 2011).  
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SECTION 4: AXON GUIDANCE, SYNAPTOGENESIS, AND 
MATURATION OF DEVELOPING NEURONAL CIRCUITS 
 

Normal functions of the brain including sensation, motor control and behaviour 

depend on the correct wiring up of neuronal circuits during embryonic and postnatal 

development. The correct sequential program of neuronal generation, specification, 

migration, and differentiation must be followed by the events of terminal 

differentiation, axogenesis, and synaptogenesis. Early perinatal experience plays 

critical roles in the final-shaping of mature neuronal circuits. 

Axon growth and navigation 

The longest components of neuronal circuits, the neuronal axons, sprout from 

immature neurons and elongate precisely through diverse tissues to reach synaptic 

partners located throughout the developing body. This embryonic axonal navigation is 

accomplished by the motile structure at the distal tip of an elongating neuronal axon, 

called a growth cone.  

The growth cone is a specialized flattened, fan-shaped amoeboid structure at the tip of 

an extending axon that is able to navigate through the surrounding environment and 

sense the ‘guiding cues’ that can be either attractive or repulsive. A graded 

distribution of attractive and repulsive guidance cues controls the direction of growth 

cone and subsequent axonal growth (Henley et al., 2004; Li et al., 2005b; Wang and 

Poo, 2005; Togashi et al., 2008). When an axon is delivered to its approximate target, 

it sends multiple branches and contacts postsynaptic targets at very specific points. 

When a growth cone migrates in a guidance cue gradient, the side of the growth cone 

facing higher concentrations of the cue will experience higher asymmetric receptor 

occupancy, which will eventually polarize the growth cone for turning towards or 

away from the cue (Wang and Poo, 2005; Togashi et al., 2008). Turning of the growth 

cone involves the asymmetric calcium mediated activation of second messengers that 

control multiple cellular mechanisms including vesicular membrane trafficking, 

adhesion molecules and cytoskeleton re-organization (Figure18). 

Dynamic calcium elevations mediate growth cone responses to extracellular attractive 

and repulsive signals upon their binding to receptors. Attractive signals will result in 
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high amplitude calcium elevations by calcium influx through calcium gated ion 

channels. Calcium influx can be further amplified and extended in space and duration 

by secondary release from the endoplasmic reticulum, a cAMP mediated process 

(Figure 18) (Zheng, 2000). 

 

Figure 18: Dynamic calcium 

oscillations mediate growth 

cone responses to axon guidance 

cues, involving cGMP and 

cAMP. 

Adapted from (Tojima et al., 

2011) 

 

 

 

In contrast, repulsive cues cause low amplitude calcium influx that does not release 

calcium from the endoplasmic reticulum. Additionally, elevation of the intracellular 

concentration of cGMP, mediated by binding of repulsive cues, including Sema3a and 

Netrin 1, to their receptors, will inhibit further cAMP mediated release of calcium 

from endoplasmic reticulum (Figure 18) (Togashi et al., 2008). 

In order to accomplish growth cone turning, the external signals that have been 

interpreted, amplified and transduced need to result in changes in growth cone 

morphology, mediated by the cytoskeleton, which facilitates plasma membrane 

protrusion and adhesion complex insertion, mediating membrane anchoring to the 

extracellular matrix. This steering machinery is organised in an asymmetrical pattern 

in response to guidance cues, thus the growth cone turns preferentially toward the side 

with cytoskeletal and adhesion complexes. This effect of cytoskeleton dynamics is 

mediated by a number of effector proteins, including Rho-family GTPases, actin 

depolymerization factor/cofilin, adenomatous polyposis coli protein, calpain, focal 

adhesion kinase (FAK) and Src-family kinases. Local translation or degradation of 

cytoskeletal components and their regulators also participates in growth cone 

guidance (Hu et al., 2001; Robles et al., 2003, 2003; Li et al., 2004, 2008). 
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Asymmetric Ca2+ signals attract and repel growth cones also via Ca2+/ calmodulin 

dependent protein kinase II (CaMKII) and calcineurin signaling (Figure 19), 

respectively. Both the magnitude and subcellular localization of Ca2+ signals dictate 

which effector pathways are activated, and consequently favor either exocytosis or 

endocytosis, two fundamental processes for growth cone turning (Rusnak and Mertz, 

2000; Hudmon and Schulman, 2002; Wen et al., 2004). 

 

Figure 19: Cellular 

response and subsequent 

calcium oscillations in 

response to attractive and 

repulsive cues during axon 

guidance. 

Adapted from (Tojima et al., 

2011) 

 

 

 

 

Regulated exocytosis and endocytosis occur asymmetrically across the growth cone in 

response to guidance cue gradients. A gradient of chemoattractants promotes vesicle 

transport and vesicle-associated membrane protein mediated exocytosis on the 

gradient side of the growth cone, and subsequent surface availability of relevant 

receptors such as deleted in colorectal cancer, uncoordinated 5 (UNC5) and 

neuropilin1 (Bouchard et al., 2004; Bartoe et al., 2006). Conversely, a chemorepellent 

gradient causes asymmetric clathrin-mediated endocytosis on the side facing the 

gradient. Endocytosis of the relevant receptors transiently desensitizes the growth 

cone to collapse-inducing activities of Sema3A and netrin-1 (Piper et al., 2005). 

Protein synthesis is required for the reappearance of receptors on the growth cone 

surface. However, a partial recovery of cell surface receptor does occur in the absence 

of protein synthesis, which is due to recycling from the endosomal compartment back 

to the plasma membrane. Thus, receptor endocytosis is necessary for the full 

regeneration of intracellular guidance signals from early endosomes (Mann et al., 

2003). 
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Attractive Ca2+ signals facilitate two distinct but successive processes: vesicle 

translocation into the growth cone periphery and regulated exocytosis in a CamKII 

dependant manner. They promote MT-based transport of membrane vesicles and their 

subsequent VAMP2-mediated exocytosis on the side with elevated Ca2+ (Figure 19). 

The attractive Ca2+ signals might locally activate CaMKII, which could 

phosphorylate motor proteins like myosin-V and KIF17 and trigger release of these 

motors from cargo vesicles. After releasing these motors, the vesicles could be 

incorporated into a readily-releasable pool of vesicles docked beneath the plasma 

membrane, followed by Ca2+-dependent activation of synaptotagmins and other 

effector proteins on the vesicle membrane that regulate exocytosis (Tojima et al., 

2007). 

Repulsive Ca2+ signals elicit asymmetric clathrin-mediated endocytosis in a 

calcineurin-dependent manner (Figure 19). The role of calcineurin in clathrin-

mediated endocytosis has been extensively studied in presynaptic terminals (Marks 

and McMahon, 1998). Calcineurin dephosphorylates, and thereby activates, 

dephosphins, a group of at least eight endocytic-adaptor proteins. In synaptic 

transmission, activated dephosphins facilitate synaptic vesicle endocytosis after 

exocytic neurotransmitter release. In growth cones, the requirement for calcineurin 

activity in repulsive turning and clathrin-mediated endocytosis suggests that 

dephosphins play a similar role in axon guidance (Tojima et al., 2010). 

Synapse formation in the developing brain 

Synapses represent cell-to-cell contact sites, where information propagation from one 

cell to the other occurs. Most synapses in the CNS are chemical synapses, where 

neurotransmitter release from the presynaptic terminal and its binding to postsynaptic 

receptors, mediates signal transmission (Li and Sheng, 2003). Two distinct types of 

synapses can be categorized based on where the synapses locate within the axon: 

terminal synapses and en passant synapses. Terminal synapses are formed at the end 

of the axon projections, whereas en passant synapses locate along the axon shaft and 

can be far away from the axon terminal. Both types of synapses are quite abundant in 

the vertebrate CNS (Sabo et al., 2006). 
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Multiple overlapping mechanisms are required for the formation of new stable 

synapses and eventual circuit formation in 

the brain. This begins early on, with cell 

fate specification, when each neuron 

adopts a distinct morphology, axonal and 

dendritic trajectory, and synaptic property 

at the level of synaptic specificity and 

neurotransmitter content. Later on, 

navigating axons possess intrinsic abilities 

to pattern their presynaptic terminals. 

Evidence for this was drawn from 

dissociated cortical neuron culture 

experiments, where the initial formation 

of presynaptic terminals occurred 

preferentially at predefined sites within 

the axons, not determined by contact with 

neighboring neurons or glia. Transporting 

synaptic vesicle precursors paused 

repeatedly at these sites, even in the 

absence of neuronal or glial contact, and 

“attract” dendrite filopodia to form stable 

synapses (Sabo et al., 2006). Additionally, 

nonsynaptic clusters of postsynaptic 

proteins can form in young neurons (Washbourne et al., 2004). Stable sites of 

accumulation of stationary protein complex clusters containing neuroligin, PSD-95, 

GKAP and Shank in postsynaptic dendrites exist, and can recruit synaptophysin-

positive axonal transport vesicles. These complexes appear to be located at predefined 

sites in dendrites that can induce the formation of a postsynaptic terminal specifically 

(Gerrow et al., 2006). Taken together, these results suggest that sites of new synapse 

formation are not a completely stochastic event and that intrinsic factors in the 

growing axon and dendrite may predefine sites that determine where synapses can 

form along these processes. 

As well as intrinsic mechanisms, it is also accepted that new synapse formation starts 

when the growth cone encounters a pro-synaptogenic signal (Figure 20a) (Plachez and 

Figure 20: Mechanisms of axon guidance and 

molecules involved in synapse formation. 

Adapted from Chen and Cheng, 2009 
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Richards, 2005). Upon reaching and contacting its target, the filopodia of the growth 

cone transforms into a presynaptic specialization capable of transducing synaptic 

signals to the postsynaptic target. The contacts between the presynaptic and 

postsynaptic compartments are favored by the recruitment of additional cell adhesion 

molecules (Giagtzoglou et al., 2009). This will result in the stabilization of initial 

synaptic contacts by adhesive protein interactions (Wang et al., 2009), organization of 

presynaptic and postsynaptic specializations by scaffolding proteins (Berkel et al., 

2010), regulation of growth by intercellular signaling pathways, reorganization of the 

actin cytoskeleton (Rodal et al., 2008), and proper endosomal trafficking of synaptic 

growth signaling complexes (Wu et al., 2009)(Figure 20b).  

Thus, the initial contact between the growing axon and its target depends on 

molecular attractions that have pro-synaptogenic effects. These effects are maintained 

through precisely opposed presynaptic and postsynaptic domains of adhesion protein 

complexes that operate in parallel to ensure proper synaptic alignment (Figure 20a). 

Postsynaptic neuroligins and their cognate presynaptic receptors neurexins, are two 

such families of synapse-specific adhesion molecules critically involved in 

establishing and maintaining CNS connectivity (Dean and Dresbach, 2006). 

Neurexin–neuroligin interaction is vital to initially align postsynaptic sites with 

presynaptic terminals. Additionally, the intracellular domain of neuroligin alone play 

a role in some postsynaptic assembly events, such as the recruitment of PSD95 (Dean 

and Dresbach, 2006). 

After the initial contact, chemoattractants help regulate subcellular cytoskeletal 

dynamics to facilitate functional synapse formation by recruiting synaptic components 

to build up neurotransmission machinery in pre- and post-synaptic cells. Scaffolding 

proteins (eg the PDZ containing protein PSD95) are critical mediators of this process. 

Scaffolds are composed of multiple protein– protein interaction domains, and form a 

physical link between adhesion proteins, ion channels, neurotransmitter receptors, 

intercellular signaling cascades, and the actin cytoskeleton. Thus 

preassembled packets of proteins localize to the presynaptic compartment to form the 

active zone and the synaptic vesicle release machinery. Simultaneously, 

neurotransmitter receptors, signaling molecules, and structural proteins cluster at the 

postsynaptic site (Ziv and Garner, 2004). 
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Contact Stabilization: 

The forming axo-dendritic contact needs to get stabilized and mature into a functional 

synapse. Stabilization of these contacts is accompanied by dendritic calcium waves 

(Lohmann and Bonhoeffer, 2008). Cell surface expressed proteins like ephrinB/EphB, 

cadherins, SynCaM, as well as neurexin/neuroligin, are known to regulate synapses 

and control axo-dendritic contact stabilization. EphrinB/EphB interacting molecules 

on the membranes of axon nerve terminals and target dendrites act as bidirectional 

ligands/receptors to transduce signals into both the Eph-expressing and ephrin-

expressing cells to regulate cytoskeletal dynamics (Lai and Ip, 2009). Cadherin 

superfamily proteins, including cadherin 11 and cadherin 13 are involved in synapse 

formation and are required for proper stabilization of both glutamatergic and 

GABAergic synapse densities (Abe et al., 2004; Paradis et al., 2007). They likely 

stabilize transient axo-dendritic contacts via cell–cell adhesion or facilitate the 

clustering of synaptic proteins. Similarly, N- cadherin regulates the maturation of 

dendritic spines and excitatory synapses in part through stabilization of dendrite 

filopodia and spines (Togashi et al., 2002). 

Synapse maturation:  

Recruitment of pre- and postsynaptic proteins to sites of contact including presynaptic 

accumulation of transmitter-filled vesicles is a hall- mark process in the functional 

maturation of synapses in the CNS. The cross communication between the pre- and 

postsynaptic terminals is essential for the coordinated assembly at both sides of the 

synapse. 

Although the initial assembly of a synapse can be quite rapid (occurring within 

minutes of contact), the development of a mature synapse is generally prolonged and 

needs the development of mature ultrastructural components (Figure 21) (Ahmari and 

Smith, 2002) and electrophysiological properties (Mohrmann et al., 2003). In general, 

synaptic maturation consists of synapses growing larger and the amount of pre- and 

postsynaptic protein increasing considerably. This growth is maintained in part by the 

same mechanisms that lead to synapse stabilization. Additionally, neuronal activity 

plays a critical role in final synapse shaping and terminal differentiation into 

functional excitatory or inhibitory synapses (Flavell and Greenberg, 2008; 

Kozorovitskiy et al., 2012). 
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Figure 21: Successive 

events leading to 

contact stabilization 

and maturation of 

developing synapses. 

Adapted from 

(Giagtzoglou et al., 

2009)  

 

 

 

 

 

 

 

 

 

Secreted molecules have also been shown to play a crucial role in synaptic assembly 

and growth of both presynaptic and potsynaptic compartments (Figure 22). Secreted 

Wnt proteins function as retrograde signals to regulate axon remodeling and the 

accumulation of presynaptic proteins. Wnt-7a stimulates presynaptic protein 

clustering and facilitates presynaptic neurotransmitter release probability in CA3-CA1 

hippocampal synapses (Cerpa et al., 2008). In addition, Wnts may also play roles in 

postsynaptic mechanisms of synaptogenesis and plasticity; Wnt-5a induces clustering 

of PSD-95 in dendritic spines through a JNK-dependent signaling pathway, and Wnt-

5a also modulates glutamatergic synaptic transmission through a postsynaptic 

mechanism (Figure 22), (Farías et al., 2009). EphBs appear to promote synapse 

formation through both extracellular and intracellular mechanisms by regulating cell–

cell adhesion, activation of F-actin remodeling, recruiting synaptic proteins to the 

nascent synapse, and as mentioned above, activating ephrinB reverse signaling 

(Figure 22).  

Transsynaptic control of vesicle accumulation and subsequent excitatory synapse 

maturation is mediated by a cooperative interplay between two synaptic adhesion 

systems N-cadherin and neuroligin-1. In the absence of N-cadherin, a strong 

impairment of vesicle accumulation in presynaptic compartments was observed. In 

fact N-cadherin acts by postsynaptically aiding the accumulation of neuroligin-1 and 
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activating its function via the scaffolding molecule S-SCAM, leading, in turn, to 

presynaptic vesicle clustering (Stan et al., 2010). 

 

 

 

 

 

Figure 22: Molecular 

mechanisms involved in 

synapse growth and 

stabilization. 

Adapted from Chen and 

Cheng, 2009 
 

 

 

 

 

 

In excitatory synapses, several trans-synaptic complexes – collectively referred to as 

‘synaptic organizing proteins’ – initiate and stabilize early synaptic contacts via 

recruitment of synaptic vesicles to the presynaptic active zone, and N-methyl-D-

aspartate (NMDA) receptors to the postsynaptic density (Siddiqui and Craig, 2011). 

As mentioned previously, PDZ domain proteins such as PSD-95 serve as scaffolds for 

recruitment of synaptic components required. Initial flurries of excitatory 

synaptogenesis give way to an abundance of silent NMDA receptor-containing 

synapses subject to activity-dependent strengthening or elimination. Recruitment of #-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors to the 

postsynaptic membrane augments glutamatergic transmission and is a critical process 

in excitatory synapse maturation (Kim and Sheng, 2004). 

During the early postnatal period, when synapse maturation and differentiation take 

place, environmental factors play a critical role in synapse maturation. Natural 

stimulation of neonatal mice pups through enriched environment (EE) rearing 

promotes GABAergic neurotransmission and accelerated maturation of GABAergic 

and glutamatergic synapses. Whole-cell recordings from CA1 pyramidal neurons in 



 80 

acute hippocampal slices of EE-reared mice showed higher amplitudes of miniature 

GABAergic postsynaptic currents, as well as accelerated transition of GABA action 

from excitation to inhibition, compared with mice reared under standard housing 

conditions. This was accompanied by elevated levels of GABAA receptors, KCC2 

and increased levels of excitatory synaptic components, including NMDA and AMPA 

receptors and PSD95 in the forebrain/hippocampus of EE- reared mice during the first 

two postnatal weeks (He et al., 2010). 
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SECTION 5: HIPPOCAMPAL DEVELOPMENT 
 

The hippocampus constitutes a remarkable structure of the brain. It is one of the 

structures of the limbic system, and is implicated in both normal physiological 

functions and pathology. It plays important roles in the consolidation of information 

from short-term memory to long-term memory and spatial navigation. It has also 

attracted the attention of many clinicians and neuroscientists for its involvement in a 

wide spectrum of pathological conditions, including epilepsy, intellectual disability, 

Alzheimer disease and others. 

The hippocampus is functionally connected to related brain regions that together 

comprise the hippocampal formation. The hippocampus proper is composed of 

multiple subfields including the dentate gyrus (DG) and the cornu ammonis (CA) 

fields. The DG contains the fascia dentata and the hilus, while the CA is differentiated 

into fields CA1, CA2, CA3 and CA4. The other regions of the hippocampal formation 

include the subiculum, presubiculum, parasubiculum, and entorhinal cortex. The CA 

fields are also structured depthwise in clearly defined stratum (Anderson et al., 2006) 

(Figure 23A). 

Figure 23: The organization of 

hippocampal fields and stratum 

Adapted from (Piskorowski and 

Chevaleyre, 2012) 

A (Left): Schematic representation of a 3 

dimensional view of the hippocampus, 

showing the CA1-3 fields and the DG. 

Dashed lines indicate the location of three 

separate sections along the transverse axis 

shown on the right. B: Diagram of a 

transverse section of the hippocampus. 

The different classes of pyramidal 

neurons and different hippocampal layers 

are shown. SC Schaffer collaterals, MF 

mossy fibers, SO stratum oriens, SP 

stratum pyramidale, SR stratum radiatum, 

SLM stratum lacunosum moleculare. A 

anterior, P posterior, D dorsal, V ventral, 

M median, L lateral. 
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The unidirectional progression of the excitatory pathway links each region of the 

hippocampal formation and forms a trisynaptic circuit in the hippocampus (Figure 

24). The trisynaptic circuit starts from the layer II, and layer III to a less extent, of the 

entorhinal cortex, where neuronal axons transmit the sensory information to the DG 

and CA3 region through the perforant pathway (EC2 Figure 24) (Steward, 1976). The 

projection from the entorhinal cortex follows a precise laminar pattern where medial 

entorhinal cortex axons terminate within the middle portion of the molecular layer of 

the DG, and those from the lateral entorhinal cortex terminate in the outer third of the 

molecular layer. These two parts of the perforant pathway also terminate in a similar 

laminar pattern in the stratum lacunosum-moleculare of CA3 and CA2 (Figure 24). 

Those axons arising from the medial entorhinal cortex terminate in the stratum 

lacunosum- moleculare which is close to CA3; while those from the lateral entorhinal 

cortex end in the portion of the stratum lacunosum-moleculare that is at the border 

between CA1 and the subiculum (Steward, 1976). Following a similar laminar 

projection pattern, neurons in layer III of the entorhinal cortex project to CA1 and the 

subiculum (EC3 pink, Figure 24). These terminate on the distal dendrites of CA1 

pyramids. Thus, CA1 neurons are only weakly excited by these inputs. Thus, layer III 

inputs are greatly attenuated by the dendritic cable and are thought to act as CA1 

function modulators (Spruston, 2008).  

In the dentate gyrus, the DG cells give 

rise to mossy fibers (MF) that 

terminate on the proximal dendrites of 

CA3 pyramidal cells (Spruston, 

2008). The MF also contact mossy 

cells and interneurons in the hilus. 

The CA3 pyramidal cells project to 

CA1 through Schaffer collaterals, and 

to other levels of the CA3 (Chronister 

and DeFrance, 1979). CA1 pyramidal 

cells project to both the subiculum and 

deep layers of the entorhinal cortex (Figure 24). The deep layers of the entorhinal 

cortex, in turn, give rise to projections back to many of the same cortical areas that 

originally projected to the hippocampus (Köhler, 1986). Thus, sensory information 

Figure 24: The hippocampal network 

Adapted from (Li et al., 2009) 
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converging on the entorhinal cortex from specific cortical areas proceeds through the 

hippocampal circuit and then returns back to the cortical region of origin. 

A relatively recent report has shed light on the presence of a di-synaptic circuit 

involving the CA2 region of the hippocampus, a region which has long been obscure 

and thought to form a minor pathway linking CA3 to CA1 (Figure 25), (Sekino et al., 

1997). In this report, researchers have shown that layer II and III entorhinal cortex 

neurons send strong excitatory inputs to the distal dendrites of CA2 neurons (Figure 

25A). These neurons in turn form strong synaptic inputs onto CA1 neurons which 

drives a strong output and undergoes a robust long-term potentiation (LTP) 

(Chevaleyre and Siegelbaum, 2010). The existence of two effective pathways from 

the entorhinal cortex to CA1 (trisynaptic layer II – DG – CA3 – CA1, and disynaptic 

layer III – CA2 – CA1 pathway) can explain why ablation of either CA3 or layer III 

input have by themselves only limited effects on hippocampal functions such as 

contextual learning (Chevaleyre and Siegelbaum, 2010; Piskorowski and Chevaleyre, 

2012). Interestingly, this study shows evidence that entorhinal input to the distal 

dendrites of CA2 has a much stronger effect than CA3 input, which terminates on the 

proximal dendrites of CA2 neurons; LTP can occur at entorhinal-CA2 but not at CA3-

CA2 synapses. Understanding the dendritic structure and the unique mechanisms 

underlying the differences in the integration and the propagation of input in the di-

synaptic circuit is needed if we are to better understand how neuronal activity causes 

pyramidal cells to fire in vivo. 

 

 

Figure 25: The organization and overall contribution of the di-synaptic and tri-synaptic circuits 

in the adult hippocampus 

Adapted from Piskorowski and Chevaleyre, 2012 
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In the various hippocampal fields, principal neurons follow common mechanisms 

controlling their production and differentiation, thus the hippocampus displays a 

grossly uniform structure with a complex axonal projection pattern. However, 

combined genomic-neuroanatomic experiments have revealed cellular heterogeneity 

and very well respected boundaries between and within hippocampal fields (Tole et 

al., 1997; Tole and Grove, 2001; Lein et al., 2004, 2007; Thompson et al., 2008). 

Defined maps are established during early developmental stages by molecular 

markers corresponding to particular cell populations in the hippocampus. 

Interestingly, these marker boundaries are believed to correlate tightly with specific 

aspects of the functional complexity in the hippocampus (Thompson et al., 2008). 

In the adult, the laminated structure of the hippocampus forming the series of 

cytoarchitecturally discrete subregions can be distinguished on the basis of neuron 

morphology, connectivity, and electrophysiological properties and the above-

mentioned molecular markers. All fibres originating from a particular afferent source 

terminate at identical dendritic segments. The pyramid-shaped cells of the 

hippocampus have become the most intensively studied neurons in the brain. Light 

has been shed upon the mechanisms controlling the uniform production, relatively 

short distance migration and differentiation of hippocampal pyramidal cells as well as 

the inhibitory interneurons and oligodendrocytes that are generated in distant areas in 

the ventral telencephalon, and migrate long journeys to settle in the hippocampus. 

 

5.1 PATTERNING EVENTS AND FIELD SPECIFICATION IN THE 

DEVELOPING HIPPOCAMPUS 

During telencephalon development, the dorsal midline region invaginates and gives 

rise to two telencephalic vesicles at embryonic day E10 in the mouse. The medial 

edge of the invaginating telencephalic vesicles is re-organized into two important 

structures, the cortical hem and the choroid plexus. The future hippocampus develops 

in-between these two structures. 

Similar to the surrounding telencephalic structures, the cortical hem constitutes a 

continuous sheet of pseudostratified cortical neuroepithelium that expresses the 

proneural genes Ngn1 and 2 (Sommer et al., 1996). However, it represents features of 
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a classical signaling centre that instructs the functional organization of the developing 

cortex into distinct functional domains, including the hippocampus. Its location at the 

medial edge of the telencephalon, and its rich expression of regulatory signaling 

morphogens including Wnt and BMP signaling molecules, highlights its fundamental 

role in instructing hippocampal development.   

 

5.1.1 Cortical hem boundary specification 

Medio-lateral and rostro-caudal boundaries of the developing medial telencephalon 

are formed by a cross regulation of transcription factors that result in the precise 

definition of the cortical hem as a unique tissue with distinct cytologic and gene 

expression boundaries, and its relation to the choroid plexus on one side and to the 

developing dorsal cortex on the other side (Figure 26, 27).  

I: Rostro-caudal boundaries:  

Definition of this boundary determines the relationship between the cortical hem and 

the developing caudal cerebral cortex. 

1. Fgfs expressed by the anterior neural ridge (ANR) are fundamental regulators of 

midline patterning. They activate the midline expressing transcription factor Foxg1 

and repress Lhx2 (a cortical maker) thus helping to establish a midline domain within 

the telencephalon prior to invagination (Figure 26A). Fgfs also repress Wnt genes 

rostrally whose expression defines the cortical hem (Figure 26A). This cross 

regulation between two groups of secreted signals helps to define a caudo-medial 

position for the hem (Shimogori et al., 2004).  

Figure 26: Pattern of expression 

of TF that will define rostro-

caudal bondaries of the cortical 

hem 

Adapted from Pierani and 

Wassef, 2009 and Hoch et al., 

2009. 
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2. Emx2 expressed highest in progenitors that generate posteriomedial areas of 

neocortex, and lowest in progenitors that generate the anterolateral areas (Figure 

26B), acts at two stages of boundary definition. Early on, it acts by restricting the 

anterior region of Fgf gene expression, thus helps in refining the caudo-medial 

domain for the cortical hem as well as the hippocampus.  Later, it mediates the effects 

of hem signaling during further development of this region by acting as an effector of 

the canonical Wnt signaling from the hem to regulate proliferation within this region 

(Muzio et al., 2005). 

II: Medio-lateral boundaries:  

Defining this boundary determines the relationship between the cortical hem and the 

adjacent choroid plexus, and between the cortical hem and the cortex on the other 

side. The specification of choroid plexus requires unique Bmp signaling from the roof 

plate (Figure 26A), which will directly activate the enrichment of Hes genes in the 

putative choroid plexus (Hébert et al., 2002). At the same time, this region 

downregulates Ngn gene expression, which continues to be maintained in the adjacent 

cortical hem. This downregulation of Ngn expression is important in establishing 

choroid plexus fate and therefore delineating the hem–choroid plexus boundary 

(Figure 27) (Imayoshi et al., 2008). The specific expression of Wnt3a in the cortical 

hem as early as E9.5, and of other Wnt molecules including Wnt5a and Wnt2b at the 

medial edge later on, defines the lateral boundary between the hem and the cerebral 

cortex. 

 

A Molecular markers of the cortical hem 

Specific non-overlapping molecular marker signatures accompany boundary 

definitions in the developing medial telencephalon. These markers assign distinct 

identities, for both the cortical hem and the choroid plexus. By E11.5, the homeobox 

gene Msx1 for example, is strongly expressed in the choroid plexus (Grove et al., 

1998). The strong expression of TGF-$ family members Bmp4 and 7 confirms further 

the identity of this structure (Bulchand et al., 2001).  

Although the cortical hem weakly expresses Bmp family molecules, expression of 

Wnt family proteins defines it as a unique structure from the surrounding choroid 
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plexus and the rest of the cerebral cortex (Figure 27A, C) (Grove et al., 1998). The 

cortical hem is first identifiable by Wnt3a expression at E9.5 when the telencephalon 

is a single vesicle. Later on, the specific expression of other Wnt molecules Wnt5a 

and Wnt2b at the medial edge, defines the hem from the cerebral cortex and its 

organizer role in instructing hippocampal development (Grove et al., 1998).  

 

 

Figure 27: Molecular and morphological features of the 

hem and the nearby choroid plexus epithelium and 

cortical neuroepithelium. 

Adapted from (Grove et al., 1998) 

A: Choroid plexus epithelium (cpe) strongly expresses the 

marker TTR (purple), the cortical hem is marked by Wnt2b 

expression (brown).The junctional epithelium between the 

cpe and hem expresses neither TTR nor Wnt2b. B: 

Expression of Ngn2 (blue) marks cerebral cortex 

neuroepithelium, including the hem but avoiding the choroid 

plexus epithelium. C: Sections through the caudal hem and 

adjacent embryonic cerebral cortex where Wnt2b is 

expressed at the ventricular side of the hem, but not in cells 

close to the pial surface (arrows). D: Wnt2b- negative cells 

express the neuronal marker, class III-tubulin (brown), and 

represent a continuation of the developing PP of the 

embryonic cerebral cortex into the hem.  

 

 

The extra-toes mutant mouse, which carries an intragenic deletion of the Gli3 gene 

(Schimmang et al., 1992), does not develop telencephalic choroid plexus, and shows 

Wnt gene misregulation in the cortical hem (Grove et al., 1998). Gli3 is not expressed 

in the embryonic choroid plexus epithelium itself (Hui and Joyner, 1993; Grove et al., 

1998), but is expressed in embryonic head mesenchyme. It acts downstream of Shh 

signaling, and regulates expression of Wnt and Bmp genes in the mouse dorsal 

telencephalon (Grove et al., 1998). Therefore, Gli3 deficiency disrupts inductive 

interactions between the developing choroid plexus epithelium and the cortical hem, 

disrupting functional Wnt3a expression at the cortical hem which is required for 

normal hippocampal development (Grove et al., 1998; Grove and Tole, 1999; Lee et 

al., 2000). 

B Organizer function of the cortical hem 

The role for the cortical hem as hippocampal organizer was suggested by experiments 

showing that the entire hippocampus was missing when the hem was deleted, or when 
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the hem specific expression of Wnt3a molecules was disrupted (Lee et al., 2000; 

Yoshida et al., 2006). Definitive evidence of the role of the cortical hem in 

hippocampal development came from chimeras in which Lhx2 null cells, surrounded 

by wild-type cortical neuroepithelium, differentiated into ectopic hem tissue. Lhx2 

expression is restricted to cortical precursor cells, and is excluded from the cortical 

hem and adjacent choroid plexus. Lhx2 acts autonomously to specify cortical identity 

and suppress alternative fates. When Lhx2 is deleted, cells adopt cortical hem 

identity, which can induce and organize ectopic hippocampal fields. These findings 

confirm that the cortical hem is a hippocampal organizer (Mangale et al., 2008). 

 

5.1.2 Field pattern specification in developing hippocampus and 

the role of cortical hem 

As discussed earlier in this section, the hippocampus is divided into three major 

distinct fields, CA1, CA3 and the DG. Each of these is defined depending on distinct 

morphology, physiological properties and connectivity. Specific molecular markers 

also indicate the divisions between the hippocampal fields. The two classes of CA1 

and CA3 pyramidal neurons mingle in the small transitional field, CA2. Thus, 

morphologically, the transition from CA1 to CA3 is marked by a simple shift from 

one major pyramidal cell type to another. However, as mentioned above, the function 

of CA2 is quite specific. 

A panel of CA1, CA2, and CA3 pyramidal cell markers has been identified as 

differentially expressed in the hippocampus (Tole et al., 1997; Tole and Grove, 2001; 

Datson et al., 2004, 2009; Lein et al., 2004, 2007; Newrzella et al., 2007; Thompson 

et al., 2008; Dong et al., 2009; Fanselow and Dong, 2010; Kjonigsen et al., 2011). 

Such markers distinguish between the cell classes and subclasses and label all, or 

almost all, cells in a category. Two robust field-specific markers were originally 

identified to label CA3 and CA1 cells. KA1, a glutamate receptor subunit, and SCIP, 

a POU-domain gene, are expressed in the pyramidal neurons of CA3 and CA1 

respectively (He et al., 1989; Tole et al., 1997) (Figure 28). In situ hybridization 

experiments have shown that these two markers show consistent patterns of 

expression from the embryo to the adult. They are expressed in postmitotic migrating 

neurons in the hippocampal IZ and in already settled cells, with exclusion of 
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expression from the VZ. KA1 expression is weakly detectable in CA3 at E14.5, but 

becomes very strong one day later. SCIP starts to be expressed at E15.5 in CA1 in the 

mouse. Marker expression starts at the poles (dentate and subicular zones) and fuses 

only at birth in the CA2 region, giving these two markers the unique pole-inward 

patterns of expression (Tole et al., 1997).  

Although field specific markers as well as field morphological properties are not 

obvious in the developing hippocampus before E14.5 in the CA3 region, and E15.5 in 

the CA1 region. However, elegant medial telencephalon explant experiments with 

explants harvested at E12.5, when none of the field markers are yet expressed, have 

shown that hippocampal explants upregulate autonomously the expression of field-

specific markers in culture, when analysed three days later. Thus, the initial 

specification of hippocampal fields begins at least as early as E12.5 and does not 

require the surrounding environment (Tole and Grove, 2001). Cell lineage analyses 

have excluded that precursor populations of hippocampal progenitors are permanently 

specified, or committed, to produce neurons for a single field. Rather, interactions 

between hippocampal cells and the surrounding environment is the main factor that 

determines final field identity development in the hippocampus (Bulchand et al., 

2001). 

 

The cortical hem seems to play a pivotal role in field development; in mice deficient 

for Wnt3a, a Wnt gene expressed selectively at the cortical hem, the hippocampus is 

largely absent and represented only by minor, residual cell populations. Analysis of 

Wnt3a-mutant mice at E15.5 or E18.5, revealed few KA1-expressing CA3 cells (Tole 

and Grove, 2001). Nonetheless, E12.5 (3 DIV) explants from which the cortical hem 

was eliminated already contain substantial populations of both SCIP and KA1-

expressing cells in the correct topographic position. These observations suggest that 

Wnt3a is most critical to the developing CA fields before E12, when the cortical hem 

plays its instructive role by expressing signals required for hippocampal field 

specification and amplification (Lee et al., 2000; Tole and Grove, 2001).  
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Figure 28: Embryonic and 

mature hippocampal pyramidal 

cells are identified by the 

expression of field specific 

markers. 

Adapted from (Tole et al., 

1997) 

SCIP, a CA1 specific marker is 

expressed in the embryonic 

hippocampus as early as E15.5 

(A), and persists into adulthood 

(B). KA1, a CA3 specific 

marker is expressed in the 

embryonic CA3 region (C), and 

persists into the adult life (D). 

Marker expression starts at the 

poles and fuses only at birth in 

the CA2 region (E, F) 
 

 

 

5.1.3 Field sub divisions and the complex genomic and functional 

anatomy of the hippocampus 

Besides the molecular signatures just described that classically define hippocampal 

fields, a more refined intra-hippocampal field boundary definition has more recently 

been described. This identification was made possible by the use of high throughput 

in situ hybridization techniques combined with more traditional manual anatomical 

boundary mapping (Lein et al., 2007). This approach helped to assess the molecular 

and cellular architecture of the hippocampus, and to generate a molecularly defined 

anatomical map that can be correlated with the differential functional domains 

throughout the hippocampus.  

Strong evidence of anatomical and functional differentiation along the long 

hippocampal septotemporal axis exists. The perforant path is divided into several 

input bands projecting from the entorhinal cortex to different septotemporal levels of 

the DG (van Groen et al., 2003). Amygdalar afferents selectively target temporal 

portions of CA3, CA1 and subiculum (Petrovich et al., 2001). Septal hippocampal 

lesions result in selective impairment in spatial memory tasks, whereas temporal 

lesions result in different impairments (Bannerman et al., 2002). In models of 

hippocampal pathology, slices through temporal hippocampus exhibit greater 
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epileptiform bursting in high potassium. In contrast, septal CA1 shows selective 

vulnerability to ischemic insults (Thompson et al., 2008). In the kainate mouse model 

of mesial temporal lobe epilepsy, status epilepticus and recurrent epileptiform activity 

was stronger in temporal hippocampus, and this septotemporal pattern is tightly 

correlated with the spatial pattern of cell proliferation and neurogenesis, both being 

substantially increased in the temporal hippocampus (Häussler et al., 2012). 

The functional organization along the septotemporal axis in the hippocampus is 

evident early on, in the developing perinatal brain. Giant depolarizing potentials 

(GDPs), endogenous spontaneous GABA- mediated oscillatory events in the 

immature brain, are initiated at a higher rate in septal hippocampus and propagate to 

temporal!parts. GDPs give rise to neuronal synchronized firing and calcium 

oscillations, which are crucial events for synapse development and maturation of 

developing neuronal circuits (Häussler et al., 2012). Given the fact that GABAergic 

transmission is the major driving force of GDPs, the septotemporal gradient of GDP 

activity could be related directly to the differential maturation of interneurons in the 

septal and temporal fields of the developing hippocampus, which most likely play a 

role in this gradient (Ben-Ari et al., 1989; Buzsáki et al., 1990) 

 

Figure 29: Representation of three-dimensional molecular signatures along the septotemporal 

axis of the hippocampal CA3 region. 

Adapted from (Thompson et al. 2008) 

A: Four different orientations demonstrate the organization of CA3 subdivisions, which can be seen to 

divide septal CA3 into a series of diagonal bands oriented septal-distal (toward CA2, dark blue) to 
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temporal-proximal (toward DG) and represented in coronal sections of Nissl stained sections (B). C 

and D: Example of genes (in situ hybridization) expressed in the nine molecular septotemporal 

domains of the CA3 pyramidal cell layer, displayed in one section from rostral (C) to more caudal (D).   

 

In accordance with this morphological and functional organization, mutually 

exclusive molecular signatures delineate the hippocampal septotemporal axes 

(Thompson et al., 2008). The CA3 region represents an interesting example, where 

individual gene expression patterns are observed along septotemporal, 

proximal/distal, and radial dimensions. For example, the septal two-thirds of CA3 is 

clearly divided into a series of diagonal bands oriented into septal-distal (toward 

CA2) to temporal-proximal domains (toward the DG; Figure 29). This banding is 

highly reminiscent of the organization of recurrent associational projections 

(Thompson et al., 2008). Interestingly, these nonoverlapping septotemporal domains 

are detectable at postnatal day P14, and are stable across later adult stages. Suggesting 

a preserved intrinsic functional properties for each of these domains. 

Gene expression specificities along the radial unit axis in the hippocampal CA3 

region have also been described (Thompson et al., 2008; Slomianka et al., 2011). A 

single-cell- thick band of neurons along the border of the pyramidal cell layer and 

stratum oriens strongly expresses a small set of genes including the procollagen gene 

Col6a1 and suppressor of tumorigenicity 18 (Figure 30) (Thompson et al., 2008). 

Also a recent report described a transgenic ‘sparse’ Thy1 mouse line (Lsi1 line), 

where a high-level membrane GFP (mGFP) transgene is expressed in a small subset 

of neuronal cells within CA3, CA1 and DG.  

Global gene expression experiments show 

that these neuronal populations represent 

homogenous groups of cells in each of the 

above-mentioned fields. Study of CA3 GFP 

positive cells shows that Col6a1 and St18 

are highly enriched in this specific Lsi1 cell 

population (Figure 30). Bromodeoxyuridine 

(BrdU) birth dating experiments show that 

adult Lsi1 GFP positive neurons are born at a 

specific time point and represent the earliest 

born hippocampal neurons. These cells have a matched pattern of synaptogenesis and 

maturity status between the DG, CA3 and CA1 neurons produced at the same time 

Figure 30: Molecular markers along 

outer boundary of the radial unit of 

hippocampla CA3 field.  

Adapted from Thompson et al.,  2008, 

Deguchi et al., 2011 
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point, and show selective connectivity patterns during the development of the 

trisynaptic circuit. Altogether, this data suggest that neuronal subpopulations which 

are committed to a specific developmental program, including a specific birthdate, 

migration, synaptogenesis, maturation and connectivity, share specific field and layer-

specific molecular markers which are tightly linked to adult function (Deguchi et al., 

2011).  

 

5.2 CELL HETEROGENEITY AND THE DEVELOPMENT OF 

NEURONAL TYPE DIVERSITY IN THE ADULT 

HIPPOCAMPUS 

Similar to other parts of the brain, several cell types of different lineage and sites of 

origin reside in the adult hippocampus. These cells are comparable with other cell 

types that reside in the cerebral cortex and include glutamatergic pyramidal cells, 

dentate granular cells, GABAergic groups of interneurons, glial cells and 

oligodendrocytes. 

 

5.2.1 Hippocampal projection neurons 

A Histology 

As already mentioned, hippocampal projection neurons show a wide range of 

diversity depending on the field that they are located in, the radial distribution in each 

field, molecular markers, neurochemical properties and connectivity patterns. Added 

to the molecular signatures that specify pyramidal cells in each of the hippocampal 

fields, non-synchronous spatio-temporal hippocampal pyramidal cell morphogenesis 

processes occur; by which cells differentiate from simple bipolar to complex shapes 

characteristic of the adult pattern of different hippocampal fields. Cells in the CA4 

field undergo morphological differentiation at earlier stages, prenatally, compared to 

CA3 cells, and these in turn earlier than CA1 cells. Furthermore, core morphological 

differences between mature adult CA1 and CA3 pyramidal cells exist (López-

Gallardo and Prada, 2001).  
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1. Pyramidal cells in CA1 have one main dendrite arising from the apical pole of the 

cell body which branches profusely in the stratum lacunosum-moleculare and 

several short side branches leaving from the stem dendrite on its course through 

the stratum radiatum, whereas the apical dendrite of CA3 cells branches more 

proximally, in some cases immediately after emerging from the cell body. 

2. Mature pyramidal cell bodies are larger in CA3 than in CA1. 

3. The presence of postsynaptic structures ‘thorny excrescences’ exist on the 

proximal dendrites of CA3 pyramidal cells, but not on CA1 pyramids. 

4. Basal dendrites of CA3 cells are more extensive than those of CA1 cells. 

Additionally, two main types of pyramidal cells are described along the radial axis of 

the hippocampus, deep (closer to stratum oriens) and superficial (closer to stratum 

radiatum) ones (Slomianka et al., 2011). The superficial pyramids are arranged in 

one or two very dense rows. The deep pyramids are grouped into several less dense 

rows below. The deep pyramids are less numerous in lower mammals (mouse, rabbit, 

dog, cat) than in primates (monkey, man).  In mouse and rat CA1 region for example, 

the deep pyramids can be seen clearly at the distal and temporal parts of CA1, as a 

sublayer of loosely arranged cells. It is interesting to note that this superficial to deep 

division along the radial axis has important consequences on the connectivity pattern 

between pyramidal cells and interneurons such as basket cells (Slomianka et al., 

2011).  

 

B Neurogenesis and neuronal migration of projection 

neurons in the developing hippocampus 

Traditionally, developmental processes such as neurogenesis, patterns of migration 

and connectivity development have been studied in a descriptive manner by 

monitoring the formation of mature structures from simpler, undifferentiated stages. 

Molecular and genetic techniques have supported previous results and helped in a 

more exact description of the developmental processes involved in the formation of 

different brain regions including the hippocampus. Nevertheless, these techniques 

have also opened up important but not yet answered questions. The data resumed here 

has mainly been accumulated in the mouse embryo, although similar processes are 

observed in the rat and in primates. 
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Similar to the cerebral cortex, the hippocampus represents a nicely laminated 

structure, with an inside-out layering pattern and deep to superficial molecular and 

connectivity specificities. This pattern is induced and established early on during 

development, so newly born neurons carry an intrinsic character that establishes their 

adult phenotype. 

Neurogenesis in the hippocampus occurs over a long period of time starting at 

embryonic day E10 in mice, and extends well beyond birth. The pyramidal neurons in 

CA1-CA3 are generated by an extensive area of neuroepithelium and migrate radially 

to the Ammon’s horn, while dentate granule cells are generated by a narrow area of 

neuroepithelium adjacent to the fimbria called the dentate neuroepithelium (primary 

dentate matrix) and migrate tangentially through the subpial area to form the C-

shaped cortical structure (Figure 31). The neurons in each field of the hippocampus 

arise in overlapping, but still significantly different waves, gradients, and peaks 

(Bayer, 1980a, 1980b, Pleasure et al., 2000). 

 

Figure 31: Summary diagram of waves of neurogenesis and migration of pyramidal cells in the 

hippocampus.  

Adapted from Altman and Bayer, 1990c 

DG: gentate gyrus, FI:Fimbria, dgm: dentate gyrus migratory cells, CA1m: CA1 migratory 

cells,CA3m: CA3 migratory cells, ac: alveolar channels, ne: neuroepithelium.  

The time of origin and gradients of neurons along the length of pyramidal cell layer 

are considerable. The earliest cells born at E10 are found to reside in the deep layers 

of CA1 and CA2 fields. At this time point, no CA3 cells are generated (Angevine, 

1965, Stanfield and Cowan, 1979). The generation of CA3 cells starts one day later, at 

E11, and these neurons will reside in deepest hippocampal layers. Neurogenesis 

continues in the hippocampus thereafter, and at E14, the generation of CA3 neurons 
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reaches its peak (Angevine, 1965). Although CA1 neurogenesis starts one day earlier 

compared to CA3, it peaks one day later, at E15 (Stanfield and Cowan, 1979; Bayer, 

1980a). Neurogenesis in the dentate gyrus will extend over a longer period of time 

during hippocampal development. Starting early on, at E10, it peaks at E16, and 

continues until the first postnatal week (Bayer, 1980a, 1980b).  

 

C Sojourn of newly born cells in the developing hippocampus 

In the developing cortex, newly generated neuroblasts sojourn in the IZ before they 

continue their migratory stream. Upon detachment of cells from the VZ they display a 

multipolar morphology with fine processes (Tabata and Nakajima, 2003b). This 

applies to cells in the hippocampus as well as the cortex, however, the time of sojourn 

varies greatly between cortical and hippocampal pyramidal cells and even between 

hippocampal cells in different fields. While cortical pyramidal cells sojourn for one 

day, before they continue their glia guided migration, neurons in the developing 

hippocampus sojourn for longer periods. CA1 cells sojourn 2-3 days before 

continuing their glia-guided migration. CA3 cells pause for an even longer time, 4 

days, before they continue their migration. Different hypotheses have been suggested 

to explain this sojourn of pyramidal cells in general, and this longer sojourn of 

pyramidal cells in the hippocampus in particular (Altman and Bayer, 1990c). 

It has been suggested in the past that the temporary pause of young neocortical 

neurons outside the neuroepithelium may be associated with the outgrowth of their 

axons prior to settling in the CP (Altman and Bayer, 1990b, 1990c). Also some of the 

horizontally oriented cells in the cortical IZ migrate laterally to reach cortical areas 

where there is no neuroepithelium underneath the CP (Altman and Bayer, 1990c). 

In the hippocampus, the different dynamic properties of sojourning neurons have 

multiple explanations. For obvious reasons, neither the distance nor the complexity of 

the migratory fields can be a factor because it is the cortical IZ that has the more 

elaborate organization compared to the hippocampal IZ. In contrast, the longer 

sojourn in the hippocampus could be related to the necessity of coordinating between 

the diversity of cellular types, including granule cells and pyramidal cells that are 

located in different layers within the same structure. Added to that, combined 
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complex morphogenic events should assure correct and synchronous CA fields and 

DG assembly; pyramidal cells destined to settle in the CA3 region, should be 

contacted by granule cells axons (the mossy fibers), and have to wait for the later 

formation of the granular layer on days E17-E18 (Altman and Bayer, 1990c). 

Interneurons (residing in the hippocampus are derived from distant ventral parts of the 

developing telencephalon, and will need longer migration times to reach the 

hippocampus, when compared to interneurons in the developing cortex (Tricoire et 

al., 2011). Tangentially migrating interneurons must encounter and assemble with 

radially migrating cells, in order to form the proper spatio-temporal sequence of 

migration gradients. Therefore, the migration of pyramidal neurons and GABAergic 

interneurons is cross-regulated: glutamate released from projection neuroblasts will 

facilitate interneuron migration, whereas the release of GABA from interneurons 

facilitates the migration of glutamatergic neuroblasts (Manent et al., 2005). This 

sequence of events could justify the prolonged sojourn of hippocampal neuroblasts in 

the SVZ. Afferent and efferent fibres in the cortex have an unconstrained path of 

distribution through the white matter situated underneath the entire expanse of the 

cortical gray matter. In the hippocampus the bulk of the fibres (specifically the 

efferents) are funneled through a narrow bottleneck region where the fimbria is 

located. Thus fundamental differences in the anatomical organization of the two 

systems could be the reason behind this long sojourn (Angevine and Sidman, 1961).  

 

D Migration of neuroblasts in the developing hippocampus:  

In the developing hippocampus, pyramidal cells follow the same two modes of 

migration as those in the neocortex; glia guided migration and somal translocation. 

Radial glial cells, which play an essential role in guiding neuronal migration, extend 

long vertical processes from the hippocampal VZ to the pial surface. Glial fibers 

persist until P9, at which age they disappear from the Ammon's horn (Altman and 

Bayer, 1990b). Both the nucleus and the cytoplasm of migrating cells are relatively 

electron-dense and the latter contains organelles typical of young neurons as 

described in other brain regions (Nowakowski and Rakic, 1979). 
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A Golgi and electron microscopic analysis in foetal rhesus monkey shed light on the 

similarities between cortical and hippocampal neuroblast migration. However, some 

differences do exist, which are mostly related to the anatomic localization as well as 

to the complex connectivity pattern in the hippocampus when compared to the 

developing cerebral cortex. The use of foetal rhesus monkey brains to study 

hippocampal neuronal migration allowed the study of different phases of neuronal 

migration, a task that can be difficult in rodents due to the short distance between the 

VZ and stratum pyramidale. In foetal rhesus monkey, the IZ is divided into an inner 

deeper and an outer more superficial zone. 

The authors found that neurons migrating 

along radial glial processes in the inner 

part of the IZ are radially oriented (Figure 

32, panel A, C1, see the leading process of 

these cells opposed to the radial glial fiber 

F). The authors also found that their apical 

leading processes, usually one per cell, 

end in the form of a bulb-shaped growing 

tip. These migrating cells also have one 

thinner trailing process, which is not 

attached to the ventricular surface. In 

addition, the migrating young neurons 

have several thin short processes 

emanating horizontally from their cell 

bodies. This pattern hence describes what 

is now accepted to be the characteristics of 

radially migrating neurons (Nowakowski and Rakic, 1979; Nakahira and Yuasa, 

2005) (Figure 32 ,panel A and A’ C1).  

In this same study the authors found that in the outer portion of the IZ, the radial 

alignment of migrating neurons is less pronounced. After reaching this level, the 

migrating cells usually develop one or two thick, horizontally oriented processes 

(Figure 32, panel A’ C5), and often the nucleus becomes eccentrically located in the 

perikaryon. The migrating cells whose nuclei reside in the upper IZ generally have at 

Figure 32: Structural and morphologic 

characteristics of migrating neurons at 

different stages.  

Adapted from (Nowakowski and Rakic, 1979) 

Ultrastructural and morphologic appearnce of 

migrating pyramidal cells in lower (A, A’) and 

upper intermediate zone (B, B’). 

 
 



 99 

least one long process extending into the CP. This morphologic change is correlated 

with the last step in neuronal migration, when the cell translocates its soma to reach 

its final destination. 

The ultrastructural appearance of the migrating hippocampal neurons is similar to that 

described for migrating cells in other brain regions. The nucleus is usually ovoid in 

shape, occasionally lobulated, and has moderately-dispersed chromatin and electron-

dense karyoplasm (Figure 32, panel A). The cytoplasm of these cells has an electron-

dense matrix characteristic of immature neurons; it contains mitochondria, ribosomes, 

rough and smooth endoplasmic reticulum and the Golgi apparatus. The leading 

process usually contains a higher concentration of mitochondria and a prominent 

Golgi apparatus. The migrating cell is apposed along its entire length to a MT-filled 

glial fibre or to a fascicle of such fibres. The less obvious apposition of the young 

neurons to the radial fibres in the outermost part of the IZ (Figure 32, panel B), could 

be due to dissociation of the young neurons from the guiding fibres, to allow them to 

translocate their soma and settle in their final destination. At this stage, cells in this 

position are slightly less electron-dense than radially-opposed migrating ones. This 

difference in electron density between is a reflection of the progress of en route 

maturation of migrating hippocampal neurons (Figure 32, panel B) (Nowakowski and 

Rakic, 1979). 

Neuronal migration in the CA fields: 

As mentioned earlier, after neurogenesis, cells exhibit a long sojourn (up to 5 days 

after generation) where they show multipolar morphology, and are independent of 

radial glial fibers.  By P2, most of the sojourning cells will have arrived at their final 

destination in the pyramidal cell layer. Although cells follow a classical inside-out 

migration and lamination pattern in the hippocampus, in the CA3 region, they adopt a 

more complex pattern due to the extended curved route of migration from their 

ventricular germinal zone to the developing extraventricular part of CA3 (Stanfield 

and Cowan, 1979; Sheldon et al., 1997), and the proximal (early) to distal (late) 

patterns of CA3 pyramidal generation.  

Neuronal migration in the CA1 region is a glia guided migration with sojourning 

pyramidal cells in the IZ longer than the cortex, but less than the CA3 region. The 

lamination of the CA1 region is a typical inside-out lamination pattern with earliest 
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born neurons in most deep layers, and later born neurons residing in more superficial 

layers.  

As described earlier, Lsi1 and Lsi2 transgenic mouse lines (Thy1-mGFP
Si1 and Thy1-

mGFP
Si2) express membrane-targeted GFP (mGFP) in small neuronal subsets that 

correspond to distinct but partially overlapping neuronal subpopulations that emerge 

during early hippocampal neurogenesis (Deguchi et al., 2011). Lsi1 neurons represent 

the earliest principal neurons in the hippocampus born before E11.5, Lsi2 neurons are 

born one day later, around E12.5. This fine difference in the birth dates corresponds to 

subtle temporal distinctions pronounced during hippocampal circuit assembly, since 

Lsi1 neurons mature and establish synapses ahead of Lsi2 neurons, and both precede 

the synaptogenesis of most other principal neurons. This example provides evidence 

that commitment to Lsi1 and Lsi2 subpopulation fates occurs early during 

hippocampal neurogenesis, and that at least early hippocampal neurogenesis proceeds 

according to non-random spatial patterns, that correspond to well defined 

developmental programs (Deguchi et al., 2011). 

 

E En route differentiation 

One major difference exists between migrating cortical and hippocampal neuroblasts. 

Migrating hippocampal neurons situated at progressively more superficial levels of 

the IZ become progressively more differentiated and complex. The young neurons in 

the outer portion of the IZ exhibit some of the characteristics of mature pyramidal 

neurons. In particular, they have a single, relatively thick, elongated apical process 

that extends up from the perikaryon before branching into several processes (Figure 

32, panel B’) (Nowakowski and Rakic, 1979). Electron microscopic examination of 

cells situated at various depths in the IZ reveals that cells in the outer IZ are slightly 

less electron-dense than those situated in the inner portion of the IZ (Figure 32, panel 

B). At still more superficial levels just below the ammonic plate, the migrating cells 

are only slightly more electron-dense than those neurons already situated in the 

ammonic plate. They acquire several additional cytoplasmic processes and 

occasionally a long thin axon-like process which courses into the incipient alveus. 

These cells have somewhat larger somata and less electron-dense nuclei and 
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cytoplasm than the migrating neurons still situated in the inner part of the IZ. These 

morphological and ultrastructural differences between the migrating cells in the inner 

versus outer portions of the IZ is a reflection of the progress of their maturation while 

en route (Nowakowski and Rakic, 1979).  

Because the hippocampus comprises multiple cell types, each of which has its 

particular developmental, morphological and physiological profile, molecular access 

to individual cell groups in their native environment is required to specifically 

decipher the developmental and molecular mechanisms in each of these types. The 

development of the in utero electroporation technique (IUE), in which a series of 

voltage pulses are used to transfect target pyramidal neurons via their neural 

precursors with plasmid DNA at a specific embryonic time point has been useful in 

this respect (Figure 33). Embryonic targeting of pyramidal neuronal precursors using 

this technique results in persistent expression of the transgene from early 

developmental time points up to adulthood (Nakahira and Yuasa, 2005; Navarro-

Quiroga et al., 2007). The work by Nakahira and Yuasa, and by Navarro-Quiroga 

have hence confirmed and refined the earlier seminal works of the authors cited in 

this section.  

 

Figure 33: Hippocampus-specific gene targeting by in utero electroporation.  

Adapted from (Taniguchi et al., 2012) 

A: Injection of DNA solution into lateral ventricle, B and C: The ammonic neuroepithelium is targeted 

via dorsal lateral placement of the electrodes. D: targeted cells can be studies at a later stage. 

Migration of dentate gyrus cells:  

Dentate gyrus cells are generated in the ventricular zone, adjacent to the fimbria 

(Altman and Bayer, 1990a, 1990b; Pleasure et al., 2000). Newly generated DG cells 

exit the VZ to the primary dentate matrix, where they display a multipolar 

morphology, and migrate in a glia independent matter (Nakahira and Yuasa, 2005). 

After they exit the primary dentate matrix and enter the subpial space, migratory 

dentate granule cells form a compact stream of migrating cells; they follow the 
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tangentially oriented RG fibers, and migrate in a glia dependent fashion. (Nakahira 

and Yuasa, 2005). Early stages of migration from the primary dentate matrix consist 

of a mixture of postmitotic neurons destined to differentiate into granule cells and 

precursor cells that form the primary dentate granule cell layer and continue to divide 

to produce new granule cells in situ in the dentate gyrus (Altman and Bayer, 1990a, 

1990b; Pleasure et al., 2000). Upon arrival at the secondary dentate matrix, Migrating 

cells will proliferate and produce large numbers of granule cells through the first 

month of postnatal life before settling in the SGZ and gradually reducing their output 

of new granule cells to a lower basal rate through adulthood. Stratification take place 

for the DG cells 5-6 days later, at P1-2 (Nakahira and Yuasa, 2005). 

Mutations in the genes involved in the Reelin signaling pathway (Stanfield and 

Cowan, 1979; Sheldon et al., 1997; Trommsdorff et al., 1999) induce the 

malformation of the unipolar astrocytes and disarrangement of granule cells in the 

dentate gyrus (Frotscher et al., 2003). However, subpial migration is not very severely 

impaired, because it follows glial fibers but may be partially dependent on glial 

guidance.  

 

5.2.2 Hippocampal interneurons 

Like their cortical counterparts, hippocampal interneurons are characterized by the 

synthesis and release of the neurotransmitter GABA. They are classified into several 

subgroups according to their axonal projection pattern, neurochemical content and 

physiological properties.  Axonal projection pattern correlates with the modulatory 

effect of these cells on excitatory hippocampal cells and other interneurons. For 

example, basket cells make synapses specifically with the cell bodies and proximal 

dendrites of pyramidal cells, while chandelier or axo-axonic cells contact the axon 

initial segment of principal neurons. These specific contact sites are ideally located to 

control the genesis of action potentials (Miles et al., 1996). The oriens-lacunosum- 

moleculare cells, are located in the stratum oriens but contact the distal most part of 

the apical dendrites of pyramidal neurons in the stratum lacunosum-moleculare. Thus, 

these cells may specifically control dendritic calcium spikes (Miles et al., 1996) and 

have an important role in controlling excitatory inputs from the entorhinal cortex, 
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which also terminate specifically on the distal- most part of the apical dendrites of 

pyramidal neurons (Figure 34 ).  

Specific projection patterns are correlated to some extent with the neurochemical 

markers expressed by certain groups of interneurons (Freund and Buzsaki, 1996; Fig. 

2). Chandelier cells express the calcium-binding protein parvalbumin (Kosaka et al., 

1987). The calcium-binding protein calbindin or the neuronal nitric oxide synthase 

enzyme is expressed by interneurons contacting the dendritic shafts of pyramidal 

neurons (Gulyás and Freund, 1996; Seress et al., 2005). Besides its particular somatic 

localization and axonal projection, the oriens-lacunosum- molecular cell is also 

characterized by the expression of the neuropeptide somatostatin (Freund and 

Buzsáki, 1996; Jaglin et al., 2012). However, the expression of a particular 

neurochemical marker or physiological property may not be sufficient to allocate an 

interneuron to a particular subgroup. Additionally, interneurons exhibit further 

diversity based on their firing patterns and response to modulating transmitters (Parra 

et al., 1998). Thus classification schemes based on individual criterion do not 

correlate with each other in a simple way, and different categories of properties 

appear at times to vary independently, leading to a possible conclusion that an 

unlimited number of potential GABAergic subtypes exist. 

 

 

Figure 34: Hippocampal interneurons can be classified by their calcium-binding protein content, 

and by their synapse sites on hippocampal pyramidal cells. 
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Adapted from(Danglot et al., 2006) 

 

A Developmental processes culminating in the generation 

and migration of hippocampal interneurons 

Given the wide variety of cortical and hippocampal interneurons, early developmental 

processes will have important impact on defining the ultimate identity of an 

interneuron within a given cortical circuit. This will be influenced by both birth 

location and date (Butt et al., 2005; Miyoshi et al., 2007; Miyoshi and Fishell, 2011). 

An interneuron born at a specific time point and place is expected to recognize 

specific membrane molecules and target pyramidal neurons to establish specific 

inhibitory connections.  Although much remains to be elucidated concerning these 

processes, altogether, these observations confirm the importance of early 

developmental processes in establishing the inhibitory network in the developing 

hippocampus. 

All hippocampal interneurons originate in the medial and the caudal ganglionic 

eminences, MGE and CGE respectively. The same specification and neuronal 

induction signals that govern cortical interneuron development govern hippocampal 

interneurons as well. Hippocampal interneurons are produced in two neurogenic 

waves between E9–12 and E12–16 from MGE and CGE respectively. They follow 

similar routes of migration from their site of genesis to the hippocampus, migrating 

through both the MZ and the IZ/SVZ streams to invade the hippocampus by E14. As 

mentioned, interneurons migrating to the hippocampus will take a longer migration 

time when compared to those migrating to the cerebral cortex, 48-72 hours instead of 

24-48 hours, respectively (Tricoire et al., 2011). Similar to the developing cortex, 

later born interneurons will migrate at a higher speed when compared to early born 

ones, probably indicating a shift in the balance between attractive and repulsive 

guidance cues within the MZ and IZ/SVZ migratory paths (Marín et al., 2010).  

Migrating interneurons to the hippocampus migrate mainly along the MZ path, 

contrary to cortical interneurons which migrate mainly along the IZ/SVZ path 

(Manent et al., 2006). The first interneurons enter the hippocampus on or slightly after 

E14 with peak invasion occurring between E15 and E18. Interneurons reach the 

hippocampus first through a MZ migratory path and later through both MZ and 
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IZ/SVZ migratory paths (Manent et al., 2006). They invade first the subiculum and 

the CA1 fields, and reach the CA3 field no earlier than E16, and the DG primordium 

one day later, at E17 (Manent et al., 2006). CGE- derived interneurons are added with 

a minor temporal delay when compared to MGE-derived interneurons (Rubin et al., 

2010; Tricoire et al., 2011).  

Upon arrival at the hippocampus, MGE and CGE- derived interneurons populate all 

strata with a majority of the migrating interneurons following the MZ stream into 

stratum lacunosum moleculare. In the mature hippocampus CGE-derived 

interneurons primarily localize to superficial regions in strata lacunosum moleculare 

and deep radiatum while MGE-derived interneurons readily populate all regions with 

preference for strata pyramidale and oriens (Tricoire et al., 2011). At later postnatal 

stages, a reduction in interneuron density is noticed in the hippocampus, this could be 

due to a dilution effect in the expanding brain volume, combined with neuronal death 

between P4 and P8 (Verney et al., 2000). 

Recent combined molecular, anatomical, and electrophysiological studies have shown 

that the MGE produces parvalbumin-, somatostatin-, and nitric oxide synthase-

expressing interneurons including fast-spiking basket, bistratified, axo-axonic, oriens- 

lacunosum moleculare, neurogliaform, and ivy cells. In contrast, CGE-derived 

interneurons contain cholecystokinin, calretinin, vasoactive intestinal peptide, and 

reelin including non-fast-spiking basket, Schaffer collateral-associated, MF-

associated, trilaminar, and additional neurogliaform cells (Tricoire et al., 2011). 

Overall, the temporal profiles of hippocampal PV+, Sst +, VIP+, and reelin+ 

interneuron generation are similar to those of the neocortex but with a slight shift 

toward earlier embryonic stages (Miyoshi et al., 2007; Batista-Brito and Fishell, 

2009). In contrast, Clr+ interneurons, which often coexpress VIP in the neocortex, are 

generated at much later stages if they are destined for the hippocampus. 

 

B Maturation of hippocampal interneurons and 

synaptogenesis: signals from postsynaptic neurons trigger 

GABAergic synaptogenesis. 
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At birth, interneurons at different stages of development are intermingled in the same 

layer (Hennou et al., 2002). However, only the interneurons at a certain degree of 

morphological maturation receive functional synaptic inputs, first from GABAergic 

and then from glutamatergic neurons. The same phenomenon is observed for 

pyramidal neurons, but with a delay (Tyzio et al., 1999). These observations could 

suggest that the degree of maturation of postsynaptic neurons is the limiting factor for 

the establishment of synapses. They are in agreement with heterochronic co-culture 

experiments, showing that axons are competent to establish synapses before the 

postsynaptic somato-dendritic compartment (Fletcher et al., 1994). Several other 

aspects of GABAergic synaptogenesis in the hippocampus also support this 

hypothesis. The maturation of GABAergic terminals on CA1 pyramidal cell bodies is 

delayed when compared with that on CA3 pyramidal neurons, which are generated 

earlier (Altman and Bayer, 1990b; Marty et al., 2002). In the granule cell layer, basket 

cells establish their first synapses with the more mature dentate granule cells, at the 

border of the molecular layer (Seress and Ribak, 1990). These results suggest that 

neurons reaching a certain stage of their development start to express molecules 

triggering synaptogenesis with nearby GABAergic axons. 

 

5.3 FACTORS AFFECTING NEURONAL MIGRATION IN THE 

DEVELOPING HIPPOCAMPUS 

Immature neurons express GABA and glutamate receptors as early as prenatal day 

E17. The expression of these receptors in silent neurons of the developing 

hippocampus, which have no functional synapses, has been shown to have an 

important functional role in mediating tonic, spontaneous, and evoked currents in 

embryonic and neonatal CA1 neurons (Demarque et al., 2002), and in modulating 

neuronal migration (Manent et al., 2005). Elegant hippocampal organotypic slice 

coculture assay experiments in which E17–E18 hippocampal slices from GFP and 

wild-type mice were cocultured in tight apposition at the level of the neuroepithelium 

of the CA1 region to study the migration of hippocampal neuroblasts have shown that 

applications of antagonists of GABAA or NMDA receptors led to a strong impairment 

of neuronal migration (Manent et al., 2005). In the presence of the antagonists, cells 

failed to migrate and remained distributed into the migration area (neuroepithelium 
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and stratum oriens) instead of invading the pyramidal cell layer. Morever, the study 

of organotypic slice cultures from GAD67–EGFP transgenic mouse line have shown 

that glutamate acting through AMPA but not NMDA receptors exert a permissive role 

enhancing interneuron migration (Manent et al., 2006). Thus, excitatory and 

inhibitory neurotransmitters have selective permissive roles modulating the migration 

of radially-migrating glutametergic and tangentially-migrating GABAergic neuronal 

populations, respectively. These glutamatergic and GABAergic migrating neuronal 

populations modulate their migration in a synergistic and cooperative manner. 

 

5.4  COORDINATED SYNAPTOGENESIS 

As mentioned previously, the hippocampus is a highly organized laminated structure 

that receives extrinsic and intrinsic inputs terminating in segregated non-overlapping 

fields and layers. Thus, entorhinal afferents recognize their appropriate targets in the 

CA3 region and the DG, terminating on the distal dendrites of the stratum lacunosum-

moleculare and the outer molecular layer, respectively. The 

commissural/associational fibers terminate in stratum oriens, stratum radiatum, and 

the inner molecular layer (Marín et al., 2010). The sequential ingrowth of 

hippocampal afferents correlates very well with their position on the target cells' 

dendritic arbors. Early formed projections such as the entorhino-hippocampal 

projections terminate on distal dendrites, whereas projections generated later such as 

axons of the late-generated dentate granule cell-MF contact dendritic portions closer 

to the cell body of CA3 pyramidal neurons by establishing characteristic synapses 

with large excrescences originating from proximal dendrites (Amaral and Dent, 1981; 

Gonzales et al., 2001). Despite this temporal correlation, tracing and slice culture 

experiments have shown that reversing the normal sequence of developing axons does 

not affect their proper recognition of their final terminations (Frotscher and Heimrich, 

1993). Thus lamination of these fiber systems may not be due to the sequence of 

arrival of afferents, rather, specific layer targeting is guided by local cellular and 

molecular signals interacting with specific proteins present in the growing axons. 

CR cells are a special class of pioneer neurons that transiently occupy the MZ of 

developing cortex and hippocampus. They are present at the time of growth of 
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entorhinal axons into the developing hippocampus and the latter establish transient 

synapses with CR cells (Supèr et al., 1998). It has been suggested that the axons of 

CR cells that project from the hippocampus to the entorhinal cortex provide a 

template or a guiding scaffold for the outgrowing axons of the entorhinal cortex 

(Ceranik et al., 2000). In Reeler mice, the extracellular matrix protein Reelin, which is 

secreted by CR cells before and during the arrival of entorhinal afferents, is absent. 

Although the entorhino-hippocampal pathway is formed in the absence of Reelin, a 

reduction in axonal branching, and an increase in the number of misrouted aberrant 

fibers confirms the fundamental role of CR cells secreting Reelin in proper laminar 

targeting and correct synaptogenesis of developing entorhino-hippocampal terminals 

(Borrell et al., 1999).  

Dab1 is an intracellular adaptor protein that is phosphorylated in response to Reelin 

signaling. Dab1 mutants also have alterations in the development of the entorhino-

hippocampal pathway, where the pattern of termination of hippocampal afferents are 

largely similar to those described for reeler mice. This phenotype in Dab1 mutants 

indicates that Reelin modulates entorhino-hippocampal axonal targeting through the 

adaptor protein Dab1 (Borrell et al., 2007). 

Mossy fibers: 

Entorhinal cortex afferents contact DG cells forming a step in the trisynaptic circuit. 

DG cells, in turn, grow MFs that terminate on the proximal dendrites of CA3 

pyramidal cells and mossy cells of the dentate hilus, as well as a number of 

interneurons in the two areas. MFs display a number of unique features with regard to 

their development, axonal projection specificity, terminal structures targeting and 

synaptic contacts. The synapses formed by MFs on pyramidal cells are one of the 

most complex synapses that develop during the postnatal period in rodents (Amaral 

and Dent, 1981). They are characterized by unique multi-headed dendritic spines 

termed thorny excrescences, which are engulfed by massive presynaptic MF boutons, 

which are 50–100 times larger in volume than a typical asymmetric synapse and can 

contain over 30 separate vesicle release sites. These large synaptic boutons onto 

pyramidal neurons in CA3 are few in number (8–11 per MF in the mouse), easily 

identifiable morphologically, and unusually potent (Henze et al., 2002; Rollenhagen 

et al., 2007).  
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One of the unique features of MF is their ability to preferentially contact CA3 cell 

dendrites, but not CA1 or DG cells (Figure 35B, C, D, and E). Using cell and synapse 

specific markers in hippocampal microisland assays and cell microculture 

experiments, some of the molecular mechanisms that drive initial formation and 

maturation of these unique hippocampal MF synapses have been unscrambled 

(Williams et al., 2011). This unique synapse formation does not require directed axon 

guidance; instead, specific molecular cues promote DG synapses with CA3 neurons. 

Cadherin-9 encodes a classic type II cadherin which signals via homophilic binding 

and is expressed specifically in DG and CA3 neurons, where it provides a 

bidirectional target recognition cue between them. In vivo, downregulation of 

cadherin-9 in either MFs or CA3 pyramidal cell dendrites, results in severe disruption 

of these contact sites. Presynaptic boutons are consistently reduced in size, and 

complexity upon cadherin-9 knockdown and postsynaptic spine formation is severely 

disrupted as well, suggesting a transsynaptic role of this homophilic protein in DG-

CA3 MF synapse development (Williams et al., 2011). 

 

Figure 35: The unique structure and the specificity of synaptic connections in the hippocampus.  

Adapted from Galimberti et al., 2010 and Williams et al., 2011 

LMT, large mossy fiber terminal, TA, terminal arborization, EC, entorhinal cortex. Mossy fibre 

terminals can be either core or satellite and connected to each other. 

Another particularly important feature of MFs is the characteristic arrangement; 

consisting of a core and satellite terminations connected to each other through 

processes forming a terminal arborization (TA) (Figure 35A). Interestingly, these 

represent a structurally plastic region where satellite termination frequencies are 
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positively influenced by hippocampal dependent learning and environmental 

enrichment (van Praag et al., 2000; Ramírez-Amaya et al., 2001; Galimberti et al., 

2010).  

Subpopulations of hippocampal GCs in the mouse exhibit 0 (50%–55% of all GCs), 1 

(60%–70% of TA positive GCs), or >2 TAs per MF along the CA3 region. Notably, 

mGFP-positive MFs from Lsi1 and Lsi2 mice mentioned previously (Deguchi et al., 

2011) exhibit 1 and >2 TAs, respectively. Disruption of EphA4 signaling or PSA-

NCAM specifically in developing hippocampal circuits, resulted in disruption of 

single-TA MFs and the establishment of  >2 TAs uniquely in Lsi1 neurons, but not 

Lsi2 or other later born DG cells. Altogether, this suggests that TAs are specified 

during critical periods in juvenile circuits, through mechanisms involving the 

retention of synaptic complexes at the GC contact sites along the CA3 region 

according to a precise topographic map (Galimberti et al., 2010).  

In developing neuronal circuits, growing axons send off multiple collateral 

projections to ensure global coverage of all potential contact targets. Consequently, 

collaterals contacting inappropriate targets need to be refined through an extensive 

and specific process called stereotyped axonal pruning (O’Leary et al., 1990). This 

stereotyped pruning ensures the development of precise connectivity while removing 

subsets of transient, inappropriately targeted long axon collaterals. This is a 

predictable process, where transient branches to be removed are identifiable. In the 

developing hippocampus, MFs originating from DG cellss and contacting CA3 

pyramids and interneurons are fasiculated into two major bundles, the suprapyramidal 

and the infrapyramidal bundles (IPBs). The suprapyramidal bundle, the major bundle 

(MB), extends in the stratum lucidum, just above and adjacent to the apical dendrites 

of the CA3 pyramidal cell layer. The IPB runs below the pyramidal cells adjacent to 

their basal dendrites and extends to the apex of the curvature of the CA3 region early 

on, at P5. However, in the adult, the axons of the IPB extend a very short distance 

before ascending to join the MB (Claiborne et al., 1986). This topographic difference 

is related to the fact that IPB axons undergo a process of stereotyped pruning between 

P20 and P30, and the final shape of MF axons is achieved around P45 when the axons 

are confined largely to the DG hilus (Bagri et al., 2003).  
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Figure 36: Cell autonomous pruning defect of the IPB in Plexin-A3 mutants. 

Adapted from Bagri et al., 2003 

 

Sema 3F is a secreted protein activating the receptor complex of neuropilin2 and 

Plexin-A3. This receptor complex functions as a retraction inducer to trigger 

stereotyped pruning of specific hippocampal MFs and pyramidal axon branches. In 

P25 mouse hippocampus, when pruning is actively taking place, Sema3F is strongly 

expressed in isolated large cells within the IPB region and stratum oriens of CA3 

which are thought to represent a subset of NPY positive interneurons, and this 

expression pattern is consistent with a receptor role for Plexin-A3 in regulating IPB 

pruning (Figure 36A) Plexin-A3 expression is restricted to the inner third of the 

granular cell layer, where the youngest DG cellss are located and extends along a 

significant portion of the axons in the IPB (Bagri et al., 2003). In Plexin-A3 or 

Neuropilin-2 mutants, the IPB fails to undergo normal pruning, suggesting a role for 

these receptor in regulating pruning of IPB (Bagri et al., 2003). In the hippocampus of 

compound heterozygous females of Plexin-A3, which is an X-linked gene, and X-

GFP, chimeric animals help in distinguishing WT and mutant axons in compound 

heterozygous females due to random X-activation. At P30, all MF axons stain for 

calbindin (red, figure 36B and C), and only Plexin-A3 WT axons will be positive for 

GFP (green, figure 36B and C). Thus, yellow axons contain both calbindin and GFP 
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originate from dentate granule cells expressing WT Plexin-A3, whereas red axons 

contain only calbindin and therefore originate from dentate granule cells expressing 

the mutant Plexin- A3 allele. In adult animals (WT, yellow) axons within the IPB 

were short, and all the abnormally long axons extending underneath the pyramidal 

layer within the IPB were red (i.e., mutant), regardless of whether WT (green) or 

mutant (black) pyramidal cells populated the pyramidal layer overlying the long IPB 

axons (Figure 36); many WT (yellow) axons were observed in the main bundle. The 

absence of WT (yellow) axons in the unpruned IPB regardless of the genotype of the 

environment argues strongly that loss of Plexin-A3 within granule cells is necessary 

for the pruning defect, consistent with a cell-autonomous role for Plexin-A3 as a 

receptor within dentate granule cells regulating pruning (Bagri et al., 2003).  

 

Developmental events leading to maturation of hippocampal circuits: 

A rich body of scientific literature describes key developmental processes 

orchestrating developing neuronal circuits and resulting in fine-tuning of its 

components for eventual proper wiring and functionality in the adult brain. 

Successive molecular, cellular, and electrical events operate sequentially resulting in 

progressive neuronal maturation. GABA, which largely acts as an inhibitory 

neurotransmitter in adult brain, has been shown to be a core player in functional 

maturation of developing circuits including the hippocampus (Leinekugel et al., 1997; 

Fukuda et al., 1998; Rivera et al., 1999).  GABA typically acts by gating a chloride-

selective ion channel. When the chloride reversal potential is maintained close to or 

negative to the resting membrane potential, the activity of interneurons acts to reduce 

postsynaptic activity by a combination of hyperpolarisation and shunting inhibition. 

The chloride reversal potential is controlled by the activity of two chloride 

transporters, KCC2, which normally lowers the intracellular chloride concentration by 

extruding chloride ions, and the Na+–K+–2Cl- co-transporter NKCC1, that typically 

imports chloride thus raising its intracellular concentration. Expression of these 

transporters is developmentally regulated; the early predominance of NKCC1 

expression in immature neurons and the later expression of KCC2 renders the 

intracellular concentration of chloride of immature neurons relatively high, with 
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consequent efflux of chloride upon activation of GABA-A receptors and excitation of 

immature neurons (Leinekugel et al., 1997; Fukuda et al., 1998; Rivera et al., 1999).  

Patch-clamp recording and post hoc reconstruction experiments of CA1 pyramidal 

neurons in rat hippocampal slices at P0 have shown that the same population of 

pyramidal cells is structurally and functionally heterogenous. The majority of the 

studied neurons (80%) were “silent” with no spontaneous or evoked postsynaptic 

currents (PSCs). These neurons had small somata and no dendrites. A minor group of 

the studied neurons (10%) had a small apical dendrite restricted to the stratum 

radiatum and PSCs mediated only by GABAA receptors; and another10% of neurons 

had a more advanced maturation state with an apical dendrite that reached the stratum 

lacunosum moleculare and basal dendrites, and expressed PSCs mediated by both 

GABAA and glutamate receptors. None of the recorded neurons had glutamate 

without GABAergic PSCs (Tyzio et al., 1999). Altogether, these experiments 

demonstrate that GABAergic synapses are formed and are operative before 

glutamatergic ones on hippocampal pyramidal cells during critical periods of early 

neonatal maturation of developing hipocampal networks.  

In contrast to these results, patch clamp recordings from CA1 interneurons at P0 have 

shown an opposite trend of synaptic maturity of interneurons when compared to 

pyramidal cells. The majority of recorded neurons (87%) had both GABAergic and 

glutamatergic synapses, while only 5% of these interneurons were silent.  This 

observation correlates tightly with the sequential developmental programs of 

pyramidal cells and interneurons, where interneurons are generated before pyramidal 

cells. This tightly controlled developmental program where excitatory GABAA 

synapses are active at a time when most principal cells are quiescent with no synaptic 

connections, seems mandatory to drive network activity and circuit maturity, and 

further confirms GABA signaling as a central player in these events (Hennou et al., 

2002). 
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SECTION 6: DOUBLECORTIN, A NEURONAL MIGRATION GENE 
 

6.1 CLASSICAL LISSENCEPHALY 

Lissencephaly (including both agyria and pachygyria) is a neurodevelopmental 

disorder characterized by the lack of cortical convolutions and an abnormally thick 

cortex (Barkovich et al., 1991; Pilz et al., 1998; Dobyns et al., 1999; Cardoso et al., 

2002; Kerjan and Gleeson, 2007; Morris-Rosendahl et al., 2008). It results from 

defective neuronal migration during the development of the cerebral cortex (Iannetti 

et al., 1996; Barkovich et al., 2001; Verrotti et al., 2010). Mutations of at least six 

genes have been associated with forms of lissencephaly including LIS1, DCX, 

TUBA1A, RELN, VLDLR and ARX, whereas co-deletion of LIS1 along with many 

other telomeric genes, especially 14-3-3e, produces a more severe form of 

lissencephaly and distinct facial features, a syndrome known as Miller-Dieker 

syndrome (Reiner et al., 1993; des Portes et al., 1998; Gleeson et al., 1998; Pilz et al., 

1998; Zaki et al., 2007). RELN, VLDLR and ARX pathologies differ however, from 

LIS1, DCX and TUBA1A, especially because of accompanying and constant defects 

in other brain structures. 

In classical lissencephaly (LIS), affected individuals have an abnormal cortex, but no 

other major brain malformations. This is the only type of lissencephaly that is 

associated with subcortical band heterotopia. To date, three distinct genetic causes for 

LIS have been identified. Heterozygous mutations in platelet-activating factor 

acetylhydrolase 1B a subunit (PAFAH1B1, located in 17p13.3, and encoding the 

LIS1 protein), hemizygous mutations in the the X-linked gene doublecortin (DCX) 

and heterozygous mutations in tubulin A 1A (TUBA1A) each produce varying 

severities of classical lissencephaly. Mutations of LIS1, DCX and TUBA1A account 

for 65%, 12% and an 1-4% of patients with LIS, respectively (Reiner et al., 1993; des 

Portes et al., 1998b; Gleeson et al., 1998; Pilz et al., 1998; Keays et al., 2007; Kumar 

et al., 2010) The proteins coded by these genes all affect microtubule (MT) function 

and interfere with neuronal migration (discussed earlier in section 3). 

Classical lissencephaly and subcortical band heterotopia (SBH) comprise a spectrum 

of cortical malformations where the most severe form of lissencephaly consists of 

absent gyri (agyria); the intermediate form consists of abnormally shallow gyri 
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(pachygyria) and the least severe forms are represented by SBH (Kato and Dobyns, 

2003). DCX is the major gene mutated in SBH  (des Portes et al., 1998a). Children 

born with this disorder suffer from varying degrees of severe epilepsy, intellectual 

disability, and premature death in the most severe cases (Barkovich et al., 1991; 

Dobyns et al., 1992). 

 

6.1.1 Neuropathology 

Some data about the detailed histopathological characteristics of this disorder have 

been described. In DCX-mutated cases of classical lissencephaly, gross brain 

examination revealed a smoothening of the surface, with an agyric or a pachygyric 

convolution pattern. The phenotype is most severe anteriorly in the frontal lobes 

(Friocourt et al., 2011). Corpus callosal abnormalities were common in the studied 

cases, and range from complete agenesis, thinning, or even an abnormally thick 

corpus callosum (Dobyns et al., 1999; Kappeler et al., 2007; Friocourt et al., 2011). 

The abnormally thick corpus callosum was identified also during human 

neurofoetopathological analyses at 35 gestational weeks (35 GW), a time when the 

formation of the corpus callosum is complete. This finding is suggestive of either 

defective pruning of callosal fibers, swelling of fiber tracts, or misguided crossing of 

fibers. The latter hypothesis is further suggested by the finding of callosal agenesis in 

the same analysed fetal brain but at different rostro-caudal levels (Kappeler et al., 

2007). Microscopic examination revealed increased cortical thickness (between 10 

and 20 mm instead of 4 mm from birth) (Ross et al., 1997; Forman et al., 2005). 

Examination of  one 35WG DCX- mutated embryonic brain showed that the cortical 

ribbon is thick and poorly separated from the IZ and is composed of four layers 

(Friocourt et al., 2011). In the postnatal brain, the superficial cortical layers layers I, II 

and III had a milder phenotype when compared to deeper layers (Forman et al., 2005). 

Layer I contained CR neurons. Layer II was a thin layer containing few pyramidal 

neurons. Layer III was poorly delimited and paucicellular, made up of granule and 

immature neurons with sparse myelination. However, this layer contains more 

neurons than brains with LIS1 mutations (Forman et al., 2005). Layer IV was 

thickened with a striking transition between the lissencephalic cortex characterized by 

the presence of multiple small nodules of subcortical heterotopia at the junction 



 116 

between the grey and white matter arranged in a radially and columnar pattern. These 

nodules were composed of later born neurons and interneurons which are arrested in 

the periventricular areas or the striatum (Forman et al., 2005; Friocourt et al., 2011). 

These cells seem to mix with the layer VI that is actually widely distributed through 

the deep white matter and the striatum. The hippocampal formation is hypoplastic 

(Kappeler et al., 2007).  

Histologic examination of the brain from LIS1- lissencephaly brains revealed 

similarities but also important differences compared to cases with DCX-mutations. 

The posterior parts of the brains are most severely affected, the gyri are broad, small 

in number and coarse, with a failure or a delayed opercularization of the Sylvian 

fissure. In less severe cases, primary temporal and occipital fissures may be observed 

and the hippocampal area, as well as the adjacent cortex, may have a normal gyration. 

The cytoarchitecture of the different hippocampal fields appears to be generally 

preserved with occasional decrease in pyramidal cell density. The cerebral cortex is 

thickened, layer I is composed of CR cells close to the pia. Layer II is composed of 

densely packed pyramidal neurons and is thicker than in DCX-lissencephaly brains. 

Layer III consists of scattered fusiform, rounded or multipolar neuronal elements. 

Layer IV is particularly poorly separated from the underlying white matter and 

composed of misoriented pyramidal neurons. The reduced white matter contains 

multiple arrested post-mitotic neuroblasts (Forman et al., 2005; Friocourt et al., 2011).  

 

6.1.2 Genotype-phenotype correlation and molecular diagnosis 

of classical lissencephaly  

The imaging findings of lissencephaly vary with the causative gene as well as with 

the severity of the mutation (Leventer et al., 2001; Leger et al., 2008). When very 

severe, the cortex is markedly thickened and almost no sulci are formed (Figure 37 A 

and A’), whereas in less severe cases, the cortex is less thickened and a variable 

number of shallow sulci separate broad gyri (Figure 37 B and B’).  

A classification system considering both the severity of the anomalies and their 

anterior (A) or posterior (P) predominance has been developed: the spectrum varies 

from complete or near complete agyria (grades 1 and 2) (Figure 37 A and A’) to 
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pachygyria (grade 4) and SBH (grade 6) (Figure 37 C). Intermediate grades consist of 

mixed agyria–pachygyria (grade 3) (Figure 37 B and B’) and mixed pachygyria–SBH 

(grade 5) (Dobyns and Truwit, 1995; Dobyns et al., 1999; Kato and Dobyns, 2003). A 

recognizable gradient in which the malformation is more severe anteriorly (DCX) or 

posteriorly (LIS1 and TUBA1A) is also identified (Dobyns and Truwit, 1995; Pilz et 

al., 1998; Dobyns et al., 1999; Saillour et al., 2009; Kumar et al., 2010; Friocourt et 

al., 2011). Thus imaging studies can help predict the causative genetic mutation in 

many cases. It also plays an important role in predicting the degree of neuromotor 

impairment which was shown to be in tight accordance with the severity of 

lissencephaly as judged by MRI diagnostic studies (Leger et al., 2008; Saillour et al., 

2009).  

 

 

Figure 37: Magnetic resonance images (MRI) at the level of basal ganglia showing different 

degrees of LIS severity. 

Adapted from Kato et al., 2003 

In contrast to a normal control (D), all types of LIS have broad or absent gyri and an abnormally thick 

cortex, except for LIS grade 6 or SBH, in which the sulci separating gyri are very shallow. Notice the 

anterior to posterior gradient of LIS is strictly correlated with the causative gene. Specifically, 

mutations of DCX or RELN result in an anterior more severe than posterior (a > p) gradient (A and B), 

while mutations of LIS1 or ARX lead to a posterior more severe than anterior (p > a) gradient (A’ and 

B’). In heterozygous females, mutations of DCX result in SBH (C). 
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Genotype-phenotype correlation studies, where the clinical presentation and its 

severity is correlated with the causative gene mutation have shed light on important 

functional domains in the mutated genes and proteins, which could be tightly 

correlated to its altered function (Leger et al., 2008; Saillour et al., 2009). Sequence 

and structural analyses of DCX proteins from various organisms and mutation 

analysis in humans have shown that DCX is a 361 amino acid protein composed of 

two highly conserved tandem domains, an N-terminal internal repeated domain (N-

DC; aa 46-139) and a C-terminal domain (C-DC; aa 173-263), the two domains share 

a common ubiquitin-like fold (Sapir et al., 2000; Taylor et al., 2000; Kim et al., 

2003). C-DC is followed by a serine/proline-rich tail. Interestingly, most disease- 

causing mutations are missense mutations, clustered in the two conserved N-DC and 

the C-DC domains (des Portes et al., 1998b; Matsumoto et al., 2001; Leger et al., 

2008). The region of the protein containing the N- and C-DC domains is known to 

bind to MTs, however, it is still unclear if DCX interacts through its N-DC, or C-DC 

domain, or both. Recent, genotype-phenotype studies, have clearly demonstrated that 

LIS and SBH causing mutations cluster in both domains (Leger et al., 2008, Bahi-

Buisson et al., submitted). However, lissencephaly patients having mutations in the N-

DC domain may in some cases have a more severe clinical grade when compared to 

C-DC domain patients (Leger et al., 2008). However, the same is not strictly true 

when considering patients with SBH (see below, Bahi-Buisson et al., submitted). 

Genotype-phenotype relationships support experimental data on the functional 

importance of these two evolutionary conserved repeated regions in DCX and their 

role in MT binding.  

Genotype-phenotype correlation studies to uncover critical domains in the LIS1 gene 

have not shown significant results. Large deletions of the LIS1 gene account for most 

lissencephaly cases (Pilz et al., 1998). Most of the disease-causing point mutations are 

found to be truncation mutations distributed all over the gene. Missense mutations are 

less frequently observed (Cardoso et al., 2002). Recently, through studying a large 

cohort of patients with mutations in the LIS1 gene, it has been confirmed that the 

mutation type and location can not predict the severity of the clinical and radiological 

phenotypes in the LIS1-related lissencephaly cases (Saillour et al., 2009). 
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6.1.3 Subcortical band heterotopia 

SBH is a related disorder in which bilateral bands of gray matter are located between 

the ventricular wall and the cortex, separated from the cortex by a thin band of white 

matter (Figure 37 C) (Matsumoto et al., 2001). The gyral pattern in the overlying 

cortex can be normal, or can be simplified to shallow sulci (Guerrini and Parrini, 

2010). Histopathology demonstrates that heterotopic neurons settle close to the ‘true’ 

cortex in a pattern suggestive of laminar organization and these may be smaller in size 

than normal compared to those in the overlying cortex (Guerrini and Parrini, 2010).  

SBH is mainly caused by mutations in two genes: LIS1 and DCX, although one 

mutation in TUBA1A also gives rise to this disorder (these are not the key references 

so I think here it's best not to cite any. Generally speaking, DCX mutations cause 

lissencephaly in hemizygous males and SBH in heterozygous females, and is 

responsible for most cases of SBH (des Portes et al., 1998a; Pilz et al., 1998).  DCX 

mutations have been found in all familial cases and in 53–84% of patients with 

sporadic anteriorly predominant band heterotopia, which represent the most common 

form of SBH (Mei et al., 2007).  In one report, 80% of sporadic female cases, and 

25% of sporadic male cases of SBH were due to DCX mutations (Matsumoto et al., 

2001). Somatic mosaicism has  been shown to be the cause of SBH in male patients 

mutated for the DCX gene  and male and female patients with LIS1 gene mutation 

(D’Agostino et al., 2002; Sicca et al., 2003; Quélin et al., 2012). Most of DCX gene 

mutations causing SBH are point mutations. (Pilz et al., 1998; D’Agostino et al., 

2002a; Leger et al., 2008, Bahi-Buisson et al., submitted). A recent report also 

described a sporadic male patient with SBH carrying somatic mosaicism for deletion 

of exon 6 in the DCX gene (Quélin et al., 2012).  

A robust genotype-phenotype correlation of DCX mutated-SBH patients has been 

recently performed in a large-scale study where more than 70 cases of familial and 

sporadic cases were examined (Bahi-Buisson et al,. submitted). In this study, it is 

clearly shown that the degree of neurological impairment is related to the overlying 

cortical abnormalities and band heterotopia thickness assessed by quantitative MRI 

volumetric analysis. Band thickness is also correlated with the degree of overlying 

cortical abnormalities including the degree of pachygyria and ventricular enlargement 

(Bahi-Buisson et al,. submitted). Mutation analysis has further confirmed that most of 
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the disease-causing mutations were missense mutations distributed approximately 

equally between the N-DC and the C-DC domains (Bahi-Buisson et al,. submitted). 

Skewed X inactivation has been demonstrated to be one of the severity-modifying 

factors, responsible for a less severe phenotype or even asymptomatic inherited and 

sporadic carrier state in female patients (Bahi-Buisson et al,. submitted). It was shown 

that carriers females with skewed X inactivation could transmit severe mutations to 

their offspring males, a finding that helps in explaining some severe familial cases of 

DCX related lissencephaly and other atypical situations (Bahi-Buisson et al,. 

submitted). This could add to the complexity to the genotype-phenotype prediction 

and clinical diagnosis, especially when we keep in mind skewing is not identical 

between different tissues in the same individual. 

A severity difference between de novo and inherited mutations was noticed, where de 

novo ones commonly resulted in a more severe phenotype (Bahi-Buisson et al,. 

submitted). This finding goes with what was already identified in male lissencephaly 

cases. A plausible explanation could be related to the important functional impairment 

related to severe mutations that renders the transmission of these mutations to future 

generations highly improbable, an adaptive evolutionary selection method. 

While identified mutations in LIS1 and DCX genes account for the vast majority of 

cases, a minority of patients with the lissencephaly-SBH spectrum remains without a 

molecular diagnosis. One of the reasons contributing to this is the molecular 

heterogeneity in different types of mutation mechanisms. Several reports have 

recently identified intragenic deletions and duplications of the LIS1 and DCX genes 

as disease-causing mutations (Mei et al., 2007; Haverfield et al., 2009), explaining a 

certain number of apparently ‘negative’ cases. Together with the cases of somatic 

mosaicism (Sicca et al, Quelin et al) and skewed X inactivation this adds further to 

the wide variety of disease causing mechanisms in the lissencephaly-SBH spectrum of 

cortical malformations. Detection of all types of mutations of the known genes thus 

remains a major challenge. New genes will also almost certainly help explain 

remaining cases. 
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6.2 DOUBLECORTIN, AN MT ASSOCIATED PROTEIN 

INVOLVED IN NEURONAL MIGRATION AND 

DIFFERENTIATION 

DCX is a member of a neuronal MT associated protein (MAPs) family (Moores et al., 

2004). In the developing CNS, MAPs are involved in a wide range of cellular 

processes including cell division, migration, polarity formation, and differentiation 

(Conde and Cáceres, 2009). DCX is expressed specifically in postmitotic migrating 

and differentiating neurons, where it plays crucial roles in regulating MT dynamics 

(Francis et al., 1999; Gleeson et al., 1999).  

 

6.2.1 The interaction between DCX and microtubules 

MTs are long polymers of tubulin that are essential for brain development and 

function. MT dynamics involve several processes, #- and $-tubulin heterodimers are 

formed into MT protofilaments (PFs) in a process called nucleation, which can 

require !-tubulin protein complexes (Erickson, 2000) or other nucleating factors. 

During nucleation, #- and $-tubulin heterodimers associate head to tail to form PFs 

and laterally to form the cylindrical MT wall.  

 
Figure 38 Microtubule organization and dynamics in developing neurons. 

Adapted from Conde and Cáceres, 2009.  

 

In vivo, most MTs are built from 13 parallel PFs (Figure 38C), (Tilney et al., 1973; 

Nogales et al., 1998, 1998). Formed MTs go through cycles of elongation and 

shortening and can be stabilized and destabilized. Destabilized MTs will collapse in a 
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process known as MT catastrophe (Conde and Cáceres, 2009). The head-to-tail 

association of the #$ heterodimers makes MTs polarized structures, and they have 

different polymerization rates at the two ends. In each PF, the #$ heterodimers are 

oriented with their $-tubulin monomer pointing towards the faster-growing end (plus 

end) and their #-tubulin monomer exposed at the slower-growing end (minus end). 

The MT can switch between the growing and shrinking phases dynamically at the 

plus end (Conde and Cáceres, 2009). During polymerization, both the #- and $-

subunits of the tubulin dimer are bound to a molecule of GTP. Since tubulin adds onto 

the end of the MT only in the GTP-bound state, there is a cap of GTP-bound tubulin 

at the tip of the MT, protecting it from disassembly. While the GTP bound to #-

tubulin is stable, the GTP bound to $-tubulin may be hydrolyzed to GDP shortly after 

assembly. The GDP-tubulin subunit at the tip of a MT is prone to depolymerization 

and undergoes a structural transition from a strained polymerised conformation to a 

bent, depolymerisation- favouring conformation and a will fall off (Ravelli et al., 

2004). Thus the MT begins rapid depolymerization and shrinkage (Figure 38) (Manna 

et al., 2007). 

DCX contributes to brain development through the stabilization of MTs in the leading 

process of migrating neurons and other neuronal processes (Horesh et al., 1999). Dcx 

is enriched along the lengths of MTs in the leading process of migrating neurons, 

extending in immature neurites (Francis et al., 1999; Gleeson et al., 1999) and growth 

cones (Tint et al., 2009). In cultured neurons, Dcx/actin filament patches are present 

along the axonal shaft, where they display dynamic movements similar to what is 

described in growth cones (Figure 38), (Tint et al., 2009). Dcx knockdown results in 

decreased collateral branching, axon elongation, and dendritic arborization (Deuel et 

al., 2006; Tint et al., 2009). Its deletion in mice results in branching defects of 

migrating neurons (Kappeler et al., 2006; Koizumi et al., 2006). 
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Figure 39: A proposed model of DCX interaction with MT in the in the leading process of 

migrating neurons showing cooperative DCX binding to MT and an affinity for growing 

microtubule. 

Adapted from (Fourniol et al., 2010; Stumpff, 2012)  

As mentioned above, DCX is enriched in neuronal processes, at extremities of 

migrating and differentiating neurons, a region which is devoid of !-tubulin (Baas and 

Joshi, 1992). In these sites, DCX selectively binds and polymerizes 13 pf MTs 

(Moores et al., 2004) and thus possesses a potent nucleation activity, by laterally 

linking together adjacent PFs and counteracting their outward depolymerising 

bending conformation (Figure 38, 39A) (Moores et al., 2006). This leads to MT 

elongation, preventing them from catastrophe and decreasing the rate of post-

catastrophe shrinkage (Moores et al., 2006; Fourniol et al., 2010). Structural biology 

experiments have confirmed that DCX specifically recognizes the corner of four 

tubulin dimers, and binds at the interdimer longitudinal junction between #- and $ -

tubulin, which forms the exchangeable GTP site (Figure 39B) (Nogales et al., 1998). 

DCX overrides the GTP/GDP nucleotide dependence of MT polymerization and 

architecture (Moores et al., 2006). Thus, the DCX-MT stabilization mechanism is a 

plastic mechanism that can stabilize both lateral and longitudinal contact sites and 

nucleate MTs independent of the tubulin-bound nucleotide, a mechanism different 

from !-tubulin mediated stabilization (Friocourt et al., 2003; Fourniol et al., 2010). 

The density attributable to DCX at each binding site is 1/4 of the protein, 

corresponding to a DC domain (Moores et al., 2004; Fourniol et al., 2010); the atomic 
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structure of the N-DC fits very well to the described binding site. However, up-to-

date, no evidence rules out the involvement of the C-DC domain in this binding 

(Fourniol et al., 2010). 

Recently, in vitro single-molecule fluorescence microscopy assays helped provide 

insight into the molecular mechanisms underlying the DCX-MT interaction. It has 

been shown that DCX recognizes 13-pf MTs through a cooperative interaction 

between adjacent DCX molecules, meaning that a single DCX molecule does not bind 

specifically to 13-pf MTs, but groups of DCX molecules do (Figure 39A) (Bechstedt 

and Brouhard, 2012). Additionally, the presence of neighboring molecules causes 

DCX to remain bound to the MT longer. This cooperative-interaction model seems to 

be valid in vivo as well; DCX molecules with missense mutations identified in SBH 

patients had a significantly decreased cooperative interaction.  Both N-DC mutations 

and C-DC mutations showed a severely impaired response, indicating that both 

domains may play a role in this cooperative interaction. Moreover, mutations 

resulting in the more severe ‘‘thick’’ SBH cases had more dramatic effects than 

‘‘thin’’ SBH, while a ‘‘moderate’’ SBH mutation lay in between. Altogether the 

penetrance of an individual mutation, that is tightly correlated with the clinical 

phenotype (Nadia-Bahi-Buisson et al., submitted), seems to correlate also with the 

degree of cooperative interaction between DCX and the MT backbone (Bechstedt and 

Brouhard, 2012).  

While genotype-phenotype correlation studies did not clearly reveal the importance of 

the MT-binding function of the DC domain, protein structural analyses suggested that 

the N-DC domain is more adapted to interact with MT pfs (Moores et al., 2004).  

However, less is known about how the C-DC domain might interact with MTs, and 

structural analysis of DCX molecules harboring missense mutations in either domain 

resulted in severe decline of DCX- mediated MT cooperative binding (Bechstedt and 

Brouhard, 2012). This signifies that both domains can be involved in MT 

stabilization. Nevertheless, DCX involvement in MT stabilization can well extend 

beyond direct MT interaction. Indirect effects of DCX mutations can probably result 

in localization defects, premature degradation (Bahi-Buisson et al, submitted), 

aberrant posttranslational modifications (eg the S47N mutation affects a 

phosphorylation site), or modification of DCX binding to other molecular partners, 

resulting in reduced MT stability, migration defects and a pathologic phenotype.  
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6.2.2 The role of phosphorylation in regulating DCX 

function 

Several protein partners have been described to interact with DCX mediating or 

modulating its functions (Refs). The subcellular localization of Dcx and its affinity to 

MTs are maintained by a balance of phosphatase and kinase activities at the 

perinuclear space and the leading edge of the migrating neuron, which will control the 

MT binding activity of Dcx in response to extrinsic guidance cues (Refs).  Cyclin-

dependent kinase 5 (Cdk5) is a member of the Cdk family of serine/threonine kinases 

that is ubiquitously expressed in the developing brain. It is an atypical kinase in that it 

is not involved in cell-cycle control, but in  neuronal migration and differentiation 

(Tanaka et al., 2001, 2004). The activity of Cdk5 is tightly controlled by binding to its 

neuron-specific activators p35 and p39. p35 has an expression pattern in the 

developing cortex that photocopies DCX expression. Additionally, strong Cdk5 and 

p35 immunoreactivity was detected in the perinuclear cell soma and the leading 

process (Tanaka et al., 2004), where Dcx is enriched and localizes to MTs (Francis et 

al., 1999; Gleeson et al., 1999). p35 co-immunoprecipitates with Dcx, which co-

assembles with Cdk5 on MTs (Tanaka et al., 2004). Cdk5 activity is required for 

proper localization of Dcx to fine perinuclear MTs where it phosphorylates Dcx at 

Ser297 in vivo (Tanaka et al., 2004b). Phosphorylation of Dcx by Cdk5 lowers its 

affinity for MTs, and impairs MT polymerizing activity (Tanaka et al., 2004b). 

Altogether, this data supports the fact that Cdk5-mediated phosphorylation of Dcx 

fine tunes its function in binding and stabilizing perinuclear MTs, a process essential 

for the dynamic regulation of the centrosome-nucleus coupling and nucleokinesis 

during neuronal migration. 

The c-Jun N-terminal kinase (JNK) and JNK interacting protein (JIP-1) work 

upstream of Dcx. The localization of Dcx at neurite tips is determined by its 

interaction with JIP-1 which in turn interacts with a conventional kinesin; a plus-end 

directed molecular motor (Gdalyahu et al., 2004). Interestingly, overexpression of  a 

mutated JIP- 1 (lacking the last 11 amino acids essential for interaction with kinesin) 

resulted in accumulation of Dcx closer to the cell soma. Thus, JIP-1 interaction with 

Dcx promotes kinesin-mediated transport of Dcx from the cell soma to the neurite. 
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Morever, Dcx colocalizes with JNK in the perinuclear area as well as in the neurites. 

And JNK mediated phosphorylation of Dcx affects neurite extension and slows in 

vitro cortical neuronal migration (Gdalyahu et al., 2004; Jin et al., 2010). The 

phosphorylation of Dcx by JNK lowers its binding to tubulin (or MTs?). And 

treatment of neurons with JNK inhibitors increased the amount of Dcx bound to 

tubulin (or MTs?) (Jin et al., 2010). Neurabin II, an actin binding protein that 

successfully mediates the interaction between Dcx and the actin cytoskeleton 

(Tsukada et al., 2005), binds to protein phosphatase1 (PP1), where it regulates PP1 

mediated dephosphorylation of Dcx on sites phosphorylated by JNK (Shmueli et al., 

2006).  However, the role of this interaction on neuronal migration needs to be 

determined. But see spinophilin/Dcx paper Bielas et al. 

PKA and MARK kinases act also as negative regulators of Dcx binding to MTs. The 

serine residue S47 in the Dcx protein, which is mutated in lissencephaly patient 

cohorts (Bahi-Buisson et al; submitted, and marks the beginning of the N-DC domain 

(Kim et al., 2003), represents a substrate for MARK phosphorylation, and mediates 

the negative regulation of Dcx MT affinity upon MARK phosphorylation. Protein 

phosphatase 2A (PP2A) inhibitors increased the amount of dephosphorylated DCX 

and de-localized DCX from the neurite tips to cell soma (Schaar et al., 2004). Thus 

phosphatase activity is crucial to maintain Dcx localization at neurite tips. Dcx 

function in vivo is therefore balanced by several factors that stabilize-destabilize MTs 

and assure correct migration.  

In conclusion, coordinated and reciprocal action of serine/threonine (Ser/Thr) protein 

kinases and phosphatases produces transient phosphorylation, a fundamental 

regulatory mechanism in MT dynamics. Altogether, the above-mentioned examples 

add to the progress that has been made in proposing mechanisms and signaling 

pathways that will transfer external signals such as cell adhesion molecules and 

chemoattractants into increased cellular dynamics, growth cone turning, and neuronal 

migration.  
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6.2.3 Dcx’s role in enhancing long-distance cellular 

transport 

MTs represent a structural support within neurons involved in various dynamic 

processes. They are the engines generating power during neuronal migration and they 

also act as the principal tracks for long-distance cellular transport of enzymes, 

organelles, mRNAs and cytoskeletal components. In particular, the growth cone of a 

migrating neuron requires a steady stream of cellular components to be channelled to 

its tip and such transport is performed by plus-end–directed kinesin motors (Guzik 

and Goldstein, 2004).  

In addition to Dcx’s function in supporting neuronal motility through MT 

stabilization, it seems to be very important for providing stable tracks for anterograde 

transport and vesicular trafficking. Evidence for this has been suggested by 

experiments of MTs bound to DCX which did not block kinesin-dependent transport 

in neurons, thus DCX allows MT growth and stabilization without interfering with 

other critical cytoskeletal reorganizations (Moores et al., 2006). Moreover, the DCX 

binding site is in between MT PFs, only one-part of the DCX molecule is in the inter-

PF groove and the rest of the DCX molecule is exposed, probably participating in 

other MT mediated functions (Moores et al., 2006; Fourniol et al., 2010). The 

participation of Dcx in vesicular trafficking was confirmed by studying Dcx/Dclk 

(Doublecortin-like kinase) double mouse mutants which display a severely 

compromised intracellular neuronal transport (Deuel et al., 2006). Specifically, they 

have defects in Kif1a-mediated trafficking of the presynaptic vesicle-associated 

membrane protein 2 (Vamp2). Fewer Vamp2- vesicles exit the cell body toward the 

neurites in both Dcx- and Dcx/Dclk1-deficient neurons, and instead, accumulate in the 

soma (Liu et al., 2012). Additionally, in vitro studies have demonstrated that DCX 

enhances binding of the ADP-bound Kif1a motor domain to MTs thus mediating 

specific increases of Kif1a MT binding and run length (Moores et al., 2006). 

Moreover, RNAi knockdown of Kif1a in neurons mimics several effects of 

Dcx/Dclk1 deficiency. Dcx mutated at S47R, a mutation described in lissencephaly 

patients, not only caused retention of Dcx in the soma, but also resulted in a 

significant reduction in the number of Vamp2 vesicles exiting into neurites (Liu et al., 

2012). 



 128 

While Dcx-MT binding is regulated by dephosphorylation of Dcx through specific 

interactions with PP1 and PP2A phosphatases in the soma and the distal regions of 

neurites, stimulating Kif1a-Vamp2 anterograde transport in a dynamic and localized 

fashion is mediated through DCX-MT assembly. In contrast, the release of DCX from 

MTs, is mediated by kinases which also play important roles in neuronal development 

and function, such as CDK5, MARK, and JNK. Therefore, vesicle trafficking to 

assure differential anterograde delivery of cargo from cell soma to neurites is tightly 

regulated by spatial and temporal signals that act down stream to extracellular cues 

and growth factors, connecting the actin cytoskeleton to MT motors, and DCX is 

likely to play a fundamental role in this process. 

 

6.2.4 DCX’s interaction with LIS1 

Transport is one of the major functions of MTs and is mediated by individual MT-

based motors (Vale, 2003). Motors are directional; as suggested above kinesins 

transport cargoes away from the cell body to distal parts of the axon (plus-end-

directed MT motor), and dynein mediates transport back toward the cell body  

(minus-end-directed MT motor). The LIS1 protein is associated with dynein and 

regulates its function at various cellular and molecular levels (McKenney et al., 

2010). It affects neuronal progenitor cell division (Faulkner et al., 2000), it is involved 

in the regulation of neuronal migration by enhancing nucleokinesis (Dujardin et al., 

2003) and it regulates the extension of the leading processes of neurons by regulating 

both reorientation of the MT-organizing center and actin-based motility (Faulkner et 

al., 2000; Gupta et al., 2002). Additionally, together with Nudel, LIS1 regulates 

dynein, which mediates transport back toward the cell body towards MT minus ends 

(Liang et al., 2004; Li et al., 2005).  On the other hand, LIS1 may interact with DCX; 

they partially colocalize in the soma and in neurites and may function in the same 

protein complex in the developing brain. DCX may be abnormally localized in 

Miller–Dieker syndrome (involving LIS1 deletion) brains (Qin et al., 2000). When 

dephosphorylated, DCX is mobilized from neurite tips and associates with MT 

bundles, where it may influence LIS1.Interplay between DCX and LIS1 may involve 

common regulatory mechanisms affecting retrograde minus-end-directed MT 
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transport and common pathways that regulate neuronal migration and differentiation 

may exist between two proteins which when mutated lead to a common pathology. 

 

6.2.5 DCX’s interaction with Neurofascin (NF) 

NF belongs to a family of L1 cell adhesion molecules (CAMs), which are 

transmembrane proteins of the immunoglobulin superfamily that engage in stable 

protein interactions at the membrane as well as signaling pathways (Hortsch, 1996). 

During cortical development, and upon local signaling of neurotrophins in culture, 

DCX modulates the subcellular distribution of NF and targets it to the axon initial 

segment (AIS) at the time of axogenesis (Kizhatil et al., 2002; Yap et al., 2012). DCX 

specifically binds phosphorylated NF at the intracellular FIGQY motif, and promotes 

the clathrin dependent endocytosis of NF from the neuronal plasma membrane in the 

soma and dendrites and redistributes it to the AIS. Once at the AIS, FIGQY-

Neurofascin becomes de-phosphorylated promoting its binding to AnkyrinG (ankG) 

(Tuvia et al., 1997) which tethers it to the AIS. Accumulated and stabilized NF at the 

AIS is essential for the formation, maintenance, and stabilization of the AIS and cell 

specific synaptogenesis (Burkarth et al., 2007; Kriebel et al., 2011). 

DCX also interacts with  µ1 and µ2 subunits of the protein adaptor complexes AP-1 

and AP-2 respectively, which are involved in clathrin-dependent protein sorting 

(Friocourt et al., 2001). AP-2 is particularly involved in clathrin-mediated endocytosis 

and receptor sorting at the plasma membrane (Friocourt et al., 2001). And the µ 

subunits have been shown to mediate the capture of specific proteins (often integral 

membrane proteins) in clathrin-coated vesicles (Ohno et al., 1998). Therefore, it 

sounds plausible that DCX-mediated clathrin dependent endocytosis of NF is 

accomplished via the DCX-AP2 interaction. 
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6.3  MIGRATION DEFECTS AND SPONTANEOUS EPILEPSY IS 

A COMMON FEATURE OF DIFFERENT DCX MUTANTS’ 

MODELS 

DCX plays important roles during brain development in rodents and humans. 

However, phenotypic differences between species do exist. While human patients 

with disease-causing mutations in the DCX gene will have a spectrum of 

lissencephaly and SBH, constitutional Dcx KO mice have grossly normal isocortex, 

with disorganization of the hippocampus. Lamination defects is mostly appreciated in 

the CA3 region, which is divided into two layers. A loose layering of cells is noticed 

in all the Cornus Ammonia fields (Corbo et al., 2002; Kappeler et al., 2007). 

Lamination defects in hippocampal fields are detected during embryonic periods; at 

E17.5 an increased density of cells in the intermediate zone adjacent to the developing 

pyramidal cell layer was observed. Additionally, two cell layers were observed in the 

CA3 region and CA1 to a lesser extent at this stage. At postnatal stages, fewer 

heterotopic cells were detected in the CA1 region while lamination defect persisted in 

the CA3 region into adulthood. In the adult, the CA3 pyramidal cell layer was divided 

into a thin superficial neuronal layer close to stratum oriens, and a deep thicker band 

of neurons close to stratum radiatum, an abnormality that was detected along the 

rostrocaudal level of the hippocampus (Kappeler et al., 2007; Nosten-Bertrand et al., 

2008; Bazelot et al., 2012). Disturbances in the morphology of pyramidal cell layers 

in the CA3 region was noticed in the two heterotopic layers. Apical dendrites of 

pyramidal cells in the SPE were typically shorter than those of WT pyramidal cells, 

while basilar dendrites of cells of the SPI layer were less profuse (Bazelot et al., 

2012). 

Time-lapse imaging has demonstrated defects in the migration dynamics of ventrally 

derived interneurons, originating from the medial ganglionic eminance. Tangentially 

migrating interneurons in Dcx mutants had more frequent, less stable formation of 

new branches in the growth cone. This resulted in cells migrating in a disorganized 

manner, making shorter nuclear jumps. Despite this abnormality, migration speed and 

distance was identical to the WT neurons (Kappeler et al., 2006). These experiments 

provided important insights on cellular roles of DCX during interneuron migration. 

However, the functional consequences of this abnormality in the number and 
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distribution of several interneuronal populations in mutants’ cortex and hippocampus 

is not yet performed. 

Abnormalities in neurons originating from the anterior subventricular zone and 

migrating along the rostral migratory stream en route to the olfactory bulb have been 

describes as will. Severe morphological defect in the rostral migratory stream and 

delayed neuronal migration was detected in Dcx mutants (Koizumi et al., 2006). DCX 

is required for nuclear translocation and maintenance of bipolar morphology during 

migration of these cells. Highlighting an essential role of DCX in translocation of the 

nucleus and the maintenance of cell polarity (Koizumi et al., 2006; Belvindrah et al., 

2011). 

In addition to the above mentioned anatomical defects, corpus callosum agenesis was 

detected in Dcx mutants, exclusively maintained in S129PAS genetic background 

(Kappeler et al., 2007). Defects in the formation of the later-formed caudal part of the 

corpus callosum were detected, while the rostral part was able to form in some cases. 

Callosal abnormalities resulted in an abnormal position and form of the dorsal part of 

the hippocampus, thus it seems likely that the callosal agenesis directly affected 

hippocampal positioning in these mice (Kappeler et al., 2007).  

Dcx mutants display hippocampal-onset epileptic seizures with secondary 

generalization to tonic–clonic convulsions (Nosten-Bertrand et al., 2008). Intracellular 

recordings of hippocampal pyramidal cells in the CA3 region showed that heterotopic 

cells are more excitable than WT pyramidal cells (Bazelot et al., 2012). Field 

recordings from Dcx KO brains’ slices suggested that pyramidal cells had the primary 

contribution to spontaneous epileptiform activity; they receive strong inhibitory inputs 

during interictal events, and GABAergic signalling seemed preserved (Bazelot et al., 

2012). 

Despite the absence of the gross cortical migration defects in constitutional Dcx KOs 

in mice, in utero electroporation experiments using RNAi construct against Dcx 

revealed defective migration of later born, glia- guided radially migrating cortical 

neurons. (Bai et al., 2003; Ackman et al., 2009; Manent et al., 2009; Lapray et al., 

2010). In this model, neurons prematurely stopped migrating to form subcortical band 

heterotopias within the intermediate zone and the future white matter. Other neurons 

migrated into inappropriate neocortical lamina within normotopic cortex. Migration 
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disruption was due to cell-autonomous and cell-non-autonomous defects, suggesting a 

cooperative radial migration model (Bai et al., 2003). SBH due to Dcx knockdown 

was associated with spontaneous epileptic activity (Manent et al., 2009; Lapray et al., 

2010). The severity of the epileptic manifestations was positively correlated with both 

the size of the subcortical heterotopia and the age of recorded animals (Lapray et al., 

2010). Interestingly, trials to stimulate the migration of aberrantly positioned neurons 

by reexpressing Dcx during critical postnatal period were successful. Reexpressing 

Dcx both reduced the SBH size, and the convulsant-induced seizure threshold to a 

level similar to that in malformation-free controls. These experiments confirmed the 

potential of successful therapeutic intervention in cases of abnormal migration, during 

narrow time windows, when the networks are sufficiently plastic and responsive to 

rescue trials (Manent et al., 2009). 
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CHAPTER 2: RESULTS 
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PREAMBLE 

Human DCX mutations are associated with lissencephaly, subcortical band 

heterotopia and with syndromes of intellectual disability and epilepsy.  DCX is a 

developmentally regulated microtubule associated protein that is important for 

cooperative stabilization of MTs in migrating and differentiating neurons during 

embryogenesis (Francis et al., 1999; Gleeson et al., 1999; Bechstedt and Brouhard, 

2012) and newly born neurons in the adult brain (Brown et al., 2003). Neurons 

lacking DCX have nucleokinesis abnormalities and branching defects (Kappeler et al., 

2006), and knockdown of DCX in pyramidal cells leads to an abnormally hyperactive 

centrosome, with loss of directional movement and spatial correlation with the 

nucleus (Sapir et al., 2008).  

In Dcx KO mice, CA3 hippocampal pyramidal cells are abnormally laminated (Corbo 

et al., 2002); a double layer of loosely organized neurons is apparent in the CA3 

region of the hippocampus from E17.5 onwards (Kappeler et al., 2007), instead of a 

single compact pyramidal cell layer present in wild type littermates. This is associated 

with spontaneous epilepsy (Nosten-Bertrand et al., 2008). Dcx KO pyramidal cells 

show a reduced dendritic length and cells are more excitable than their WT 

counterparts (Bazelot et al., 2012). Field recordings from Dcx KO young adult brain 

slices suggested that heterotopic pyramidal cells make a primary contribution to the 

spontaneous epileptiform activity (Bazelot et al., 2012). They receive strong 

inhibitory inputs during interictal events, and thus GABAergic signalling may be 

largely preserved (Bazelot et al., 2012). 

The hippocampus plays a dual role in the primary or secondary pathogenesis of 

temporal lobe epilepsy in cases of heterotopia (Aghakhani et al., 2005; López H et al., 

2010; Piao et al., 2010; Kitaura et al., 2012). In human patients, aberrantly positioned 

heterotopic cells in the hippocampus are strongly correlated with severe forms of 

pharmacoresistent epilepsy (Lehéricy et al., 1995; Watson et al., 1996; López H et al., 

2010). Some studies suggest that the hippocampus is the primary epileptogenic focus 

even in cases of extrahippocampal heterotopias due to the existence of functional 

connectivity and electrical coupling with the hippocampus (Kitaura et al., 2012). 

Moreover, the hippocampus display abnormal interictal spiking activity in all cases of 
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periventricular heterotopia, and it is the unique structure involved in epileptogenesis 

in some reported cases (Aghakhani et al., 2005). 

The development of mispositioned, heterotopic neurons, their molecular profiles, 

maturation and integration during brain wiring, and their eventual contribution to the 

genesis of hyperexcitable neuronal circuits have attracted the attention of researchers, 

trying to actively dissect the functional role of these cells. Several studies have 

reported that various types of heterotopic or dysplastic neurons present a modified 

gene or protein expression compared to their homotopic counterparts (Chevassus-Au-

Louis et al., 1998; Rafiki et al., 1998; Finardi et al., 2006). The study of the 

maturation program of heterotopic neurons and their integration in neuronal circuits in 

the cortex has been performed in rodent models using acute Dcx knockdown 

experiments. In a rat model of Dcx knockdown during the embryonic period, a band 

of functionally active neuronal heterotopias was found to locate below a grossly 

normal appearing cortex (Bai et al., 2003; Ackman et al., 2009; Manent et al., 2009; 

Lapray et al., 2010). Interestingly, in this model, neurons located in the heterotopic 

region retained immature properties, and most of them displayed a delayed maturation 

of GABA-mediated signaling (Ackman et al., 2009). Homotopic cells were also 

hyperexcitable. In contrast, in a second model of Dcx knockdown in migrating 

neuroblasts of the rostral migratory stream during early postnatal stages, affected cells 

had abnormal migration and were found in ectopic positions (Belvindrah et al., 2011). 

These ectopic neurons matured precociously, and received GABAergic and 

glutamatergic synaptic inputs earlier when compared to their control counterparts in 

similar locations (Belvindrah et al., 2011). Thus, striking temporal differences in the 

maturation program were demonstrated in two different models of heterotopia due to 

Dcx loss of function. 

In this project, we hypothesized that heterotopic neurons in the Dcx knockout mouse 

model have aberrant connections and function abnormally, and show different gene 

and protein expression. We are interested in identifying the intrinsic properties of 

these cells by studying their molecular profile, and understanding how changing their 

extrinsic environment due to mispositioning affects the normal developmental 

program and maturation sequence adopted by these cells. To achieve these goals we 

set to perform an in-depth characterization of the morphological organization, 

ultrastructural properties (article 1), and global gene expression profiling of these 
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cells during perinatal stages (article 2) and in the adult. We assumed that the intrinsic 

cellular properties of heterotopic neurons are refined and modified by the new 

environment imposed upon them. We hope that this multi-experimental approach will 

be combined in the future with translation of the molecular and cellular data obtained 

during this thesis work into functional characterizations of the properties of Dcx KO 

cells at critical periods and the integration of heterotopic neurons in the epileptic 

circuits using electrophysiological experiments. These combined experiments are 

expected to add to the richness of the literature concerning the characterization of 

heterotopic cells. Global interpretations of the obtained results, taking into account the 

temporal variation in morphological, cellular, ultrastructural, molecular and 

electrophysiological properties of these cells at perinatal and adult stages, will 

contribute to our comprehensive understanding of the implication of heterotopic and 

homotopic cells in the generation of developmental forms of epilepsy.  

 

Specific objectives of my thesis project were: 

1. To describe the general organization of Dcx KO heterotopic principal neurons with 

respect to each other and to other cellular types in the hippocampus, respectively at 

the postnatal age P0 (article 1). 

2. To describe the ultrastructural features of Dcx KO neurons at P0 using electron 

microscopy (article 1). 

3. To identify spatiotemporal and stable molecular profiles of Dcx KO neurons at P0 

and in the adult hippocampus (article 2).  

4. To identify perturbed developmental mechanisms and molecular biological 

functions in heterotopic neurons and their homotopic counterparts at P0 and in the 

adult, which might explain their potential contribution to the development of 

hyperexcitable circuits (article 2 and still ongoing). 

 

We decided to study the P0 stage, to assess ultrastructural characteristics and global 

gene expression in the WT and Dcx KO CA3. From a technical point of view, P0 

represents a stage when the hippocampal CA3 region of the Dcx KO is composed of 
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two distinct neuronal layers, that can be easily and specifically microdissected from 

each other. Additionally, from a developmental point of view, in rodents, P0 

represents a stage where some late born CA3 neurons are still migrating, and most 

other neurons are expected to have reached their final destination in the pyramidal cell 

layer and to be differentiating (Angevine, 1965; Altman and Bayer, 1990). Therefore, 

this approach helped us in our aim, which was targeted at identifying developmentally 

regulated molecular markers with specific spatiotemporal expression patterns, and 

perturbed signalling pathways that are potentially involved in generating hyperactive 

circuits in the two populations of Dcx KO neurons.  

In our research laboratory, we chose to use the Dcx KO mouse model generated by F. 

Francis, which is a chronic model generated and maintained on two different genetic 

backgrounds (Sv129Pas and C57BL/6), with very little inter-individual variability in 

each of them. While the use of Dcx KOs maintained on C56Bl/6 background is ideal 

for the study of the epileptic phenotype (Nosten-Bertrand et al., 2008), we noticed 

that in the SV129Pas background the two heterotopic bands are more obviously 

separated from each other (Kappeler et al., 2007) and this is still associated with 

hyperexitability in vitro (Bazelot et al., 2012). The clarity of the morphological 

phenotype on this background encouraged us to use these mice for the morphological 

and the ultrastructural analysis, and to separate them using laser capture 

microdissection. Despite the hyperexcitability of the Dcx KO cells on the SV129PAS 

background, it is well documented in the scientific literature that this genetic 

background is resistant to epileptic seizures (Frankel et al., 2001; McKhann II et al., 

2003). Therefore, this was a second reason justifying the use of this background for 

the molecular profile analysis of these neurons, particularly in adult animals, where 

epileptic seizures could confound the molecular signatures, related more to 

consequences of epileptic seizures, rather than being related to the intrinsic properties 

and unique molecular signatures of heterotopic cellsin a perturbed tissue environment. 

Due to technical difficulties of the microarray hybridization protocol beyond our 

control, and limited amounts of RNA obtained from laser capture microdissection 

material; the generation of molecular data at P0 and in the adult was delayed. P0 data 

has now been successfully generated and analyzed. Normalized data was obtained last 

July, and pathway analyses were then performed. These analyses seem to agree with 

and complement the ultrastructural results which had been generated previously 
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(article 1). For adult transcriptome, new data was very recently generated, and 

pathway analyses still need to be performed, as well as validation of differentially 

expressed genes by qPCRs. For these reasons, this data is not presented here. It will 

be of great interest in the future to compare this obtained set of results to the P0 

dataset, and to potentially combine it with ultrastructural analyses in the adult. 

However, in my thesis manuscript, adult data will not be included because of time 

constrains. 
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ARTICLE 1: 
 

Characterization of heterotopic neurons at the morphologic and the ultrastructural 

levels during development is performed, and results are presented in this article.  

Pyramidal cells in the different hippocampal fields express unique, field-specific 

molecular markers. We set to identify the field markers of heterotopic neurons. Using 

electron microscopy, we were interested in studying the general organization of 

pyramidal cells in the two heterotopic layers in the Dcx KO CA3 region. 

Ultrastructural characteristics of these cells is described as well. Electron microscopy 

work was performed in collaboration with the electron microscopy group at the 

Institute du Fer à Moulin. Obtained results prompted us to study developmental cell 

death in the Dcx KO hippocampus at P2, and the identification of heterogenous non-

pyramidal cells that are found abnormally positioned in the Dcx KO hippocampus. 
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ABSTRACT 

Doublecortin (DCX) is mutated in subcortical band heterotopia (SBH), a severe 

human cortical malformation characterized by cortical neuronal somata trapped in the 

white matter, and associated with epilepsy. Various mouse models exist with forms of 

heterotopia, but the composition and state of cells developing in heterotopic bands has 

been little studied. Dcx knockout (KO) mice show hippocampal CA3 pyramidal cell 

lamination abnormalities, appearing from the age of E17.5, associated with 

spontaneous epilepsy. The Dcx KO CA3 region is divided into two layers, thus 

resembling heterotopia. Here, we further characterized the pyramidal cell 

abnormalities in these mice postnatally. Electron microscopy revealed that the Dcx 

KO CA3 pyramidal cells layers at postnatal day (P) 0 are distinct and separated by an 

intermediate layer without neuronal somata. Morphology, organization and cytoplasm 

content appear different in Dcx KO CA3 pyramidal neurons, compared to wild type 

(WT) cells. Less regular nuclei, with mitochondrial and Golgi apparatus differences 

were observed. Immunohistochemistry experiments showed that caspase-3 dependent 

cell death was also increased in both the CA1 and CA3 regions of Dcx KO mice at 

P2.  

Each Dcx KO CA3 layer at P0 was found to contain pyramidal neurons but 

also other closely apposed cells, displaying different morphologies. Quantitative PCR 

and immunohistochemistry for Olig1 revealed increased numbers of oligodendrocyte 

precursor cells (OPCs) in close proximity to Dcx KO pyramidal cells. Immature radial 

glial (Pax6, Sox2) and astrocytic markers (GFAP) showed no specific labeling in 

either the WT or KO pyramidal cell layers at this age. In situ hybridization 

experiments on the other hand showed somatostatin (Sst)-positive interneurons more 

frequently interspersed with KO pyramidal cells in some brain regions. These 

combined data hence provide a detailed characterization of the Dcx KO hippocampus 

in early post-natal stages and reveal ultrastructural and cellular abnormalities which 

may contribute to abnormal neuronal function and the development of 

hyperexcitability in this model. 
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Introduction 

Heterotopic or aberrantly positioned cortical neurons (Chevassus-au-Louis and 

Represa, 1999) are often associated with epilepsy and intellectual disability. They 

arise in cortical malformations, the most severe of which are visible with ultrasound 

or magnetic resonance imaging (MRI) and are confirmed by neuropathological 

analyses. At least 40% of patients with intractable epilepsy are estimated to have 

severe abnormalities of cortical development, including white matter heterotopia 

(Farrell et al., 1992, Guerrini and Marini 2006). Lissencephaly is characterized by a 

smooth brain surface and a thickened and severely disorganized neocortex, organized 

in four ill-defined layers including a thick band of disorganized neurons extending 

into the white matter, as well as abnormally formed hippocampi (Harding, 1996, 

Kappeler et al., 2007). SBH, a milder cortical malformation of the lissencephaly 

spectrum, is characterized by a band of heterotopic neurons in the white matter, in 

addition to a relatively normal cortex (Barkovich et al., 1994). Doublecortin (DCX), 

LIS1, reelin (RELN) and alpha tubulin 1A (TUBA1A) are mutated in these disorders 

{des Portes, Pinard, et al. 1998 10 /id} with DCX being the gene most frequently 

mutated in SBH (des Portes et al., 1998b; Bahi-Buisson et al., in press). 

Heterotopic neurons can arise during development by a variety of mechanisms. 

For example, neurons born close to the ventricle must migrate across long distances to 

reach their final position in the cortical plate (Gupta et al., 2002). Slowed or arrested 

migration can therefore stop neurons in their migratory trajectory, leading to 

abnormal final positioning (Lambert and Rouvroit, 1998). The physiopathological 

consequences of heterotopia and especially their link with the emergence of 

epileptiform activities are not well understood. Rare histological and 

immunohistochemical studies of human heterotopia have shown that they can contain 

both pyramidal cells and interneurons, and DiI tracing studies have revealed 

connections between heterotopic regions and subcortical/cortical regions (Hannan et 

al., 1999). In rodent models, acute inactivation of Dcx in the rat and simultaneous 

recordings of neurons present in a heterotopia and the overlying cortex has shown 

synchronous epileptiform activity in both heterotopic and homotopic cells (Ackman et 

al., 2009). Few studies have addressed the morphology and state of neurons 

developing in heterotopic bands, which could give clues to their later abnormal 

function in the adult.  
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Mouse models mutated for genes involved in SBH and type 1 lissencephaly in 

human are consistently associated with heterotopic pyramidal cells in the 

hippocampus. Reeler mice are the most severely affected, showing a grossly 

disorganized hippocampus and isocortex (Lambert and Rouvroit, 1998; Deller et al., 

1999). Lis1 mutant mice have subtle defects in the isocortex but also severe 

hippocampal lamination defects, consisting of fragmented CA1 and CA3 pyramidal 

cell layers, and epilepsy (Fleck et al., 2000, Jones and Baraban 2007). More recently 

characterized Tuba1a mutant mice also have severe hippocampal lamination defects 

similar to Lis1 mutants, and only minor isocortical defects (Keays et al., 2007). Dcx 

KO mice are the least severely affected anatomically, with pyramidal cell 

disorganization largely restricted to the CA3 region of the hippocampus (Corbo et al., 

2002; Kappeler et al., 2006; 2007). At embryonic day 17 (E17), a stage at which 

hippocampal neurons are still migrating across an intermediate zone (IZ) (Altman and 

Bayer 1990a), as well as a correctly forming pyramidal cell layer in the Dcx KO, an 

abnormal density of cells is observed in the IZ, particularly in the CA3 region and 

extending into the CA1 region, and this continues during late stages of embryogenesis 

(Kappeler et al., 2007). In the adult, two CA3 pyramidal cell layers are observed. 

Interestingly, these mice suffer from spontaneous epilepsy and show enhanced 

excitability in the disorganized CA3 region in vitro (Nosten-Bertrand et al., 2008). 

Using intracellular recordings and biocytin fillings, individual adult Dcx KO 

pyramidal cells were shown to have reduced dendritic lengths and to be more 

excitable than their WT counterparts (Bazelot et al., 2012). Since hippocampal 

circuits are well characterised, Dcx KO mice provide an excellent model to further 

study specific features of developing heterotopic cells and the way they may generate 

hyperexcitability. 

Interneurons and oligodendrocyte precursor cells (OPCs) are derived from the 

ventral telencephalon and migrate extremely long distances to reach the hippocampus. 

The earliest generated interneurons reach the hippocampus by E14 (Danglot et al., 

2006; Picardo et al., 2011) with major streams arriving from E15 onwards and to 

reach the CA3 region by E16 (Pleasure et al., 2000; Danglot et al., 2006, Manent et 

al., 2006). In late embryonic stages and postnatally, interneurons and OPCs move 

within the hippocampus to their final position (Danglot et al., 2006; Chen et al., 

2008). Dentate gyrus granule cell production is temporally matched with the other cell 
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types (Deguchi et al., 2011), with numerous cells produced from E16 onwards 

(Altman and Bayer 1990b), migrating in a tangential subpial stream in the IZ during 

late stages of embryogenesis, to finally reach the dentate gyrus region (Nakahira and 

Yuasa, 2005), where production continues postnatally (Danglot et al., 2006). Also 

during this period, cell death is a physiological phenomenon with peaks of apoptosis 

observed in the rodent hippocampus between P0 and P2 (Knuesel et al., 2005; Liu et 

al., 2008; Wakselman et al., 2008). We set out to characterize the Dcx KO CA3 

region during these postnatal stages. 

Few ultrastructural analyses examining the content and aspect of heterotopic cells 

have been reported previously (Colacitti et al., 1999; Ono-Yagi et al., 2000). 

Performing an ultrastructural and morphological study to compare the state of CA3 

hippocampal pyramidal cells at birth in the Dcx KO model revealed the nature of the 

lamination defect and the state of CA3 cells. Potential organelle abnormalities were 

identified in Dcx KO cells, as well as increased cell death. OPCs and certain 

interneuron populations were found interspersed within the pyramidal cell layers in 

early postnatal stages, which was not the case in WT. These combined data may 

provide clues to the abnormal functioning of pyramidal neurons in the adult. 

 

MATERIALS AND METHODS 

Animals 

Dcx KO mice (deleted for Dcx exon 3) were generated by using the Cre-loxP site-

specific recombination system, and crossed onto C57BL/6N and Sv129Pas 

backgrounds as described previously (Kappeler et al., 2006). Here, Sv129Pas Dcx KO 

mice exhibiting a double pyramidal cell layer in the CA3 region were studied. Dcx is 

present on the X chromosome, so male hemizygote (-/Y) mice have no functional Dcx 

protein (Kappeler et al., 2006). For all analyses male hemizygote KO mice were 

compared with littermate male wild type mice. These were generated by crossing 

heterozygote females with pure Sv129Pas males (Charles River, France). Mice were 

genotyped by PCR as described previously (Kappeler et al., 2006). Experiments 

involving mice were performed according to national and European ethical 

guidelines. For electron microscopy studies, 3 WT and 3 KO mice were analyzed on 

the day of birth. To study cell death and 3 WT and 3 KO animals were analyzed on 
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postnatal day 2 (P2). For immunohistochemistry 2 WT and 2 KO animals were 

analyzed at P2, and for in situ hybridization 2 WT and 2 KO animals were analyzed 

each at P2 and P60. For laser capture microdissection and quantitative PCRs (qPCRs) 

5 WT and 5 KO mice at P0 were used. 

 

In situ hybridization 

P4 and adult brains were perfused transcardially and fixed using 4% 

paraformaldehyde (PFA) in phosphate buffered saline (PBS). Brains were postfixed 

overnight and were cryoprotected in 30% sucrose, embedded and frozen in OCT, and 

cut coronally using a cryostat at 20%m thickness. Adult brains were cut using a 

vibratome into 60 %m thick sections. Specific antisense RNA probes were generated 

for Wfs1 (gene ID NM_011716), Necab2 (gene ID, NM_054095 and Thompson et al., 

2008), KA1 (NM_175481) and Sst genes (NM_009215). (Wfs1 oligonucleotide 

sequences: forward TACGCCAAGGGCATCATT, reverse 

CACCAGGTAGGGCACCAG; Necab2 forward 

TACCATCGATTCAGACAACACC, reverse AGGTACTGTCTCAGGGAATCCA; 

KA1 forward CAGCGCATGGAGGTGCCCAT, reverse 

GGCTCGCTGCTGTTGGTGGT, Sst, forward ACGCTACCGAAGCCGTC, reverse 

GGGGCCAGGAGTTAAGGA). Frozen cryostat sections were rinsed 3 & 5 min in 

PBS, postfixed in 4 % PFA, rinsed in PBS 2 & 5 min, and treated with proteinase K 

(10 µg/ml) for 10 min. Sections were incubated in PBS + glycine (2 mg/ml), rinsed in 

PBS, and postfixed in 4% PFA, then rinsed in PBS. Tissue sections were hybridized 

at 70°C overnight with digoxygenin (DIG)-labeled probes diluted 1/100 in 

hybridization buffer (50% deionised formamide, 10% dextran sulphate, 1 mg/ml 

Yeast RNA, 1x Denhardt’s solution). The next day, sections were sequentially 

washed in 2X saline sodium citrate (SSC) Tween 0.1% at 70°C then in maleate buffer 

(Maleic acid 100 mM, NaCl 150 mM, 0.1% Tween20, pH 7.5) at room temperature, 

following Bally-Cuif and Wassef (1994) For immunological detection of DIG-labeled 

hybrids, sections were first treated in blocking solution (2% blocking reagent-Roche 

Diagnostics, France, cat. 1096176, 20% sheep serum in maleate buffer). Sections 

were then incubated overnight at 4°C in the same solution containing sheep anti-DIG-

alkaline phosphatase-conjugated Fab fragments (Roche) diluted 1/2,000. The 

following day, sections were washed 4 & 15 min in maleate buffer, 30 min in NTMT 

buffer (100 mM NaCl, 100 mM Tris-HCl, pH 9.5, 50 mM MgCl2, 0.1% Tween 20). 
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The alkaline phosphatase chromogen reaction was performed in NTMT buffer 

containing 100 mg/ml nitroblue tetrazolium (Roche) and 50 mg/ml 5-bromo-4-chloro-

3-indolyl phosphate (Roche) at room temperature for 1-7 days and stopped with PBS. 

Sections were mounted on glass slides, dried, counterstained using nuclear fast red 

and dehydrated in graded ethanol solutions, and coverslipped with Vectamount 

(Vector Laboratories). Sections were viewed with a Provis Olympus Microscope. 

Images were acquired with a Coolsnap CCD camera.  

 

Antibodies and immunohistochemistry 

 

For testing cell death, 3 WT and 3 KO pups at P2 were anesthesized (15 min-ice 

immersion), and then subsequently perfused transcardially with 4% PFA in 0.1 M 

phosphate buffer, pH 7.4. Brains were removed and placed in the same fixative 

overnight at 4°C. Brains were then transferred to 30% sucrose in 0.1 M PBS, pH 7.4, 

and were frozen in OCT and serially cut in 16-µm thickness coronal sections using a 

cryostat (Leica). Every 12th section was collected on Superfrost Plus slides and dried 

overnight before being processed for immunofluorescence. Rabbit anti-activated 

caspase-3 (#559565, BD Pharmingen, France) was used to detect apoptotic cells using 

immunofluorescence. Briefly, after several rinses with PBS, sections were 

permeabilized with PBS containing 0.25% Triton-X100 (PBS-T) and then incubated 

for 1 hr at room temperature in the blocking solution (PBS-T containing 5% Normal 

Goat Serum). Sections were incubated with the primary antisera (1/500) overnight at 

4°C and then rinsed, blocked and incubated with Alexa-568 conjugated goat anti-

rabbit antibody (1/600, Invitrogen France) at room temperature for 1 hr. After several 

rinses, sections were counterstained with DNA dye bisbenzamide (Hoechst 33342, 

Sigma; 1 %g/mL), and coverslipped under fluoromount-G (SouthernBiotech, 

Birmingham, AL, USA).   

Caspase-3 positive cells were counted in both CA1 and CA3 regions of the 

dorsal  

hippocampus across a surface of approximately 5 x 105 (CA1) and 2 x 105 (CA3) 

%m'. 

A 40x objective mounted on a LEICA DM6000 microscope was used for manual 

counting. The area of the surface was calculated on corresponding Hoechst images 
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using Image J software. 7 sections (each 192 %m apart) per animal were analyzed for 

3 WT and 3 KO animals. Counting of the number of caspase 3 positive cells was 

conducted in a blind manner. The density of Caspase-3 positive cells was calculated 

by dividing their number by  

the corresponding area. Average densities per animal were estimated and compared 

between  

groups with Student t test using the GraphPrism software. 

To characterize the cell fate of the ectopic cells found in CA3 DCX mutant 

layers we used a panel of different neural precursor marker antibodies listed above. 

Rat anti-Pdgfra (1/800, BD biosciences, cat # 558774) was used as oligodendrocyte 

precursor marker. Rabbit anti-GFAP (1/1000, Dako # Z0334) and rabbit anti-Ndrg2 

(1/500; Okuda et al., 2008, kind gift from T. Miyata) were used as astrocyte markers. 

Rabbit anti-Pax6 (1/500, Abcam, #ab5790), rabbit anti-Sox2 (1/500, Millipore 

AB5603) and mouse anti-Nestin (1/500, Millipore MAB353) were used as more 

immature precursor markers. Immunostaining was carried out according to the same 

protocol described above. Corresponding secondary antibodies coupled to Alexa-488 

(green), Alexa-495 (red) and Alexa-647(far-red) (1/1000, Invitrogen, France) were 

used for different antibody combinations. Immunofluorescence was visualized with a 

Zeiss AxioImager Z1-Apotome system microscope. Pictures were taken with a 20X 

objective as stacks of 3 to 5 mm with 0.5 mm per between sections. Z-projections 

projections were done in ImageJ and processed with Adobe Photoshop. Figures were 

made using Adobe Illustrator. 

 

Laser capture microdissection (LCM) and quantitative PCR 

To prepare RNA from CA3 pyramidal cell region, laser microdissection was 

performed. Coronal brain sections (12 %m) containing the rostrocaudal hippocampus 

from Dcx KO and WT mice were prepared using a cryostat at -20°C and mounted on 

PENmembrane slides (1440–1000, PALM, Bernried, Germany) which were 

pretreated by RNase ZAP (Ambion)  and UV irradiated for 30 min at 254 nm. After 

sectioning, slides were stored at -80°C for further use within 1 week. On the day of 

LCM, the slides were removed from the -80°C freezer, and immediately fixed in 70% 

ethanol prepared in RNase free water (Invitrogen) for 2 min and then in  50% ethanol 

for 5 sec and stained with cresyl violet 1% (Sigma Aldrich, France) for 1 min. 
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Subsequently, slides were rinsed and dehydrated using graded series of ethanol (50% 

for 5 sec, 75% for 5 sec, 100% for 30 sec). Sections were air-dried and subjected to 

LCM within the next 30 minutes. In WT animals, the single CA3 pyramidal cell layer 

was microdissected (Zeiss LCM system), in Dcx KO animals, internal and external 

heterotopic CA3 cells were microdissected. Per WT sample (n=5), the entire CA3 

structure (bilateral) was excised from 60 sections and pooled, corresponding to an 

area of 3.2 x 106 %m2. Per KO sample (n=5), the same was performed for the internal 

(area of 1.2 x 106 %m2) and external layers (area of 2.8 x 106 %m2).  

Total RNA was isolated using Arcturus picopure RNA isolation kit according 

to manufacturer instructions. RNA was eluted in 13%l of the elusion buffer provided 

in the kit. RNA quantity was measured using a Nanodrop ND-1000 

spectrophotometer (ThermoScientific). RNA quality was checked using by analyzing 

1 %l of RNA on the Agilent 2100 Bioanalyzer (Agilent Technologies, USA) using the 

RNA 6000 Pico LabChip Kit (5065-4473, Agilent Technologies, Palo Alto) according 

to manufacturer’s instructions. To generate cDNA for qPCR experiments, RNA 

reverse transcription and amplification was performed using Nugen Ovation Pico 

WTA system following manufacturer’s instructions. 

Real time qPCR assays using the SYBRgreen method followed MIQE 

guidelines (Bustin et al., 2009). Gene-specific primers for Olig1 (forward 

CGTCTTGGCTTGTGACTAGCG and reverse 

GCCAGTTAAATTCGGCTACTGTC) and for GAD1 (forward 

TGTGACTCGCTTAGCTGAAACCTA and reverse 

GTCAGTGTATCGGAGGTCTTCAGA) were designed using Primer Express 

Software (PE Applied Biosystems). Amplicon size were respectively 124 bp and 58 

bp. Standard curves were generated from assays made with serial dilutions of cDNA 

to calculate PCR efficiencies (90 % < efficiency < 105%, with r2 >=0.998). Threshold 

cycles (Ct) were transformed into quantity values using the formula (1+Efficiency)-Ct. 

Only means of triplicates with a coefficient of variation of less than 10 % were 

analyzed. Inter-plate variation was below 10 %. Values were normalized to the 

geometric mean of 3 Normalization Factors (NF) found to be the most stable through 

all samples using the geNorm approach. These were ATP synthase, H+ transporting 

mitochondrial F1 complex, beta subunit (Atp5b), eukaryotic translation initiation 

factor 4A2 (Eif4a2) and prosaposin (Psap).Average values ± standard deviations are 
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presented for 5 animals of each genotype (individual values are provided in 

Supplementary Table). Ratios were calculated and P values using the Student t-test. 

 

Electron microscopy and morphometry 

P0 mouse pups were euthanized by immersion in ice for 15 minutes after which they 

were transcardially perfused with 4% PFA and 2.5 % glutaraldehyde in 0.1 M 

phosphate buffer (PB). The brains were removed and placed in fresh fixative 

overnight at 4°C, rinsed in PB, postfixed in 2% OsO4 (in PB), dehydrated in an 

ascending series of ethanol, and embedded in epoxy resin. Semi-thin sections (0.5 

mm) were stained with toluidine blue and viewed with a Provis Olympus Microscope. 

Images were acquired with a Coolsnap CCD camera. Ultra-thin sections (40 nm thick) 

were mounted in either 200 mesh or one slot grids, cut and double stained with uranyl 

acetate and lead citrate prior to observation with a Philipps (CM-100) electron 

microscope. Digital images from the CA3 region were obtained with a CCD camera 

(Gatan Orius). 

Morphometric analysis was performed with the software Digital Micrograph 

on two different mice of each phenotype. For each nucleus, the largest diameter was 

measured, and mean nuclear diameter was calculated from 50 neuronal nuclei per 

genotype. Only neurons displaying a clearly visible nucleolus were taken into 

account. Damaged and non-damaged mitochondria were counted in 20 SPI and 20 

SPE cells. Golgi apparatus (GA) was analyzed in 50 cells from two WT animals and 

50 from two KO animals.  

 

RESULTS 

CA1, 2 and 3 field identity in the hippocampus of Dcx KO mice 

Histological studies to characterize the Dcx KO hippocampus were previously 

performed at different stages between E17 and P6 (Kappeler et al., 2007). At P0, two 

clear layers of pyramidal cells are obvious in the CA3 region, and a similar double 

layer of cells is observed in the adult, although the internal layer is generally thinner 

than the external layer (Figure 1 and Kappeler et al., 2007; Bazelot et al., 2012). We 

define these layers here as stratum pyramidale internal (SPI, thinnest layer, closest to 

the stratum radiatum) and stratum pyramidale external (SPE, thicker layer, closest to 

the stratum oriens).  
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In order to verify the identities of CA KO cells, we used adult hippocampal 

field specific markers in in situ hybridization experiments. Wolfram syndrome gene 1 

(Wfs1) is a CA1 field specific marker (Lein et al., 2007; Dong et al., 2009; Fanselow 

and Dong, 2010, Fig 1A). In the Dcx KO hippocampus, we identify both normally 

positioned and a small number of heterotopic CA1 pyramidal cells close to the 

subiculum expressing this marker (Fig 1B, long arrows). Disorganized cells in the KO 

CA3 region do not express Wfs1. N terminal EF calcium binding protein 2 (Necab2), 

labels the CA2/CA3a region (the part of CA3 closest to CA2) and the outer border of 

the CA3b (the middle portion of CA3) cells in the adult (Fig 1C). This marker reveals 

where the splitting of the Dcx KO pyramidal cell layer occurs in the CA2/CA3 region 

(Fig 1D, long arrow). In the Dcx KO, Necab2 appears to label CA2 pyramidal cells 

similar to WT, although we noticed using this marker that the pyramidal layer 

division extends most probably beyond the CA3 field to the CA2 field, and some 

Necab2 labeled cells in CA3b are observed in the superficial Dcx KO SPI layer (Fig 

1D, short arrow), whereas they are normally found in the deep pyramidal layer close 

to the stratum oriens in this region in WT (Fig 1C). KA1 (glutamate receptor kainate 

type 1) is a well-known CA3 cell marker, whose expression is specified early on 

during hippocampal development (Tole et al., 2001). Although the splitting of the 

CA3 pyramidal layer in the KO model was clearly revealed with this marker, the 

pattern of labeling was similar in the WT and KO adult hippocampus, intense in the 

CA3 region and lighter in the CA1 region (Fig 1E, F). Thus in the Dcx KO 

hippocampus, pyramidal cells appear largely correctly specified with appropriate CA 

field markers, despite their abnormal positioning along the radial axis. 

 

Electron microscopy shows two layers in the P0 CA3 region with different cell 

types and abnormal cellular profiles  

To learn more about Dcx KO cells during development, we decided to characterize 

the double CA3 pyramidal cell layer at P0 using electron microscopy. Semi-thin 

sections were cut and serial ultrathin sections were mounted in one slot grids for 

identifying in these sections, the integral cellular layers of the CA3 region. 

In coronal semi-thin WT sections, well-organized pyramidal cell nuclei, 

aligned along the same axis, were identified in a layer bordered by the stratum oriens 
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and the stratum radiatum (Fig 2A, C). In the Dcx KO sections, two cell layers 

(marked by black dotted lines) were visualized, present over a larger less cell dense 

region (Fig 2B, D). The two layers were clearly separated by an intermediary layer 

(IN) with a neuropil-like aspect. In WT, cells are closely packed and their nuclei 

display round or oval shapes enclosing one or two nucleoli (Fig 2C). In Dcx KO CA3, 

the SPE layer consisted largely of cells with an aspect of pyramidal neurons, 

distinguished from neuroepithelial cells in the stratum oriens by their neuronal 

nuclear aspect (Privat and Leblond, 1972) and their contiguous arrangement, without 

large free spaces that characterize the neuroepithelium (Fig 2D). The nuclei of cells in 

the SPE layer appeared aligned in at least three or four different superposed layers 

displaying different sizes and shapes. Nuclei in SPI, closer to the stratum radiatum, 

were found to possess more regular shapes and to be more regularly aligned. SPE and 

SPI KO nuclei were in general more widely spaced than in the WT layer and the 

average nuclear diameter was significantly smaller in SPE than in SPI and WT layers 

(p<0.0001, Fig 2E). (WT 9.396 +/- 1.341 %m, SPI 8.839 +/- 1.094 %m, SPE 7.126 +/- 

1.192 %m, SPE versus WT Mann-Whitney test, p<0.0001). The IN layer separating 

SPI from SPE was found to be composed essentially of neuritic processes. Sometimes 

small or flattened nuclei, oriented parallel with respect to the neuroepithelium, 

neighbouring these processes were observed (Fig 2D).   

 Examination by electron microscopy at higher magnification (Fig 3A) showed 

that in WT mice the broad single layer appears regularly arranged in superposed 

layers of cells with a characteristic neuronal aspect displaying a clear abundant 

cytoplasm, and homogeneously shaped nuclei. Neurons starting from the border of the 

stratum oriens are found aligned (asterisks) and often display oval shaped nuclei. 

Superposed layers are composed of neurons in close apposition without specialized 

junctions (Fig 3C). Dark cellular profiles are sometimes observed in the adjacent 

soma, corresponding to ribosomes and cellular organelles such as mitochondria. 

These WT pyramidal neurons show a light cytoplasm (black asterisks, Fig 3C). Dcx 

KO sections examined at higher magnification showed that CA3 layers contain cells 

which are morphologically different from those observed in WT hippocampi (Fig 

3B). A first cell type shows clear cytoplasm and bigger, round or elongated nuclei 

(black asterisks) enclosing light chromatin, similar in aspect to the neuronal 

chromatin in WT, with peripherally located nucleoli (Fig 3B). A second type of cell 
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with denser chromatin and darker cytoplasm (indicated with a white asterisk in Fig 

3B) interspersed between neuronal-like cells were observed in both SPE and SPI. 

Such cells were in some cases found to entirely surround neuronal-like cells (data not 

shown) and were likely to display several short processes, occasionally present at 

each pole of the cell. Their nuclei showed irregular contours often smaller than 

neuronal-like cells. Their cytoplasm displayed a darker cytoplasm rich in organelles 

(Fig 3D). No specialized junctional complexes were observed between the darker 

cells and neuronal-like cells. Scarce cytoskeletal elements could also sometimes be 

observed. 

In WT cytoplasm, mitochondriae were generally found to have a normal 

aspect, with clearly defined cristae (arrow in Fig 3C), whereas neuronal-like cells in 

both KO layers often showed damaged and swollen mitochondriae (Fig 3D). To 

further characterize the extent of such abnormalities we assessed the percentage of 

abnormal mitochondria in a number of randomly selected cells. In 20 analyzed somata 

of neuronal-like cells from both SPI and SPE, proportions of damaged mitochondria 

varied, with certain cells showing only 14 % abnormal mitochondria, and others as 

much as 88 %, with an overall average of 55 % for SPI cells, and 54 % for SPE cells 

(Supp Table 1). On the other hand, interspersed cells with darker cytoplasm closely 

juxtaposed to Dcx KO neuronal-like cells always showed intact mitochondriae with 

clearly defined cristae (arrowhead, Fig 3D). Thus probable mitochondrial 

abnormalities in Dcx KO cells appear cell-type specific and likely restricted to 

neuronal cells.  

Nuclei in Dcx KO neuronal-like cells often showed an irregular or lobulated 

form compared to WT (Fig 4 compare A, B to D,E and G,H), and chromatin 

occasionally appeared clumped (data not shown). Golgi apparatuses also appeared 

modified in form compared to WT (Fig 4, compare C to F,I,J and Fig 5), exhibiting 

increases of cisternae with circular disposition (found in 64 % of cells, only 1.9% for 

WT), and of the presence of more than 10 Golgi vesicles (Fig 4J, and Fig 5 for 

quantification, 90.2% of cells, 9.1% in WT). Thus overall, the Dcx KO layers show 

cell heterogeneity, and Dcx KO neuronal-like cells appear to exhibit mitochondrial 

and Golgi apparatuses differences, whereas juxtaposed cells seem unaffected.  
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The Dcx KO IN space present in between the two KO pyramidal cell layers 

contains numerous heterogeneous, neuritic profiles and nuclei were largely absent 

from this region (Fig 4K-O). Neuritic profiles are not oriented uniformly and hence 

display heterogeneous forms, ranging from round to elongated. Some display a light 

cytoplasm containing tubulo-vesicular structures (arrow, Fig 4N) and possessing 

regions without cytoskeletal elements and with damaged mitochondria (Fig 4M). 

Microtubules, when obvious in neurites, often appeared less organized and less 

numerous in Dcx KO cells (Fig 6) and occasionally showed a wavy appearance (data 

not shown). Microtubule tracts could also appear shorter and frequently disconnected 

(Fig 6). On the other hand, some neighboring well filled neuritic profiles were also 

observed in the IN with a darker aspect enclosing cytoskeletal elements, ribosomes 

and rough endoplasmic reticulum (data not shown).  

Synaptic contacts were observed at the border of the IN, in some cases likely 

to be immature, symmetric synapses of GABAergic cells contacting perisomatic 

regions of pyramidal cells (Fig 4O). They contain vesicles (arrow) opposite the 

postsynaptic zone. Thus, despite abnormal cellular profiles, at P0 synaptogenesis is 

already occurring in Dcx KO neuronal-like cells. Another potential contact observed, 

was directly established between apical neurites (black asterisk, Fig 4M) potentially 

emerging from a neuronal cell located in the SPE and extending to a neuronal soma in 

SPI (white asterisk, Fig 4L, M). This profile could represent a growing apical 

dendrite. 

 

Cell death is increased in the Dcx KO hippocampus 

The cellular aspects revealed at P0 by electron microscopy suggest some 

ultrastructural modifications at the level of the nuclei, Golgi apparatus and 

mitochondria. We also decided here to assess cell death in the Dcx KO hippocampus. 

Cells expressing activated caspase-3 were identified across the rostro-caudal extent of 

the Dcx KO dorsal hippocampus compared to WT littermate hippocampi (n=3 

animals for each genotype). Previous studies have shown that peaks of developmental 

caspase-dependent cell death occur at P2 in the CA3 region of the rat (Liu et al., 

2008) and P0 for the whole hippocampus of the mouse (Wakselman et al., 2008). In 

the absence of other studies describing peaks of cell death in the mouse CA3 region, 
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we performed an experiment at P2, which showed that in both WT and KO, activated 

caspase-3 labeled cells were present in highest densities in the CA3 region as well as, 

to a lesser extent, in the CA1 region (Fig 7A-D, white arrowheads). In both CA3 and 

CA1 regions, caspase-3 positive cells were predominantly present in the stratum 

oriens, although some cells could also be seen in the stratum pyramidale (Fig 7E-F). 

Overall, higher numbers of caspase 3 cells were found across the rostro-caudal extent 

of the hippocampi of Dcx KO animals as compared to the WT. Analyzing CA1 and 

CA3 regions separately, an approximately two-fold increase of caspase 3-positive 

cells was present in each hippocampal region in the KO compared to WT (Fig 7G-H, 

[in CA1 9 cells / 106 %m2 in WT versus 15.8 cells / 106 %m2 in Dcx KO, P<0.05; in 

CA3 28.3 cells / 106 %m2 in WT versus 49.8 cells / 106 %m2 in Dcx KO, P<0.05]).  

Thus increased cell death is a feature of the developing Dcx KO hippocampus. 

 

Further characterization of Dcx KO cell types in close proximity to pyramidal 

cells 

We set out to identify heterogeneous cell types, interspersed within, or in close 

proximity to, the Dcx KO pyramidal cell layers, identified by electron microscopy 

(Fig 3B). Anti-Pax6 and anti-Sox2, two markers of apical radial glial cell progenitors, 

normally present in the ventricular zone, were first used. Whereas Pax6- and Sox2-

positive nuclei were seen in their correct position in the ventricular zone of both WT 

and KO brains, no positive nuclei were seen ectopically within the pyramidal cell 

layers (Supp Fig 1A-F). Similarly, we used anti-nestin, which labels intermediate 

filaments in radial glial cells, including their processes. Nestin immunoreactivity, 

although showing evidence of processes close to the neuroepithelium, showed no 

evidence of nestin-positive soma within the pyramidal cell layers (Supp Fig 1C-F). 

GFAP, a marker of mature astrocytes also showed no labeling at this stage in the 

vicinity of pyramidal cells in either WT or KO hippocampi (Supp Fig 1G, H), 

although some labeling was observed in the ventricular zone.  

Platelet derived growth factor receptor # (Pdgfr#), a marker of OPCs, was next 

tested. In the WT CA3 region, cell somata were present in the strata oriens and 

radiatum but rarely in the pyramidal cell layer (Fig 8A). However, a number of OPCs 

were identified within and adjacent to the Dcx KO pyramidal cell layers (Fig 8 B-E 
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and Supp Fig 1). OPC nuclei were either horizontally, or vertically oriented (Fig 8C, 

arrows) and had extensive arborizations. In order to confirm the higher abundance of 

OPCs in the Dcx KO stratum pyramidale compared to WT, quantitative PCR (qPCR) 

was performed comparing another OPC marker, Olig1. For this, laser microdissection 

was used at P0 to separate the Dcx KO CA3 SPE from the SPI, and a similar region of 

the CA3 stratum pyramidale was microdissected in WT. qPCR results of Olig1, 

normalized against the geometric mean of three different reference genes, showed a 

two-fold upregulation of Olig1 in Dcx KO SPE compared to WT (Student t-test, p = 

0.001, Supp Fig 2) and a six-fold up-regulation in Dcx KO SPI compared to WT 

(Student t-test, p = 0.004, Supp Fig 2). These combined results support a significant 

excess of OPCs interspersed within the P0 Dcx KO pyramidal cell layers.  

 Some further unlabeled, vertically oriented nuclei were also observed in the 

immunohistochemistry studies, suggesting the presence of other cell types. Some had 

an aspect of migrating neurons based on their oval shaped nuclei (Fig 8D, E1, red 

arrowheads). In order to further identify heterogeneous cell types intermingled in the 

pyramidal cell layers in the Dcx KO, we performed qPCRs for Gad1, a marker of 

interneurons. An upregulation of Gad1 was observed in the Dcx KO SPI at P0 (0.047 

WT, 0.080 SPI, 1.7 fold upregulated in SPI, P val. <0.005, Student t-test, Supp Fig 2). 

We hence further tested interneuron markers, focusing on subpopulations present in 

the CA3 region perinatally, but not normally associated with the stratum pyramidale. 

At P4, somatostatin (Sst) interneurons were particularly abundant in the stratum 

oriens and we also observed cell bodies in the stratum radiatum throughout the WT 

hippocampus (Fig 9A, C, E, G), and in the hilus (data not shown). In the Dcx KO, 

although observed in such regions, Sst-positive cells were also consistently observed 

within the SPI or SPE, or the IN region (Fig 9B, D, F, H). The abnormal distribution 

of Sst interneurons was most pronounced in the rostral-mid parts of the hippocampus, 

in regions where the separation of the pyramidal cell layer into two distinct layers 

appeared more severe. Such cells were vertically, obliquely or horizontally oriented 

and some showed a potentially migratory morphology (Fig 9H, arrow). Thus some 

interneuron subpopulations in certain hippocampal regions, show disorganization in 

the early postnatal Dcx KO hippocampus, the latter found within and between the 

stratum pyramidale. 
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DISCUSSION 

We characterized here the state of the Dcx KO hippocampus at early postnatal ages 

using field identity markers, electron microscopy, and using immunodetections and 

qPCRs to characterize cell death and ectopic cell types. Few previous studies have 

addressed aspects of abnormally positioned cells by electron microscopy, although 

analyses of the disorganized embryonic reeler cortex were previously performed, 

revealing cell mis-orientation but grossly normal neuronal differentiation (Goffinet, 

1980). In the Dcx KO model at P0, we show that both SPI and SPE layers of cells are 

apparently less compact and heterogeneous compared to WT. There are some nuclear, 

Golgi network and mitochondrial differences compared to WT, specific to Dcx KO 

neuronal-like cells, which has not been previously shown to our knowledge in other 

mouse models related to type 1 lissencephaly. At P2, cell death is increased 

approximately two-fold in both CA1 and CA3 regions. Our combined data shed 

further light on how functional abnormalities might arise in the Dcx KO 

hippocampus, and may provide a basis for better understanding the consequences of 

the heterotopia and the development of cell hyperexcitability (Nosten-Bertrand et al., 

2008; Bazelot et al., 2012).  

 Hippocampal field identities, recognized by particular genetic markers (e.g. 

KA1), arise early (Tole et al., 1997; Tole and Grove 2001, Deguchi et al., 2011). 

Thus, medial telencephalon culture experiments, with explants harvested at E12.5 

when none of the field markers are yet expressed, have shown that hippocampal 

explants upregulate autonomously the expression of field-specific markers in culture, 

when analyzed three days later. Thus, the initial specification of hippocampal fields 

begins at least as early as E12.5 and does not require the surrounding cortical 

environment (Tole and Grove, 2001). We show here that despite pyramidal cell 

disorganization, due to retarded or arrested migration (Kappeler et al., 2007), cells 

appear largely correctly specified from subicular to dentate poles.  

During development, hippocampal neurons are generated in the ventricular 

neuroepithelium and migrate across the IZ using radial glial cell processes as a 

substrate (Altman and Bayer, 1990a, Soriano et al., 1986). Radial glial cells 

progressively become more mature and this has been shown to be important for 

correct hippocampal development (Barry et al., 2008). In this study, no obvious 
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differences in nestin, a marker of radial glial cell processes, were observed. The peak 

of neurogenesis for the CA3 region occurs at E14 (Stanfield and Cowan 1979) and 

some CA3 pyramidal cells are still produced at E16 (Nakahira and Yuasa, 2005). 

Migration occurs across a 4 to 5 day period before cells reach the hippocampal plate, 

after pausing extensively in the IZ (Altman and Bayer, 1990a), perhaps waiting for 

coordinating signals from interneurons and dentate gyrus granule cells (Manent et al., 

2006; Deguchi et al., 2011). In this study, we looked at the state of cells in early 

postnatal development, thus at a time when migration is expected to be largely 

complete (Altman and Bayer, 1990a; Danglot et al., 2006). The presence and position 

of two KO layers (SPI and SPE) suggests that some cells may become arrested in 

their migration and remain closer to or within the stratum oriens even in the adult 

(Corbo et al., 2002; Kappeler et al., 2007). Some clues were obtained from the EM 

data to explain the differences between SPI and SPE neurons. A difference in nuclear 

diameter was detected, which could be related to maturity (Nowakowski and Rakic, 

1979; Madeira et al., 1992), with the SPE showing smaller and more electron-dense 

nuclei. A previous study of immature hippocampal neurons in foetal monkey brain 

showed that as migrating cells reach the pyramidal cell layer they become 

progressively more complex, with larger somata and less electron-dense nuclei 

(Nowakowski and Rakic, 1979). Our data are consistent with the idea that cells in the 

SPE are less mature and slowed or arrested in their migration compared to WT. SPI 

cells, on the other hand, may migrate using Dcx-independent mechanisms. Other 

abnormalities were identified similarly in both the SPI and SPE layers. Concerning 

cell heterogeneity, some oval-shaped nuclei were identified in Dcx KO SPI and SPE, 

which may correspond to pyramidal cell or interneurons which are still migrating, or 

are recently post-migratory. Indeed, electron microscopy images of radially aligned 

cells with a tapered leading process and often lobulated nuclei containing relatively 

dense chromatin were previously reported in the developing mouse brain by Pinto-

Lord and colleagues (1982). Based on the identification of such cells in the KO SPI 

and SPE, it is possible that retarded or aberrant migration still continues in the Dcx 

KO during postnatal stages.   

Despite migration abnormalities and abnormal cell organization, synaptic 

contacts are clearly being formed in the Dcx KO. Indeed, the IN layer seems to 

resemble neuropil, containing axons from SPI neurons, interneuronal cell processes, 
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and incoming mossy fibers. It is also likely to contain growing apical and basal 

dendrites of SPE and SPI pyramidal cell neurons, respectively. We previously showed 

in adult Dcx KO cells by biocytin labeling that SPE apical dendrites cross the SPI 

(Bazelot et al., 2012). Neurites from the SPE, observed by electron microscopy at P0 

to extend up to and to contact SPI cells, may hence be such dendrites. Mature apical 

dendrites of SPE cells and basal dendrites of SPI cells in the adult showed reduced 

length compared to WT (Bazelot et al., 2012). Stunted dendrite growth might be a 

consequence of such a bi-layered organization. On the other hand, incoming mossy 

fibers have been shown to connect relatively normally to both layers (Kerjean et al., 

2009; Bazelot et al., 2012), although some connections are retained on basal dendrites 

(Bazelot et al., 2012).  

In evolutionary terms, the presence of hippocampal pyramidal cells extending 

into the stratum oriens in the adult has been previously documented in some 

mammals for the CA1 region (Slomianka et al., 2011). Indeed, a bi-laminar 

organization of CA1 naturally exists in the wallaby, possum and mole rat, although in 

this case, only the inner, superficial layer is compact, whereas the ‘outer layer’ 

represents a continuum of sparser cells (Slomianka et al., 2011). At P0 in the Dcx KO 

on the other hand, both cell layers seem relatively compact, they are separated by an 

intermediary layer and can be distinguished from other cell soma in the stratum 

oriens, most probably corresponding to migrating granule cells and neuroblasts, some 

late migrating pyramidal cells and interneurons (Danglot et al., 2006). 

 Although Dcx KO cells are compacted in layers, their extracellular 

environment may be permissive or attractive for colonization by OPCs and other cell 

types which insert themselves into the intercellular spaces. Some cells identified by 

EM with denser nuclei and somata may therefore be OPCs. It seems likely that these 

cells, which display normal organelles, do not normally express Dcx, which is largely 

restricted to the neuronal lineage (Francis et al., 1999; Zhang et al., 2010). 

Developing OPCs are proliferative cells that originate in the ventricular zones and 

migrate along axons toward a chemical gradient of Pdgf throughout the CNS 

(Armstrong et al., 1990; Rosenberg et al., 2008). Other contact-mediated mechanisms 

(adhesion molecules) and long-range cues (chemotropic molecules) are also likely to 

control their migration (de Castro and Bribián, 2005). They rapidly increase in 

number in the developing CNS between P0 and P7 and migrate extensively to 

populate the developing hippocampus before converting into differentiated 
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oligodendrocytes (Chen et al., 2008). The final fate of these Dcx KO OPCs present at 

P0 is still not known, although interestingly qPCRs still show up-regulation at P60 

(Supp Fig 2). Potential aberrant signaling between neurons and OPCs (Kukley et al., 

2010) could contribute to the generation of pro-epileptic circuits.  

 Concerning interneurons, we previously assessed the number of parvalbumin 

positive cells in the adult Dcx KO hippocampus, showing no overall differences in 

number compared to WT (Bazelot et al., 2012). Sst-positive cells represent a second 

major subpopulation, derived from the dorsal medial ganglionic eminence during 

development (Tricoire et al., 2011), which can co-express either reelin, neuropeptide 

Y or calretinin markers (Gelman et al., 2010). Sst-positive cell bodies can be found in 

the stratum oriens (Tricoire et al., 2011) and have also been described in the stratum 

lacunosum-moleculare (Danglot et al., 2006). Sst-positive cells are expected to 

contact the distal-most part of the apical dendrites of pyramidal neurons. Such cells 

may control dendritic calcium spikes (Miles et al., 1996) and play a role in controlling 

excitatory inputs from the entorhinal cortex. It is not yet clear if the Sst-positive cells 

that we observed within the SPI and SPE at P4 will remain permanently disorganized. 

This point is difficult to assess due to changes in this population with epileptic 

seizures, as reported by others (Kerjean et al., 2009). It will nevertheless be important 

to verify if the termini of such cells connect appropriately to both SPI and SPE apical 

dendrites. 

Although more quantifications are required, it seems likely that organelle 

abnormalities exist in Dcx KO neuronal-like cells, with other adjacent cells, perhaps 

OPCs, spared. To our knowledge, abnormal mitochondria have not previously been 

reported in classical cortical malformation models, although they are associated with 

Zellweger syndrome (Baumgart et al., 2001) and more commonly in models of 

neurodegenerative disorders (Oettinghaus et al., 2012). Such abnormalities could stem 

from aberrant functioning of the microtubule network leading to organelle transport 

problems. Abnormal Golgi profiles have also been previously linked to microtubule 

depolymerization (Mourelatos et al., 1990). Dcx is a microtubule-associated protein 

(Francis et al., 1999; Gleeson et al., 1999) and subtle microtubule disorganization was 

previously detected in Dcx KO neurons in culture (Bielas et al., 2007). Microtubules 

were found to be splayed, fragmented, unevenly spaced and not condensed into a 

single shaft. As well as microtubule functions (Moores et al., 2004; 2006), Dcx may 
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also link organelles to microtubules by interacting with the % subunit of the clathrin 

AP1 and AP2 adaptor complexes (Friocourt et al., 2001), which are involved in 

vesicle and cargo trafficking. Dcx-microtubules have also been shown to change the 

parameters of molecular motor (kinesin)-directed movement (Fourniol et al., 2010, 

Liu et al., 2012). Neurons mutant for two Dcx family members showed abnormalities 

in axonal transport and synaptic vesicle deficits (Deuel et al., 2006). Thus, 

mitochondrial abnormalities identified here could be a reflection of microtubule 

defects.   

Alternatively, organelle differences may arise for other reasons eg more 

generalized cell stress, calcium signaling abnormalities (Napolioni et al., 2011), 

perturbed neurotrophic factors (Markham et al., 2012), or due to increased oxidative 

stress (Baumgart et al., 2001).  It will be important in the future to identify the causes 

of these defects and assess the situation in adult Dcx KO pyramidal cells. Apoptosis 

may eliminate severely deficient cells during development, and autophagy may also 

play a role in their survival (Oettinghaus et al., 2012), allowing them to function in 

the adult. Acquiring further information of this nature may lead to the identification of 

novel neuroprotective treatment strategies for this type of lamination disorder. 
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Figures: 

Figure 1. 

Field identity markers show correctly specified fields in the Dcx KO. 

In situ hybridization results show Wfs1 (A,B), Necab2 (C,D) and KA1 (E,F) markers 

comparing adult WT (A, C, E) and Dcx KO sections (B,D,F). Wfs1 is present in the CA1 

region and reveals some heterotopic CA1 cells close to the subicular region (arrows, B). 

Necab2 detects the CA2/CA3a region and labeling appears similar in the Dcx KO, although 

the splitting of the pyramidal cell layer into two is observed in this region (arrow, D). The 

KA1 marker most intensely labels the CA3 region, and the Dcx KO double cell layer is 

labeled with this marker. Scale bar, 60 %m.  
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Figure 2 

Dcx knockout mice display two neuronal layers in the CA3 region at P0 with 

different morphological features.  

(A, B) Light microscopy images of coronal semi-thin sections of the CA3 hippocampal region 

in wild-type (A) and KO mice (B), after toluidine blue staining. Neuron nuclei are seen in the 

CA3 pyramidal layers (delimited by black dotted lines). In WT (A) the pyramidal neurons 

contain nuclei with a similar aspect. In KO (B), two pyramidal cell layers are visualized, the 

external layer (SPE) closest to the neuroepithelium bounding the stratum oriens (SO), and an 

internal layer (SPI) in the stratum pyramidale region but positioned closer to the stratum 

radiatum. They are separated by an intermediary layer (IN) with a neuropil-like aspect. Each 

pyramidal cell layer contains nuclei with different shapes and sizes. Scale bars A, B: 15 %m. 

(C, D) Electron micrographs from ultrathin sections of the CA3 region. (C) In WT, nuclei 

from the layer of pyramidal neurons are encircled in red. Neuronal nuclei were identified at 

higher magnification by their chromatin aspect and their size. They are larger than glial cell 

nuclei and their chromatin is lighter. Neuronal cells were closely packed and their nuclei 

display round or oval shapes containing one or two nucleoli. (D) In KO, nuclei of the 

pyramidal neurons in the SPE (encircled in pink) are often smaller than nuclei of the SPI (in 

green). In the intermediary layer, neuritic processes only are observed. Scale bar: 20 %m. 

(E) Measurements of nuclear diameter. Nuclear diameters from WT and KO (not 

distinguishing between SPE and SPI), differ significantly (WT 9.39 +/- 1.34 %m, KO 7.98 +/- 

1.42 %m, Mann-Whitney test, p<0.0001). Nuclear diameters from the SPI and SPE layers in 

KO mice are also significantly different from each other (SPI 8.84 +/- 1.09 %m, SPE 7.13 +/- 

1.19 %m, Mann-Whitney test, p<0.0001). SPE nuclei are significantly smaller than WT 

(Mann-Whitney test, p<0.0001) and SPI nuclei not significantly different.  



 167 

 

 

 

 

 

 

 

!"#$%&'('

)*' !"#'+,'

SR 

SO 

SR 

SO 

IN 



 168 

Figure 3. 

Dcx KO CA3 layers show heterogeneous and disorganized cells compared to WT 

A-D. Ultra-thin sections of the hippocampus from WT (A,C) and KO mice (B,D).  

(A) In WT, the broad layer of pyramidal neurons (delimited by dashed black lines) shows a 

more regular arrangement of adjacent columns of cells displaying a characteristic neuronal 

aspect. Each column of cells has been marked either with an asterisk or a circle. A layer 

bordering the stratum oriens (SO) displays occasional oval elongated shaped nuclei (arrow). 

All nuclei are surrounded by a light cytoplasm. 

(B) The KO external layer (SPE) bounds the SO (lower dashed black line) and the internal 

layer (SPI) is limited by the stratum radiatum (SR, upper dashed black line). In both the 

external and internal layers two types of cells are shown. One exhibits clear cytoplasm and 

larger nuclei (black asterisks) with round, elongated or lobulated shapes, enclosing light 

chromatin, similar in aspect to the neuronal chromatin in WT with peripherally located 

nucleoli. The second type of cell (white asterisks) has a darker cytoplasm and encloses nuclei 

with very dense chromatin. They are intermingled between neuronal-like cells and are closely 

juxtaposed to them. The elongated central cell shown in the SPI may resemble a radial-glial 

cell.  

(C) High magnification of a WT pyramidal neuron showing its cytoplasm (black asterisks) 

and the cytoplasm of a neurite enclosing normal mitochondriae (arrow). 

(D) Detail of two juxtaposed KO neuronal-like cells (recognized by their lighter cytoplasm 

indicated by black asterisks) with shrunken mitochondriae (arrow) and a cell with darker 

cytoplasm (white asterisk), exhibiting a normal mitochondria (arrowhead). 

Scale bars: A,B: 5 %m; C,D: 0.5 %m. 
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Figure 4 

Ultrastructural organization of the Dcx KO CA3 SPI, SPE and intermediary 

layers compared to WT, showing details of nuclei, Golgi apparatus, neuritic 

profiles and synaptic contacts 

Electron micrographs from ultra-thin sections of the hippocampus from WT (A-C) and KO 

mice (D-O). 

 (A) The pyramidal neurons are juxtaposed and regularly arranged in WT. The shape of their 

nuclei and soma are relatively homogeneous.  

(B) Higher magnification of a nucleus illustrated in A (circle) showing the homogeneous 

aspect of the nuclear membrane.  

(C) Typical aspect of the Golgi apparatus consisting of a parallel array of tubules and 

cisternae with few individual vesicles. 

(D-F) In the internal layer (SPI), two types of cells are shown, pyramidal neuronal-like cells 

with a clear cytoplasm (asterisks) and a second cell type with a darker cytoplasm (circle). 

Their nuclei are visualized at higher magnification in E and F, respectively. Asterisks and 

circles indicate the same cells at different magnifications. F is a detail from the arrowed 

region indicated in D, showing the lighter cytoplasm adjacent to the darker cytoplasm. The 

thin arrow in F points to abnormal Golgi apparatus. 

(G, H) In the external layer (SPE) similar cell types with light (asterisks) and dark cytoplasm 

(circle) are also identified.  

(I) A Golgi apparatus is observed with dilated cisternae (arrow) adjacent to flattened curved 

cisternae. 

(J) Two Golgi apparatuses are observed with flattened and curved sacculae and numerous 

vesicles (arrowhead) enclosed in a cell with light cytoplasm. Similar Golgi were identified in 

cells in the SPI. 

(K) Low magnification showing the intermediary layer (IN) delimited by black dashed lines. 

Cells from the SPI (white asterisks) and from the SPE (black asterisks) flank numerous 

neuritic profiles enclosed in the IN layer.  

(L) Higher magnification of K. In the IN itself, numerous, dense cellular profiles are 

visualized, corresponding to neuronal processes (likely to be immature dendrites and 
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axons) and synaptic contacts (see ‘O’). Arrow, arrowhead and ‘1’ correspond to zones 

presented at higher magnification in M, N and O respectively. 

(M) is a higher magnification of the arrowed region in (K) showing a neurite from a cell 

located in the external layer (black asterisk) extending to and contacting (arrow) the soma 

from a cell in the internal layer (white asterisk). Note mitochondria organized on chains along 

the MT network. 

(N) The cellular profiles in the IN display heterogeneous aspects: some of them with a light 

cytoplasm corresponding to transversal sections of neurites (higher magnification of 

arrowhead in L), contain tubulo-vesicular structures (arrowhead) and display regions without 

cytoskeletal elements. 

(O) is a detail of an axo-somatic synaptic contact identified in L and M as ‘1’. A number of 

synaptic vesicles are observed (arrow). Similar synaptic contacts are observed in the SPE 

layer (not shown). 

Scale bars: A, D, G, K: 3 %m; C,F,L,J: 0.2 %m; M: 0.5 %m. 
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Figure 5  

Ultrastructural organization of the Golgi Apparatus from Dcx KO and WT CA3 

neurons  

Examples of WT (A, B) and Dcx KO (C,D) Golgi apparatuses. 

 (A,B) Typical Golgi apparatuses (arrowheads) are observed consisting of a parallel array of 

tubules and cisternae with few individual vesicles. 

 (C,D) Golgi apparatuses in KO cells showing the heterogeneous aspect of the Golgi 

cisternae. Curved (arrow, C) and swollen (arrowhead, D) forms are displayed. Numerous 

vesicles (arrows, D) are associated with them. In some cases swollen cisternae (arrowhead) 

are adjacent to shrunk sacculae (double arrows) and several vesicles (arrow). 

Scale bars: 0.5 %m. 

(E) Quantitative analyses of the modified Golgi apparatus forms between WT and Dcx KO 

hippocampal CA3 cells. Mean percentage of the detected abnormality for each genotype.     

Note significant differences between the genotypes (significant two tailed *: P. val. < 0.05, 

**: P val. <0.005). 
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Figure 6 

Abnormal microtubules in Dcx KO cells 

Neurites of hippocampal pyramidal neurons from WT (A) and KO (B) mice. 

(A) A neurite from a pyramidal cell neighboring the stratum radiatum, longitudinally 

sectioned, contains numerous adjacent microtubules closely arranged in parallel fascicles 

(arrowhead).    

(B) In KO, a neurite from a pyramidal neuron from the internal layer shows sparser, 

fragmented microtubules (arrowhead). 

Scale bar: 5 %m.   
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Figure 7  

Apoptosis is increased in Dcx KO hippocampus.  

Immunofluorescent coronal sections of WT (A, C, E) and Dcx KO (B, D, F). 

(A-F) CA3 region of the hippocampus of P2 WT (A,C,E) and Dcx KO (B,D,F) mice showing 

immunoreactivity to activated caspase-3 (red) and Hoechst (white) at both rostral (A-B) and 

caudal (C-F) levels. Arrowheads in A-D indicate labeled cells with pyknotic nuclei, typical 

features for apoptotic cells.  

(E-F) Higher magnifications corresponding to the inset regions in C and D. Caspase-3 

positive cells are present in both the stratum oriens (SO) and the stratum pyramidale (SP) of 

the CA3 region of both KO (F) and WT (E) hippocampi.  

(G, H) Bar graphs representing the cellular density of activated caspase-3 expressing cells in 

CA1 and CA3 regions respectively of WT versus KO hippocampi. P<0.05 

Scale bars (A-D 100%m; E-F 50%m).  



 177 

 

 

!"#

!"##$%#

!"#$ !"%$
&$

'$

($

)$

*$

+&$

+'$

+($

+)$

+*$

,
-
./
-
.0
#1
2
#3
0
44
.#
5
+
&
6)
#7
#8
9
'
#

&$

&$

+&$

'&$

1&$

(&$

:&$

)&$

,
-
./
-
.0
#1
2
#3
0
44
.#
5
+
&
6)
#7
#8
9
'
# &$

!"#

!"##$%#

'$

"$ ($

!$ )$

*$
+$

+$ *$
,-$,-$

,.$

,.$

,./$,.+$

;<=>?0#@#

!"# !"##$%#

#00$12$

30$12$

4$

!"#$

!"%$



 178 

Figure 8. 

Oligodendrocyte precursor cells (OPCs) intercalate between Dcx KO CA3 

neurons.  

Immunofluorescent coronal sections of WT (A) and Dcx KO (B-E). 

(A-E) CA3 region of the hippocampus of P0 wild-type (A) and Dcx KO mice (B-E), showing 

immunoreactivity for Pdgfr! (green, a marker of OPCs) and DAPI staining for cell nuclei 

(white). Red arrows indicate several Pdgfr!+ cells, which are horizontally or vertically 

oriented, with ovoid nuclei intercalated between the CA3 neurons in Dcx mutants (B-E). No 

Pdgfr!+ cells were revealed in the pyramidal cell layer in WT (A). Arrowheads in D, E show 

ovoid nuclei in the CA3 region of the Dcx mutant that are Pdgfr!-negative. C and E are 

higher magnifications of the areas in the insets of B and D, respectively. Scale bars: 50 µm. 
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Figure 9. 

Somatostatin-positive interneurons are disorganized and also present in the 

stratum pyramidale in rostral-mid regions of Dcx KO hippocampi. 

Immunoreactivity to Sst in WT (A, C, E, G) and KO (B, D, F, H) coronal brain sections. 

In situ hybridization results are shown at two rostro-caudal levels (A-D; E-H). C, D and G, H 

are higher magnifications of A,B and E,F respectively. In WT, Sst-positive interneurons are 

mainly restricted to the stratum oriens and hilar regions at this age. In the Dcx KO, some Sst-

positive cells are consistently observed associated with the SPI, IN and SPE, although they 

are rarely observed associated with the stratum pyramidale in WT. Scale bars, A (for A, B, E, 

F) 100 %m; C (for C, D, G, H) 50 %m. 
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Supplementary Figure 1 

OPCs but not astrocytes intercalate between CA3 neurons.  

(A-H) Coronal sections through the CA3 region of the hippocampus of P0 WT (A) and Dcx 

KO mice (B-H). (A-B) Sections immunostained for Pdgfr! (red), Pax6 (green) showing that 

Pax6+ cells are only present in the ventricular region, but no ectopic Pax6 cells are found in 

the mutant CA3 layers. (C-F) Sections immunostained with Sox2 (red), Pdgfr! (green) and 

Nestin (light blue) showing that no immature precursors are intercalated between CA3 

neurons in Dcx mutant hippocampus. Note that some Sox2+ cells (arrowheads) can be found 

below the CA3 region as a stream of cells migrating towards the dentate gyrus (C) or in the 

stratum radiatum (E, F arrowheads). E, F are magnifications of boxed areas in C, D. (G, H) 

Sections immunostained with antibodies for astroglial markers Nrdg2 (red), GFAP (pink), 

and OPC marker Pdgfr! (green) showing that only OPCs but not astrocytes intercalate 

between the CA3 neurons in Dcx mutant hippocampus. Note that astrocytes are close to the 

ventricular surface (G, arrowheads). H is a higher magnification of the area in the inset of G. 

Scale bars: 50 µm. 
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Supplementary Figure 2 

RT-qPCR quantifications related to the observed cellular heterogeneity revealed 

by immunodetections. *:  

Significant two tailed P. val. < 0.05,  **: Very significant two tailed P val. <0.005. Olig1 is 

upregulated in both SPI and SPE at P0, and remain significantly up-regulated in SPI in adult 

(P60). Interestingly, it is downregulated in SPE in the adult. Gad1 shows upregulation in SPI 

at P0 and has not yet been tested in the adult. 
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ARTICLE 2: 
 

Various types of heterotopic or dysplastic neurons present a modified gene or protein 

expression pattern compared to their homotopic counterparts (Chevassus-Au-Louis et 

al., 1998; Rafiki et al., 1998; Finardi et al., 2006). Previous reports studied the 

expression of a few numbers of molecules using classical immunohistochemical 

methods. Global gene expression data for heterotopic cells is needed. In this part of 

the work, we take the advantage of the available new technical methods to 

characterize heterotopic neurons in the hippocampus of the Dcx KO mice. Using laser 

capture microdissectio, we successfully isolated the two populations of SPI and SPE 

CA3 heterotopic neurons in this model at P0 and in the adult. In this article, I will 

present gene expression changes and molecular profiles’ analyses of these heterotopic 

cells at P0.  Complementary in situ hybridization experiments and birthdating studies, 

confirming built hypothesis based on microarray data analysis are presented as well. 
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the hippocampal CA3 region of doublecortin knockout mice 
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ABSTRACT 

Human doublecortin (DCX) mutations are associated with lissencephaly, subcortical 

band heterotopia and varying degrees of intellectual disability and epilepsy. In type 1 

lissencephaly patients the layering of the neocortex and the hippocampus is 

disorganized. In Dcx knockout (KO) mice, hippocampal pyramidal cells are 

abnormally laminated, mostly in the CA3 region, where the single pyramidal cell 

layer observed in wild type (WT) is divided into two abnormal layers. Video EEG 

recordings have shown previously that Dcx KO mice suffer from seizures with 

spontaneous epileptic activity originating in the hippocampus and propagating to the 

cortex. Intracellular recordings of hippocampal pyramidal cells in the CA3 region 

similarly showed that heterotopic cells are more excitable than WT pyramidal cells.  

The Dcx protein plays a fundamental role in the regulation of microtubule 

cytoskeleton dynamics during neuronal migration and differentiation. Intrinsic genetic 

events as well as extrinsic local signals may be perturbed in Dcx KO hippocampal 

cells causing abnormal migration, differentiation and subsequent circuit development. 

In this study, we performed transcriptome analyses to search for perturbed gene 

expression comparing the two abnormal Dcx KO CA3 pyramidal cell layers with WT. 

Global gene expression analyses show that the KO layers differ from each other and 

from WT. Common perturbed mechanisms affect intracellular organelles including 

endosomes, mitochondria and Golgi apparatuses. Studying perturbed mechanisms 

specific to the individual KO layers shows defined but distinct neurogenesis time 

windows of each layer, that correspond to a different maturity status in early postnatal 

stages. Layer specific molecular markers and BrdU birth dating experiments to mark 

adult and developing pyramidal cells respectively in KO and WT mice, suggest that 

the inside-out layering of the CA3 region of the hippocampus is perturbed in Dcx KO 

animals. Further studies are required to better assess the consequences of such 

abnormalities on connectivity and network function. 
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INTRODUCTION 

The proper development of neuronal circuits requires a correct sequence of events 

including cell proliferation, migration, and differentiation, where maturing neurons 

arriving at their final destination start extending axons and dendrites, allowing them to 

communicate with other neurons through the process of synaptogenesis. The layered 

structure of the mature cerebral cortex develops in an inside-out fashion. Layer-

specific classes of cortical neurons are derived from neuronal progenitor cells in a 

sequential order and new waves of generated neurons occupy progressively more 

superficial positions within the developing cortical plate. Thus, neurons destined for 

lower layers are generated first, followed by upper-layer neurons (Angevine and 

Sidman, 1961; Rakic, 1972).  

Somal translocation and radial glia guided locomotion represent two different but 

complementary modes of neuronal migration (Noctor et al., 2004). Early born 

neurons simply attach their processes to the pial surface and translocate to the cortical 

plate (Nadarajah and Parnevelas, 2002; Tabata and Nakajima, 2003). Later born 

neurons have a longer migration distance and depend on radial glia processes as 

substrates during the majority of their migratory path (Rakic, 1972; Noctor et al., 

2004). Thus, birth date seems to be an important causal factor that determines the 

mode of migration of a neuron (Gupta et al., 2002), while intrinsic and extrinsic 

determinants will define its laminar identity (Molyneaux et al., 2007).  

Similar to the cerebral cortex, the hippocampus is a laminated structure with the 

pyramidal cell layer showing an inside-out layering pattern with deep to superficial 

molecular and connectivity gradients (Slomianka et al., 2011). This pattern is induced 

early on during development, so newly born neurons carry intrinsic properties to help 

establish their adult phenotypes (Deguchi et al., 2011). Neurogenesis in the 

hippocampus occurs over a long period of time starting at embryonic day (E)10 in 

mice, and extends well beyond birth. The pyramidal neurons in CA1-CA3 are 

generated by an extensive area of neuroepithelium and migrate radially to the 

Ammon’s horn (Altman and Bayer, 1990). Hippocampal field specific markers have 

been identified and reported to be differentially expressed in the pyramidal cells of 

CA1, CA2, and CA3 fields (Tole et al., 1997; Tole and Grove, 2001; Thompson et al., 

2008; Datson et al., 2009). Specific markers are also differentially expressed along the 



 199 

radial, as well as the septotemporal axes of the hippocampus, and gene boundaries can 

be correlated with functional connectivity (Thompson et al., 2008, Häussler et al., 

2012). Moreover, it has been shown that subpopulations of neurons in different 

hippocampal fields share common intrinsic developmental programs including 

birthdate, synaptogenesis, connectivity patterns, and molecular markers, and this is 

tightly linked to their structural plasticity and adult function (Galimberti et al., 2010; 

Deguchi et al., 2011). 

Human doublecortin (DCX) mutations are associated with a wide spectrum of 

neurodevelopmental syndromes of lissencephaly (LIS) and subcortical band 

heterotopia (SBH), which present clinically by varying degrees of intellectual 

disability and epilepsy (des Portes et al., 1998; Gleeson et al., 1998; Barkovich et al., 

2001). DCX is a developmentally regulated microtubule associated protein (MAP) 

that is important for stabilization of MTs in migrating and differentiating neurons 

during embryogenesis (Francis et al., 1999; Gleeson et al., 1999) and newly born 

neurons in the adult brain (Brown et al., 2003). It participates in the dynamic 

regulation of cell morphology changes in immature neurons, regulated itself by the 

coordinated and reciprocal action of serine/threonine protein kinases and 

phosphatases acting through signaling pathways that will transfer external signals, 

such as via cell adhesion molecules and chemoattractants, into increased cellular 

dynamics, growth cone turning and neuronal migration (Gdalyahu et al., 2004; 

Tanaka et al., 2004; Schaar et al., 2004; Kappeler et al., 2006; Koizumi et al., 2006; 

Sapir et al., 2008; Jin et al., 2010).  

In Dcx KO mice, hippocampal pyramidal cells are abnormally laminated, mostly in 

the CA3 region, where the single pyramidal cell layer observed in wild type (WT) is 

divided into two abnormal layers (Corbo et al., 2002; Kappeler et al., 2007). Video 

EEG recordings show that the Dcx KO mice have spontaneous epilepsy with the 

abnormal electrical activity originating in the hippocampus and secondarily 

propagating to the cortex (Nosten-Bertrand et al., 2008). Extracellular and whole cell 

recordings in the Dcx KO CA3 region showed that heterotopic cells are more 

excitable than WT pyramidal cells (Nosten-Bertrand et al., 2008; Bazelot et al., 2012). 

Field recordings from Dcx KO brain slices suggested that pyramidal cells make a 

primary contribution to the spontaneous epileptiform activity (Bazelot et al., 2012). 
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They receive strong inhibitory inputs during interictal events, and thus GABAergic 

signalling may be largely preserved (Bazelot et al., 2012).  

Evidence from human patient clinical, histological and electrophysiological studies 

suggest that aberrantly positioned heterotopic cells in the hippocampus are strongly 

correlated with severe forms of pharmaco-resistant epilepsy (Lehéricy et al., 1995; 

Watson et al., 1996; López et al., 2010). Several other studies have reported that 

various types of cortical heterotopic or dysplastic neurons present a modified gene or 

protein expression compared to their homotopic counterparts (Chevassus-Au-Louis et 

al., 1998; Rafiki et al., 1998; Finardi et al., 2006). These studies used in situ 

hybridisation or immunohistochemistry to compare the expression of a limited 

number of genes or proteins in mature cells. Global gene expression from the cerebral 

cortex of certain mouse mutants of neuronal migration genes (Lis1, Dcx, Ywhae and 

Ndel1) have identified several biological processes commonly perturbed among these 

mutants in an overlapping manner (Pramparo et al., 2011). However, global gene 

expression to identify molecular signatures of developing heterotopic cells has not yet 

been reported. Dcx KO mice with hippocampal heterotopia and abnormal lamination 

represent an excellent model to study the molecular and cellular mechanisms leading 

to developmental forms of hyperexcitability. In this study, we set out to understand 

how migration defects arise and can lead to aberrant formation of the hippocampus, 

which may contribute to epileptogenesis. We studied both perturbed mechanisms 

common to both KO layers and mechanisms specific to each KO layer. Common 

perturbed mechanisms reveal organelle abnormalities. Furthermore, gene expression 

analyses suggested inversed neurogenesis time windows compared to WT for subsets 

of superficial and deep layer Dcx KO CA3 pyramidal cells, resulting in different 

maturity statuses at early postnatal stages. Field specific molecular markers and BrdU 

birth dating experiments to mark adult and developing pyramidal cells respectively, in 

KO and WT mice, confirmed this, showing that the inside-out layering of the CA3 

region of the hippocampus is perturbed in Dcx KO animals. Such differences may 

have consequences on neuron morphology and connectivity, and may contribute to 

the development of hyperexcitability.  
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METHODOLOGY 

Animals  

Dcx KO and WT mice were maintained on the Sv129Pas background with more than 

ten generations of backcrosses (Kappeler et al., 2006, 2007). Genotyping was 

performed by PCR to verify the inactivation of the Dcx gene in KO animals (Kappeler 

et al., 2006). All experiments were performed in accordance with institutional, 

national and international guidelines (EC directive 86/609) and were approved by the 

local ethical committees. The day of confirmation of vaginal plug was defined as 

embryonic day zero (E0.5?), and the day of birth was defined as postnatal day zero 

(P0). P0 animals were anesthetized by placing on ice for 5 minutes before 

decapitation. For laser capture microdissection (LCM), the whole head was 

immediately frozen in isopentane at -35°C for 1 minute before storing at -80°C for 

future cryostat cutting. For in situ hybridization and immunohistochemistry 

experiments, animals were perfused, and brains were fixed using 4% 

paraformaldehyde (PFA) in phosphate buffered saline (PBS). Brains were post-fixed 

in the same solution overnight. Embryonic and early postnatal brains were 

cryoprotected in 30% sucrose, embedded and frozen in OCT tissue freezing medium, 

and cut using a cryostat (Leica) at 20%m thickness, and spread on SuperFrost II slides.  

Laser capture microdissection (LCM) 

Coronal brain sections (12 %m) containing the rostrocaudal hippocampus were 

prepared using a cryostat (Leica) maintained at -20°C and mounted on PENmembrane 

slides (1440–1000, PALM, Bernried, Germany) which were pretreated by RNase 

ZAP (Ambion)  and UV irradiated (in a cell culture hood) for 30 min at 254 nm. After 

sectioning, the slides were stored in a -80°C freezer for use within 1 week. On the day 

of LCM, the slides were removed from the -80°C freezer, and fixed in 70% ethanol, 

prepared in RNase free water for 2 min and then in 50% ethanol for 5 seconds, and 

stained with 1% cresyl violet (Sigma) for 1 min. Subsequently, slides were rinsed and 

dehydrated using serial dilutions of ethanol (50% for 5 sec, 75% for 5 sec, 100% for 

30 sec). Sections were air-dried and subjected to LCM within the next 30 minutes. 

Samples were cut using a Zeiss LCM system (PALM Microbeam). In WT animals, 

the hippocampal CA3 region was microdissected in one piece by LCM. In Dcx
 KO 

animals, internal stratum pyramidale (SPI) and external stratum pyramidale (SPE) 
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CA3 cells in the two layers were separated. Per WT brain, the entire CA3 structure 

(bilateral) from the dorsal hippocampus was excised (Figure 1). 60 sections per 

animal were pooled, corresponding to an average CA3 area of 3.2 x 106 %m2 (Zeiss 

LCM software). Per KO brain, the CA3 SPI heterotopic layer (bilateral) was excised 

from 60 sections and pooled, corresponding to an average area of 1.2 x 106 %m2. The 

CA3 SPE heterotopic layer (bilateral) was excised from the same 60 KO sections and 

pooled, corresponding to an average area of 2.8 x 106 %m2. A test reverse 

transcriptase (RT) PCR from LCM material confirmed that the microdissected WT 

and KO cells expressed the CA3 marker KA1, but did not express the CA1 marker 

Nov, nor the dentate gyrus marker Prox1 (data not shown). Sequences of primers used 

to amplify these gene products are shown in Supplementary table 1.  

RNA isolation, quantity and quality assessment  

Total RNA for each brain was isolated from pooled microdissected material using an 

RNA isolation kit (Arcturus picopure) according to manufacturer instructions. RNA 

was eluted in 13%l of the elution buffer provided in the kit. RNA quantity was 

measured using a nanodrop spectrophotometer. RNA quality was checked using an 

Agilent 2100 Bioanalyzer with the RNA 6000 Pico LabChip Kit (5065-4473, Agilent 

Technologies, Palo Alto) according to the manufacturer’s instructions.   

Linear RNA amplification and GeneChip hybridization 

15 samples, corresponding to n=5 samples in each studied group were processed 

using the Illumina TotalPrep RNA Amplification Kit (Ambion, Life Technologies) 

and the Whole-genome Gene Expression Direct Hybridization Assay (Illumina) 

according to manufacturers’ instructions. Briefly, approximately 200 ng total RNA 

was used to prepare double-stranded cDNA using a T7 oligo (dT) primer (Illumina 

protocol). Reverse transcription was followed by in vitro transcription in the presence 

of biotinylated nucleotides. cRNA samples were hybridized to the Illumina Mouse-

Ref-8 expression beadchip arrays in the appropriate buffer overnight at 58 °C. After 

hybridization and washes, fluorescent tagging was achieved by incubation with 

streptavidin-Cy3. Each array contains approximately 25,600 well-annotated RefSeq 

transcripts, each present as 30 unique probes, which corresponds to over 19,100 

unique genes.  
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Nugen linear RNA amplification 

For some qPCR experiments, RNA was amplified linearly using an Ovation kit 

(Nugen) adapted for LCM samples.  

Data analysis 

Intra-sample normalisation 

In order to compare gene expression intensities between samples, expression values 

within samples were first normalised to account e.g. for differences in mRNA library 

preparation or in mRNA concentrations. To this end, each log-transformed expression 

value was corrected by subtracting the median of the distribution of log-transformed 

expression values and dividing by the standard deviation of this distribution (Supp 

Figure 1A).  

Inter-sample normalisation 

Samples from the same biological source were distributed on two different slides, 

requiring a correction for potential experimental or technical differences between 

slides. A principal component analysis of the expression values of the 15 samples 

(Supp Figure 1C) showed that the principal eigenvector (Z[1]) is sufficient to separate 

the samples according to their slide of origin, indicative of a possible slide bias. To 

account for this, we first measured the bias and then applied a corresponding 

correction. To measure the bias, we averaged the expression values of each gene 

across the four SPI and the four SPE samples of slide 1 respectively. We next 

subtracted this average value from the value of the single SPI and SPE samples on 

slide 2 to obtain the bias estimate (respectively (I and (E in Supp Figure 1B). If no 

slide bias exists, then all data points should be close to zero on both axes, indicating 

that slide 1 and 2 provide the same expression values. While this appears to be true 

for many genes, we observed a distribution of points along a slope. For genes lying on 

this diagonal, this indicates a slide bias of the same magnitude for both SPI and SPE 

samples.  

In order to remove this bias, we first performed a gene-wise correction of the 

SPI samples on slide 1 to be compatible with corresponding samples on slide 2. The 

corrected value for each gene j is obtained as the sum of the original value and an 
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estimate of the bias error. The estimate of the bias is based on the bias of SPE (since 

we assume the bias to be independent of the sample, i.e. affecting intensities in the 

same way on the two slides) weighted with a constant wI.  

The bias correction for SPI samples is:   

 

with:   

where I and E represent the intensity of gene j on the slide indicated by the superscript 

(the subscript of the sample on the slide is omitted for better readability). The constant 

wI was determined by minimizing the error between the intensities of the genes on 

two different slides according to a least square criteria (as in the equations below).  

For SPI:   

For SPE:  

Similarly, the SPE samples were corrected on slide 1 with the bias estimated 

from SPI and thus all samples were aligned to the samples as found on slide 2.  

After this bias correction, the same principal component analysis as performed 

previously showed that SPI and SPE samples from slide 2 respectively cluster with 

the SPI and SPE samples from slide 1.  

Finally the linear model fit of the limma package was applied on these bias-

corrected expression values in order to detect the differentially expressed genes 

pertaining to the three conditions, using a t-test. The Benjamini-Hochberg false 

discovery rate control (with p=0.05) was applied to correct for multiple testing. 

Pathway analysis and functional category clustering  

A global overview of the biological processes and enriched functional clusters in SPI 

and SPE lists was obtained using a Database for Visualization and Integrative 

Discovery (DAVID) (Dennis et al., 2003). The following sources were used: COG-
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Ontology, SP-PIR-Keywords, UP-SEQ-Feature, GOterm-BP-FAT, GOterm-CC-FAT 

GOterm-MF-FAT, KEGG pathways, and INTERPRO protein information resources. 

Enrichment for each term was defined relative to the probes presenting with a P value 

<0.005, with at least 4 genes per term per dataset. Fuzzy Heuristical clustering was 

performed using kappa similarity >0.3, and requiring an enrichment score >1.5. 

For specific questions, Ingenuity Systems Pathway Analysis (IPA) (Ingenuity 

Systems, Mountain View, CA; www.ingenuity.com) was used to define functional 

categories and pathways which could be enriched and are specific to the developing 

central nervous system. 

Quantitative PCR (qPCR) validation 

Real time qPCR assays using the SYBRgreen method followed MIQE guidelines 

(Bustin et al., 2009). Gene-specific primers were designed using Primer Express 

Software (PE Applied Biosystems). Standard curves were generated from assays 

made with serial dilutions of cDNA to calculate PCR efficiencies (90 % < efficiency 

< 105%, with r2 >=0.998). Threshold cycles (Ct) were transformed into quantity 

values using the formula (1+Efficiency)-Ct. Only means of triplicates with a 

coefficient of variation of less than 10 % were analyzed. Inter-plate variation was 

below 10 %. Values were normalized to the geometric mean of 3 Normalization 

Factors (NF) found to be the most stable through all samples using the geNorm 

approach. These were ATP synthase, H+ transporting mitochondrial F1 complex, beta 

subunit (Atp5b), eukaryotic translation initiation factor 4A2 (Eif4a2) and prosaposin 

(Psap).Average values ± standard deviations are presented for 5 animals of each 

genotype (individual values are provided in Supplementary Table). Ratios were 

calculated and P values using the Student t-test. 

mRNA in situ hybridization 

Specific antisense RNA probes (see supplementary table 1 for PCR probe extremities) 

for Col6a1, Necab2, Grp, Cdh13 and Chl1 genes were used for in situ hybridization 

analyses. Equivalent sense probes were also generated for comparison. Digoxygenin 

(DIG) probes were synthesized with a labeling kit according to the manufacturer's 

instructions (Roche Diagnostics). Following a protocol adapted from Bally-Cuif and 

Wassef (1994), frozen cryostat sections were rinsed 3 & 5 min in PBS, postfixed in 
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4% PFA, rinsed in PBS 2 & 5 min, and treated with proteinase K (10 µg/ml) for 10 

min. Sections were incubated in PBS + glycine (2 mg/ml), rinsed in PBS, and 

postfixed in a mixture of 4% PFA, followed by a rinse in PBS. Tissue sections were 

hybridized at 70°C overnight with the DIG-labeled probes diluted 1/100 in 

hybridization buffer (50% deionised formamide, 10% dextran sulphate, 1 mg/ml 

Yeast RNA, 1x Denhardt’s solution). The next day, sections were sequentially 

washed in 2X saline sodium citrate (SSC) Tween 0.1% at 70°C then in maleate buffer 

(Maleic acid 100 mM, NaCl 150 mM, 0.1% Tween20, pH 7.5) at room temperature. 

For immunological detection of DIG-labeled hybrids, sections were first blocked (2% 

blocking reagent-Roche Applied Science, cat. 1096176, 20% sheep serum in maleate 

buffer) and then incubated overnight at 4°C in the same solution containing sheep 

anti-DIG-alkaline phosphatase-conjugated Fab fragments (Roche Diagnostics) diluted 

1/2000. The following day, sections were washed 4 & 15 min in maleate buffer and 30 

min in NTMT buffer (100 mm NaCl, 100 mm Tris-HCl, pH 9.5, 50 mm MgCl2, 0.1% 

Tween 20). The alkaline phosphatase chromogen reaction was performed in NTMT 

buffer containing 100 mg/ml nitroblue tetrazolium (Roche Diagnostics) and 50 mg/ml 

5-bromo-4-chloro-3-indolyl phosphate (Roche) at room temperature for 1-7 days and 

stopped with PBS. Sections were mounted on glass slides, dried, counter-colored 

using nuclear fast red and dehydrated in graded ethanol solutions, and coverslipped 

with Vectamount (Vector Laboratories).  

Birth date studies 

Pregnant mice were injected intraperitoneally (i.p) once with 200 mg/kg bromo deoxy 

uridine (BrdU) (body weight) at E11.5, E12.5 and E16.5. Animals were sacrificed at 

P25. To determine the number of BrdU-positive cells, every eighth section of 20 µm 

(160 µm intervals) of 1 cerebral hemisphere from each animal was processed for 

immunohistochemistry.  

Immunohistochemistry 

Cryostat sections at 20 %m thickness were washed in PBS 1X, and incubated in 2 N 

HCl at 37°C for 40 min to denature DNA. Sections were thoroughly washed in PBS 

1X to neutralize the acid, and incubated in blocking solution (0.1 M PBS, 0.3% Triton 

X-100, 2% normal goat serum) for two hours at room temperature. This was followed 

by incubation with the primary antibodies; anti-BrdU (Rat, clone ICR1, ABD serotec 
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1:400), anti-NeuN (Mouse, clone A60 Millipore, 1:1000), anti-KCC2 (Rabbit, sigma, 

dilution 1:1000); diluted in blocking solution, for 48 hours at 4°C. Two days later, 

brain sections were washed three times in PBS 1X and incubated with fluorochrome-

conjugated secondary antibodies (1:400, Invitrogen) diluted in blocking solution 

containing Hoechst fluorescent nuclear counterstain (1:5000). Sections were mounted 

using fluoromount G (Electron Microscopy Devices) and cover-slipped.  

Image acquisition and quantification: 

Bright-field in situ hybridization images were acquired with a Coolsnap CCD camera 

fitted to a Provis Olympus Microscope using 4X, 10X and 20X objectives 

(magnification/numerical aperture).  

Fluorescent BrdU and NeuN immunostained sections were acquired using 

SP5II Leica confocal microscope using a 40X objective. BrdU-labelled cell 

quantification was performed using the Metamorph cell counting module. BrdU-

labelled cells were counted depending on the following criteria: 1. Strong BrdU signal 

in the form of a circle, crescent, or more than two dots in the nucleus. 2. Co-

immunostaining for both BrdU and NeuN to include only pyramidal cells and exclude 

interneuron or astrocyte- labelled cell populations. Division of the hippocampal CA3 

subfields in coronal brain sections into CA3a, CA3b, and CA3c was performed as 

described previously (Li et al., 1994).  

 

RESULTS 

Laser capture microdissection of CA3 cells in Dcx KO and WT 

We assessed global gene expression in WT and Dcx KO CA3 cells at postnatal day 

(P0).  This represents a developmental stage where some late born CA3 neurons are 

still migrating, and most neurons are expected to have reached their final destination 

in the pyramidal cell layer and to be differentiating (Angevine, 1965; Altman and 

Bayer, 1990). This approach helped us identify developmentally regulated molecular 

markers with specific spatiotemporal expression patterns, and perturbed signalling 

pathways that are potentially involved in generating hyperactive circuits in the two 

populations of Dcx KO neurons. In the Dcx KO hippocampus, the CA3 region is 
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divided into two bands of pyramidal cells; which we termed stratum pyramidale 

internal (SPI, closest to the stratum radiatum) and stratum pyramidale external (SPE, 

closest to the stratum oriens) (Figure 1). LCM allowed us to specifically separate the 

SPI from the SPE, and to excise a similar region in WT CA3. RT-PCR of the LCM 

material confirmed the purity of the cellular populations, which specifically express 

KA1 and Col6a1, markers preferentially expressed in the CA3 field,  and in a band of 

cells at the outer border of the CA3 region, respectively (Tole et al., 1997; Tole and 

Grove, 2001; Lein et al., 2007). Nov and Prox1, which are CA1 and DG markers, 

respectively (Pleasure et al., 2000; Lein et al., 2004), were not expressed in LCM 

CA3 material (data not shown, primer sequences in Supp Table 1). 

 Surface areas of WT CA3, SPI and SPE were calculated using the LCM 

software and the number of cells was counted in selected sections. Thus, an estimate 

was obtained of the number of cells collected for each sample, corresponding to the 

dorsal hippocampi from both hemispheres of a single animal (Fig 1). Picochip 

analyses of the RNA quality of LCM samples from the CA3 region of WT, and the 

SPI and SPE of Dcx KO brains (n=5 of each genotype), were compared to a whole 

section sample that was cut at the cryostat and stained, without being subjected to 

LCM. The whole section sample had a high RNA integrity number (RIN) value of 

9.2, indicating that the starting brain material was of good quality, and that the 

cryostat cutting and staining protocol had a minimal consequence on RNA quality. 

The LCM samples displayed a mild to moderate degree of degradation which is 

expected from this procedure, and showed RIN values of between 5.2 and 7.2 (Fig 1, 

Supp Table 2). Their overall RNA integrity was considered to be of sufficient quality 

to proceed with a microarray analysis. For this, a total of 150-200 ng of RNA was 

used as a starting material, and reverse transcription and amplification were 

performed according to Illumina protocols.  

 

Differential gene expression between the WT CA3 region and the two Dcx KO 

bands 

Of the 25,600 well-annotated transcript probes on the Illumina MouseRef-8 v2.0 

Expression BeadChip array, 11800 on average demonstrated a detectable level of 

expression amongst the 15 studied samples. After data normalization (Supp Fig 1), 
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2360 and 1900 genes were found to be differentially expressed in SPI and SPE cells 

respectively compared to WT, when the P value cutoff was set to <0.01. Of these, 

1700 and 1200 genes were highly significantly, differentially expressed in SPI and 

SPE cells respectively (P value <0.005) (Figure 2A). Table 1 lists 10 significantly 

deregulated genes showing the highest fold changes (up- and down-regulated), when 

comparing SPI to SPE and each individually to WT. 50 genes in SPI and 8 genes in 

SPE showed a greater than 1.5 X fold change when compared to WT (P value <0.005) 

(Supp Table 3). For the SPI gene expression changes, an approximately equal number 

of genes were up- and down-regulated, specifically 52% and 48%, respectively (P 

value <0.005). For SPE, a greater proportion of genes were up-regulated (67%) and 

only 33% were down-regulated (P value <0.005) (Figure 2A).  

Performing DAVID (bioinformatics functional annotation clustering) 

analyses, the functional categories which were found to be enriched when comparing 

de-regulated genes in SPI and SPE layers to WT, are presented in Supp Table 4. 

These data are also summarized in Figure 2B for the categories with the highest 

enrichment scores. We observed that categories differ between SPE and SPI. 

Concerning up-regulated genes, these cluster in the following most highly enriched 

categories for SPI: generation of precursor metabolites and energy, calcium ion 

binding, synapse vesicle and regulation of synaptic process, and for SPE: intracellular 

organelle lumen, purine nucleotide binding, RNA binding and processing. Concerning 

functional clustering specifically related to down-regulated genes, RNA processing, 

non-membrane bound organelle, translation and coupled ATPase activity appear in 

the SPI down-regulated gene list, whereas vesicular, cytoskeletal, mitochondrial, 

cellular response to stress and calcium ion binding pathways appear related to down-

regulated genes in the SPE list. Thus, certain enriched categories correspond to up-

regulated gene clusters in SPI and down-regulated gene clusters in SPE (eg calcium 

ion binding and cytoskeleton), and vice versa (RNA processing, ATPase activity). 

Thus, this analysis suggests that SPI differs from SPE.  

Focusing also on genes that were commonly differentially expressed in both 

SPI and SPE cells compared to WT, 455 and 272 genes with P values of <0.01 and 

<0.005, respectively were identified. Microarray analyses confirmed that the three cell 

populations studied expressed invariably the CA3 field specific markers KA1 (Tole et 

al., 1997) and Bok (Newrzella et al., 2007). Gene expression changes common to SPI 



 210 

and SPE, compared to WT samples, might be expected to be directly and specifically 

related to the loss of Dcx. Gene ontology analyses using the DAVID software 

revealed the major molecular functions, cellular components and biological processes 

that are jointly perturbed in these two cell populations. Analyzing the 455 commonly 

de-regulated genes (P Value < 0.01, combining up- and down-regulated gene lists), 

the functional categories of endosome, methylation, molecules associated with the 

mitochondrial membrane and Golgi apparatus, purine metabolism and ATP binding, 

oxidative phosphorylation, cellular response to stress and DNA repair, and neuron 

differentiation appeared most significantly in these analyses (Figure 3A, Supp Table 

5). Of particular interest, several of these clusters seem to point to organelle 

abnormalities, which indeed we previously observed by electron microscopy (Khalaf-

Nazzal et al., article 1). Thus, genes functionally clustered in the terms, ‘structural 

components of the mitochondria’ (P Value, 0.007, enrichment score 1.8) and ‘Golgi 

apparatus’ (P Value, 0.0004, enrichment score 1.7) showed enriched clustering in the 

common gene list. Genes related to endosomes were also highly enriched (P Value, 

0.0006, enrichment score 2.8).  

Of mitochondria-associated genes, a number of transporters as well as 

enzymes located on the inner or the outer mitochondrial membrane (Table 1 and Supp 

Table 5) showed differential expression. For example, the solute carrier family 25, 

member 22 (Slc25a22), is a mitochondrial glutamate transporter expressed in the 

inner mitochondrial membrane. It was significantly upregulated in both SPI and SPE 

samples, a result that was confirmed by qPCR analysis of LCM material (2.6 and 1.3 

fold increased expression in SPI and SPE, respectively, P Value < 0.05, Figure 4). 

Aldolase C (Aldoc) is a brain-specific aldolase isoform with restricted expression in 

hippocampal CA3 and cerebellar Purkinje neurons (Buono et al., 2004). This enzyme 

which is involved in glycolysis (Ahn et al., 1994), provides neuroprotection to 

neurons after excitotoxic events (Slemmer et al., 2007), and showed a 2.1 and a 1.3 

fold increase in expression in SPI and SPE cells, respectively in the microarray data 

(Supp Table 3).  

Of the genes appearing in the response to stress category, the heat shock 

protein 90kDa alpha, class B member 1 (Hsp90ab1) belongs to HSP90 a family of 

proteins involved in cell signalling pathways favouring cell survival (Nathan et al., 

1997; Arya et al., 2007). Hsp90ab1 is significantly up-regulated in both SPI and SPE 
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cells (Table 1). Pleiotrophin (Ptn) was also up-regulated in SPI and SPE cells. It is a 

heparin-binding cytokine (Li et al., 1990) induced by intense stressful stimuli 

including seizures (Wanaka et al., 1993) and glutamate-induced neurotoxicity, where 

it acts as a neuroprotective factor, protecting against stress induced cell death (Asai et 

al., 2011). These common gene changes in both SPI and SPE may hence reflect the 

anatomical data generated previously. 

 

Neuronal migration genes are differentially expressed between SPI and SPE cells 

in Dcx KO hippocampus at P0 

DCX plays fundamental roles in regulating cellular mechanisms involved in neuronal 

migration, including stabilization of microtubules during leading process extension 

and centrosome-nucleous coupling during nucleokinesis (Horesh et al., 1999; Tanaka 

et al., 2004a; Kappeler et al., 2006; Sapir et al., 2008). We actively searched for Dcx 

molecular partners and other genes involved in neuronal migration in the 

transcriptome data. Through Ingenuity Pathway Analysis (IPA) biological functional 

clustering of gene lists, and extensive literature searches, we identified a group of 

significantly deregulated genes. Several genes that are involved in neuronal migration 

and lamination of the cerebral cortex, including Lis1, and Dab1 were found up-

regulated in both SPI and SPE cells when compared to WT (Supp Table 3). Tubg1, a 

member of the tubulin superfamily which mediates microtubule nucleation, was also 

jointly and significantly up-regulated in SPI and SPE lists, a result that is further 

confirmed by qPCR analysis (Figure 4). Dcx nucleates and stabilizes microtubules 

(Moores et al., 2004) at the extremities of migrating and differentiating neurons 

(Friocourt et al., 2003), a region which is devoid of "-tubulin (Baas and Joshi, 

1992). The up-regulation of Tubg1 may represent as a compensatory mechanism due 

to Dcx loss of function. Dclk1 and Dclk2 which are close homologs of Dcx which are 

thought to be involved in functional compensation in cases of Dcx loss of function 

(Deuel et al., 2006; Tanaka et al., 2006) did not show gene expression changes, a 

result that is previously suggested by in situ hybridisation experiments (Tuy et al., 

2008). 

Careful examination of genes involved in neuronal migration showed some 

significant expression pattern differences between SPI and SPE cells, with SPI cells 
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having significant downregulation of many known neuronal migration genes 

compared to SPE and to WT cells (Table 2). A striking example is the expression of 

the Rho-GTPase Rnd2. Rnd2 is a modulator of radial migration in the developing 

cerebral cortex with a very specific spatiotemporal expression pattern, being strongly 

expressed in radial glial progenitors and radially migrating neurons (Heng et al., 

2008). Its expression is sharply down-regulated once neurons finish migration, settle, 

and start differentiation. Rnd2 showed significant down-regulation in SPI cells 

compared to SPE and WT cells, and was up-regulated in SPE cells. The T-cell 

lymphoma invasion and metastasis 2 Tiam2, a gene involved in neuronal migration, 

interacts with microtubules and induces focal adhesion disassembly (Rooney et al., 

2010) and was significantly down-regulated in SPI cells but not in SPE cells. Also, 

the alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 2, St8sia2, is a neuronal 

migration gene which is highly expressed in migrating neurons, and its expression is 

down-regulated during neuronal differentiation (Rieger et al., 2008). Its expression 

was significantly down-regulated in SPI cells compared to SPE and WT cells, 

whereas it showed no significant changes comparing SPE cells to WT. Thus, although 

the two Dcx KO populations share a common deficit in Dcx, and both differ from 

WT, they show different molecular patterns which suggest temporal differences in 

generation and migration, with SPE cells less different from the WT population and 

potentially still migratory, and SPI cells potentially more advanced in maturity.   

 

Pathway analysis reveals temporal differences in the maturity status of the two 

heterotopic cell populations in Dcx KO hippocampus at P0 

Comparing directly SPI and SPE gene lists against each other also identified 

extensive gene expression differences, with 2647 genes showing significant 

expression differences between the two Dcx KO cell populations (Supp Table 3). Of 

these 100 genes showed more than 1.5 X fold change difference (P Value <0.005). 

Thus, the SPI population differs significantly from SPE at P0. 

To further query the biological processes specific to the development of each 

of the two Dcx KO layers at P0, we performed IPA pathway analyses using a 

differentially expressed gene list of SPI versus SPE, and concentrating particularly on 

processes involved in central nervous system (CNS) development. P Value <0.005 
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cutoffs identified the significantly changed categories which differed between SPI and 

SPE. For the SPI gene list, mitosis, cell cycle progression, formation of axons, 

branching of neurons, formation of neurites, and long term potentiation of synapses 

were among the biological functions predicted to be the most significantly activated 

(z-score >2). Differentiation of oligodendrocytes and movement of brain cells were 

among the biological functions predicted to be inhibited (z-score <-2). For the SPE 

gene list; development of central nervous system and cell movement of brain cells 

were predicted to be the most significantly activated biological functions (z-score >2), 

while differentiation of brain cells was predicted to be inhibited (z-score <-2).  

In order to obtain a global functional clustering confirmation of the enriched 

pathways, and to reveal pathways specific to each group compared to the other, we 

again used the DAVID bioinformatics functional annotation clustering tool. We 

compared SPI to SPE gene expression and generated two lists of clusters composed of 

the preferentially expressed genes in each category (Figure 3B, C). Notably, SPI cells 

had clustering enrichment in processes related to glycoproteins, synapse transmission, 

cell adhesion, vesicle mediated transport, generation of metabolites and cytoskeletal 

organisation. SPE cells had clustering enrichment related to the regulation of 

transcription, chromatin modifications, RNA processing and ribonucleoprotein 

biosynthesis. Synapse transmission and vesicle trafficking are mostly active post-

migratory processes up-regulated during neuronal circuit maturation (Nowakowski 

and Rakic, 1979; Galimberti et al., 2010), while active transcriptional and 

translational activity is known to be one of the characteristics of migrating neurons 

(Nowakowski and Rakic, 1979). Although these clustering analyses are not exclusive 

(eg cell migration occurs in both SPI and SPE), nevertheless the combined pathway 

and functional clustering analysis might suggest temporal differences in the maturity 

status between the two Dcx KO CA3 cellular layers. 

 

Layer specific genetic markers showed partial inversion of the Dcx KO 

hippocampal CA3 field along its radial plan 

The hippocampus is made up of morphologically and functionally distinct pyramidal 

cells along its radial (deep to superficial) and septal to temporal axes. Molecular 

differences along these axes are thought to account at least in part for these 
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phenotypes (Thompson et al., 2008). In WT, collagen type VI alpha 1 (Col6a1) is a 

CA2 and CA3 border specific marker in the adult (Thompson et al., 2008), 

exclusively expressed in a single-cell-thick band of pyramidal cells along the border 

of the pyramidal cell layer and stratum oriens (Figure 5). On the other hand, in the 

Dcx KO adult CA3 region, the expression of this marker is more pronounced in SPI 

cells close to the stratum radiatum, with only some SPE outer boundary cells also 

labelled in more temporal regions (Figure 5).  Thompson et al (2008) described a 

battery of boundary specific molecular markers that label CA3 outer boundary 

neurons. We searched for these molecular markers in our gene expression data and 

found that Suppression of tumorigenicity 18 (St18), Cadherin13 (Cdh13), and N-

terminal EF-hand calcium binding protein 2 (Necab2) showed striking and significant 

up-regulation in SPI neurons at P0 (Table 4 Figure 5). We confirmed the enriched 

expression of some of these genes by qPCR and in situ hybridization experiments 

(Figure 5). Alternatively, some genes, which are excluded from the outer boundary 

region itself but are still expressed preferentially in the deep parts of the CA3 close to 

the stratum oriens in WT (Table 3), were shown to be significantly up-regulated in 

Dcx KO SPE (Figure 5). This includes the cell adhesion molecule with homology to 

L1CAM (Chl1) and the gastrin-releasing peptide Grp. These findings strongly suggest 

that some cells destined for the very deepest outer boundary layer of the CA3 

pyramidal cell region, potentially born at early stages of CA3 neurogenesis (Altman 

and Bayer, 1990), are superficially positioned in the Dcx KO with respect to the other 

layers of CA3 pyramidal cells. Other deep layers are however retained in SPE, similar 

to the WT situation. 

 

Inside-out lamination and birthdating experiments using time point specific 

injections of BrdU 

Similar to the archicortex, lamination of the developing hippocampus proceeds in an 

inside-out pattern. Field and layer molecular specific marker data suggested that the 

inside-out layering of the CA3 region of the hippocampus is perturbed in Dcx KO 

mice. To study this in detail, the birth date and final destination of CA3 cells was 

studied by BrdU injections at different time-points during CA3 neurogenesis. BrdU, a 

thymidine analogue, incorporates into cells during S-phase. In the WT, injection of 
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BrdU at E11.5 is expected to label the earliest born neurons along the border of the 

pyramidal cell layer and stratum oriens. Injection of BrdU at E16.5 is expected to 

label later born neurons, settled in the most superficial layer of the CA3 region, at the 

border with stratum radiatum (Altman and Bayer, 1990; Deguchi et al., 2011).  

BrdU labelings were performed to assess the final destinations of neurons born 

at specific time points in the Dcx KO. BrdU was thus injected in pregnant mothers at 

E16.5 and brains were analysed at P20. In the cortex, labelled neurons were found in 

layers II-III, confirming the specificity of labelling (data not shown). In the WT 

hippocampus, the labelled cells were located in the pyramidal cells closest to the 

stratum radiatum in both CA3 and CA1 fields (Figure 6). In the Dcx KO CA3 region, 

labelled cells were mainly located in the most superficial pyramids of the SPE layer, 

however, with complete exclusion of labelling of the even more superficial SPI cells. 

No difference was seen in the distribution of BrdU-labelled cells in the CA1 field of 

the WT and Dcx KO (data not shown). Quantification of BrdU labelled cells in CA3a 

and CA3b regions revealed apparently reduced numbers of BrdU labelled cells in the 

Dcx KO compared to WT. It also showed that (95%) of E16.5 BrdU labelled cells are 

located in the SPE layer in the Dcx KO, with few cells located in other regions, 

including the SPI layer. BrdU injections performed at E11.5 were difficult to quantify, 

but showed that labelled cells are located in the outer-most region of the WT CA3 at 

the border with stratum oriens, a labelling corresponding well to the cells marked by 

Col6a1 and St18 molecular markers. However, in the Dcx KO, labelled cells were 

frequently found in the SPI layer in CA3b and CA3c, and only occasionally in the 

SPE layer of the CA3a region. These data hence confirm at least a partial inversion of 

layers in the Dcx KO hippocampus, which may contribute to abnormal network 

development and function. 

 

DISCUSSION 

In the present study, we performed a global gene expression analysis of the double 

CA3 layer of the hippocampus of the Dcx KO mouse model, which exhibits neuronal 

migration defects and epilepsy. Laser microdissection from cresyl violet stained 

sections was successful to isolate RNA of suitable quantity and quality for microarray 

analyses. The SPI layer is relatively thin at P0, and we estimated that only 3500 cells 
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were collected per mouse brain. However, even this number of cells provided largely 

sufficient material for microarray analyses and subsequent qPCRs, and on average 45 

% of the transcripts on the microarray showed a detectable level of expression, which 

falls into an appropriate range of the number of expressed genes expected per tissue, 

as shown by RNAseq studies (Ramsköld et al., 2009). Cell number estimates showed 

that SPI represents approximately 15 % of the overall Dcx KO CA3 population at P0. 

The thicker SPE layer is apparently closer in size, cell number and organization to 

WT. On the other hand, both layers showed appreciable numbers of differentially 

expressed genes compared to WT, and these were mainly layer-specific. Only 16 % of 

the SPI differentially expressed genes were commonly de-regulated in SPE, and 22 % 

of the SPE differentially expressed genes were found commonly de-regulated in SPI. 

Thus, overall there are substantial differences between each of the two layers and WT 

CA3. 

 Molecular changes found common to SPI and SPE seem in fitting with 

abnormalities previously identified by electron microscopy (Khalaf-Nazzal et al., 

article 1). Perturbed gene expression pointed to organelle (endosome, mitochondrial 

and golgi apparatus) structural and functional abnormalities, as well as, cellular 

response to stress, and activated DNA damage and repair pathways. Ultrastructural 

analyses of Dcx KO neurons in SPI and SPE layers revealed significant abnormalities 

in the mitochondria and the Golgi apparatus. The mitochondriae were abnormally 

swollen and vacuolated, and had abnormal cristae. Different ratios of swollen and 

circular Golgi apparatuses were frequently seen as well (Khalaf-Nazzal et al., article 

1). These ultrastructural findings could suggest cellular stress in Dcx KO cells, and 

apoptotic cell death was increased in the hippocampus of Dcx KO mice at P2. As well 

as molecular data revealing functional categories related to the mitochondria and 

Golgi apparatus, there are also indications of a possible up-regulation of 

neuroprotective mechanisms. For example, the solute carrier family 25, member 22 

(Slc25a22) was up-regulated in SPI and SPE neurons. Slc25a22 which is a 

mitochondrial glutamate transporter expressed in the inner mitochondrial membrane 

is involved in metabolism-secretion coupling (Palmieri, 2004). This gene is also 

mutated in patients with neonatal myoclonic epilepsy (Molinari et al., 2009). The heat 

shock protein 90kDa alpha, class B member 1 (Hsp90ab1) was also up-regulated in 

both SPI and SPE cells. The HSP90 family are highly conserved molecular 
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chaperones that play key roles in signal transduction, protein folding, protein 

degradation, and protection against cell death under stressful conditions (Cid et al., 

2005; Chen et al., 2009; Cha et al., 2010). This protein interacts with protein kinases 

and transcription factors that have crucial roles in developmental processes involved 

in cell signalling pathways favouring cell survival over death upon exposure to 

various stressful stimuli (Nathan et al., 1997; Arya et al., 2007). The upregulation of 

the neurotrophic factor Pleiotrophin (Ptn) in SPI and SPE neurons is another example 

of activated neuroprotective and survival promoting molecular signals. Ptn is highly 

expressed in perinatal brain in neurons as well as glia-derived cells (astrocytes and 

oligodendrocytes) (Wanaka et al., 1993), where it acts as a neurotrophic factor 

promoting differentiation and neurite outgrowth (Silos-Santiago et al., 1996; 

Yanagisawa et al., 2010). In the adult brain, Ptn expression is confined to specific 

neuronal subpopulations in the hippocampus and layer II–IV in the cerebral cortex 

(Wanaka et al., 1993). Ptn expression can be induced by seizures and excitotoxic 

conditions (Wanaka et al., 1993), to protect against cell death (Asai et al., 2011). 

Thus, gene expression analyses suggest activated signalling pathways related to the 

ultrastructural abnormalities observed, as well as neuroprotective, cell survival 

mechanisms that may have been stimulated by organelle abnormalities, or other 

unrelated and currently unidentified stressors. 

 Searching specifically for de-regulated neuronal migration genes, although 

revealing some up-regulated, potentially compensatory, genes common to both layers, 

also provided clues to the differences between SPI and SPE. Thus, several genes (e.g. 

Rnd2 and St8sia2) known to be sharply down-regulated after neurons finish migration 

(Heng et al., 2008; Rieger et al., 2008) were found expressed in WT and SPE cells, 

and down-regulated in SPI. Together with pathway analyses revealing processes 

consistent with migration up-regulated in SPE, and consistent with neuritogenesis and 

synapse function up-regulated in SPI, these data suggest that SPI are in general more 

mature than SPE cells. The SPE population may potentially be regarded as still 

having active migratory processes (Nowakowski and Rakic, 1979), since 

transcriptional and translational machinery are clearly up-regulated compared to WT, 

and these processes which are down-regulated in SPI. The position of SPE, extending 

within the stratum oriens may also be more coherent with migration, since this is the 

area during late embryogenesis where migrating CA3 neurons ‘sojourn’ extensively 
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before becoming positioned in the pyramidal cell layer (Altman and Bayer, 1990). We 

previously showed that in the Dcx KO hippocampus, an abnormal density of 

pyramidal cells can be observed histologically in this region from E17.5 onwards 

(Kappeler et al., 2007), suggesting slowed or indeed, arrested migration. The SPE 

layer may therefore represent a true heterotopic band in this respect, and it is possible 

that the gene expression changes at P0 are a reflection of neurons still actively being 

instructed to migrate. Our BrdU studies, labelling a late-born (E16.5) population are 

also revealing, showing a largely correct positioning of these neurons along the radial 

axis within the SPE layer, having migrated to its superficial regions by P20. Nakahira 

and Yuasa (2005) previously showed, using in utero electroporation experiments 

targeting the hippocampus that E16.5-born neurons migrate first tangentially in the 

subpial stream, then radially crossing through the pyramidal cell layer to reach 

superficial regions, closest to the stratum radiatum. This suggests that the SPE layer 

itself, although less superficial than SPI and potentially too deep in the stratum oriens, 

nevertheless forms relatively correctly, respecting inside-out lamination. 

The Dcx KO SPI layer showed a slightly larger number of differentially 

expressed genes than the SPE layer. Some gene expression differences of SPI are 

likely to be related to maturity, but a percentage of differences may also be accounted 

for by cell heterogeneity, since, other cell types, including oligodendrocyte precursors 

and interneurons, were previously identified amongst the pyramidal cells (Khalaf-

Nazzal et al., article 1). Indeed, Olig1, a marker of oligodendrocyte precursors, shows 

the highest fold change in the SPI versus WT up-regulated gene list. On the other 

hand, we also observed up-regulation of CA3 outer boundary markers (eg Cdh13, 

Necab2), up-regulation of synaptic vesicle markers (eg Sv2b) and down-regulation of 

neuronal migration genes (eg Rnd2), which may in each case, be specifically related 

to the origin and maturity status of P0 SPI pyramidal cells. Thus, comparing SPI to 

SPE gene lists, suggests strong temporal differences in the migration and maturation 

status of the two Dcx KO cell layers. BrdU labelling studies were particularly 

revealing for the SPI layer. This layer closest to the stratum radiatum was largely not 

labelled by late-born neurons. Instead we observed appreciable labelling of this layer 

by performing BrdU injections at E11.5 (data not shown). In the WT, such injections 

label cells in the deepest part of the CA3 layer, at the border of the stratum oriens 

(Altman and Bayer, 1990; Deguchi et al., 2011). Combined BrdU experiments 
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therefore suggest that the SPI population are misplaced with respect to SPE and this 

conclusion is reinforced by in situ hybridisation data of CA3 outer boundary (deepest 

layer) markers (Col6A1, Cdh13, Necab2). Some of these markers were initially 

highlighted by Thompson et al., who studied the genetic anatomy of the hippocampus 

and defined genes with restricted expression to certain layers or subdivisions along 

the radial and septo-temporal axes (Thompson et al., 2008). Deguchi et al (2011), who 

showed coordinated connectivity between early born cell populations in the 

hippocampus, also identified genes enriched in early-born pyramidal cells, similar to 

those appearing in the SPI list. Thus, the SPI seems to be formed from early-born 

CA3 neurons, and this is in fitting with the more advanced maturity of SPI cells at P0, 

revealed by gene expression differences, as well as preliminary data immunodetecting 

KCC2 (not shown), and querying cell maturity by distinguishing cytoplasmic (less 

mature) from plasma membrane (more mature) forms (Khalilov et al., 2011). These 

combined data are consistent with temporal differences in the developmental 

programs of SPI and SPE layers, and indeed, an inversed inside-out lamination, 

specific to early-born, outer boundary cells with respect to all other CA3 pyramidal 

cells, a finding that is detected at P0 and persists into adulthood.  

We show here an advanced analysis of a heterotopic cell situation. The 

relative positions of SPI and SPE seem to imply that SPI cells migrate correctly to 

their final destination, with SPE cells migrating less efficiently, and accumulating 

below, potentially without an outer-boundary. These data might suggest that early-

born, outer boundary neurons normally migrate in a Dcx-independent fashion. It 

remains to be seen what repercussions this relative displacement of early-born, outer 

boundary cells to more internal regions might have on neuronal differentiation, cell-

to-cell communication, connectivity and function. Interestingly, dendritic morphology 

is already known to be affected, with adult SPI cells showing reduced basal dendritic 

length and SPE cells, reduced apical dendritic length (Bazelot et al., 2012). Restricted 

expression of cell adhesion molecules such as cadherins and collagens, have 

previously been shown to provide topographic specificities for functional 

connectivity, and along with specific ion channel expression, to determine intrinsic 

electrophysiological profiles (Thompson et al., 2008). It remains possible that SPI 

cells, exhibiting a unique molecular identity, still become connected appropriately, 

even though they are displaced from the environment of SPE cells. The abnormal 
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neuronal position for SPE cells, extending in the stratum oriens, could also have 

consequences on connectivity. Further studies are required, including investigating 

synaptogenesis during postnatal stages, and performing gene expression analyses of 

more mature Dcx KO cells, to help answer these questions concerning the 

consequences of abnormal neuronal position on neuronal and network function. 
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Figure 1: The experimental procedure of laser capture microdissection (LCM) 

material preparation for expression profiling in hippocampal cornus ammonis 

CA3 layers.  

A: In the WT (upper images) and Dcx KO (lower images), hippocampal CA3 and SPI and 

SPE fields, respectively, were microdissected from cresyl violet stained coronal P0 brain 

sections using LCM. Selected regions are drawn around on acquired images using the LCM 

software, indicating the laser path to be used to cut the tissue. B: The summation of estimated 

total surface area and number of cells obtained per animal (dorsal hippocampus, both 

hemispheres) for each type of sample (WT, SPI and SPE). C: Isolated total RNA from the 

collected tissue fragments subjected to bioanalysis on Picochips (Agilent) to check for RNA 

integrity number (RIN). Examples of WT (sample 63), SPI (sample 93-1), and SPE (sample 

93-2) RIN electropherograms, showing fluorescence on the y-axis and nucleotides on the x-

axis. The two major peaks in each plot refer to 18S and 28S ribosomal bands. A 

corresponding gel image is shown on the right, showing little evidence of RNA degradation. 
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Figure 2: Global gene expression changes in the two Dcx KO layers, compared to 

WT.  

A: the increasing number of differentially expressed genes with lowering P. value cutoffs. 

The red color indicates the up-regulated genes, and the green color indicates the down-

regulated genes. B: Functional clustering of up-regulated and down-regulated differentially 

expressed genes appearing when comparing SPE cells to WT and SPI cells to WT, 

respectively. Each functional category (Y-axis), is plotted against the value of enrichment 

score (X-axis) obtained using DAVID pathway analysis software.    
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Figure 3: Functional clustering of common and layer-specific gene expression 

differences.  

A: Genes commonly de-regulated in SPI and SPE were subjected to DAVID functional 

clustering analyses. B: Functional clustering of SPI-specific gene changes. C: Functional 

clustering of SPE-specific gene changes. Each functional category (Y-axis), is plotted against 

the value of enrichment score (X-axis). 
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Figure 4: Quantitative RT-PCR validation of deregulated genes in SPI and SPE 

cells compared to WT.  

For each gene, expression is represented as the fold change in SPI (blue) or SPE (grey) cells 

relative to each other and to the WT. Data shown corresponds to a P. Val. < 0.05 when 

comparing SPI to SPE. Stars correspond to gene changes with a P. Val. < 0.05 when 

compared to WT. Bars indicate +/- standard error. 
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Figure 5: In situ hybridization and qRT-PCR results for genes showing layer-

specific expression patterns.  

A: Col6A1 expression in adult WT (far left) and Dcx KO hippocampus coronal sections (R, 

rostral, C, caudal). The CA3 region is shown. Blue colour indicates specific labeling. Col6A1 

labels outer-boundary cells closest to the stratum oriens in WT, whereas mainly SPI cells are 

labeled in the Dcx KO in septal regions, as well as some outer boundary cells in more 

temporal regions. B: Necab2 expression in similar adult sections. This marker labels CA2 

cells and CA3 outer-boundary cells in WT, and similar to Col6A1, shows a predominant 

expression in SPI cells in septal regions. C: qPCR analyses of four genes, two up-regulated in 

SPI and down-regulated in SPE (Necab2 and Cdh13); and two up-regulated in SPE and 

down-regulated in SPI (Grp and Chl1). D: In situ hybridization of gene showing WT 

expression in a deep layer of CA3, internal to the outer-boundary layer, at P0. In the KO, its 

expression is observed in SPI. Lower (left) and higher (right) magnifications are shown. E: In 

situ hybridization of Grp showing WT expression in late-migrating neurons in the 

intermediate zone at P0 as well as the CA3 pyramidal layer. In the KO, no expression is 

observed in SPI. Lower (left) and higher (right) magnifications are shown. 
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Figure 6: BrdU labeling of E16.5 born neurons, (preliminary data for n=1 

animal).  

A: Representative images are shown of BrdU labeling (green) compared to NeuN (red). Three 

rostral-caudal levels are shown (from upper to lower). Note the thin layer of BrdU labeled 

cells in the internal region of the WT CA3 pyramidal cell layer (left images). In the KO, cells 

are similarly positioned in SPE and rarely present in SPI. B: Quantifications of the number of 

cells present in SPE and SPI. Y-axis, average number of cells.  Scale bar 100µm. 
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Table 1: A list depicting the most significantly upregulated and downregulated genes when 

comparing SPI to SPE, SPI to WT, and SPE to WT. P. val <0.05 

 

Upregulated genes with highest ratio difference, P.val<0.005  

SPI vs SPE  Ratio SPI vs WT  Ratio SPE vs WT  Ratio 

 metallothionein 1 (Mt1). 2.51 
 oligodendrocyte transcription 

factor 1 (Olig1). 
2.38 

 zinc finger protein 238 (Zfp238), 
transcript variant 2. 

1.56 

 RAS guanyl releasing protein 1 
(Rasgrp1). 

2.37 
 aldolase C, fructose-
bisphosphate (Aldoc). 

2.12 

 heat shock protein 90kDa alpha 
(cytosolic), class B member 1 

(Hsp90ab1). 

1.55 

 actin, beta (Actb). 2.36  pleiotrophin (Ptn). 1.94 
PREDICTED:  similar to Matrin 
3 (LOC100046320), misc RNA. 

1.55 

 solute carrier family 17 
(sodium-dependent inorganic 

phosphate cotransporter), 
member 7 (Slc17a7). 

2.11 
 RIKEN cDNA 1200009O22 

gene (1200009O22Rik). 
1.90 

 seryl-aminoacyl-tRNA 
synthetase (Sars). 

1.52 

 interleukin 11 receptor, alpha 
chain 1 (Il11ra1). 

2.11 

 calcium/calmodulin-dependent 
protein kinase II alpha 

(Camk2a), transcript variant 2. 

1.84  gastrin releasing peptide (Grp). 1.48 

 metallothionein 3 (Mt3). 2.10 
 RAS guanyl releasing protein 1 

(Rasgrp1). 
1.83 

 membrane-associated ring 
finger (C3HC4) 6 (March6). 

1.48 

 calcium/calmodulin-dependent 
protein kinase II alpha 

(Camk2a), transcript variant 2. 

2.06  metallothionein 1 (Mt1). 1.81 

 lengsin, lens protein with 
glutamine synthetase domain 

(Lgsn). 

1.48 

 sparc/osteonectin, cwcv and 
kazal-like domains proteoglycan 

3 (Spock3). 

2.04 
 synaptic vesicle glycoprotein 2 

b (Sv2b). 
1.74 

 heat shock protein 90kDa alpha 
(cytosolic), class B member 1 

(Hsp90ab1). 

1.47 

 RIKEN cDNA 4930511J11 gene 
(4930511J11Rik). 

1.96 

 sparc/osteonectin, cwcv and 
kazal-like domains proteoglycan 

3 (Spock3). 

1.73 
 Von Willebrand factor homolog 

(Vwf). 
1.47 

 visinin-like 1 (Vsnl1). 1.94 

 sparc/osteonectin, cwcv and 
kazal-like domains proteoglycan 

1 (Spock1). 

1.72 

 heterogeneous nuclear 
ribonucleoprotein A1 (Hnrpa1), 

transcript variant 2. 

1.46 

Downregulated genes with highest ratio difference, P.val<0.005  

SPI vs SPE  Ratio SPI vs WT  Ratio SPE vs WT Ratio 

 adrenergic receptor, alpha 2a 
(Adra2a). 

-2.22 
 adrenergic receptor, alpha 2a 

(Adra2a). 
-2.34  enolase 3, beta muscle (Eno3). -1.99 

 insulin-like growth factor 
binding protein-like 1 (Igfbpl1). 

-2.18 
 insulin-like growth factor 

binding protein-like 1 (Igfbpl1). 
-1.93  actin, beta (Actb). -1.78 

 chondrolectin (Chodl). -2.03  calbindin 2 (Calb2). -1.78 
 troponin T1, skeletal, slow 

(Tnnt1). 
-1.50 

 gastrin releasing peptide (Grp). -1.85  Rho family GTPase 2 (Rnd2). -1.60 

 solute carrier family 17 
(sodium-dependent inorganic 

phosphate cotransporter), 
member 7 (Slc17a7). 

-1.47 

 Rho family GTPase 2 (Rnd2). -1.84 
 insulinoma-associated 1 

(Insm1). 
-1.57 

 cholecystokinin B receptor 
(Cckbr). 

-1.47 

 cysteine rich BMP regulator 2 
(chordin like) (Crim2). 

-1.79 
 cysteine rich BMP regulator 2 

(chordin like) (Crim2). 
-1.57 

 RIKEN cDNA 4930511J11 gene 
(4930511J11Rik). 

-1.40 

 calbindin 2 (Calb2). -1.77  chondrolectin (Chodl). -1.56 
 lamin A (Lmna), transcript 

variant 2. 
-1.37 

 single-stranded DNA binding 
protein 2 (Ssbp2), transcript 

variant 1. 

-1.74 
 elastin microfibril interfacer 2 

(Emilin2). 
-1.55 

 calcium/calmodulin-dependent 
protein kinase II alpha 

(Camk2a), transcript variant 2. 

-1.34 

 insulinoma-associated 1 
(Insm1). 

-1.68 
 Meis homeobox 2 (Meis2), 

transcript variant 2. 
-1.53  titin-cap (Tcap). -1.33 

 single-stranded DNA binding 
protein 2 (Ssbp2), transcript 

variant 1. 

-1.67 
 relaxin family peptide receptor 3 

(Rxfp3). 
-1.52  visinin-like 1 (Vsnl1). -1.32 
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Table 2: Migration genes showing significant gene expression when comparing SPI cells to SPE 

cells 

 

 

Definition 
Search 

Key 

FC- 

SPI vs 
SPE 

P.val. 

SPI 
vs 

SPE 

Migration genes upregulated in SPE, and downregulated in SPI cells 

Rho family GTPase 2 (Rnd2) ILMN_221456 0.54 0 

T-cell lymphoma invasion and metastasis 2 (Tiam2) ILMN_219894 0.67 1.00E-05 

nuclear receptor subfamily 2, group F, member 2 (Nr2f2), 

transcript variant 2 
ILMN_218443 0.71 5.00E-05 

ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 2 

(St8sia2) 
ILMN_219178 0.72 8.00E-05 

lamin B1 (Lmnb1) ILMN_220293 0.77 0 

ephrin B1 (Efnb1) ILMN_218638 0.80 0.00024 

katanin p60 (ATPase-containing) subunit A1 (Katna1) ILMN_223573 0.83 0.00044 

tubulin, gamma complex associated protein 2 (Tubgcp2) ILMN_195059 0.837 3.00E-05 

neurogenin 2 (Neurog2) ILMN_214239 0.84 3.00E-05 

PTK2 protein tyrosine kinase 2 (Ptk2) ILMN_211438 0.86 0.00018 

p21 (CDKN1A)-activated kinase 4 (Pak4) ILMN_213768 0.90 0.00297 

motor neuron and pancreas homeobox 1 (Mnx1) ILMN_223550 0.90 0.00056 

Migration genes downregulated in SPE and upregulated in SPI cells 

nuclear distribution gene E homolog 1 (A nidulans) (Nde1) ILMN_186852 1.14 0.00198 

amyloid beta (A4) precursor protein-binding, family B, member 1 

(Apbb1) 
ILMN_212171 1.15 0.00014 

chitinase 3-like 1 (Chi3l1) ILMN_210847 1.16 0.00088 

angiopoietin 2 (Angpt2) ILMN_213914 1.18 0.00018 

mitogen activated protein kinase kinase 4 (Map2k4) ILMN_235654 1.19 0.00015 

endothelin receptor type B (Ednrb) ILMN_208799 1.2 0.00155 

unc-5 homolog C (C. elegans) (Unc5c) ILMN_188618 1.24 1.00E-05 

growth arrest specific 6 (Gas6) ILMN_217682 1.3 0 

solute carrier family 1 (glial high affinity glutamate transporter), 

member 3 (Slc1a3) 
ILMN_213165 1.37 0.00019 
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Table3 : regionalized expression patterns of deep (close to stratum oriens) or superficial (close to 

stratum radiatum) molecular markers  along the septotemporal axis of the pyramidal cell layer of 

the hippocampus.  

 

 

 

Genes enriched in SPE cell layer representing deep cell markers in the 

WT 

Definition 
SPI/

SPE 

Pyramidal cell layers St. Oriens border layer 

1 2 3 4 5 6 7 8 9 1' 2' 3' 4' 5' 6' 7' 8' 9' 

 gastrin releasing peptide (Grp) 0.54               8                     

 potassium channel, subfamily K, 
member 1 (Kcnk1) 

0.62 1 2 3 4 5 6 7                       

 neuronal growth regulator 1 (Negr1), 
transcript variant 1 

0.69 1 2 3 4 5 6 7 8 9                   

 natriuretic peptide receptor 3 (Npr3), 
transcript variant 1 

0.80       4 5 6 7 8 9                   

 Ngfi-A binding protein 1 (Nab1) 0.86 1 2 3 4 5 6 7 8 9                   

 catenin (cadherin associated 
protein), alpha 2 (Ctnna2), transcript 
variant 2 

0.86 1 2 3 4 5 6                         

Genes enriched in SPI cell layer representing outer boundary markers in 

the WT 

Definition 
SPI/

SPE 

Pyramidal cell layers St. Oriens border layer 

1 2 3 4 5 6 7 8 9 1' 2' 3' 4' 5' 6' 7' 8' 9' 

 solute carrier family 30 (zinc 
transporter), member 3 (Slc30a3) 

1.1 1 2           8 9     3'   5' 6' 7'     

 cadherin 13 (Cdh13) 1.2                         4' 5' 6'       

 StAR-related lipid transfer (START) 
domain containing 13 (Stard13) 

1.22                       3' 4' 5' 6' 7'     

 Ly6/Plaur domain containing 1 
(Lypd1) 

1.41             7 8 9     3' 4' 5' 6'       

 FXYD domain-containing ion 
transport regulator 7 (Fxyd7) 

1.64 1 2 3 4       8 9         5'         

 suppression of tumorigenicity 18 
(St18) 

1.64                     2' 3' 4' 5' 6' 7' 8' 9' 

 N-terminal EF-hand calcium binding 
protein 2 (Necab2) 

1.69     3   5 6 7 8       3' 4' 5' 6'       

 sparc/osteonectin, cwcv and kazal-
like domains proteoglycan 3 (Spock3) 

2.03 1 2 3 4 5                           
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Supplementary Material: 

Supplementary figure 1: Schema depicting the statistical analysis for normalization and 

bias correction.  

(A) Each log-transformed expression value was normalized by subtracting the log-median 

intensity value and dividing with the standard deviation of the log-intensities (see methods). 

Next, the samples on slide 1 were corrected to account for a possible bias between slides: the 

bias of the SPE category (defined as the difference of intensities of SPE sample on slide 2 and 

the mean of SPE samples on slide 1) was used to correct the SPI samples, while the bias of 

SPI (defined in a similar way) corrected the SPE samples. (B) The gene-wise bias of SPI 

plotted against the bias of SPE shows that the majority of genes cluster around zero on the X 

and Y axis (no bias between slides), but some genes outside of this cluster need correction. 

The correction is weighted by w, computed as the coefficient that minimizes the least square 

distance between the samples of the same category on slide 1 and slide 2 respectively (see 

methods). Finally, the bias corrected samples were used as input for the differential gene 

expression search as implemented in the R-package limma (A). The projections of the data on 

the first three principal eigenvectors are shown, before (C) and after (D) bias correction. SPI 

samples on slide 1 are represented in red, SPE samples on slide 1 in green, SPI and SPE on 

slide 2 respectively in magenta and cyan, and wild type on slide 2 in black. Note that before 

bias correction, the first eigenvector (Z[1,]) splits the samples according to the slide they 

belong to (reflecting a bias), while the samples after correction are more clearly grouped by 

the biological sample of origin.  Data analysis was done in collaboration with the group of 

Roest Crollius H./ ENS. 
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Supplementary table 1: Primer sequences for RT-PCR and ISH experiments 

 

Gene name Forward primer Reverse primer 

Col6a1 
GAGATGCACACTCTTTGCTTT

G 
GAGATAGCTGGCTTGGATCAG 

Wfs1 TACGCCAAGGGCATCATT CACCAGGTAGGGCACCAG 

KA1 CAGCGCATGGAGGTGCCCAT GGCTCGCTGCTGTTGGTGGT 

Cdh13 CATTGTGGTGTCCCCCAT  GGGTTGGTGTGGATCTCG 

Necab2 
TACCATCGATTCAGACAACAC

C 

AGGTACTGTCTCAGGGAATCC

A 

Chl1 
A 

CAGACAAGAATCCCCAGAAC

AT  

TGTTGAGTTGAGGTTGGAGAG

A 

GRP 
CACGGTCCTGGCTAAGATGTA

T 

CCAGTAGAGTTGACGTTTGCA

G 

SST ACGCTACCGAAGCCGTC GGGGCCAGGAGTTAAGGA 

KA1 TGGCCAAGAACCGTATCAAC TGTTGCTGATGATGGAGCTG 

Nov GCTGCCCTACAACCACATTT CTCACTCCTTGGTCGGTGAT 

Col6a1 CCAGACAGTCTCCAGGAAGG GGGCGGGATCTAGGAG 

Prox1 GCTCATCAAGTGGTTCAGCA ATCCAGCTTGCAGATGACCT 
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Supplementary table 2: RNA concentration and RIN values. 

 

 

 

 

 

 

 

Sample name Area concerned 
RNA 

concentration RIN value 

LCM 22 CA3 40.9 6.1 

LCM 24 CA3 36.4 6.8 

LCM29 CA3 NA NA 

LCM31 CA3 65 6.3 

LCM33 CA3 68.4 6.7 

LCM 25/2 SPE  30.76 7.2 

LCM42/2 SPE  71.6 5.6 

LCM43/2 SPE  78 6.5 

LCM45/2 SPE  54 6.6 

LCM40/1 SPE   49 6.2 

LCM 25/1 SPI 12.77 5.8 

LCM40/2 SPI 30 6.1 

LCM42/1 SPI 30.6 5.2 

LCM43/1 SPI 46 5.3 

LCM45/1 SPI 84 6.3 
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Supplementary table 3: Differentially expressed gene lists showing ratios of fold 

changes compared to WT 

A: Gene expression changes in SPI cells compared to WT 

 

 

Definition 
SearchKe

y 

FC- SPI vs 

WT 

P.val-SPI vs 

WT 

 adrenergic receptor, alpha 2a (Adra2a). 
ILMN_19099

6 
0.426908857 0 

 doublecortin (Dcx), transcript variant 4. 
ILMN_21463

5 
0.470739232 0 

 insulin-like growth factor binding protein-
like 1 (Igfbpl1). 

ILMN_25951
1 

0.518350551 0 

 doublecortin (Dcx), transcript variant 4. 
ILMN_21463

5 
0.520510799 0 

 calbindin 2 (Calb2). 
ILMN_20960

7 
0.562529242 0 

 Rho family GTPase 2 (Rnd2). 
ILMN_22145

6 
0.62546454 0 

 insulinoma-associated 1 (Insm1). 
ILMN_21899

3 
0.635956503 0 

 cysteine rich BMP regulator 2 (chordin like) 
(Crim2). 

ILMN_25399
9 

0.63860688 2.00E-05 

 chondrolectin (Chodl). 
ILMN_22285

1 
0.639492791 0.00015 

 elastin microfibril interfacer 2 (Emilin2). 
ILMN_25077

7 
0.644834125 0 

 Meis homeobox 2 (Meis2), transcript 
variant 2. 

ILMN_25492
2 

0.655651007 0 

 relaxin family peptide receptor 3 (Rxfp3). 
ILMN_21775

4 
0.65747138 0.00028 

 T-cell lymphoma invasion and metastasis 2 
(Tiam2). 

ILMN_21989
4 

0.669427628 1.00E-05 

 phosphofructokinase, platelet (Pfkp). 
ILMN_19212

1 
1.639209215 1.00E-05 

 metallothionein 3 (Mt3). 
ILMN_22348

3 
1.646040691 2.00E-05 

 Kruppel-like factor 9 (Klf9). 
ILMN_22287

8 
1.655193632 0 

 ATPase, Na+/K+ transporting, alpha 2 
polypeptide (Atp1a2). 

ILMN_22048
9 

1.657489809 0 

 cadherin 13 (Cdh13). 
ILMN_18506

1 
1.665551542 0 

 histone cluster 1, H2bc (Hist1h2bc). 
ILMN_21694

0 
1.666706414 0 

 arylacetamide deacetylase-like 1 (Aadacl1). 
ILMN_21829

7 
1.677136369 0 

 insulin-like growth factor binding protein 7 
(Igfbp7). 

ILMN_21316
2 

1.697015803 0 

 neurocalcin delta (Ncald). XM_921409 
XM_921419 XM_921424 

ILMN_21482
8 

1.708819482 0 

 histone cluster 1, H1c (Hist1h1c). 
ILMN_23524

6 
1.717130873 0 

 sparc/osteonectin, cwcv and kazal-like 
domains proteoglycan 1 (Spock1). 

ILMN_20887
9 

1.719512972 0 

 sparc/osteonectin, cwcv and kazal-like 
domains proteoglycan 3 (Spock3). 

ILMN_21261
3 

1.729074463 0 

 synaptic vesicle glycoprotein 2 b (Sv2b). 
ILMN_21986

6 
1.73748437 0 

 metallothionein 1 (Mt1). 
ILMN_20951

4 
1.813780658 0.00395 

 RAS guanyl releasing protein 1 (Rasgrp1). 
ILMN_20894

1 
1.825130977 0 
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B: Gene expression changes in SPE cells compared to WT 

 

Definition 
SearchKe

y 

FC- SPE vs 

WT 

P.val-SPE vs 

WT 

 doublecortin (Dcx), transcript variant 4. 
ILMN_21463

5 
0.485990494 0 

 enolase 3, beta muscle (Eno3). 
ILMN_22297

9 
0.503477775 0.00392 

 actin, beta (Actb). Actb 0.56097174 0.00306 

 doublecortin (Dcx), transcript variant 4. 
ILMN_21463

5 
0.576742803 0 

 troponin T1, skeletal, slow (Tnnt1). 
ILMN_18930

8 
0.667111585 0.00351 

 solute carrier family 17 (sodium-dependent 
inorganic phosphate cotransporter), 
member 7 (Slc17a7). 

ILMN_21165
8 

0.681601304 0.00019 

 cholecystokinin B receptor (Cckbr). 
ILMN_21808

9 
0.682073917 0.0011 

 RIKEN cDNA 4930511J11 gene 
(4930511J11Rik). 

ILMN_21675
8 

0.715984371 3.00E-05 

 lamin A (Lmna), transcript variant 2. 
ILMN_20963

5 
0.727994774 0.00098 

 calcium/calmodulin-dependent protein 
kinase II alpha (Camk2a), transcript variant 
2. 

ILMN_20950
9 

0.746906729 2.00E-05 

 titin-cap (Tcap). 
ILMN_21850

8 
0.754190038 0.00176 

 visinin-like 1 (Vsnl1). 
ILMN_18681

4 
0.756808396 2.00E-05 

 mevalonate (diphospho) decarboxylase 
(Mvd). 

ILMN_21418
7 

0.758909626 9.00E-05 

 MARCKS-like 1 (Marcksl1). 
ILMN_21156

4 
1.407368375 0.00037 

 RNA (guanine-7-) methyltransferase 
(Rnmt). 

ILMN_19132
0 

1.407368375 0.00157 

 host cell factor C1 (Hcfc1). 
ILMN_22056

9 
1.409320755 0.00067 

 heterogeneous nuclear ribonucleoprotein D-
like (Hnrpdl). 

ILMN_21797
9 

1.41519416 0.00018 

 CUG triplet repeat, RNA binding protein 1 
(Cugbp1), transcript variant 2. 

ILMN_21616
1 

1.419123356 0.00061 

 neuron specific gene family member 1 
(Nsg1). 

ILMN_21243
0 

1.423063461 0.00199 

 myosin light chain, regulatory B (Mylc2b). 
ILMN_21087

5 
1.426025717 9.00E-05 

 oligodendrocyte transcription factor 1 
(Olig1). 

ILMN_22316
2 

1.429984986 0 

 cDNA sequence BC085271 (BC085271). 
ILMN_22646

0 
1.433955248 0.00048 

PREDICTED:  hypothetical protein 
LOC100046136 (LOC100046136). 

ILMN_21641
6 

1.459020344 2.00E-05 

 heterogeneous nuclear ribonucleoprotein 
A1 (Hnrpa1), transcript variant 2. 

ILMN_25780
3 

1.462057448 0.00016 

 Von Willebrand factor homolog (Vwf). 
ILMN_19588

6 
1.468150636 3.00E-05 

 heat shock protein 90kDa alpha (cytosolic), 
class B member 1 (Hsp90ab1). 

ILMN_21646
8 

1.474269217 0.00018 

 membrane-associated ring finger (C3HC4) 
6 (March6). 

ILMN_18954
9 

1.476314406 0.00014 

 lengsin, lens protein with glutamine ILMN_22336
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C: Gene expression changes in SPI cells compared to SPE 

 

Definition 
SearchKe

y 

FC- SPI vs 

SPE 

P.val-SPI vs 

SPE 

 adrenergic receptor, alpha 2a (Adra2a). 
ILMN_19099

6 
0.45031299 0 

 insulin-like growth factor binding protein-
like 1 (Igfbpl1). 

ILMN_25951
1 

0.459456442 0 

 chondrolectin (Chodl). 
ILMN_22285

1 
0.492774668 0 

 gastrin releasing peptide (Grp). 
ILMN_21648

5 
0.541112322 2.00E-05 

 Rho family GTPase 2 (Rnd2). 
ILMN_22145

6 
0.544121221 0 

 cysteine rich BMP regulator 2 (chordin like) 
(Crim2). 

ILMN_25399
9 

0.557483109 0 

 calbindin 2 (Calb2). 
ILMN_20960

7 
0.563700206 0 

 single-stranded DNA binding protein 2 
(Ssbp2), transcript variant 1. 

ILMN_21562
2 

0.575943821 0 

 insulinoma-associated 1 (Insm1). 
ILMN_21899

3 
0.593779833 0 

 single-stranded DNA binding protein 2 
(Ssbp2), transcript variant 1. 

ILMN_21562
2 

0.597081594 0 

 yippee-like 1 (Drosophila) (Ypel1). 
ILMN_18863

7 
0.616426163 0 

 pleckstrin homology domain containing, 
family G (with RhoGef domain) member 2 
(Plekhg2). 

ILMN_21087
1 

0.621144141 0 

 potassium channel, subfamily K, member 1 
(Kcnk1). 

ILMN_23729
7 

0.622005827 0 

 Meis homeobox 2 (Meis2), transcript 
variant 2. 

ILMN_25492
2 

0.623732786 0 

 tachykinin receptor 3 (Tacr3). 
ILMN_21652

4 
0.62546454 1.00E-05 

 host cell factor C1 (Hcfc1). 
ILMN_22056

9 
1.409320755 0.00067 

 heterogeneous nuclear ribonucleoprotein D-
like (Hnrpdl). 

ILMN_21797
9 

1.41519416 0.00018 

 CUG triplet repeat, RNA binding protein 1 
(Cugbp1), transcript variant 2. 

ILMN_21616
1 

1.419123356 0.00061 

 neuron specific gene family member 1 
(Nsg1). 

ILMN_21243
0 

1.423063461 0.00199 

 myosin light chain, regulatory B (Mylc2b). 
ILMN_21087

5 
1.426025717 9.00E-05 

 oligodendrocyte transcription factor 1 
(Olig1). 

ILMN_22316
2 

1.429984986 0 

 cDNA sequence BC085271 (BC085271). 
ILMN_22646

0 
1.433955248 0.00048 

  
ILMN_21097

6 
1.449946833 0.00088 

PREDICTED:  hypothetical protein 
LOC100046136 (LOC100046136). 

ILMN_21641
6 

1.459020344 2.00E-05 

 heterogeneous nuclear ribonucleoprotein 
A1 (Hnrpa1), transcript variant 2. 

ILMN_25780
3 

1.462057448 0.00016 

 Von Willebrand factor homolog (Vwf). 
ILMN_19588

6 
1.468150636 3.00E-05 

 heat shock protein 90kDa alpha (cytosolic), 
class B member 1 (Hsp90ab1). 

ILMN_21646
8 

1.474269217 0.00018 

 membrane-associated ring finger (C3HC4) ILMN_18954
1.476314406 0.00014 
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CHAPTER3: DISCUSSION 
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The study of the heterotopic neurons and their implication in the generation of 

hyperexcitable neuronal circuits is important for our understanding of causes of 

pharmacoresistant epilepsy. We set out to characterize hippocampal CA3 heterotopic 

neurons in the Dcx KO mouse model, which exhibits migration defects and 

spontaneous epilepsy. We used a multi-experimental approach to characterize these 

cells at the morphological, ultrastructural and molecular levels. This was combined 

with specific experiments to examine the developmental origins and the evolution of 

these neurons in the adult.  

Our analysis revealed alterations in the organization of these cells. The WT 

hippocampal CA3 region is made up of a single, relatively compact and homogenous 

pyramidal cell layer. The CA3 region of Dcx KO animals is divided into two 

heterotopic layers; we termed them SPI and SPE layers, corresponding to an internal 

and external position. The cells in these two layers are loosely organized, and contain 

heterogeneous cell groups, including OPCs and Sst positive interneurons, cell types 

that are not usually present within the CA3 cell layer in the WT.  

Using electron microscopical examination of the CA3 region from P0 pups, we 

demonstrated potential abnormalities in the cytoplasm content of pyramidal cells in 

both SPI and SPE layers. Abnormalities in the mitochondria in these cells were noted, 

in the form of abnormal swelling and vacuolation. We are currently quantifying these 

observed mitochondrial abnormalities, in order to define the absolute number and the 

percentage of affected mitochondria in SPI and SPE cells compared to WT, in both 

the somatic compartment and in the developing neuronal processes.  

Golgi apparatus modifications were also observed. In the WT, the Golgi apparatus is 

made up of a series of 5-6 flattened cisternae with occasional terminal swelling, and 

vesicles exclusively at the trans end of the Golgi apparatus. This organization was 

almost always disrupted in SPI and SPE KO cells, where the Golgi apparatus had 

terminal as well as internal swellings, presented with circular forms in certain cells, 

and had an excessive vesicular content that was not confined to the trans end, but was 

seen at the cis end also in some cells. Quantification of these observed abnormalities 

showed statistically significant differences in Golgi apparatus forms between WT and 

KO cells. Dilated, circular and vesicular Golgi apparatuses were found in 95%, 64%, 

and 90% of the KO cells, respectively, compared to 30%, 2%, and 9% in the WT 
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cells, respectively. These ultrastructural findings at P0 could be an indication of 

cellular stress in Dcx KO cells, indeed, apoptotic cell death at P2 was two times 

increased in the CA1 and CA3 regions of the hippocampus of Dcx KOs (article 1). 

These combined data advance our understanding of the nature of the pyramidal cell 

lamination defect, the disorganization of other cell types including oligodendrocyte 

precursors, which could be secondary to the pyramidal cell defects and the state of 

Dcx KO neuronal-like cells in postnatal stages. 

The use of laser capture microdissection technique enabled us to specifically isolate 

the SPI and SPE heterotopic cells from each other and from the surrounding 

hippocampal CA3 region strata. We also isolated WT CA3 cells in a similar way for 

comparison. This experiment was successfully performed at the P0 stage and in the 

adult. It has allowed us up till now to study the temporal molecular profiles of 

heterotopic neurons at P0. Interestingly, molecular analysis and functional clustering 

of enriched genes showed perturbed pathways related to endosomes, methylation, 

molecules associated with the mitochondrial membrane and Golgi apparatus, purine 

metabolism and ATP binding, oxidative phosphorylation, cellular response to stress 

and DNA repair in SPI and SPE Dcx KO cells. These pathways correspond tightly to 

the abnormalities observed by microscopy and highlight some important molecules 

that may be linked to such abnormalities. A significant upregulation of genes involved 

in neuroprotective mechanisms was also observed. 

Additionally, comparing the gene expression between SPI and SPE cells revealed 

important differences in molecular signatures between these two cell populations. 

Neuronal migration genes were differentially expressed between SPI and SPE cells at 

P0. Downregulation and upregulation of an important set of genes involved in 

pyramidal cell migration was observed in SPI and SPE cells, respectively. Using this 

molecular data, we detected also complementary temporal differences in the maturity 

status of the two heterotopic cell populations with SPI cells showing signs of having 

advanced maturity compared to SPE cells (article 2).  

Altogether, we believe that this advanced maturity status of SPI neurons at P0 is 

convincing because of the following reasons: 
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1. Ultrastructural examination of SPI cells demonstrated a cellular profile 

corresponding to mature neurons, with clear cytoplasmic content, compared to 

a denser cytoplasm in SPE cells and some WT cells as well. Additionally, 

quantitative measurement of the nuclear diameter of neurons in SPI and SPE 

and WT neurons revealed that SPI cells had a higher nuclear diameter than 

SPE cells, a finding that can be correlated with an advanced maturity status. 

2. The expression of Rnd2, a neuronal migration gene which is known to be 

abruptly turned off in differentiating neurons, is downregulated in SPI cells 

when compared to SPE cells and to the WT. 

3. BrdU birth-dating experiments suggested that SPI neurons are early born. 

BrdU labelling of late born hippocampal neurons at E16.5 did not label SPI 

cells. 

4. In situ hybridization experiments, using stable molecular markers of earliest 

born hippocampal cells, revealed that SPI cells express markers described to 

be enriched in earliest born cells, normally present in the most external regions 

in WT. Thus SPI cells are the earliest born. Consequently, it seems very 

logical that they demonstrate an advanced maturation status. 

5. To confirm the advanced maturation status of SPI cells at the functional level, 

we are studying the expression of KCC2 expression in these cells. Preliminary 

results showed that some SPI cells express KCC2 on the plasma membrane at 

this stage. This experiment is mentioned later on in this discussion. 

Interpretation of these data in the context of the electrophysiologic properties of these 

heterotopic neurons during their differentiation will be one of our future goals. 
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1. Ultrastructural abnormalities in hippocampal heterotopic neurons of Dcx KO 

mice: 

Mitochondria are the primary cellular producer of energy mainly in the form of ATP. 

Developing and mature neurons are particular in having a striking diversity of distant 

functional zones including dendrites, axons, growth cones or synapses, areas with a 

high energy consumption rate. Active and coordinated bidirectional (anterograde and 

retrograde) transport of mitochondria along the neuronal microtubule network to and 

from sites of high energy demand represents a fundamental mechanism needed by 

neurons to assure correct energy balance (Verstreken et al., 2005). Stabilized 

microtubules act as the principal tracks for long-distance anterograde and retrograde 

cellular transport of enzymes, organelles, mRNAs and cytoskeletal components 

(Guzik and Goldstein, 2004). Thus microtubule stability and coordinated function 

seems indispensable for normal mitochondrial transport, propelled by motor proteins, 

such as kinesins and dyneins (DiMauro and Schon, 2008). This transport assures the 

maintenance of energy homeostasis in neurons. Both increased and decreased velocity 

of mitochondrial transport have been related to pathology (Kuiper et al., 2008; Karle 

et al., 2012). Defects in genes involved in mitochondrial dynamics have already been 

associated with several neurodegenerative disorders, such as mutations in hereditary 

spastic paraplegia type 10 (SPG10) and mutations in a gene encoding one of the 

kinesins (KIF5A) (Fichera et al., 2004), in Huntington disease (Dompierre et al., 

2007), and in disorders of neuronal migration, such as deletions of YWHAE with 

Miller–Dieker lissencephaly (Toyo-oka et al., 2003).  

DCX is a MAP that functions in supporting microtubule stabilization (Moores et al., 

2004, 2006; Fourniol et al., 2010). Dcx/Dclk (Doublecortin-like kinase) double mouse 

mutants display a severely compromised intracellular neuronal transport of Kif1a-

mediated trafficking of the presynaptic vesicle-associated membrane protein 2 

(Vamp2), which accumulates in the soma of these neurons (Deuel et al., 2006; Liu et 

al., 2012). In vitro knockdown of Dcx expression did not affect the percentage and 

run length of mobile mitochondria during anterograde transport, it even showed a 

tendency towards increased velocity and run length of moving mitochondria (Liu et 

al., 2012). However, defective retrograde microtubule-mediated mitochondrial 

transport could be a plausible explanation for the mitochondrial abnormalities 
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revealed by electron microscopy and gene expression analyses. Alternatively, a more 

severe disruption of microtubule tracks in the knockout might lead to more severe 

mitochondrial mobility abnormalities. Such defects could in turn be one of the factors 

contributing to cellular stress, DNA damage and repair, imbalance in purine 

nucleotide metabolism, and cell death and survival deregulation, perturbed processes 

that were found functionally enriched upon analysis of the molecular profiles of Dcx 

deficient neurons. 

Acetylated microtubule forms stable tracks for the transport of cellular organelles and 

signalling molecule-containing vesicles. Failure of effective transport of such 

components can result in defective localization of neurotrophic and neuroprotective 

signalling components. For example, failure of anterograde and retrograde transport 

of BDNF-containing vesicles resulted in cytotoxicity and mitochondrial damage 

observed in a mouse model of Huntington disease (Dompierre et al., 2007). Thus, 

failure of intracellular transport mechanisms in a variety of ways can lead to 

mitochondrial damage and cytotoxicity either directly through failure in 

mitochondrial transport, or indirectly through failure in the transport of other 

neuroprotective components. Both mechanisms may be a possible explanation for the 

observed cyto-toxic changes observed in Dcx-deficient heterotopic neurons. 

Some rare reports suggest that mitochondrial dysfunction may play a role in the 

pathogenesis of brain malformations and that mitochondrial and DCX functions may 

share some common cellular and molecular mechanisms during neuronal migration, 

neuroprotection and neurodegeneration. Inborn errors of metabolism are frequently 

associated with brain malformations and migration defects (Nissenkorn et al., 2001; 

Prasad et al., 2007). A case-report of the association of mitochondrial DNA myopathy 

‘‘MELAS” mutation and polymicrogyria has been described (Keng et al., 2003). 

Another report described a female patient presenting with mitochondrial myopathy 

and diffuse SBH. This patient was found to have double mutation in the DCX gene 

and the common mitochondrial DNA myopathy ‘‘MELAS” mutation (Scuderi et al., 

2010). According to authors, the brain malformation in the form of SBH and diffuse 

agyria/pachygyria in this particular patient was not fully explained by the severity of 

the mutation in the DCX gene. Skewed X-inactivation was excluded in patient 

lymphocytes, making this possibility a less probable explanation for the severe 
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phenotype. One plausible explanation for the severe brain phenotype is the co-

existence of DCX and mitochondrial disease-causing mutations in this patient 

(Scuderi et al., 2010). Moreover, Zellweger syndrome, a (cerebro-hepato-renal 

syndrome) is a peroxisomal biogenesis disorder, associated with neuronal migration 

defects in the cerebral cortex and the cerebellum in both humans patients and mouse 

models (Janssen et al., 2003; Krysko et al., 2007). Severe alterations of the 

mitochondrial ultrastructure, and respiratory chain complexes, resulting in severe 

oxidative stress was suggested as a major contributing factor in the pathogenesis of 

this disorder (Baumgart et al., 2001).  

Although it is not yet mechanistically confirmed, pathogenic mechanisms common 

between mitochondrial diseases and migration disorders are possible. Defective 

energy metabolism resulting in free radical production and oxidative stress could be 

shared between mitochondrial diseases and migration defects due to failure of 

microtubule-based mitochondrial transport to zones of high energy demand (Naderi et 

al., 2006; Zemlyak et al., 2009; Shi et al., 2010).  

Moreover, failure in the maintenance of calcium homeostasis could be another 

common pathway (Dayanithi et al., 2012; Fluegge et al., 2012; Mórotz et al., 2012). 

Mitochondria can sequester and release large amounts of calcium, which helps to 

adjust energy production to cellular needs. Basal ionized calcium levels and calcium 

sequestering are perturbed in fibroblasts from MELAS patients (Rothman, 1999). 

Correct calcium balance probably through modulation of cAMP and IGF1 signalling 

is essential for normal neuronal migration and maturation (Komuro and Rakic, 1992, 

1996). Modulating calcium intracellular spike frequencies rescued the migration 

phenotype in both Weaver and fetal Minamata disease mouse models (Liesi and 

Wright, 1996; Fahrion et al., 2012). Our molecular data revealed disturbances in 

calcium ion homeostasis and purine nucleotide metabolism in both SPI and SPE 

heterotopic neuronal populations. Altogether, the above mentioned observations 

might highlight a possible link between DCX loss of function affecting mitochondrial 

function in maintaining intracellular homeostasis to assure normal neuronal 

development and function. 

The Golgi apparatus is built of stacks of flattened, closely opposed cisterna and small 

vesicles, and takes part in modification, sorting, and transport of secretory products, 
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lysosomal enzymes, and membrane components (Palade, 1975). Microtubules play a 

dual role in maintaining the structural stability of the Golgi apparatus close to the 

endoplasmic reticulum (Thyberg and Moskalewski, 1985), and in supporting its 

function by forming stable tracks for the bidirectional transport of vesicular and 

tubular structures between the ER and the Golgi stacks on the one hand and between 

the Golgi stacks and the plasma membrane on the other hand (Matter et al., 1990). 

Detyrosinated and acetylated subpopulations of microtubules represent the stable part 

of the microtubule cytoskeleton that is engaged in transporting newly synthesized 

secretory proteins from the endoplasmic reticulum to the Golgi apparatus (Mizuno 

and Singer, 1994). Microtubule depolymerization results in a successive multistep 

structural modification of the Golgi apparatus that will eventually lead to swelling, 

fragmentation of the system of interconnected stacks, separation of the cisternal 

stacks from each other, and Golgi dispersion in the cytoplasm (Wehland et al., 1983; 

Turner and Tartakoff, 1989). Accordingly, intracellular transport, processing and 

extracellular release of secretory proteins are disturbed upon microtubule instability 

as well. This microtubule instability leading to abnormal Golgi apparatus morphology 

and function can be induced experimentally by pharmacological drugs causing 

depolymerization of microtubules (Stults et al., 1989; Robin et al., 1995). Also this is 

associated with a number of microtubule-associated diseases including 

neurodegeneration in Parkinson disease (Lin et al., 2009), Alzheimer's disease 

(Tanemura et al., 2002), dystonia musculorum sensory neuropathy (Ryan et al., 2012), 

and progressive motor neuronopathy (Schaefer et al., 2007). Additionally, the Golgi 

apparatus undergoes a process of swelling and fragmentation in cases of cellular 

stress and neuronal injury preceding neuronal cell death in a range of excitotoxic 

conditions including amyotrophic lateral sclerosis (Teuling et al., 2008), and cerebral 

ischemia (Zeng and C. Xu, 2000), as well as in excitotoxic convulsive events 

affecting the developing perinatal brain (Portera-Cailliau et al., 1997). The cyclin 

dependent kinase 5 (CDK5) has been shown to be involved in Golgi apparatus 

fragmentation in differentiated neuronal cells and primary neurons upon exposure to 

excitotoxic conditions (Sun et al., 2008). As this protein phosphorylates a number of 

microtubule-related proteins, including DCX (Xie et al., 2003; Tanaka et al., 2004b), 

such defects may occur via the microtubule cytoskeleton.  
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The Golgi appparatus is involved in processing proteins synthesized by the 

endoplasmic reticulum. The extremity of the Golgi apparatus, the trans-end which 

faces the plasma membrane, is involved in final protein sorting into several carriers 

forming mature protein vesicles, which are ready to be transported to different cellular 

subcompartments including the plasma membrane. The major class of trans-Golgi 

derived transport vesicles concerns clathrin-coated vesicles, which select cargo for 

delivery to endosomes, and are also important for endocytosis. µ1 and µ2 subunits of 

the adaptor complex AP-1 and AP-2, respectively, are involved in clathrin-dependent 

protein sorting and endocytosis. DCX interacts and co-immunoprecipitates with AP-1 

and AP-2 complexes in developing brain extracts (Friocourt et al., 2001). Electron 

microscopic examination of heterotopic neurons in the Dcx KO mouse at P0 revealed 

swollen and fragmented Golgi with excessive accumulation of vesicles. The 

accumulated vesicles were mostly located at the trans-end of Golgi complex (data not 

shown), likely to be mature clathrin-coated round vesicles. Microtubule instability 

due to Dcx loss of function is a strongly plausible explanation for the observed Golgi 

fragmentation. Moreover, accumulated vesicles could be either related to impaired 

vesicular trafficking between the endoplasmic reticulum and Golgi apparatus, or 

between Golgi apparatus and long distance tubulin routing of mature protein 

vesicles(Storrie and Nilsson, 2002; Daboussi et al., 2012). The fact that the commonly 

observed accumulated vesicles were at the trans-Golgi side raises the possibility that 

vesicular trafficking and clathrin mediated exocytosis between the Golgi apparatus 

and plasma membrane, or indeed endocytosis from the plasma membrane, are 

seriously impaired in Dcx deficient heterotopic neurons, a possibility that may 

culminate in defective migration and final position of these cells. Indeed, clathrin-

mediated endocytosis is involved in adhesion disassembly, that if disrupted, leads to 

the development of persistent, large focal adhesions that prevent normal migration 

(Ezratty et al., 2005; Chao and Kunz, 2009; Kawauchi et al., 2010).  

Dcx KO mice have spontaneous epilepsy originating in the hippocampus (Nosten-

Bertrand et al., 2008), with pyramidal cells being hyperexcitable a likely cause of this 

phenotype (Bazelot et al., 2012). Although the earliest age of seizures in these mice 

has not yet been determined, a disproportionate excitation-inhibition balance at P0 is 

highly probable. Interestingly, epileptic seizures are a common feature associated 

with inherited mitochondrial diseases. Excessive excitatory input could contribute to 
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increased metabolic demand and oxidative cellular stress in heterotopic cells, partially 

contributing to the development of the described abnormalities at the level of 

mitochondria and the Golgi apparatus. Whether the observed abnormalities in Dcx 

deficient neurons are a pure consequence of microtubule instability due to Dcx loss of 

function, or due to cellular stress caused by excessive excitation for other reasons 

needs to be determined. The latter possibility is further suggested by the electron 

microscopic observation of the presence of normal mitochondriae in non-mature, 

electrically less active cells at P0, located in the SVZ. These cells could correspond 

well to immature migrating neuroblasts, or to non-neuronal (glial) cells which do not 

normally express Dcx (Francis et al., 1999). In either case, the presence of functioning 

DCX protein seems instrumental in maintaining normal neuronal cell ultrastructural 

and mitochondrial function. 

Figure 40: Ultrastructural 

features of immature cell 

located in the SVZ in Dcx 

KO CA3 region.  

Note the preserved 
mitochondria (arrows) 
and the flattened 
horizontal cisternae 
charachteristic of Golgi 
apparatus (Star). Note 
the abnormal swollen 
and vaculated 
mitochondria in a nearby 
cell with a mature 
neuronal aspect. 

 

 

2. Temporal differences in migration and differentiation programs of the two 

heterotopic cell populations: 

In this study, our data suggests that the hippocampal lamination defect in the CA3 

region of Dcx KO mouse is due to inverted layering most probably related to 

defective migration rather than aberrant in situ generation of ectopic CA1, CA2, or 

dentate gyrus projection neurons, nor due to ectopic accumulation of a non-pyramidal 

cell type such as interneurons, astrocytes and oligodendrocytes. Both SPI and SPE 

heterotopic layers are made up of pyramidal cells as a major cellular component. 

Hippocampal field specific marker in situ hybridisation and RT-PCR analyses 

! 
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confirmed that both heterotopic cell layers express the pyramidal-cell, CA3-specific 

marker KA1, but not CA1, or dentate gyrus molecular markers, Wfs1 or Nov, and 

Prox1, respectively. Electron microscopical examination revealed that the two layers 

are majorly composed of cells with neuronal rather than non-neuronal cellular 

aspects. Electron microscopical and immunohistochemical examination indicated also 

the presence of heterogeneity in SPI and SPE layers, and characterized the neuropil 

between the two heterotopic layers. Potential indications of differences between SPI 

and SPE from electron microscopy data were nuclear diameter (smaller in immature 

neurons and in SPE) and also potentially differences in electron density of nuclei 

(more dense in less mature migrating neurons and in SPE and less dense in post-

migratory neurons and in SPI, see discussion article 1).  

Heterogeneity in the molecular profiles reflecting non-matching developmental stages 

between SPI and SPE cells was noted at P0. Both layers had unique expression 

profiles of neuronal migration genes. The downregulation of Rnd2, a gene whose 

expression is sharply turned off when neurons finish migration (Heng et al., 2008b), 

in SPI neurons, compared to SPE and WT neurons, suggests that SPI neurons are 

postmigratory and settled earlier than SPE neurons, and perhaps that they follow a 

radial glial independent migration mode. The former possibility is further supported 

by the downregulation in SPI of other neuronal migration genes, e.g. Tiam2. In vivo 

loss of function experiments expressing a dominant negative form of Tiam2 caused 

inhibition of neuronal migration in the cerebral cortex (Kawauchi et al., 2003). Tiam2 

regulates cell migration by interacting with microtubules and regulating focal 

adhesion disassembly (Rooney et al., 2010). This involves dynamin-driven 

endocytosis (Ezratty et al., 2005), and microtubule-dependent activation of the Rho-

like GTPase Rac, which controls focal adhesion size and causes their disassembly 

(Rooney et al., 2010). The alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 2 

St8sia2 was also downregulated in SPI neurons. St8sia2 is highly expressed in 

migrating neurons, and its expression has been shown previously to be downregulated 

during neuronal differentiation (Rieger et al., 2008). Thus, several genes support the 

hypothesis that SPI neurons are post-migratory and settle earlier than SPE neurons. 

On the contrary, the above-mentioned neuronal migration genes were significantly 

upregulated in SPE neurons, suggesting that they may still be migratory at P0. We 
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also noticed significant upregulation of another two genes, coding for proteins 

potentially interacting with DCX or involved in neuronal migration in the 

hippocampus. The close homolog of L1 (Chl1) belongs to the family of L1 neural cell 

recognition molecules that includes L1, Chl1, Neurofascin and NrCAM (Maness and 

Schachner, 2007). Neurofascin is an interacting partner of DCX (Kizhatil et al., 2002) 

but this has not yet been shown for CHL1. A conserved motif in the cytoplasmic 

domain of L1 family members (FIGQ/AY) recruits ankyrin, which couples to F-actin 

through direct spectrin association (Herron et al., 2009). As shown for neurofascin, 

when the motif is tyrosine phosphorylated, DCX is recruited, to potentially encourage 

endocytosis of this transmembrane molecule. Linkage of L1 family proteins to F-

actin, microtubules or both may be important for receptor clustering and signal 

transduction during cell migration, axon growth, and growth cone collapse (Garver et 

al., 1997; Jenkins et al., 2001). The absence of Dcx affects CA3 cell dendritic form 

and mossy fiber connectivity (Nosten-Bertrand et al., 2008; Bazelot et al., 2012), 

resembling the phenotype of Chl1 mutant mice (Montag-Sallaz et al., 2002) indicating 

a possible molecular convergence in migration and axon guidance signaling 

pathways. In transcriptome and in situ hybridisation (data not shown) analyses, we 

identified Chl1 and ankyrin3 as upregulated genes in Dcx KO CA3 neurons at P0.  It 

will therefore be important to investigate whether the upregulation of Chl1 and 

Ankyrin-3 in the Dcx KO hippocampus contributes to the disruption of cellular events 

associated with the abnormal migration and morphology of mutant CA3 neurons. 

The gastrin releasing peptide, Grp, belongs to the neuropeptide family of molecules 

whose expression is enriched in specific zones of the developing and adult brain 

(Moody et al., 1988; Wada et al., 1990; Kamichi et al., 2005).  Grp and its receptors 

are upregulated in various cancers including neuroblastomas and glioblastomas, 

where they act as growth factors enhancing proliferation and metastasis (Qiao et al., 

2008). Overexpression of the Grp receptor, ubiquitously expressed in the developing 

cortex, resulted in laminar disorganization in the telencephalon, tectum and in the 

cerebellum of chick embryos, and this was associated with abnormal radial glia 

morphology (Iwabuchi et al., 2006). We detected significant upregulation of Grp in 

SPE migratory cells at P0. In situ hybridization analyses of Grp expression at P0 and 

E17.5 stages revealed specific and enriched expression in migrating neuroblasts in the 

intermediate zone and the hippocampal primordium of the WT CA3 field specifically. 
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Thus Grp appears to be specific to the CA3 region in the developing hippocampus, 

which is interesting in light of the Dcx KO CA3-specific phenotype. Compared to 

WT, a similar expression pattern was detected in migrating cells and SPE of Dcx KO 

brains, with exclusion of expression in SPI neurons (Figure 5, article 2). This result 

may reinforce the idea that SPI cells are more mature than SPE, the latter still 

expressing migration machinery, including Grp.  

The upregulation of Chl1 and Grp in SPE neurons, and their in situ hybridization 

expression patterns in migrating neuroblasts in the intermediate zone raises the 

possibility that these are both neuronal migration genes that have potential roles in 

hippocampal lamination. 

 

3. Molecular and cellular mechanisms for migration and lamination defects in 

Dcx mutants: 

Layering of the developing cortex and hippocampus follows an inside-out pattern. 

Cells exiting the cell cycle will sojourn in the intermediate zone in the multipolar 

stage, before becoming bipolar and continuing their migration (Altman and Bayer, 

1990c; Tabata and Nakajima, 2003). Neurons resuming a bipolar morphology will 

migrate to the developing cortical plate in two different but complementary modes; 

early on, when the cortical plate is sufficiently thin, the earliest born neurons will 

extend their leading processes to the marginal zone, shorten their leading processes 

and move their cell bodies to their final destination in a process called somal 

translocation (Nadarajah et al., 2001). Later born neurons will migrate longer 

distances bypassing earlier-born already settled ones, and will depend on radial glial 

cell processes during their migration in a process called glia-guided-locomotion 

(Rakic, 1978; Noctor et al., 2004). Upon arrival in the marginal zone, the migrating 

neurons will detach from radial glia processes and somally translocate to their final 

destination (Nadarajah et al., 2001). After the transition from the multipolar to bipolar 

morphology, migrating neuroblasts resume migration along radial glial processes in a 

process named locomotion (Noctor et al., 2004). Near the marginal zone, migrating 

neurons attach their leading processes to the marginal zone and switch to glia-

independent somal translocation mode. Dab1-mediated reelin signaling, and their 
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downstream targets Rap1 and  cadherins regulate cortical lamination by controlling 

this last step of glia-independent somal translocation in early and late born neurons 

(Franco et al., 2011).   

Complex molecular signalling pathways and cellular machinery are orchestrated to 

control the succession of events and assure correct migration and layering in the 

developing cerebral cortex. Mouse mutants for neuronal migration genes have shed 

light on these machineries and helped researchers to define several critical steps in 

neuronal migration. For example, positioning of late-born, but not early-born neurons 

is defective upon disruption of Cdk5/p35/p39 (Chae et al., 1997; Gilmore et al., 1998; 

Ko et al., 2001), Lis1 (Tsai et al., 2007) and Ndel1 (Shu et al., 2004). In contrast, 

perturbation of other signaling pathways such as reelin/Apoer2/Vldlr/Dab1 (Howell et 

al., 1997; Sheldon et al., 1997; Trommsdorff et al., 1999) causes perturbations in early 

and late born neuronal positioning.  

The coordinated transition from one step of migration to the next (eg multipolar to 

bipolar) is a tightly regulated process at the molecular and the cellular level. The 

forkhead box transcription factor (FoxG1) is transiently downregulated when 

migrating neuroblasts enter the multipolar cell phase and is re-expressed as they 

proceed onward into the cortical plate. Failure to downregulate FoxG1 at the 

beginning of the multipolar phase transiently indulges migrating neuroblasts to move 

within the lower intermediate zone as a result of failure to express Unc5D. Cells 

perturbed in this fashion become ultimately displaced to more superficial layers than 

expected from their birthdate, and their laminar identity was respecified accordingly 

(Miyoshi and Fishell, 2012). Impaired transition from multipolar to bipolar phase 

during neuronal migration is a common feature when knocking down genes involved 

in positioning of late born neurons including CDK5 (Ohshima et al., 2007), Lis1 (Tsai 

et al., 2005), and Dcx (Bai et al., 2003). In our microarray data, we found significant 

upregulation of Foxg1 in SPE neurons. Although this upregulation itself does not 

necessarily fit with Foxg1 expression dynamics during multipolar to bipolar transit,, it 

could still suggest that disturbances in Foxg1 expression dynamics are at the core of 

the failure of multipolar to bipolar state transition of Dcx KO SPE migrating 

neuroblasts. Further Foxg1 expression analysis at different developmental stages and 

functional experiments will be needed to validate or rule out this hypothesis. 
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Although it has never been formally demonstrated in the hippocampal CA3 region, 

that the earliest born neurons migrate using the somal translocation mode to form the 

deepest cell layer close to stratum oriens, this nevertheless remains likely, following 

mechanisms shown in the isocortex (Nadarajah et al., 2001). Recently, it has also 

been shown that intrinsic cellular mechanisms that determine the temporal 

developmental sequence of certain neuronal populations in the developing 

hippocampus will eventually link neurogenesis time windows, maturation programs, 

connectivity patterns and molecular markers (Galimberti et al., 2010; Deguchi et al., 

2011). Col6a1 and St18 are two molecular markers of deep-located, earliest-born 

neurons. They label a single-cell- thick band of neurons along the border of the 

pyramidal cell layer and stratum oriens in the CA3 and CA2 hippocampal fields 

(Thompson et al., 2008; Deguchi et al., 2011).  

Global gene expression profiles of the two heterotopic cell layers in Dcx KO 

hippocampus at P0 revealed that St18 expression was significantly upregulated in the 

more superficially-located SPI cells close to stratum radiatum. In situ hybridization 

experiments in adult Dcx KO hippocampus confirmed the persistent expression of 

Col6a1 in this neuronal population, but not in SPE neurons. Moreover, preliminary 

BrdU birthdating experiments in Dcx KO embryos have shown that earliest born 

pyramids at E11.5 are located in the SPI instead of being located in deeper cell-layers, 

as in WT. Additionally, the latest born neurons, labelled with BrdU at E16.5, were 

located in the most superficial part of the SPE hetrotopic layer (Figure 40). Thus 

earliest born neurons, potentially adopting somal translocation as the principal mode 

of migration, are located in the more superficial rather than the deepest layers along 

the radial axis of the CA3 field in Dcx KO hippocampus. A finding that highly 

suggest that the SPI and SPE neuronal populations not only have differences in 

molecular markers, neurogenesis time windows, and differentiation programs, but 

may also adopt two distinct modes of migration during development. Thus the SPI 

cell population, corresponding to the earliest born neurons, are predicted to adopt the 

somal translocation mode of migration. SPE cells are likely to be later born, and may 

potentially depend upon radial-glia guided migration. E16.5 BrdU experiments 

suggest also that despite their failure in bypassing SPI cells, the SPE heterotopic 

population have maintained the inside-out lamination pattern, within its own neuronal 

population itself, and that the latest born cells are neither located in the deepest nor 
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most superficial poles along the radial axis, instead, they are sandwiched in between, 

contributing further to the overall disorganization in the CA3 region.  

 

Figure 40: Figure 41: Schematic presentation of the observed birth date and layer fate of BrdU labeled 

neurons in the WT (left), and the Dcx KO (right) 

 

Dcx mutants do not manifest gross cortical layering defects in mouse (Corbo et al., 

2002; Kappeler et al., 2007), most probably due to compensation and genetic 

redundancy.  Acute knockdown of Dcx using the RNAi approach resulted in defective 

migration of upper layer cortical neurons, which remained stalled in the intermediate 

zone forming a heterotopic band (Bai et al., 2003; Manent et al., 2009; Lapray et al., 

2010). Thus, the participation of Dcx in radial glia guided migration has been 

experimentally confirmed. However, Dcx knockdown experiments to study its role in 

migration mechanisms adopted by earlier born neurons, which uses exclusively the 

somal translocation mode has not been yet performed. Time-lapse imaging of the final 

step of radially migrating neurons, detaching from radial glial fibers and somally 

translocating to their final position, has also never been performed. Therefore, a 

potential function of Dcx in any of these steps during cortical layering remains a valid 

hypothesis. The migration defects observed in Dcx KO hippocampus may suggest its 

involvement in multiple subcellular processes during neuronal migration. However, 

the ability of the earliest-born, somally- translocating SPI neurons to migrate a long 

distance, and the failure of SPE neurons to bypass SPI cells could highlight the fact 

that Dcx is involved in radial-glia guided migration rather than somal translocation. 

Time-lapse imaging experiments studying the migration dynamics of Dcx deficient 

neurons during both modes of migration will be needed to confirm this hypothesis. 

WT-BrdU at E11.5                                                    Dcx KO 

WT- BrdU at E16.5                                                       Dcx KO 

A 

B 
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The CA3 field of the hippocampus is the only part of mouse telencephalon where 

neuronal migration is severely affected by constitutional Dcx knockout (Corbo et al., 

2002; Kappeler et al., 2007). Redundant compensatory genetic programs are thought 

to account for the mild and even absent gross phenotype in other cortical areas. It is 

still undetermined why it is the CA3 region that is particularly affected. This region of 

the hippocampus has several unique characteristics; neurons migrating to the CA3 

need to migrate a longer distance from areas of generation in the neuroepithelium to 

the Ammon’s horn. Additionally, they need to follow a curved rather than a straight 

migratory path (Altman and Bayer, 1990c; Nakahira and Yuasa, 2005). In the CA3 

field, migrating neuroblasts will spend the longest time sojourning in the multipolar 

phase, 4-5 days, compared to 2-3 days for CA1 neurons, or 24 hours for cortical 

neurons (Altman and Bayer, 1990c). With the complex anatomical setup of the CA3 

region, SPE neurons may either be facing difficulties in transition from multipolar to 

bipolar phase, or maybe migrating at a lower speed. These factors may culminate in 

delayed migration and ectopic positioning of SPE neurons, being unable to reach their 

final destinations. 

Glutamatergic and GABAergic migrating neurons share a synergistic cooperative 

migration mode, where GABA acting through GABAA receptors and glutamate 

acting through AMPA receptors play permissive roles promoting the migration of 

pyramidal cells and interneurons, respectively (Manent et al., 2005, 2006). 

Consequently, isochronic coordination between the two populations, to assure 

synchronous migration in close proximity is very essential. The first interneurons 

invade the CA3 field no earlier than E16, much later than the CA1 or the cortex. 

Branching and nucleokinesis defects have been described in Dcx deficient 

interneurons (Kappeler et al., 2006). A mild temporal delay in interneurons invading 

the CA3 region of Dcx KO will result in disorganization of this cooperative 

isochronic migration of glutamatergic and GABAergic populations, culminating in 

the impaired migration of pyramidal cells and resulting in a more evident 

disorganization. Detailed analysis of interneuron migration streams at different 

developmental stages in Dcx KO embryos will help determine if glutamatergic and 

GABAergic neuronal migration synergy is impaired or not in Dcx mutants. 
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4. Maturation of developing hippocampal circuits in Dcx KO mice and possible 

developmental causes of hyperexcitable circuits: 

Understanding the complexity of mature functional hippocampal circuits requires an 

understanding of the emergence of electrical activity and wiring and the regulatory 

hierarchy during critical periods of neuronal development. Additionally, mouse 

models of neuronal pathology help us to gain insights on key components of these 

developing circuits. In the hippocampus, a temporally coordinated sequence of events 

will connect neuronal subpopulations sharing unique molecular profiles, birthdates, 

morphological properties, maturation and connectivity patterns, and help them insert 

into hippocampal circuits during a specified time window (Deguchi et al., 2011). For 

example, the earliest born Lsi1 neuronal population possesses a unique identity 

defined by a unique molecular profile, and a temporally advanced maturation and 

synaptogenesis status when compared to other later born neuronal populations 

(Deguchi et al., 2011). Additionally, identity specification in Lsi1 granule cell 

neurons will also define spatially restricted structural plasticity by forming mossy 

fiber terminal arborisations specifically with only other Lsi1 pyramidal cells in the 

CA3 region in a predefined topographic organization (Galimberti et al., 2010; 

Deguchi et al., 2011).  

Neuronal maturation and synaptic transmission also follows a temporal sequence; 

with GABAergic and then glutamatergic neurons establishing functional synapses 

(Hennou et al., 2002). At birth, three types of principal hippocampal neurons can be 

identified depending on their synaptic activity; a majority of later born, electrically 

silent neurons, a small fraction of earlier born with GABA receptor mediated 

electrical activity, and a third small fraction of earliest-born electrically active 

neurons, in whom the electrical activity is mediated by both GABAA and glutamate 

receptors (Tyzio et al., 1999). Giant depolarizing currents (GDPs) are network-driven 

polysynaptic events restricted to the early developing neuronal circuits (Ben-Ari et al., 

1989; Menendez de la Prida et al., 1996; Khazipov et al., 2001; Aguado et al., 2003) 

They are generated predominantly by GABA, which at these stages is depolarizing 

and excitatory (Khazipov et al., 1997, 2004; Garaschuk et al., 1998). They are 

initiated through a small population of gap junction-coupled neurons, after which 
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GDPs appear. They are present simultaneously in hundreds of neurons and propagate 

to the entire network, shifting the network from a voltage-gated localized pattern 

involving selected neuronal assemblies to a synaptic one that reaches most neurons 

via excitatory GABA and glutamatergic synapses (Moody and Bosma, 2005). It 

seems persuasive that neuronal populations in this network with advanced maturity 

status, expressing functional GABA and glutamate receptors will play pioneering 

roles in synchronizing these circuits, potentiating the maturity of these developing 

networks, and probably contributing to pro-epileptic phenotypes in pathologic 

conditions. Thus even if neuronal birthdate is not the ultimate determinant of neuronal 

fate, it plays an instrumental role in the maturation sequence of neurons, being a 

default factor of determining their contribution to eventual normal or pathologic 

circuits. 

Intrinsic cellular properties orchestrate with strictly defined developmental programs 

to define not only birth date but also maturity status during critical periods when 

neurons are highly plastic in preparation to adopt their defined adult function. Despite 

this strict temporal sequence during perinatal critical periods, neuronal circuits are not 

hard-wired, and they are sufficiently plastic to modify themselves in cases of 

pathology. For example, in a rat model of SBH caused by Dcx knockdown, 

manipulation of abnormally migrated epileptogenic heterotopic neurons and circuits 

during the postnatal periods resulted in unexpected extensive plastic responses, 

arrested neurons resumed migration, decreasing the SBH thickness, and with a 

significant decrease in epileptic threshold and severity (Manent et al., 2009). 

Field potential recordings from young adult Dcx KO hippocampal slices showed that 

both SPI and SPE layers received strong inhibitory inputs when compared to WT; the 

mean frequency amplitude of field inhibitory postsynaptic currents were larger in Dcx 

KOs than in WT (Bazelot et al., 2012).  Developing neuroblasts blocked due to Dcx 

knockdown in the rostral migratory stream and developing in ectopic positions 

matured precociously and received GABAergic and glutamatergic synaptic inputs 

earlier when compared with their control counterparts in similar locations (Belvindrah 

et al., 2011). The chloride transporter KCC2 plays an important role in the postnatal 

excitatory to inhibitory switch of GABA actions in the hippocampus. Its absence is 

correlated with disturbances in GABAergic and glutamatergic synapse formation and 
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is associated with the development of spontaneous and evoked epileptiform activities 

(Khalilov et al., 2011). Using immunohistochemistry, we observed alterations in 

KCC2 expression between the SPI and SPE neuronal populations, with a subset of 

earliest born SPI cells expressing this transporter in the cytoplasm and at the plasma 

membrane in some cases at P0, when SPE neurons either do not express it, or 

occasionally express it in the cytoplasm (Figure 41). Interestingly hippocampal layer 

disorganization did not result in disturbances in intrinsic cellular properties and 

selective connectivity in Reelin mutants (Deguchi et al., 2011). On the other hand, the 

disturbances in KCC2 expression together with the inversion of lamination and mis-

localization of the earliest born, functionally earliest active neuronal population in the 

Dcx KO hippocampus could suggest that altering neuronal migration may influence 

the early functional maturation of hippocampal networks. These observations raise the 

possibility that the immature hippocampal network in the Dcx KO during its 

differentiation will participate in the generation of pro-epileptic phenotype observed 

in adult mice.  

 

Figure 42: Expression pattern of the potassium- chloride cotransporter 2 (KCC2) in the WT (A), 

and the Dcx KO (B, C, D) at P0.  

(A) Some deep- seated, outer border WT cells express KCC2 (arrows), with a cytoplasmic rather than 
membranous expression. (B) Some SPI cells express KCC2, with almost no detectable expression in 
SPE cells. (D) Higher magnification showing KCC2 expression in cells pointed in (B), KCC2 has a 
combined cytoplasmic and membranous expression, indicating a relatively advanced maturity status. 

A: WT B: Dcx KO 

C: Dcx KO D: Dcx KO 

Blue: DAPI, Green: KCC2 Blue: DAPI, Green: KCC2 

Blue: DAPI, Green: KCC2 Grey:  DAPI 
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To summarize, a predefined developmental program is followed at least by earliest 

born hippocampal principal neurons. This neuronal population will differentiate and 

mature before later born ones, and will have an earlier expression of functional 

GABA and later on glutamate receptors. Consequently, it will participate in the 

generation of GDPs and network synchronization early on. Ectopic localization of this 

neuronal population is associated with an epileptic phenotype in Dcx KO mice. 

Gaining insights into the behaviour and the participation of this neuronal population 

in the generation of pro-epileptic circuits at perinatal stages may help in deciphering 

the role of developmental brain malformations, heterotopias and dysphasia in the 

generation of  neurodevelopmental hippocampal epilepsy. 

 

 

5. Dcx KO mouse as a model to study developmental origins and therapeutic 

strategies in childhood epilepsies: 

Epilepsy is a common neurologic condition with a varying incidence between 

developing and developed countries (Ngugi et al., 2011), but is supposed to affect 

about 1% of the general population. Paediatric epilepsy accounts for one fourth of the 

global epilepsy population, with 25% of epileptic patients being below the age of 15 

years (Guerrini, 11). Understanding the pathophysiological mechanisms of 

hyperexcitable circuits leading first to seizures and then developing into epilepsy is 

fundamental in testing causation hypotheses, understanding the modification of the 

brain circuits after these attacks, and testing new therapeutic strategies. Existing 

animal models commonly used for studying epilepsy use pharmacological agents that 

will lead to severe epileptic attacks, consequently leading to severe neuronal damage, 

cell death, and frank modifications in the circuits. Although these models have been 

instrumental in understanding the long term consequences of severe epilepsy, they 

have limited use in studying the developmental origins of epilepsy, and the acute 

short-term consequences of mild to moderate epileptic attacks.  

The Dcx mouse model of hippocampal dysplasia and spontaneous epilepsy remains 

one of the available models, of which its use has pros and cons. Despite having 

hippocampal dysplasia in all Dcx KO animals, video EEG recordings were able to 
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detect spontaneous epileptic activity in only 40-50% of these mutants ((Nosten-

Bertrand et al., 2008, Hamelin S. et al., in preparation). However, field recordings 

from Dcx KO hippocampal slices were able to detect interictal and ictal-like activity 

in all tested samples (Bazelot et al., 2012). The presence of a hippocampal 

morphological abnormality, resulting from aberrant embryonic development of the 

hippocampus renders this model more closely related to certain paediatric epilepsy 

syndromes. 

Another feature of the Dcx KO mouse model is the absence of hippocampal sclerosis 

in epileptic animals. Massive cell death after epileptic attacks, mossy fibre sprouting 

and reactive gliosis were not detected in tested animals (data not shown). Therefore, 

the Dcx KO model maybe a weak model for studying the consequences of epilepsy on 

hippocampal architecture, but it remains a good model to study milder, more common 

causes of epilepsy. Moreover, epileptic Dcx KO animals have upregulation of 

neuroprotective mechanisms. De novo synthesis of the neuropeptide NPY was 

detected in mossy fiber terminals of epileptic animals (Nosten-Bertrand et al., 2008). 

Thus the Dcx KO mouse could stand as a good model to study the role of 

neuroprotection in epilepsy. Global gene expression analyses in the hyperexcitable 

adult heterotopic SPI and SPE neurons is ongoing. Results are expected to provide us 

with new insights regarding potential mechanisms that could be perturbed in these 

cells, potentially providing new therapeutic targets. 
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,.0#;,/&-,<#&$#5$*;<(&(#)(-V+/(#5$.&/$<1#?$.4(/)(<=9#&'/((#/(5+//(.&#*+&,&-$.)#G/>!HI9#G/>"H9#

G/>WXW#3(/(#%$+.0#(:5<+)-4(<=# -.#8EF#;,&-(.&)#3-&'#%&$'()(#*+&,&-$.)1#G/>!HI#*+&,&-$.)#

L.N!WM#<(,0-.>#&$#W#0-%%(/(.&#)+K)&-&+&(0#/()-0+()#L;1R!HI?9#;1R!HIF9#;1R!HI6M#3(/(#5<(,/<=#

,))$5-,&(0# 3-&'# ,# )(4(/(# ;'(.$&=;(9# 3-&'# &'-5U(/# 8EF# LJP1WYM# ,.0# )(4(/(# -.&(<<(5&+,<#

0-),K-<-&=# LHW1WYM9# 3',&(4(/# &'(# )+K)&-&+&(0# /()-0+(1# E(5,+)(# .$# )U(3(0# -.,5&-4,&-$.# 3,)#

$K)(/4(0#-.#<=*;'$5=&(#A2G9#&'-)#;'(.$&=;(#-)#;/$K,K<=#0-/(5&<=#/(<,&(0#&$#&'(#-*;$/&,.5(#$%#

&'-)#/()-0+(#%$/#?@A?#)&,K-<-&=1#Z&'(/#/(5+//(.&#*+&,&-$.)#$.#G/>WXW#L.NWM#,.0#G/>"H#L.NWM#

3(/(# ,))$5-,&(0# 3-&'# '(&(/$>(.($+)# 5<-.-5,<# ,.0# /,0-$<$>-5,<# ;/()(.&,&-$.)1# 7.# &'(# 5,)(# $%#

G/>WXW[9# &'(# 0-%%(/(.&# ;/()(.&,&-$.)# *,=# K(# /(<,&(0# &$# )U(3(0# -.,5&-4,&-$.1# G/>"H# -)# ,#

02'-%/)# ')0,+2)# %.+# ;')+,/3)+# 3"# +,')/3*<# ;%'3,/,;%3)# ,.# JC75,.+,.6:# ;'(.$&=;-5#

4,/-,K-<-&=#-)#<-U(<=#&'(/(%$/(#&$#K(#(:;<,-.(0#K=#&'(#0-%%(/(.&#,*-.$#,5-0#)+K)&-&+&-$.)#<(,0-.>#
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$%#&'()'*+,#'+$,('$)%-.#%/#!"#$%&'()*+,(-#012.3#*%$1#$1,#'//,4$,5#(,.)52,#'-5#$1,#.2*.$)$2$,5#

'6)-%#'4)5#5,$,(6)-,#$1,#.,&,()$7#%/#$1,#81,-%$78,3#9)$1#.%6,#62$'$)%-.#8(%*'*+7#,-'*+)-:#

6%(,#(,.)52'+#8(%$,)-#/2-4$)%-#$1'-#%$1,(.;#

./%0/1&,12/3%4%&+(/1%4(4567+7%,&%01/3+)*/3%/&&/)*7%,&%2+77/(7/%2'*4*+,(7%,(%!"%,1%$"#$%

7*1')*'1/% 4(3% &'()*+,(% 89+:'1/% ;<% =4>5/% ?@<% *4A+(:% +(*,% 4)),'(*% 5,)45% ,1% :5,>45%

3/7*4>+5+B4*+,(%,&%*C/%3,24+(7-%D(%245/7<%E/%&,'(3%*C4*%2,7*%,&%*C/%2+77/(7/%2'*4*+,(7%

+(%!"%4(3%$"#$%5/43+(:%*,%7/F/1/%0C/(,*60/7%41/%3/7*4>+5+B+(:%8;GH@-%I+:C56%3/7*4>+5+B+(:%

2'*4*+,(7% 4&&/)*% >'1+/3% 1/7+3'/7% 80-J?KLI<% 0-MKKHN% 4(3% 0-O?HK9@P% 5/77% 3/7*4>+5+B+(:%

2'*4*+,(7%4&&/)*%/+*C/1%>'1+/3%1/7+3'/7%80-#;K!%4(3%0-9LQJ@%,1%7'1&4)/%1/7+3'/7%EC/1/%

2'*4*+,(%+7%5+A/56%*,%+(&5'/()/%*C/%7*1')*'1/%,&%*C/%5,,0%*C/6%41/%&,'(3%+(%80-#KR?J@-%D(%

433+*+,(<%,(/%&'1*C/1%7'1&4)/%2'*4*+,(%+7%01/3+)*/3%*,%4&&/)*%5,)45%+(*/14)*+,(7%E+*C%S=7%

80-J;R!@<%4(3%,(/%&+(45%2'*4*+,(%5/43+(:%*,%4%7/F/1/%0C/(,*60/%+(%245/7%80-T?UVW@%+7%,(%

*C/% 7'1&4)/% >'*% &4)/7% 4E46% &1,2% *C/%S=% +(*/1&4)/<% 4(3% 246% 4&&/)*% +(*/14)*+,(7% E+*C%

,*C/1%>+(3+(:%041*(/17-%D(%&/245/7<%7/F/1/%0C/(,*60/%2+77/(7/%2'*4*+,(7%41/%457,%24+(56%

3/7*4>+5+B+(:% 80-NLUI<% 0-NQ;X<% 0-O?Y?M<% 0-M??UX<% 0-Z?KK.<% 0-J?KL#GI<% 0-[?KUM<%

0-O?QQZ<%0-X?QUM<%0-N?H;$GIGM<%0-N?UK.<%0-M?UHX<%0-ZKKVW<%0-OKV;W<%0-DKLY=@-%\&%

*C/7/<%&,'1%41/%01/3+)*/3%*,%>/%5/77%3/7*4>+5+B+(:<%>'*%457,%*,%0/1*'1>%*C/%+(*/14)*+,(%E+*C%

S=7%80-NQ;X<%0-O?QQZ<%0-X?QUM<%0-M?UHX@-%\(/%&'1*C/1%2'*4*/3%1/7+3'/%+7%'(5+A/56%*,%

>/%3/7*4>+5+B+(:%>'*%+7%01/3+)*/3%*,%0/1*'1>%*C/%+(*/14)*+,(%E+*C%S=7%80-NQH$GM@-%=E,%

&'1*C/1% 40041/(*56% 5/77% 3/7*4>+5+B+(:% 2'*4*+,(7% *C4*% 01,3')/% 7/F/1/% 0C/(,*60/7% 41/%

/+*C/1%'(5+A/56%*,%>/%4*%*C/%S=%+(*/1&4)/%80-O?Y?M@<%,1%*C/%+(*/14)*+,(%E+*C%S=7%+7%5/77%

)/1*4+(%80-[?KUM@-%=C'7<%*C/%24],1+*6%,&%7/F/1/%&/245/%2+77/(7/%2'*4*+,(7%+(%!"%4(3%$"

#$%/+*C/1%3/7*4>+5+B/%*C/%3,24+(<%,1%4&&/)*%+(*/14)*+,(7%E+*C%S=7-%D(*/1/7*+(:56<%^1:LU%

+(% !"#$% 45+:(7% E+*C% ^1:?H;% +(% $"#$<% >,*C% 41/% 3/7*4>+5+B+(:% 4(3% :+F/% 1+7/% *,% 7/F/1/%

0C/(,*60/7-%=C/7/%1/7+3'/7%41/%),(7/1F/3%>/*E//(%*C/%3,24+(7%2,7*%5+A/56%>/)4'7/%*C/6%
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!"#$%&'(")!*)$+("$+(,-%*.$(+$)/#$01$-(&!%*2$3+$*()#4$/%./,5$-#6)!7%,%8%*.$&9)!)%(*6$%*$

.#*#"!,$.%:#$&("#$6#:#"#$'/#*()5'#62$$

;(-#"!)#$'/#*()5'#6$%*$&!,#6$!"#$!66(<%!)#-$=%)/$#%)/#"$-#6)!7%,%8%*.$#++#<)6$>'20?@A4$

'2BCD@E4$ '20@?FGH4$ ("$ 69"+!<#$ "#6%-9#6$ ,%I#,5$ )($ %*)#"!<)$ =%)/$ >'2JKLM4$ '2BL?JH4$ ("$

'(66%7,5$%*)#"!<)%*.$=%)/$>'2BCD?1NOH$;P62$Q)$%6$'(66%7,#$)/!)$&9)!)%(*6$(+$)/#6#$,!))#"$

"#6%-9#6$ (*,5$ !++#<)$ !++%*%)5$ 79)$ 6)%,,$ !,,(=$;P$ 7%*-%*.4$ =/%</$&%./)$ #R',!%*$ )/#$ ,#66$

6#:#"#$ '/#*()5'#2$ JKL$ %6$ 697S#<)$ )($ '/(6'/(T"#.9,!)%(*$ >J</!!"$ #)$ !,24$ @UUKH$ 79)$ )/#$

'2JKLM$&9)!)%(*$ !,6($ .%:#6$ (*,5$ !$&%,-$ '/#*()5'#$ %*$ !$ +#&!,#$ 6/(=%*.$ *(*T7%!6#-$ V$

%*!<)%:!)%(*2$ '20?@A$ !*-$ '2BCD@E$ !"#$ '"#-%<)#-$ )($ 7#$ /%./,5$ -#6)!7%,%8%*.$ !*-$ )/#$

#R',!*!)%(*$ +("$ !$ &(-#"!)#$ !*-$ *()$ 6#:#"#$ '/#*()5'#$ %6$ )/#"#+("#$ *()$ (7:%(962$

W*-#)#<)#-$ &(6!%<%6&$ &!5$ 7#$ (*#$ '(66%7,#$ #R',!*!)%(*2$ 3+$ )/#$ &%,-$ '/#*()5'#6$ %*$

&!,#64$ (*#$ %6$ !$ 69"+!<#$ &9)!)%(*$ *()$ '"#-%<)#-$ )($ %*)#"!<)$ =%)/$ ;P6$ >'2X@@LMH4$ )=($

+9")/#"$!"#$69"+!<#$&9)!)%(*6$=/#"#$%*)#"!<)%(*6$=%)/$;P6$!"#$'(66%7,#$79)$*()$<#")!%*$

>'2XCFKP4$ '2P@UFJH4$ (*#$ %6$ !$ "#6%-9#$ %*$ )/#$ %*)#"-(&!%*$ ,%*I#"$ >XCLKAH$ =/%</$&%./)$

/(=#:#"$ !,6($ %*)#"!<)$=%)/$;P64$ !*-$ +%*!,,5$ (*#$&9)!)%(*$ (+$ !$ 69"+!<#$ "#6%-9#$=%)/$ !$

'!")%!,,5$ 79"%#-$ 6%-#$ </!%*$ >PCYFQH$ &!5$ 7#$ ,%./),5$ -#6)!7%,%8%*.2$ P/964$ *($ /%./,5$

-#6)!7%,%8%*.$ &9)!)%(*6$ !"#$ !66(<%!)#-$ =%)/$ &%,-$ '/#*()5'#6$ %*$ &!,#6$ !*-$ "#6%-9#6$

<,#!",5$%*)#"!<)%*.$=%)/$;P6$!"#$!,6($,#66$#:%-#*)2$

Z%*!,,54$ %*$ +#&!,#64$ &%,-#"$ &9)!)%(*6$ /!:#$ !$ "!*.#$ (+$ '"#-%<)#-$ #++#<)6[$ )/#$ 69"+!<#$

"#6%-9#64$'2JKLM$>-%6<966#-$!7(:#H4$'2BLYO$!*-$'2BCU@1$!"#$'"#-%<)#-$)($%*)#"!<)$=%)/$

;P64$$'2XCFKA$!*-$'2BCD?JNO$&!5$%*)#"!<)$=%)/$;P6\$!*-$'2Z@KFJ$'"(7!7,5$-(#6$*()$

%*)#"!<)$ =%)/$ ;P62$ 3*#$ ,%./),5$ -#6)!7%,%8%*.$ &9)!)%(*$ >'20?@MH4$ !*-$ 6#:#"!,$ /%./,5$

-#6)!7%,%8%*.$>'20?@A4$'2]C@^O4$'2_CY@Z4$'2BCY?O4$'2BCD@E4$Q@CKPH4$!,6($.%:#$&%,-#"$

'/#*()5'#62$ Q)$ 6/(9,-$ 7#$ *()#-$ )/!)$ )/#$V$ %*!<)%:!)%(*$ 6)!)96$ (+$ )/#$&!S("%)5$ (+$ )/#6#$

'!)%#*)6$%6$*()$I*(=*4$/(=#:#"$'2BCD@E$'!)%#*)6$!"#$I*(=*$)($/!:#$7%!6#-$%*!<)%:!)%(*2$
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8"$1+.( 20( #2-( 9#23#'( 4$.( -4+( *2%%23"#:(/)-$-"2#( -&;+1<( 1)0*$,+( $#.( "#-+0$,-"#:( 3"-4(

=>1( ?;@ABCDE(8)-(;0+1+#-( "#($( %"#9+0F'( 1)0*$,+($#.(;211"8%&( "#-+0$,-"#:( ?;@GBHIJKLF'(

1)0*$,+($#.(#2-("#-+0$,-"#:(?;@ABHMEF($#.(/"%.%&(.+1-$8"%"N"#:(?;@>BOMPF@(Q*(#2-+'(#2#+(

2*(-4+()#$**+,-+.(*+/$%+(,$00"+01(4$.(4":4%&(.+71-$8"%"N"#:(/)-$-"2#1@((
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$%&'# '()*+# ,-.'./('# 0# 1)(0(&2/# 0/03+'&'# &/# (%.# 30-4.'(# 52%2-(# 26# ,0(&./('# +.(# -.,2-(.*# 7&(%#

',2-0*&5#89:#0/*#;<8=#0/*#601&3&03#89:>;<8?#@2)-(../#+.0-'#06(.-#(%.#*&'52A.-+#26#!"#=#(%.#

0&1#26#2)-#0/03+'&'#70'#(2#,-2A&*.#/.7#&/'&4%('#&/(2#(%.#',.5(-)1#26#,%./2(+,.'#26#,0(&./('#

7&(%#!"##1)(0(&2/'?#B.# &/A.'(&40(.*#1)(0(&2/#,2'&(&2/# &/# (%.# ,-2(.&/=# (0C&/4# &/(2# 0552)/(#

'(-)5()-03# D&2324+# *0(0=# 0/*# 521,0-.*# (%&'# (2# *.(0&3.*# 53&/&503# 5%0-05(.-&'0(&2/'?# E)-# '()*+#

.F01&/.*#(%.#53&/&503#0/*#D-0&/#GH<#5%0-05(.-&'(&5'#26#"IJ#&/*&A&*)03'#%0-D2)-&/4#KL#$%&'()(#

2-#&/%.-&(.*#1)(0(&2/'#&/#(%.#!"##4./.=#26#7%&5%#!M#1)(0(&2/'#0-.#*.'5-&D.*#62-#(%.#6&-'(#(&1.#

%.-.?##

$%.# 2A.-033# &/62-10(&2/# (%0(# 50/# D.# *-07/# 6-21# (%&'# '()*+# &'# (%0(N# "O# (%.# -0/4.# 26# 5./(-03#

/.-A2)'#'+'(.1#&/A23A.1./(#&'#7&*.-#(%0/#2-&4&/033+#*.'5-&D.*#)"*+(,(#"-'"."$,'*(/0&/&0*"&'(

&.(,#12/*&2,*"$(.32,43($,00"30#(.&%'5(*&($,001(!"#(2%*,*"&'#()+3'(*+3"0(,..3$*35(#&'(

"#( 5",-'&#35( )"*+( 6789( !O# (%.# *.4-..# 26# /.)-2324&503# &1,0&-1./(# &'# -.30(.*# (2# (%.# D0/*#

%.(.-2(2,&0#(%&5C/.''#0/*#(%.#2A.-3+&/4#52-(&503#0D/2-103&(&.'P#IO#'C.7.*#Q#&/05(&A0(&2/#,30+'#

0#-23.#&/#.F,30&/&/4#601&3&03#50'.'#26#!"##7&(%#R'.A.-.#.66.5(S#1)(0(&2/'=#0/*#2(%.-#0(+,&503#

'&()0(&2/'P#MO# (%.-.#0-.#'.A.-03#%2(T',2(#1)(0(&2/'# &/#!"##.F,30&/&/4#5233.5(&A.3+#IM?U#V#26#

89:#50'.'=#03#/3$*":341(;<=>?(&.($%&'()((2%*,*"&'#(,'5(@A?(&.("'+30"*35(2%*,*"&'#9(UO#

A0-+&/4# -0(&2'#26# 530''.'#26#1)(0(&2/'# W1&''./'.# &/#*&66.-./(# *210&/'# 0/*# 3&/C.-'=# /2/'./'.#

0/*# 2(%.-O#7.-.# &*./(&6&.*# &/# (%.# *&66.-./(# 50(.42-&.'# 26# ,0(&./('=#7%&5%# 0-.# 03'2# 0''25&0(.*#

7&(%#*&'(&/5(#1)(0(&2/'=#,'5(/+3'&*1/3(#3:30"*1($,'(&.*3'(,//,03'*41(B3($&0034,*35()"*+(

-3'&*1/39(JO#62-#0#')D'.(#26#1)(0(.*#')-605.#-.'&*).'=#(%.#')D'(&()(.*#01&/2#05&*#03'2#0,,.0-'#

(2#D.#5-&(&503#&/#*.(.-1&/&/4#,%./2(+,.#'.A.-&(+?#

*%+,-%&.,/0%'/1&20/3&4567&82(&$01/0'9/&:;(<.1&;,/3%;&/3,'&,&9('/0'<<+&&

B&(%#(%&'#30-4.#52%2-(=#(72#4-2),'#26#6.103.#,0(&./('#7&(%#!"##1)(0(&2/'#53.0-3+#.1.-4.N#0#

1&3*.-# ,%./2(+,.#10&/3+# 066.5(&/4# 50--&.-# 6.103.'# 521,0-.*# (2# 0#12-.# '.A.-.# ,-.'./(0(&2/#
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#$#%&&'"()$*+,*-" ./" $0(+%-.1"0%2.*/2$3"45*" 6.+$2" 7+(#0" .$" 15%+%12*+.8*-")'"*.25*+" 25./" 6+(/2%&"

)%/-$" (+" 9($2&'" /(+9%&" :;<$3" 45*$*" 6*9%&*" 1%++.*+$" %+*" #$#%&&'" -.%7/($*-" -#+./7" 25*.+"

0+*7/%/1'"(+"=5*/"25*.+"%66*12*-"$(/$"%+*"-.%7/($*-"=.25"><?3"45*"9%@(+.2'"(6"25*$*"6*9%&*"

1%++.*+$"ABCDEF"5%+)(#+"!"#$%&%#'()"9#2%2.(/$3"G"6*="1%$*$"(6"9(25*+H-%#752*+"2+%/$9.$$.(/"

=.25" $.9.&%+"9.&-*+" 6(+9$" %/-"/(/H).%$*-"I" ./%12.,%2.(/J" $#77*$2" 25*"9.&-*+" *66*12"(6" 25*$*"

9#2%2.(/$" (/" KLI" 6#/12.(/3" 45*" (11#++*/1*" (6" 6%9.&.%&" ?MN" .$" &(=*+" 25%/" $0(+%-.1" ?MN"

1%$*$J" +*0+*$*/2./7" (/*" 25.+-" (6" 25*" 0(0#&%2.(/" (6"'()" 9#2%2.(/" 6*9%&*$J" )#2" =*" 1%//(2"

*O1&#-*" 25%2" 25*$*" 0%2.*/2$" %+*"#/-*+-.%7/($*-3"G2" 25*" (25*+" */-"(6" 25*" $0*12+#9J" 25*"9(+*"

6+*P#*/2" AQQ3RSF" %/-" $*,*+*" 0+*$*/2%2.(/" .$" 15%+%12*+.8*-" )'" 25.1T*+" ?MNJ" 1(9)./*-" =.25"

9(-*+%2*" 2(" $*,*+*" ./2*&&*12#%&" -.$%).&.2'J" )*5%,.(#+%&" -.$2#+)%/1*$" %/-" *0.&*0$'J" =5.15" .$"

(62*/" -+#7" +*$.$2%/23" </" 25*$*" 1%$*$J" $*,*+*" ./2*&&*12#%&" .90%.+9*/2J" ./" 2#+/J" 9%'" 1%#$*" %"

+*0+(-#12.,*"-.$%-,%/2%7*J"./1+*%$./7"25*"&.T*&.5((-"6(+"$0(+%-.1"(11#++*/1*3""

?.9.&%+&'J" 9%&*" ><?" 0%2.*/2$" 6%&&" ./2(" 2=(" 7+(#0$" %11(+-./7" 2(" 25*" (11#++*/1*" (6" '()#

9#2%2.(/$J"./5*+.2*-"(+"!"#$%&%#*+,-./J"%&25(#75"25*"-.66*+*/1*".$"/(2"%$"$2+.T./7"%$"6(+"6*9%&*$3"

!"#$%&'()$*+,-$!"#$%&%$%.,&,+/0)$%+*"*.25*+"9(+*"$*,*+*&'"%66*12*-"=.25"%"&%+7*"0+(0(+2.(/"

*O5.).2./7"-.66#$*"%7'+.%"A9(+*"25%/"5%&6"./"(#+"$*+.*$F"(+"$5(="%"9.&-*+"?MN"05*/(2'0*"=.25"

?MN"=.25"(+"=.25(#2"0%15'7'+.%"A./"(/*"25.+-"(6"0%2.*/2$F"%/-"%+*"&.T*&'"2(")*"9($%.1$3"45#$J"

%&'()$ *+,-$ !"# $%&%$ %.,&,+/0)$ &1($ %/1($ )(2(1('3$ &44(5,(6$ ,-&0$ ,-/)($ *+,-$ +0-(1+,(6$

%.,&,+/0)7$&06$&1(" 1(++*&%2*-"=.25" 25*" ./,(&,*9*/2"(6"9(+*" U$*,*+*"*66*12V"9#2%2.(/$" A$**"

4%)&*"!"%/-"WF3"</"1(/2+%$2J"!"#$8&,+(0,)$*+,-$+0-(1+,(6$%.,&,+/0)"1(/$.$2*/2&'"-*9(/$2+%2*"

%"9(+*"9(-*+%2*"05*/(2'0*"=.25"%/2*+.(+"%7'+.%"A>.$"7+%-*"XF"(+"0%15'7'+.%"A>.$"7+%-*"WF"./"

25*"9%@(+.2'"(6"0%2.*/2$"A5*+*J"RB3XS"0%2.*/2$F3""

"0$ '()$ %.,&,(6$ 4(%&'($ 8&,+(0,)7$ ,-($ 9&06$ ,-+5:0())$ 6(,(1%+0()$ ,-($ 0(.1/'/;+5&'$

8-(0/,38($
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$%&'()*+#,)%-.#,/(0/#1(1#2)3#(2')4'&#5&2&3(0#62647+(+.#/6+#*21&%4(2&1#3/&#(89)%3620&#):#;621#
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,"4,'0'"'*%$ #*,0%"*:$ ;-*$ ="'&'0.1$ <:TUP73$ &,,.(0&'*%$ /0'-$ &$ =0)%*#$ <-*1.'+<*3$ 0,$

<#*%0('*%$'.$-&O*$)*,,$.?$&1$*??*('$.1$'-*$(-&#E*$.?$'-*$,0%*$(-&01$/-0(-$(.1'&(',$'"4")013$

/-*#*&,$'-*$,"4,'0'"'0.1,$<:TUP8$&1%$<:TUPA3$&,,.(0&'*%$/0'-$=.#*$,*O*#*$<-*1.'+<*,3$

&#*$)0X*)+$'.$=.#*$,'#.1E)+$0=<&0#$'-*$01'*#&('0.1$/0'-$W;,:$

4,1/%# &'&2%&2%# 56(0(1'&2# 0.%# 2*.%07# (,.'6$,'6(# (,%# !"## $%&%8# 5122%&2%# 56(0(1'&2# 0.%#

-/62(%.%7# 1&# 9+:;# 0&7# ;+:;8# 26**'.(1&$# (,%# 21$&1<1-0&-%# '<# (,%2%# (='# 7'501&2# <'.# :;>#

<6&-(1'&3# ?'=%@%.8# (,%# @0.10A/%# 2%@%.1()# 05'&$# BC?# *0(1%&(2# =02# &'(# -'..%/0(%7# =1(,# 0#

*0.(1-6/0.# 712(.1A6(1'&# '<# 56(0(1'&2# 1&# %1(,%.# (,%# 9+:;# '.# ;+:;# 7'501&23#6+$ ,*<&#&'01E$

="'&'0.1,$&((.#%01E$'.$'-*0#$<#*%0('*%$(.1,*@"*1(*,$.1$CAM$,'#"('"#*$.#$&40)0'+$'.$401%$

W;,3$/*$?."1%$'-&'$-0E-)+$%*,'&40)0Y01E$="'&'0.1,$ 01$E*1*#&)$ '*1%$'.$E0O*$=.#*$,*O*#*$
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!"#$%&'!#()* +&* ,(* $%&#-%.&"'* &"/&* &",(* &'!#* %0*12&/&,%$* ,(* %3(#.4#5* 6#((* 0.#72#$&6'* ,$*

1/6#(8* 02.&"#.* .#,$0%.9,$:* &"#,.* !%&#$&,/6* 5#&.,1#$&/6* 9%$(#72#$9#(* %$* ;<=)* >"2(*

(&.29&2./6* 5/&/* !.%4,5#* ,$(,:"&(* &%* !.#5,9&* !"#$%&'!#* (#4#.,&')*?%.#%4#.8* (%1#* (#4#.#*

(2.0/9#*12&/&,%$(*,$*0#1/6#(*@!)ABC<DEF*/$5*,$*1/6#(*@!)GHIJF*-",9"*5%*$%&*5#(&/3,6,K#*

&"#*!.%&#,$*/.#*!.#5,9&#5* &%*3#* ,$*5,.#9&* 9%$&/9&*-,&"*?>(8* /$5*!.#(21/36'* 6#/5* &%* /*

9.,&,9/6* 6%((* %0* 02$9&,%$)*L$* &"#* %&"#.* "/$58* %&"#.*12&/&,%$(* !%&#$&,/66'* /00#9&,$:*?>*

,$&#./9&,%$* 6#5* &%* 6#((* (#4#.#*#00#9&(* @!)MIBJ8*!)ABHM8*!)ABCN8*!)AOPQ<8*!)ROSIT*/$5*

!)AOUH<DMDNF8*!#."/!(*%$6'*.#529,$:*/00,$,&'*%0*,$&#./9&,%$8*52#*&%*&"#,.*!%(,&,%$*%.*&"#*

(23(&,&2&#5* .#(,52#)* L&"#.* .#(,52#(* 0/9,$:* /-/'* 0.%1* &"#* ?>* ,$&#.0/9#* @#):)* ROUSTF*

!.#(21/36'* /.#* ,1!%.&/$&* 0%.* %&"#.* !/.&$#.* ,$&#./9&,%$()* <6,$,9/6* 5/&/* &"2(* /6(%*

9%$&.,32&#(*&%*&"#*,5#$&,0,9/&,%$*%0*(29"*.#(,52#(*/$5*&"#*0,$#*/$/6'(,(*%0*;<=V(*02$9&,%$)**

<%$9#.$,$:* 5,00#.#$&* &'!#(* %0* !"#* 12&/&,%$(* ,&* ,(* $%&#-%.&"'* &"/&* %$6'* WDUS* MXN*

0#1/6#(*-#.#*0%2$5*&%*9/..'*/$*,$&./:#$,9*5#6#&,%$*%.*52!6,9/&,%$*%0*&"#*;<=*:#$#)*>",(*

.#(26&*9%$&./(&(*-,&"*!.#4,%2(*.#(26&(*@?#,*#&*/6)*QPPBY*N/4#.0,#65*#&*/6)*QPPUF8*5#(9.,3,$:*

&"#*!.#(#$9#*%0*;<=* ,$&./:#$,9*5#6#&,%$(D52!6,9/&,%$(* ,$*/3%2&*%$#* &",.5*%0* &"#,.*MXN*

!/&,#$&(8*/$5*-#*92..#$&6'*5%*$%&*"/4#*#Z!6/$/&,%$(*0%.*&",(*5,00#.#$9#)*

$%&'()*!"(+,-("*!"(./+0(+(1+2%3(3%/4(5,(&'4(67,8&5%,(%6(!"#(((

$%&'()*'#+(,&#,&-).&)-/%#,&)012,#&(#0/&2#'/32#4(.),20#(5#&'2#6789#0(+/15#:;1+#2&#/%<#=#!>>?=#

@()-51(%#2&#/%<#=#!>A>B=#()-#/5/%C,2,#-2154(-.2#&'2#102/#&'/&#D(&'#89#0(+/15,#/-2#1+E(-&/5&#4(-#

&'2#4)%%#4)5.&1(5/%1&C#(4#89F#:G/C%(-#2&#/%<#=#!>>>=#H(-2,'#2&#/%<#=#AIIIB<#@(-#&'2#E)-E(,2,#(4#

()-#.)--25&#/5/%C,1,=#J2#/,,)+20#&'/&#6789#/50#9789#+/K2#2L)13/%25&#.(5&/.&,#J1&'#MG,=#

/%&'()*'#,15.2#9789#./5#D150#&)D)%15#'2&2-(01+2-,#:G/C%(-#2&#/%<#=#!>>>=#;1+#2&#/%<#=#!>>?#B#/,#

J2%%#/,#MG,#/50#(&'2-#E/-&52-,=# 1&#+/C#E%/C#/001&1(5/%# -(%2,# &(#6789<# N501310)/%#+)&/&1(5,#

(..)-# 15# 6# /50# 9789# J1&'# ,1+1%/-# 4-2L)25.12,=# /%&'()*'# -2.)--25&# +)&/&1(5,# 15.-2/,2# &'2#

(32-/%%#5)+D2-#15#9789<#G'),=#&'2#9789#0(+/15#1,#.%2/-%C#2,,25&1/%#4(-#MG7-2%/&20#/50#(&'2-#
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!"#$%&'("#)

;5<3&# 5+# 5# 92*43=# (23+3# *>+31?5()*&+# 738*&+(15(3# (25(#!"## 1345(37# 7)+*1731+# 13613+3&(# 5#
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$*18#85)&4:#5$$3'()&@#'511)31#$38543+#(25(#513#6*(3&()544:#%&7317)5@&*+37#5&7#5#8*13#+3?313#

5&7#$13E%3&(#613+3&(5()*&#%+%544:#*>+31?37#)&#+6*157)'#65()3&(+/#D*(#+6*(#8%(5()*&+#513#8*13#

613?543&(# (25&# 613?)*%+4:# 136*1(37/# *+,("%"-($+%) +#,) $%(#($+%) ,+.+) $"/0(#1,) 2(.3)

'.4&$.&4+%) ,+.+) 5"(#.) .") .31) 6+$.) .3+.) (.) (') 5"''(0%1) .") /+71) -1#".8519531#".851)

$"441%+.("#') .+7(#-) (#.") +$$"&#.) :) (#+$.(;+.("#) '.+.&'<) .31) 41'(,&1) +661$.1,) 08) .31)

/&.+.("#<).31)%(71%(3"",)"6).31)/&.+.("#)."),1'.+0(%(=1).31)54".1(#<)+')21%%)+')(#).31)$+'1)

"6)'&46+$1)41'(,&1'<).31)'&0'.(.&.(#-)+/(#")+$(,>))

)

?$7#"2%1,-1/1#.')

F3# 513# @15(3$%4# $*1# $)&5&')54# +%66*1(# $1*8# (23# G@3&'3# H5()*&54# 73# I3'231'23# JGHIK# LMK

NHOKLPQR# 00# 5&7# HCC=# GHI# !LPL# K# C45&'# PPLQ# LPR# S-T=# 5+# 9344# 5+# $1*8# AHBUIN=#

)&'4%7)&@#(23#G?3&)1#61*@158#J00T=#(23#0*&75()*&#C3((3&'*%1(#B'2%34431#J00T=#(23#0V7V15()*&#

6*%1# 45#13'231'23#+%1# 43#'31?35%#J0I-#$*1#00#5&7#GDT=# (23#0IN#JS-#W#UE%)63#0IN#!LLXT#

5&7#GHIKU15&3(KU1513/#0S0#5&7#-GN#9313#+%66*1(37#>:#;23#F344'*83#;1%+(#5&7#H39#Y)$3/#
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+5'/*+1+'5#")'-+./012/-1"3'-)*'+./012/-1"3'4&/-(&+'5"16'789:'#

8)%&#!"## /6%9'0*+5'#(6*)*+0/# +.# /6(:','5#;+*&# *&'# ,'1','/%'# *0# *&'#<=>?# =&'# -,'5+%*'5#

234#-,0*'+/#)9*',)*+0/#+.#/6(:','5#;+*&#,'1','/%'#*0#*&'#)(+/0#)%+5#@))A#,'.+56'#/6(:',?#<)#

.6:.*+*6*+0/#(6*)*+0/.#),'#,'1','/%'5#:7#*&'#;+95#*7-'#))#)/5#-0.+*+0/#10990;'5#:7#*&'#(6*)/*#

))?#B0,#'C)(-9'#2DE#+/5+%)*'.#*&)*#*&'#;+95#*7-'#))#2#)*#-0.+*+0/#D#+.#(6*)*'5#*0#)/#E?#F/'#0,#

*;0#:).'G-)+,#5'9'*+0/.#0,#+/.',*+0/.#,'.69*#+/#)#*,)/.9)*+0/)9#,')5+/H#1,)('.&+1*#10990;'5#:7#)#

-,0*'+/#*',(+/)*+0/#%050/?##

I6*)*+0/.# ),'# +/5+%)*'5# 0/# *&'# -,0*'+/# .'J6'/%'# 01#234# *&)*# %0(-,+.'.# *;0# 'K096*+0/),7#

%0/.',K'5#50()+/.#%96.*','5#+/#*;0#,'-')*.L#/)('97#EG23#))#MNGO!D#)/5#3G23#))#OP!GQN!#

5'-+%*'5# ).# -+/R# :0C'.# )/5# *&'# EG*',(+/)9L# *&'# +/*',50()+/# )/5# *&'# 3G*',(+/)9# 9+/R',# ),'#

.&0;/#).#9+H&*#:96'#:0C'.?#=&'#(6*)*+0/.#106/5#+/#.7(-*0()*+%#1'()9'.#),'#+/5+%)*'5#):0K'#

*&'# H'/'# )/5# *&'# 5'9'*'5# -0,*+0/.# 01# *&'# H'/'# ).# *&+%R# 9+/'.# )/5# (6*)*+0/.# 106/5# +/#

).7(-*0()*+%#1'()9'.#),'#.&0;/#+/#:9)%R#:0C'.#:'90;#*&'#H'/'#.%&'()?#</#).*',+.R#5'/0*'.#

*&'#(6*)*+0/.#5'.%,+:'5#+/#*&+.#-)-',?#;)'%&*<'+&=&%&'42%/+'5"16'789'>%-*&'?@A<'")'B(-3C'

/"(*&%'42%/+'5"16'789'>%-*&',@D:'E)*&%(")&*'-%&'")6&%"1&*'/$1-1"2)+:'

'

!"#$%&' D' $%&'()*+%# ,'-,'.'/*)*+0/# 01# *&'# 234# -,0*'+/# )/5# .6((),7# 01# *&'# (6*)*+0/.#

+5'/*+1+'5#/-(&+'5"16'F;7:'#

8)%&#!"## /6%9'0*+5'#(6*)*+0/# +.# /6(:','5#;+*&# *&'# ,'1','/%'# *0# *&'#<=>?# =&'# -,'5+%*'5#

234# -,0*'+/# )9*',)*+0/# +.# /6(:','5#;+*&# ,'1','/%'# *0# *&'# )(+/0# )%+5# @))A# ,'.+56'# /6(:',?#

I6*)*+0/.# ),'# +/5+%)*'5# 0/# *&'# -,0*'+/# .'J6'/%'# 01#234# *&)*# %0(-,+.'.# *;0# 'K096*+0/),7#

%0/.',K'5#50()+/.#%96.*','5#+/#*;0#,'-')*.L#/)('97#EG23#))#MNGO!D#)/5#3G23#))#OP!GQN!#

5'-+%*'5# ).# -+/R# :0C'.# )/5# *&'# EG*',(+/)9L# *&'# +/*',50()+/# )/5# *&'# 3G*',(+/)9# 9+/R',# ),'#

.&0;/#).#9+H&*#:96'#:0C'.?#=&'#+/&',+*'5#(6*)*+0/.#),'#+/5+%)*'5#):0K'#*&'#H'/'L#*&'#1)(+9+'.#

;+*&#*;0#:,0*&',.#)11'%*'5#),'#1+H6,'.#+/#:9)%R#:0C'.L#)/5#$%&'()(#(6*)*+0/.#106/5#),'#.&0;/#

:'90;#*&'#H'/'#.%&'('#)/5#*&'#5'9'*'5#-0,*+0/.#01#*&'#H'/'#).#*&+%R#9+/'.?#</#).*',+.R#5'/0*'.#

*&'#(6*)*+0/.#5'.%,+:'5# +/# *&+.#-)-',?#;)'%&*<' +&=&%&'42%/+'5"16'F;7'>%-*&',@D<' ")'B(-3C'

")1&%/&*"-1&' 42%/+'5"16'F;7'>%-*&' ?@A<' -)*' ")' ("#61'#%&.'B2G&+' -%&' 16&'/"(*&%' 42%/+'

5"16'F;7'>%-*&'H@I:'E)*&%(")&*'-%&'")6&%"1&*'/$1-1"2)+:#

'

!"#$%&' ?'J-%"-B(&' &G1&)1' -)*' 16"3C)&++' 24' B-)*' ")' +02%-*"3' 789'3-+&+:'S'-,'.'/*)*+K'#
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$%&'&#(&#)*#+,#-# ./0112,#3-14#+156#7,2821.# 01#./2#9,+1.-5#5+32#$:*#+,#,28.,0;.24#.+# ./2#9,+1.-5#

-14# .2<7+,-5# 5+32# =0./# 01.2,<240-.2# ./0;>1288# $:,-42# ?*# $@*A# B/0;># -14# ;+1.01C+C8# 3-14#

-,+C14# ./2# 21.0,2# 3,-01# 01# .=+#7-.021.8# ,2872;.0D256# -E24# ?#62-,8#-14#""#<+1./8# $%*# -14#!#

62-,8#-14#F#<+1./8#$(*A#B/2#3-148#-772-,#.+#9C82#=0./#./2#+C.2,#;+,.2G#01#./2#9,+1.-5#,2E0+18A#

H1.2,<240-.2# 4099C82# I'J# 01# .=+# 7-.021.8# -E24# "K# $'*# -14# "F# 62-,8# $)*A# B/01# 3-14# +156#

7,2821.# 01# ./2# 9,+1.-5# 5+32# $:*#+,# ,28.,0;.24# .+# ./2# 9,+1.-5# -14# ./2# .2<7+,-5# 5+32# $@*# 01# .=+#

7-.021.8#-E24#?L#62-,8#-14#""#62-,8A!"#!$!%&'!(&)*!+),-&).!/%-0',-1!&'1/'+-02'.3!%4'5!6!%,5!

78!3'%&19!

!

:04;&'!<!='/&'1',-%-02'!%>0%.!?=@!0,!3);,4!+A0.5&',!&'1/'+-02'.3!%4'5!B!*),-A1!CD#EF#!

7<!*),-A1!CG#:F!%,5!7B!*),-A1!CH#IF!

B"#=20E/.24#0<-E28#8/+=#7++,#40992,21.0-.0+1#+9#./2#;+,.2G#-14#C142,5601E#=/0.2#<-..2,&#=0./#

-1# -872;.# ,2<0108;21.# +9# 4099C82# 7-;/6E6,0-# $01# 6+C1E2,# ;/054&# %*&# +,# 9,+1.+7-,02.-5#

7-;/6E6,0-# ;+<30124#=0./# 3-14# /2.2,+.+70-# 01#7+8.2,0+,# ,2E0+18#$01# 7-.021.8# +542,# ./-1#+12#

62-,# +9# -E2&#'&#@*A#%.# ./2# 8-<2# 52D25&# +1#B?#=20E/.24# 0<-E28&# ./2#3-14# 08# D080352# $(&)&:*9!

H),-&).!?=@!J!K7!L'04A-'5!0*%4'!C"F!%,5!KM!L'04A-'5!0*%4'!C$F!0,!,)&*%.!78!*),-A!

).5!40&.9!

!

:04;&'!8!='/&'1',-%-02'!K7!CD#G#HF!%,5!KM!CE#:#IF!L'04A-'5!%>0%.!1'+-0),!)(!?=@!0,!6!

*%.'1!L0-A!!"#$*;-%-0),1! &'/&'1',-0,4! -A'!*)1-! /&)*0,',-! N@O! 4&%5'! 0,! -A01! 1-;539!

%1.2,0+,# 7-;/6E6,0-# $MHI# E,-42# L*#01# -# ?# 62-,N+54# 3+6# $9-<050-5# ;-82*# $%&(*A# I'J# =0./#

-1.2,0+,#7-;/6E6,0-#01#-#K#62-,N+54#3+6#$9-<050-5#;-82*#$'&)*A#I2D2,2#508821;27/-56#$MHI#:,-42#

?*#<+,2#82D2,2#-1.2,0+,56#01#-#87+,-40;#<-52#-E24#"#62-,#!#<+1./8#$@&:*9!H),-&).!?=@!J!K7!

L'04A-'5!0*%4'!C"F!%,5!KM!L'04A-'5!0*%4'!C$F!0,!,)&*%.!7P!*),-A!).5!Q)39!

!

:04;&'!R!N)+%.01%-0),!)(!1;&(%+'!&'105;'1!*;-%-'5!0,!"HS!0,!OG$!%,5!-A'0&!&'.%-0),1A0/!

L0-A!-A'!?K!0,-'&(%+'!

C%F! O-&;+-;&'! )(! -A'! "HST?K! 0,-'&(%+'! C+&3)T'.'+-&),! *0+&)1+)/3! &'+),1-&;+-0),!

501/.%3'5!%1!%!-&%,1/%&',-!1;&(%+'#!-;Q;.0,!0,!/;&/.'#!"HS!0,!3'..)LU!E?"G!@"!7BPPU!

$O0<!"#!$%&!&#?PP!&#)+C,10+5!"#!$%&!&#?P"P*!5)+V'5!L0-A!-A'!/1';5)T%-)*0+!1-&;+-;&'!)(!-A'!

WT"HT?K! 0,-'&(%+'! C&0QQ),1#! %./A%T-;Q;.0,! 0,! Q.;'#! Q'-%T-;Q;.0,! 0,! +3%,#! WT"H! 0,!

)&%,4'U!X"G!@"!MS=X!U!$O0<!"#!$%&!&#?PP!&#)+C,10+5!"#!$%&!&#?P"P*9!N'(-!/%,'.J!(&),-!20'LU!
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Supplementary Table 1 Overview of neurological data in 93 patients with familial and sporadic SBH with mutation in the DCX gene *Age at last evaluation; 

yrs : years; Sz : seizures; DD : developmental delay; Band refers to SBH Grade; CPS : complex partial seizures; DA : drop attacks; AA Atypical Absence; 

Myo Sz: myoclonic seizures; GTCS : generalized tonic clonic seizures; Foc Sz : focal seizures; TS: tonic seizures; HC : head circumference; AED : 

antiepileptic drugs; N/A non available. Shown in grey are asymptomatic carrier females. !"#$%&#'()*%+$,-'./(*%),*#%0($&(1($&(20%'(!,*#%'!"#!$%&!3(1445"6("&0(

7($&(20%'(!,*#%'!"#!$%&!3(1445869(

 

Age

* 

(yrs) Band 

Presenting 

symptoms HC 

Mental 

retardation Level of speech  Behavioral 

Age of 

sz onset 

(yrs) Sz type at onset Current sz type 

AED 

response 

DCX_SBH_

01 30 Gr 2 Sz Median Mild Normal 

Anxiety -

delirium  11.5 CPS DA/ AA  /myo sz 

partial 

drug 

resistance 

DCX_SBH_

02 28 Gr 3 Sz Median Moderate  

poor articulation / fair 

comprehension Absent N/A CPS / GTCS CPS / GTCS refractory 

DCX_SBH_

03 12.5 Gr 2 Sz Median Mild Normal Absent 11 GTCS GTCS controled 

DCX_SBH_

04 10 Gr 3 Sz N/A Moderate poor verbal skills 

frontal 

inhibition  9 GTCS GTCS 

partial 

drug 

resistance 

DCX_SBH_

05 3 Gr 4 DD - 1 SD severe No language Absent 

No 

epilepsy    

DCX_SBH_

06 2 Gr 4 DD Median severe  No word 

severe -

hyperkinetic-

crying-

automutilation 

-Autistic 

features 

No 

epilepsy      

DCX_SBH_

07 23 Gr 3 Sz N/A Moderate 

poor articulation fair 

comprehension  

frontal 

inhibition  3 GTCS DA/ AA /myo sz refractory 

DCX_SBH_

08 30 Gr 3 Sz Median Moderate  poor verbal skills 

frontal 

inhibition  5 AA / myoclonia 

AA / Myo sz / 

GTS refractory 
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DCX_SBH_

09 10 Gr 4 DD Median severe  No word 

severe -

hyperkinetic-

crying 

No 

epilepsy      

DCX_SBH_

010 15 Gr 3 Sz Median severe 2-3 words sentences 

Autistic -

frontal 

inhibition 4 Foc.S (Temporal sz) AA / GTS refractory 

DCX_SBH_

011 6 Gr 4 West Median severe Babble 

frontal 

inhibition  0.5 

Spasms/ DA / Myo sz 

/ GTS 

DA / Myo sz / 

Nocturnal TS refractory 

DCX_SBH_

012 11 Gr 4 Sz Median severe severely delayed N/A 0.5 Myo sz / DA  DA/ AA  /myo sz refractory 

DCX_SBH_

013 4 Gr 4 DD - 2SD severe Few words Absent N/A     

DCX_SBH_

014 4.5 N/A West - 3 SD severe No word Autistic 0.33 Spasms/GTS Myo sz/ GTS  

partial 

drug 

resistance 

DCX_SBH_

015 24 Gr 2 Sz N/A mild Normal Absent 6 GTCS DA/ AA   refractory 

DCX_SBH_

016 45 Gr 3 Sz - 2 SD severe  Few words 

frontal 

inhibition 0.66 CPS / DA / GTS CPS / DA / GTS refractory 

DCX_SBH_

017 20 Gr 4 N/A N/A severe Few words 

severe -

hyperkinetic-

crying 3 GTS / DA / AA DA/ AA / GTS refractory 

DCX_SBH_

018 4.8 Gr 4 Sz - 2 SD severe  Few words Absent 0.75 Foc.S (frontal sz) CPC   

partial 

drug 

resistance 

DCX_SBH_

019 12 Gr 3 Sz Median Moderate  Age appropriate Hyperkinesia 0.5 Spasms/ CPS  

Auditive 

hallucination / 

nocturnal TS refractory 

DCX_SBH_

020 Fam_1 12 Gr 3 Sz N/A Moderate  Poor verbal level  Autistic  8 AA / myo sz 

AA / Myo sz / 

GTS 

partial 

drug 

resistance 

DCX_SBH_

021 Fam_1 40 Gr 2 Mother N/A mild Age appropriate Absent 14 AA AA sz control  

DCX_SBH_

022 6 Gr 3 Sz Median mild Age appropriate Absent 2 DA / GTS Myo sz refractory 

DCX_SBH_

023 25 Gr 3 Sz Median Severe Few words 

Autistic 

features 8 Foc S DA  refractory 

DCX_SBH_ 7.9 Gr 4 DD - 2 SD Mild sentence 4-5 words Temper 5 GTS / DA / AA DA/ AA refractory 
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024 tantrums and 

violence 

DCX_SBH_

025/ Fam_2 33 Gr 1 Mother N/A mild poor verbal skills 

frontal -

depressive BH 14 CPS CPS N/A 

DCX_SBH_

026/ Fam_3 48 Abs Mother  Normal Normal Absent 

No 

epilepsy    

DCX_SBH_

027/ Fam_4 60 Abs Mother   Normal Normal Absent 

No 

epilepsy       

DCX_SBH_

028/ Fam_5 28 Abs Mother N/A Normal Normal Absent 

No 

epilepsy       

DCX_SBH_

029 20 Gr 4 Sz Median Moderate  Age appropriate 

Psy Frontal 

inhibition 13 CPS / GCS 

CPS (auditive 

hallucination)  refractory 

DCX_SBH_

030/ Fam_6 

 N/

A Gr 2 Mother   N/A Normal Absent 

No 

epilepsy       

DCX_SBH_

031/ Fam_7 63 Abs Mother N/A Normal Normal Absent 

No 

epilepsy       

DCX_SBH_

032 14 Gr 3 Sz - 2 SD Moderate  Normal 

Stereotypic 

frontal 

behaviour 0.5 Spasms/CPS  CPC / GCS 

partial 

drug 

resistance 

DCX_SBH_

033  22   Sz Median Moderale Normal Severe 6 Foc Sz (motor) DA/ AA / GTC 

partial 

drug 

resistance 

DCX_SBH_

034/ Fam_8 39 Gr 1 Mother   N/A Normal Absent 

No 

epilepsy      

DCX_SBH_

035/ Fam_9 
1,2

 40 Gr 2 Mother Median Moderate poor verbal skills Absent 11 GTS   sz control  

DCX_SBH_

036 4 Gr 3 N/A N/A N/A N/A N/A N/A 

N/A N/A 

  

DCX_SBH_

037 

Fam_10 37 Abs Mother Median Normal Normal Absent 

No 

epilepsy       

DCX_SBH_

038 38 Gr 4 Sz Median severe N/A 

severe 

agressive 

behavior / 

crying N/A DA / GTS DA /myo sz /  refractory 

DCX_SBH_

039 10 Gr 2 Sz Median mild Age appropriate Absent 8 Foc Sz (Temporal sz) FS (Temporal sz) sz control  
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DCX_SBH_

040 5.5 Gr 4 DD Median severe Few words Absent 

No 

epilepsy       

DCX_SBH_

041 10 N/A N/A Median Moderate N/A N/A N/A AA Myo sz N/A 

DCX_SBH_

042 5 Gr 4 West -4 DS severe poor verbal  

severe 

hyperkinetic 0.5 GTS AA 

partial 

drug 

resistance 

DCX_SBH_

043 25 Gr 3 Sz Median Moderate Normal Moderate 6 Foc Sz (motor) DA/ AA / GTC 

partial 

drug 

resistance 

DCX_SBH_

044 17 Gr 3 Sz Median mild Normal Hyperkinesia 15 Foc Sz (sensitive sz) Foc Sz  refractory 

DCX_SBH_

045 4 Gr 4 West Median Moderate  Slightly delayed Hyperkinesia 0.4 Spasms/GTS DA/ Spasms Sz control  

DCX_SBH_

046 
2
 15 Gr 4 Sz Median severe Few words 

severe frontal 

BH 

perseveration 

echolay 

inhibition 0.5 GTS / DA / AA DA/ AA / GTC refractory 

DCX_SBH_

047 

Fam_11 
1,2

 4.5 Gr 3 Sz Median severe Few words Absent 0.5 Foc Sz (motor) CPS 

partial 

drug 

resistance 

DCX_SBH_

047 

Fam_11 
1,2

            

DCX_SBH_

048 34 Gr 3 Sz Median Moderate poor verbal skills 

frontal 

inhibition  5 GTS / DA / AA DA/ AA / GTS refractory 

DCX_SBH_

049 10 Gr 2 Sz Median Moderate Normal 

mild frontal 

features 8 Reflex sz (noise)  

AA / GTS / 

reflex Myo sz 

partial 

drug 

resistance 

DCX_SBH_

050/ Fam_12 35 Abs Mother N/A Normal Normal Normal 

No 

epilepsy      

DCX_SBH_

051 15 Gr 4 Sz Median mild Normal N/A 2.5 Foc Sz CPS refractory 

DCX_SBH_

052 13 Gr 4 Sz N/A N/A N/A N/A N/A 

N/A N/A 

  

DCX_SBH_

053/ Fam13 35  Mother Median Moderate Age Appropriate Absent 13 GTS / DA / AA DA/ AA / GTC 

partial 

drug 
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resistance 

DCX_SBH_

054/ Fam_14 32 Abs Mother N/A Normal Normal Absent 

No 

epilepsy       

DCX_SBH_

055 1.5 Gr 4 DD -3 DS Severe Babble 

Stereotypic 

frontal 

behaviour 

No 

epilepsy       

DCX_SBH_

056 6 Gr 4 Sz Median severe No word N/A 0.8 Foc Sz Foc Sz 

partial 

drug 

resistance 

DCX_SBH_

057 11 Gr 4 DD Median severe delayed  

Autistic -

frontal 

inhibition 12 AA / GTCS AA / GTCS 

partial 

drug 

resistance 

DCX_SBH_

058 6.5 Gr 4 DD N/A Moderate poor verbal skills N/A N/A Foc Sz (Temporal sz) Foc Sz 

partial 

drug 

resistance 

DCX_SBH_

059 18 Gr 4 Sz - 2 SD severe  Few words 

agressive 

behaviour 0.33 N/A N/A N/A 

DCX_SBH_

060 1.5 Gr 4 Sz -3 DS Severe No word N/A 0.5 Spams Spams refractory 

DCX_SBH_

061 4 Gr 4 DD - 2 SD severe  single words 

severe frontal 

perseveration 

echolalic  

No 

epilepsy       

DCX_SBH_

062 6 Gr 4 Sz Median severe No word 

Hyperkinetic-

crying-

automutilation 

-Autistic 

features 0.9 Febrile sz 

CPS / status of 

CPS  Sz control  

DCX_SBH_

063 10 Gr 3 West - 2 SD severe poor verbal skills Hyperkinesia 0.4 Spasms/ CPS / GTS 

Spasms/ CPS / 

GTS refractory 

DCX_SBH_

064 15 Gr 2 Sz Median Mild Age appropriate 

mild frontal 

features 1.5 AA / Reflex sz (noise)  DA/ AA  /myo sz refractory 

DCX_SBH_

065 2.8 Gr 4 DD - 3 SD severe  single words 

Stereotypic 

frontal 

behaviour 

No 

epilepsy       

DCX_SBH_

066 2 Gr 3 DD -4 DS severe No word 

mild autistic 

features 

No 

epilepsy       

DCX_SBH_

067   Gr 4 N/A   N/A N/A N/A N/A 

N/A N/A 
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DCX_SBH_

068/ Fam_15 
1,2

 35 Gr 2 Sz Median Moderate  Age appropriate Absent 10 GTS / DA / AA DA/ AA / GTC 

partial 

drug 

resistance 

DCX_SBH_

068/ Fam_15 
1,2

         

  

 

DCX_SBH_

068/ Fam_15 
1,2

         

  

 

DCX_SBH_

069 6 Gr 2 N/A   N/A N/A Absent N/A 

N/A N/A 

  

DCX_SBH_

070 10 Gr 3 Sz Median Moderate  delayed 

autistic and 

frontal BH 3.5 Foc Sz /GTCS CPS Sz control  

DCX_SBH_

071/ Fam_16 40 Abs Mother N/A Normal Normal Absent 

No 

epilepsy       

DCX_SBH_

072/ Fam_17 65 Abs Mother Median Normal Normal Absent 

No 

epilepsy       

DCX_SBH_

073/ Fam_18 32 Abs Mother N/A Normal Normal Absent 

No 

epilepsy       

DCX_SBH_

074/ Fam_19 44 Gr 1 Mother Median mild Slightly delayed Absent N/A GTCS GTCS Sz control  

DCX_SBH_

075/ Fam_20 40 N/A Mother N/A Normal Normal Normal 

No 

epilepsy       

DCX_SBH_

076/ Fam_21 38 N/A Mother Median Normal Normal Normal 

No 

epilepsy       

DCX_SBH_

077/ Fam_22 40 Gr 1 Mother Median mild Normal Normal 17 CPS 

CPS  

(temporal sz) sz control  

DCX_SBH_

078 12 Gr 4 DD Median severe  poor verbal skills Anxiety  11 CPS (temporal sz) 

CPS  

(temporal sz) refractory 

DCX_SBH_

079 
2
 20 Gr 2 Sz Median severe  2 words in association 

frontal 

inhibition / 

clastic access / 

crying 0.8 GTS / DA / AA DA/ AA / GTC refractory 

DCX_SBH_

080 
2
 9 Gr 3 Sz Median Moderate poor verbal skills N/A 9 Foc Sz   Sz control  

DCX_SBH_

081 1 Gr 3 Sz N/A severe Babble Absent 0,4 Spasms No epilepsy Sz control  

DCX_SBH_ 5,4 Gr 2 DD - 1 SD severe Few words Autistic auto - 2 Febrile sz No epilepsy sz control  
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082 heteroagressivi

ty excessive 

crying 

DCX_SBH_

083 14 Gr 3 DD Median severe poor verbal skills 

Autistic -

frontal 

inhibition 4.5 GTS / DA / AA   refractory 

DCX_SBH_

084 30 Gr 2 Sz Median mild poor verbal skills Absent 6 Foc Sz 

Myo sz/ GTCS / 

CPS (motor sz)  refractory 

DCX_SBH_

085/ Fam_23 20 Gr 1 Mother - 1 SD Normal Normal Absent 15 Foc Sz (sensitive sz) Foc Sz  

partial 

drug 

resistance 

DCX_SBH_

086/ Fam_25!

12 

Gr 4!

DD - 1 SD severe poor verbal skills 

Autistic -

frontal 

inhibition 4 GTS No epilepsy sz control  

DCX_SBH_

087/ Fam_25! 8 

Gr 4!

DD - 1 SD severe poor verbal skills Absent - 

No 

epilepsy!    

DCX_SBH_

088/ Fam_25! 30  Mother 

Median!

Normal Normal Absent 

No 

epilepsy!    

DCX_SBH_

089/ Fam_25! 33  Mother 

Median!

Normal Normal Absent 

No 

epilepsy!    

DCX_SBH_

090 3  Sz - 2 SD severe No language  Normal 0.4 Spasms/ CPS / GTS 

Spasms/ CPS / 

GTS refractory 

!

!
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