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Abstract 
 

The HeCo mouse model is characterized by a subcortical heterotopia formed by 

misplaced neurons normally migrating into the superficial cortical layers. The mutant mouse 

has a tendency to epileptic seizures. In my thesis project we discovered the mutated Eml1 

gene, a member of the echinoderm microtubule-associated protein (EMAP) family, in HeCo 

as well as in a family of three children showing complex malformation of cortical 

development. This discovery formed an important step in exploring the pathogenic 

mechanisms underlying the HeCo phenotype. In vitro results showed that during cell division 

the EML1 protein is associated with the midbody and a mutated version of Eml1 highlighted 

an important role of the protein in the astral MT array during cell cycle. In vivo, we found that 

already at an early age of cortical development (E13), ectopic progenitors such as RGs 

(PAX6) and IPCs (TBR2) accumulate in the IZ along the entire neocortex. We demonstrated 

that in the VZ of the HeCo mouse, spindle orientation and cell cycle exit are perturbed. In 

later stages (E17), RG fibers are strongly disorganized with deep layer (TBR1) and upper 

layer (CUX1) neurons trapped within an ectopic mass. At P3, columns of upper layer neurons 

were present between the heterotopia and the developing cortex; these columns were also 

present at P7 but at lesser extent. Time lapse video recording (E15.5) revealed that the 

parameters characterizing the migration of individual neurons are not disturbed in HeCo; 

however, this analysis showed that the density of migrating neuron was smaller in HeCo. In 

conclusion, truncated EML1 is likely to play a prominent role during cell cycle but also acts 

on the cytoskeletal architecture altering the shape of RG fibers thus influencing the pattern of 

neuronal migration. The signal transduction between external cues and intracellular effector 

pathways through MTs may be secondary but sustains the heterotopia development and 

further studies are needed to clarify the impact of EML1 in progenitors versus post-mitotic 

cells. 

 

 

 

 

 
 



Résumé 
 

Le modèle de la souris HeCo est caractérisé par une hétérotopie subcorticale formée 

par des neurones, qui migrent normalement vers les couches corticales superficielles. La 

souris mutante a une tendance à manifester des crises d’épilepsie. Dans mon projet de thèse, 

nous avons découvert le gène muté Eml1, membre de la famille des protéines associées aux 

microtubules chez les échinodermes (EMAP), aussi bien chez la souris HeCo que dans une 

famille de trois enfants présentant une malformation complexe du développement cortical. 

Cette découverte a constitué une étape importante pour explorer les mécanismes pathogènes 

sous-jacents au phénotype HeCo. Les résultats in vitro ont montré que pendant la division 

cellulaire, la protéine EML1 était associée avec le « midbody » et jouait un rôle important 

pendant le cycle cellulaire dans la structure astrale formée par les microtubules. In vivo, nous 

avons trouvé que dès le développement cortical précoce (E13), des progéniteurs ectopiques 

tels que la glie radiaire (PAX6) et les cellules progénitrices intermédiaires (TBR2) 

s’accumulent dans la IZ et le neocortex tout entier. Nous avons démontré que dans la VZ du 

mutant HeCo, l’orientation du plan de division ainsi que la sortie du cycle cellulaire étaient 

perturbés. Dans des stades de développement plus tardifs (E17), les fibres radiaires étaient 

fortement désorganisées avec des neurones des couches profondes (TBR1) et des couches 

supérieures (CUX1) formant une masse ectopique. A P3, des colonnes de neurones des 

couches supérieures étaient présentes entre l’hétérotopie et le cortex en développement ; ces 

colonnes étaient également visibles à P7 mais formé par moins de neurones. Les 

enregistrements vidéo en time lapse (E15.5) ont révélé que les paramètres caractéristiques de 

la migration de neurones individuels n’étaient pas perturbés dans la souris HeCo; cependant, 

cette analyse a montré que la densité des neurones en migration était moindre chez HeCo. En 

conclusion, la version tronquée d’EML1 semble jouer un rôle important pendant le cycle 

cellulaire, mais en agissant également sur le cytosquelette en altérant la forme des fibres 

radiaires, influençant ainsi le pattern de la migration neuronale. Tout en maintenant le 

développement de l’hétérotopie, la transduction du signal entre les informations externes et 

l’action des effecteurs intracellulaires via les microtubules pourrait être secondaire. Des 

recherches supplémentaires sont nécessaires pour clarifier l’impact d’EML1 dans les 

progéniteurs et les cellules post-mitotiques.  
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   INTRODUCTION 

The brain is known as the most important, complex and mysterious organ. Ancient 

Egyptians handled it through ancestral mummification procedure for hundreds of years but they did 

not consider this marvelous organ of great value. This practice consisted of extracting as much of 

the brain as possible with an iron hook to throw it away. Nevertheless, a document talking about the 

nervous system was found in Egypt by E. Smith in 1822; a papyrus record written around 1700 

B.C. using the word brain for the first time, hieroglyphic “            ” (Kandel et al., 2000). Indeed, it 

describes a few lesions related to the nervous system, even mentioning neuroanatomical parts of the 

brain such as meninges (coverings of the brain) and cerebrospinal fluid with texts going back to 

3000 B.C. One thousand years later, the ancient greeks focused their work on the mind and the 

spirit according to brain functions for philosophical interest. Alcmeon of Croton, 6th and 5th 

centuries B.C., was the first to consider the brain as the location of the mind. In the 4th century 

B.C., Hippocrates believed the brain to be the “seat of intelligence”. In the antic Rome, Galen 

dissected the brains of different mammals and concluded that the strong density of the cerebellum 

reflects muscles control whereas the softness of the cerebrum permits senses processing (Bear et al., 

2001). During the Renaissance, Andreas Vesalius worked on human cadavers and discovered many 

anatomical features such as the “Putamen” and “Corpus Callosum” (De humani corporis fabrica, 

1543) and proposed that the brain was made up of seven pairs of functionally specialized “brain 

nerves” (Van Laere, 1993). Leonardo da Vinci also did great anatomical findings and drew detailed 

sketches of the human brain (Figure 1) but never published his work. 
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Figure 1: Two sketches of the human brain by Leonardo di ser Piero da Vinci (1508). (Left) Brain study. (Right) 
Study of brain physiology. Sourced from http://www.drawingsofleonardo.org/ 
http://davincighost.buzznet.com/photos/default/?id=1404298 
 

 

 

Descartes formulated mechanisms responsible for circulating cerebrospinal fluid and developed the 

theory of dualism suggesting that the pineal gland was where the mind interacted with the body 

(Lokhorst, 2011). Studying the brain became more sophisticated since the invention of the 

microscope by Galileo in 1609 and its further development by Christian Huygens at the end of the 

17th century. Staining procedure invented by Golgi in 1873 had a huge impact on histological 

approach of science that revealed the intricate structures of single neurons with silver chromate.  

Santiago Ramon y Cajal, used Golgi’s technique and established the neuron doctrine in1880: the 

neuron is the functional unit of the brain. This hypothesis opened the way for numerous scientists to 

perform pioneering work in electrophysiology like Emil du Bois-Reymond or Hermann von 

Helmholtz who showed that neurons were electrically excitable cells and that their activity 

modulated the electrical state of adjacent neurons in a foreseeable manner. In parallel with this 

research, Paul Broca worked with patients with cerebral damages and suggested a link between 

regions of the brain and certain functions. Furthermore, Carl Wernicke (1874) has developed the 

theory of specialization after discovering that specific brain structures are related to language 

comprehension and production.  
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In the same period of time, Jean-Martin Charcot introduced “Neurology” (term invented by Thomas 

Willis), as a medical specialty studying diseases of the nervous system, in particular in the brain. He 

made the link between lesions of certain cortical regions and motor deficiencies and thus decided to 

separate the neurology from the psychiatric field. In 1882, the first chair of neurology was 

established for Charcot and he launched his school of neurology at the Hôpital de la Salpêtrière in 

Paris. Meanwhile, Brodmann described the parcellation of the cerebral cortex into different cortial 

areas on the basis of cytoarchitectonic criteria (distribution of cell types and laminar organization; 

Brodmann K., 1909). Brodmann proposed that each area would be activated during the execution of 

specific tasks. His work resulted in a complex and precise map of 52 discrete areas of the human 

brain that is still used by modern science. Interest in the brain increased exponentially in the 20th 

century and a new era of research emerged in the 1960’s known as “Neurosciences”. This modern 

field began principally with an electrophysiological approach as mentioned before (du Bois-

Reymond, von Helmholtz) and has carried a variety of titles through the years depending on the 

techniques used. However, it is nowadays a very interdisciplinary domain encompassing, a diversity 

of research areas such as biology, medicine, psychology, physics, chemistry, mathematics, 

informatics and computational science, all together directing efforts to try to unravel the mystery of 

the human brain. 

 

 

 

I. The human brain. 

Among many important cerebral structures, like the thalamus involved as a relay for 

external stimuli or the medulla regulating autonomic vital functions, the neocortex is a very 

determinant one (Kandel et al., 2000). It is a six-layered organized sheet of neural tissue at the 

outermost part of the telencephalic hemispheres and forms phylogenetically, the most recent part of 

the cerebral cortex in mammalian evolution. Depending on the species, it can be folded with 

convolutions (gyrencephalic species) or almost smooth (lissencephalic species) (see review, Lui et 

al., 2011; Borell and Reillo, 2012). The neocortex is involved in several higher cognitive, motor 

and sensory functions, coordinating external and internal informations to build and communicate 

programmed tasks to subcortical regions (thalamus, medulla, spinal cord) in order for the body to 

effectuate an adapted response. These complex activities are regulated by molecular processes that 
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control the identity, positioning and connections of nervous cells. (Borello and Pierani, 2010; 

Manzini and Walsh, 2011; Rubenstein, 2011; Kwan et al., 2012). 

 

 I.1. Structure of the cerebral cortex  

  I.1a. Cortical cells 

The adult cerebral cortex (further referred to as “cortex”) is composed of different cell types 

organized in a network. The cortex is part of “the grey matter” because of its natural darker tint 

when dissected. Indeed, the grey matter contains the cell bodies of “excitable cells” called neurons, 

the sole capable to create the nervous message (Kandel et al., 2000). However, to sustain and 

modulate this neuronal circuitry, “non-excitable cells” called glia (astrocytes, oligodendrocytes, 

macro- and microglia) are integrated within the grey matter and constitute 50% of adult brain cells. 

A neuron is generally described as a polarized structure with a spherical body shape (soma) from 

which emerge fibers: a long one, the axon (generation and conduction of the electric nervous 

message) and several small ones at the opposite side of the soma, the dendrites. The subcortical 

white matter is called “white” because it is formed by a large proportion of axonal fibers coated 

with myelin protein, produced by oligodendrocytes, it also contains other glial cells. The 

connections between axons and dendrites are generally made by synapses and are (partially) 

surrounded by processes of glial cells (Kandel et al., 2000). There are two major neuronal cell types 

in the human adult cortex with distinct morphological aspects and molecular signatures:  projection 

neurons and interneurons (Figure 2) (Jones, 1986; DeFelipe and Farinas, 1992; Kwan et al., 2012). 

Projection neurons use glutamate as neurotransmitter and are therefore excitatory. Morphologically, 

these neurons are characterized by a long axonal fiber that projects to another part of the brain but 

that also provides local axonal projections via axonal collaterals. Their dendrites contain spines 

with which the cell makes excitatory synapses. In contrast, the axon of an interneuron remains 

within the same part of the brain as where the cell body and dendrites are localized to participate in 

local neuronal circuitry. These neurons can be either excitatory (using glutamate as 

neurotransmitter) or inhibitory (using GABA -gamma aminobutyric acid- as neurotransmitter). 
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Figure 2: Major neuronal cell types of the adult primate cerebral cortex. Cortical neurons are categorized into two 
major classes: spiny excitatory (glutamatergic) neurons (left panel) and non-spiny inhibitory (GABAergic) interneurons 
(right panel). The former, the dendrites of which are decorated by numerous post-synaptic membranous protrusions 
termed spines, include the projection (pyramidal) neurons, the principal cells of the neocortex, and stellate neurons, 
which are mostly found in layer IV of primary sensory areas. Projection neurons display marked layer- and subtype-
specific differences in the morphology of their dendrites (black) and in the targets of their axonal projections (red) 
connecting different layers and structures (cortical or subcortical regions).  The non-spiny interneurons, which are 
highly diverse in morphology, neurochemistry and electrophysiology, project axons within a local circuit. Subtypes of 
interneurons also display laminar preferences, thereby contributing to layer differences in cortical circuitry. SP, 
subplate. Adapted from Jones, 1986 and Kwan et al., 2012. 
 

 

 

  I.1b.The layer pattern of the cerebral cortex 

   The concept of layer 

The neocortex is composed of 6 horizontal layers (Figure 3). Although the cortex appears globally 

uniform, the distribution of cell bodies among the cortical layers is varied. On the basis of these 

differences, cortical areas can each be distinguished with a well characterized laminar pattern. 

These cytoarchitectonic differences reflect the diversity in the functional organization between 

cortical areas, each possessing a special function (Brodmann, 1909; Kandel et al., 2000). For 

example, the primary visual cortex (PVC) distinguishes its cerebral function (processing ocular 

information) from other specialized cortices by its unique laminar and cellular organization as well 

as its input. First, layer IV of the PVC is thicker than the layer IV of the primary motor (PMC) and 

parietal-temporal-occipital association cortices (Figure 3, A). Plus, the preferential response of  neu- 
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Figure 3: Neocortex organization in the human adult brain. (A) Representations of different regions of the 
neocortex according to Brodmann’s cytoarchitectonic map of the brain (lateral view). It is composed of 6 layers, layer I 
(molecular) being the most superficial one and layer VI (polymorphous) the deeper one. Layer I is very singular and 
contains just a few scattered neuronal and glial cells. Note the large thickness of layer IV in the primary visual cortex 
which cellular distribution (traced with radioactive molecules injected in one eye; black stripes) is organized in ocular 
dominance columns resulting in a striped cortex complementary of each hemisphere. (B) Connectivity scheme of the 
neocortex. Layer II (external granular) and III (external pyramidal) project to other cortical regions either by 
intrahemispherical axonal fibers (ipsilateral) or interhemispherical (contralateral) connections through the corpus 
callosum which is the main communicating conduit linking both hemispheres. Layer V (internal pyramidal) projects to 
subcortical regions and layer VI mainly to the Thalamus. Layer IV (internal granular) is mainly a receptive band of cells 
with projections coming from the thalamus. Arrows representing connections between layers and other structures of the 
brain. Adapted from Brodmann, 1909; Carpenter, 1985 and Kwan et al., 2012. 
 

 

 

-rons to the input of the connected eye, also known as retinotopy, results in a particular striped 

cortical sheet configuration restricted selectively to the PVC layer IV (LeVay et al., 1980). This 

phenomenon is due to the recruitment of cells organized together in functional units, so-called 

ocular dominance columns. A cortical layer is hence recognizable by a more or less specific group 
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of cells with a relative homogeneity in their morphology, density, molecular identity, inputs and 

outputs determining its specialized function (Jones, 1986; DeFelipe and Farinas, 1992).  

 

   Cellular distribution between layers 

Pyramidal neurons and interneurons are mainly settled through the five horizontal layers (II-VI) of 

the neocortex, layer I being the most superficial and layer VI the deepest (Figure 3). The 

morphological cellular differences observed in the six layers lead to separate them histologically: 

layer VI is called polymorphous; layer V, internal pyramidal, layer IV, internal granular; layer III, 

external pyramidal; layer II, external granular; and layer I, molecular. The molecular layer consists 

in majority of dendritic branches and horizontal axons, only a few dispersed neurons as well as 

some glial cells are present. In contrary, large pyramidal projection neurons, called “Betz cells” 

(Vladimir Alekseyevich Betz described them in 1874) are present exclusively in layer V especially 

in the primary motor cortex. Furthermore, projection neurons exhibit layer specific markers due to 

expression of particular genes (most of the time specific transcription factors), i.e. T-box brain 

factor 1 (TBR1) is expressed by the post-mitotic cells of layer VI (Hevner et al., 2001); cut-like 

homeobox 1 (CUX1) protein expressed by layer II-IV neurons (Cubelos et al., 2010). These 

molecular markers together with differences in electric firing and neuronal connections determine 

the specific properties of neurons within a given layer (DeFelipe and Farinas, 1992; O’Leary and 

Koester, 1993). Interneurons do also have their own particularities with a layer-specific segregation 

in the neocortex according to distinct morphological, neurochemical and electrophysiological 

features. For example, calretinin expressing neurons are found in layers II-IV and somatostatin 

expressing interneurons are concentrated in layers V-VI (Wonders and Anderson, 2006; Rudy et al., 

2010). These differences among neuronal cells in terms of distribution and molecular characteristics 

are contributing to layer differences in local and global circuits building specific networks in the 

neocortex (Miyoshi et al., 2007; Miyoshi and Fishell, 2011; Lodato et al., 2011).  

 

   Layer connectivity 

The connectivity between two cortical layers or between a layer and a distinct anatomical structure 

comprises afferent (incoming information) and efferent (outgoing information) axonal projections 

(Figure 3, B). Generally, layer IV is considered as the main “afferent” layer because in sensory 

areas it is the layer that receives the sensory information from the subcortical level whereas layers 

II-III and V-VI are the main efferent layers redirecting the information to other parts of the brain 
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and subcortical regions, respectively (Kandel et al., 2000). The global afferent and efferent 

connections segregate neocortical layers into two groups: deep layers (V-VI) and upper-layers (I-

IV). More precisely, layer VI has a major efferent connection with the thalamus, but it also sends 

long horizontal axonal fibers along deep layers of the cortex (Thomson, 2010). Layer V is a large 

output layer with efferent connections to a variety of subcortical structures such as striatum, tectum, 

pons, medulla and spinal cord (Bannister, 2005). Layer IV is essentially present in primary sensory 

areas as a singular band of granular cells (small stellate neurons) that receive sensory inputs from 

the thalamus (Miller et al., 2001). Layer III is an important cortical layer that dispatches axons 

through the corpus callosum, the biggest bundle of commissural fibers, to communicate with the 

opposite hemisphere and thus coordinating the whole cortical tissue (Payne et al., 1984; Rajkowska 

et al., 1998). Layer II is also restricted to interact only intracorticaly but uniquely in the same 

hemisphere thus sustaining associational connections in partnership with layer III of other cortical 

areas (auditory, visual, somatosensory areas; Bannister, 2005) to facilitate cognitive processes as 

face recognition (Young and Yamane, 1992). In addition to other cortical and subcortical inputs, the 

six layers receive afferent projections from the modulatory systems of the brainstem 

(catecholaminergic, cholinergic and serotonergic) (Purves et al., 2004). 

 

 

 I.2. Development of the Cerebral cortex 

Widely studied in rodents, monkeys and humans (Molnár et al., 2006; Bystron et al., 2008; 

reviewed in Lui et al., 2011, Borell and Reillo, 2012), corticogenesis is based on successive finely 

tuned cellular processes such as proliferation, migration and connectivity formation. In 1889, 

Wilhelm His was the first to raise the idea that during development proliferating cells lining the 

ventricles of the neural tube will shape the structure and organization of the mature adult neocortex. 

 

  I.2a. Neural tube formation 

After implantation of the zygote in the uterine wall, the embryo grows and forms a sphere of 3 

germinal sheets (gastrula stage) the endoderm, the mesoderm and the ectoderm from which will 

derive the “neural tube”. The neural tube is an open tubular structure that will establish the nervous 

system of the entire body under the control of specific genes expression (Rowitch and Kriegstein, 

2010). After the closure of both distal parts of the neural tube during the 4th gestational week (GW), 

3 primary vesicles increase their size and differentiate at the rostral neuropore (Figure 4, A): 
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prosencephalon (forebrain), mesencephalon (midbrain) and rhombencephalon (hindbrain). Then, 

the prosencephalon divides into telencephalon and diencephalon, the mesencephalon does not 

change its identity but is still evolving and the rhombencephalon splits into metencephalon and 

myelencephalon (Figure 4, B). These 5 secondary vesicles will rapidly increase their size to build 

the future adult brain thanks to regulated cellular processes such as proliferation (Dehay and 

Kennedy, 2007) and migration (Huang, 2009). 
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Figure 4: Development of the Neural tube during human embryogenesis. (A) At embryonic day E35-38, the neural 
tube begins the differentiation of its anterior neuropore into 3 primary vesicles: Prosencephalon, Mesencephalon and 
Rhombencephalon. (B) At E37-42, it keeps developing to form 5 elaborated secondary vesicles which will constitute 
the final human brain organization: Telencephalon, Diencephalon, Mesencephalon, Metencephalon and 
Myelencephalon. The box represents a high magnification of the telencephalic vesicle containing neuroepithelial stem 
cells (NeSC) undergoing different phases of the cell cycle (left panel) also illustrated by a scanning electron microscope 
snapshot (right panel). PS, pial surface. Adapted from Purves et al., 2004. 
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  I.2b. Neural proliferation 

   Neuroepithelial stem cells 

Between the 4th and 5th GW, a monolayer of neuroepithelial stem cells (NeSC) lines the ventricular 

borders of the telencephalic vesicles (Figure 4, B). NeSCs express the intermediate filament Nestin. 

They are bipolar and multipotent which means that they can give birth to a variety of specialized 

cells destined to build the future cortex (Gotz and Huttner, 2005). In addition, along the successive 

phases of the cell cycle (G1, S, G2 and M), NeSCs undergo interkinetic nuclear migration (INM), 

an ascending and descending movement of their nucleus between the apical (facing the ventricule 

surface) and basal (opposite extremity directed towards the pial surface [PS]) compartments. Prior 

to corticogenesis, NeSCs proliferate thanks to symmetric mitosis (division phase of the cell cycle) 

generating two similar daughter stem cells thus auto-amplifying the NeSCs pool which increases 

the epithelial area.  

 

One of the key regulatory mechanisms of the cortical formation is based on a controlled distribution 

of cell fate determinants during mitosis according to two major ways: symmetric or asymmetric cell 

division (Figure 5) (Morin and Bellaïche, 2011). The difference relies on the segregation of 

molecules, as symmetric division distributes the genetic information equally (proliferative) whereas 

asymmetric division results in an unequal distribution (neurogenic). Thus, asymmetric division 

changes the molecular balance between daughter cells defining the cellular identity of the post-

mitotic cell and its subsequent laminar position; numb (Drosophila) homolog (Numb) gene is 

favoring neuronal fate during the asymmetric division (Figure 5, B) (Rasin et al., 2007).  

 

Furthermore, mitotic spindle (MS) and centrosome (Ct) functions are very important factors 

influencing neurogenesis hence playing a key role in proliferation and cell fate, neuronal 

differentiation and migration (Huttner and Kosodo, 2005; Fish et al., 2006; Buchman and Tsai, 

2007; Higginbotham and Gleeson, 2007; Zhong and Chia, 2008; Wang et al., 2009; Peyre et al., 

2011; Morin and Bellaïche, 2011). The MS is a dynamic structure composed of arranged 

microtubules (MT) spanned between the two spindle poles, called centrosomes (Figure 5, A) 

(Glotzer, 2009; Tanaka, 2010). During cellular divisions, the orientation of the MS influences the 

inheritance of progenitor long basal fibers, the distribution of Cts between daughter cells and the 

detachment of progenitors from the ventricular surface (Feng and Walsh, 2004; Wang et al., 2009; 

Lizarraga et al., 2010). Thus, when MS is oriented in an oblique or horizontal cleavage plane there 
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is an increased tendency to generate one basal radial glial cell and one neuron or intermediate 

progenitor cell (Figure 5, B) (Shitamukai et al., 2011). In addition, recent work showed that 

impaired asymmetric inheritance of daughter Ct in mouse cortical progenitors results in neuronal 

overproduction due to altered cell fate (Wang et al., 2009). Furthermore, the lineage from NeSCs to 

radial glial progenitors is tightly controlled by fibroblast growth factor (FGF) and NOTCH 

signaling (Figure 5, A) (Yoon et al., 2004; Yoon and Gaiano, 2005; Mizutani et al., 2007; Kang et 

al., 2009; Sahara and O’Leary, 2009; Wu et al., 2012). 

 

 

 

 
 

  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 5: Molecular segregation and mitotic spindle orientation in mouse cell fate specification. (A) Side view of a 
neuroepithelial progenitor, expressing Nestin; important proteins influencing the mitotic spindle (MS) orientation such 
as adherens junctions (AJs) and polarity markers Pins and NuMA enriched in a lateral ring. The centrosomes (Ct) are 
participating to the maintenance and nucleation of microtubule arrays (MT) applying pulling forces on the MS to hold 
it. (B) Illustration of Radial glial cells with Numb gene segregation as an example of both symmetric proliferative (left) 
and asymmetric neurogenic (middle) planar divisions. A minority of divisions (10% in mouse) is slightly oblique or 
horizontal (right), so that the cell that inherits the basal process loses the apical attachment. This cell retains the 
molecular signature of RG and is proposed to become an outer radial glia (oRG) (Shitamukai et al., 2011). It is not clear 
whether oRG and RG are a single cell type with two different localizations or whether they have different properties. 
oRG cells are present in low quantity in the mouse cortex (Shitamukai et al., 2011; Wang et al., 2011) but are much 
more frequent in the ferret and primates (Hansen et al., 2010; Fietz et al., 2010). The sister cell probably delaminates 
and becomes a neuron or a basal progenitor (although Wang et al. [2011] propose that it remains a RG). FGF, fibroblast 
growth factor; Gαi, heterotrimeric G-protein alpha subunit; NuMA, nuclear mitotic apparatus protein; Pins, partner of 
inscuteable; PS, Pial surface. Adapted from Morin and Bellaïche, 2011. 

MOUSE

B A 

NUMB 
MS  

Notch Ct  
FGF MT  

11



Introduction                     

   Radial glial cells 

The production of neurons, or neurogenesis, begins around 5-6th GW (E10-11 in mouse; Jaglin and 

Chelly, 2009) when first neurogenic (asymmetric) mitoses appear in the dorsal telencephalon. 

Indeed, NeSCs start to gradually divide asymmetrically (Figure 5, B) generating this time a self-

renewed stem cell plus either one projection neuron or one intermediate progenitor cell (IPC) 

(Noctor et al., 2001, 2004; Haubensak et al., 2004). During neurogenic mitosis, NeSCs acquire new 

markers such as glial fibrillary acidic protein (GFAP; not in mice where it is selectively expressed 

after neurogenesis in astrocytes; Sancho-Tello et al., 1995), Paired box 6 (PAX6) and SRY-related 

HMG-box 2 (SOX2) transcription factors to progressively become a new type of progenitor called 

the Radial glial (RG) cell (Levitt and Rakic, 1980; Voigt, 1989; Götz and Huttner, 2005; Arai et al., 

2011). RG cells are keeping an epithelial organization with their cell bodies, attached to each other 

by adherens junctions. They are residing in the vicinity of the apical membrane or ventricular zone 

(VZ; Figure 6). The ventricular positioned RGs, called apical RGs (aRG) (Hevner and Haydar, 

2012; Kelava et al., 2012) have a protruding short apical endfoot facing the VZ and a very long 

basal process along the intermediate zone (IZ) up to the pial surface conferring them a bipolar 

shape.  

 

Newborn IPCs coming from the VZ rapidly accumulate right above the VZ and build together a 

supplementary germinal layer, the subventricular zone (SVZ) (Figure 6) (Doetsch and Alvarez-

Buylla, 1996). Specifically in gyrencephalic mammals, the SVZ develops extensively to become the 

major germinal layer and splits first into inner SVZ (ISVZ, thin with high cellular density) 

overlaying the VZ and then at 11th GW into outer SVZ (OSVZ, thicker with lower cellular density) 

that faces the PS (Figure 6, B) (Smart et al., 2002; Lui et al., 2011). In contrast, SVZ remains 

monolayered during all embryogenesis in lissencephalic species (Figure 6, A) (Dehay and Kennedy, 

2007).  
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Figure 6: The development of the cerebral cortex. (A) Stem cells of mouse and human dorsal pallium (dP) with 
lineage relationships. Mouse apical radial glia (aRG), basal radial glia (bRG), and short neural precursors (SNP) express 
mostly PAX6 and SOX2; plus GFAP in human aRG (red). Intermediate progenitor cells (IPC) express only TBR2 in 
both species yet PAX6 expression has to be clarified in human (yellow). Solid line arrows indicate demonstrated 
lineage relationships. Dashed line arrows indicate not yet demonstrated lineage relationships. (B) Comparison of 
germinal zones in mouse (left) and human (right) embryonic neocortex; coronal view. In human, the subventricular 
zone (SVZ) overlaying the ventricular zone (VZ) splits into two distinct germinal compartments: the inner SVZ (ISVZ) 
and the outer SVZ (OSVZ). In mice, most interneurons migrate from the subpallium (sP): medial and lateral ganglionic 
eminences (MGE, LGE); from both dP and sP in human. Arrows indicate the presumptive hippocampus/dorsal pallium 
and dorsal pallium/subpallium boundaries. PS, pial surface; CP, cortical plate; IZ, intermediate zone; E, embryonic day; 
GW, gestational week. Adapted from Tyler and Haydar, 2010; Borrell and Reillo, 2012. 
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During subsequent stages of corticogenesis when layers VI-V are obvious, asymmetric divisions of 

aRGs give rise to new unipolar RGs which colonize the OSVZ, known as basal radial glia cells 

(bRG) (Figure 6) (Ramon y Cajal, 1891; Noctor et al., 2001, 2004; Rakic, 2003a,b; Hevner and 

Haydar, 2012; Kelava et al., 2012). bRGs are similar to aRGs in expressing typically Pax6 plus 

retaining a basal fiber up to the PS but they are distinct from aRGs in lacking apical membrane 

markers such as prominin 1 (CD133), partitioning defective 3 (PAR3), or atypical protein kinase C 

λ (aPKCλ) and missing the apical endfoot (Figure 6, A; 7) (Fietz et al., 2010; Hansen et al., 2010; 

Reillo et al., 2011). Moreover, bRG population is very heterogeneous expressing multiple 

possibilities of transcription factors such as PAX6, TBR2, SOX2, OLIG2, NKX2.1, and HES1, 

reflecting the outstanding complexity of human cortical development in contrast to mouse relative 

simplistic molecular identity including PAX6, SOX2 and HES1 (Figure 7, A) (Zecevic et al., 2005; 

Howard et al., 2006; Mo et al., 2007; Bayatti et al., 2008a,b; Fish et al., 2008; Mo and Zecevic, 

2008; Fietz et al., 2010; Hansen et al., 2010; Jakovcevski et al., 2011; Reillo et al., 2011). 

Moreover, a unique bRGs feature is that they undergo mitotic somal translocation (MST) (Figure 7, 

B) where their soma rapidly ascends along the radial fiber before mitosis (Hansen et al., 2010); 

different from INM where mitosis is located only at the VZ, plus MST always induces inheritance 

of the basal process to the more basal daughter cell. In addition, bRGs in human appear to undergo 

mostly indirect neurogenesis through IPCs generation when compared to murine bRGs which are 

rare and directly neurogenic (Shitamukai et al., 2011; Wang et al., 2011).  

 

Another mouse singularity resides in the existence of a new class of progenitors, known as short 

neural precursors (SNP), expressing an additional distinct molecular signature, the Tα1 promoter 

(Gal et al., 2006). As opposed to RGs, SNPs carry a shorter basal process preventing any contact 

with the PS, they are transient (E13.5–E16.5) and also less numerous, finally they are directly and 

uniquely neurogenic (Notch pathway promoting proliferation is absent) (Mizutani et al., 2007; 

Stancik et al., 2010). Although SNPs have a longer cell cycle compared to RGs (Stancik et al., 

2010), they are thought to finely adjust the cortical layer thickness during mid-neurogenesis, due to 

their direct neurogenic divisions avoiding the IPC passage thus shortening the embryonic time scale 

to produce neurons. 
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Figure 7: bRG in human OSVZ during neocortical development. (A) OSVZ is composed of both stem and transit 
amplifying cell types: basal radial glia (bRG) and intermediate progenitor cells (IPC), respectively. 45% of the OSVZ 
population is neuronal at 15.5 GW, expressing NeuN but never the progenitor cell marker SOX2. The differentiation of 
bRG daughter cells is marked by the loss of SOX2 expression and Notch activation (HES1), with a gain in TBR2 
expression. Together, these observations explain how the combination of bRG proliferation and differentiation expands 
the OSVZ over the course of midgestation and gives rise to an increased number of neurons. The lineage and molecular 
signatures of cells that form the OSVZ are shown (inset). (B) Illustration of cell division and behavior of bRGs. (C) The 
RG population increases through the generation of bRG cells from the ventricular zone (VZ) and their expansion in the 
OSVZ. Dashed lines indicate the unknown length of newborn radial fibers. (D) bRG daughter cells exhibit protracted 
differentiation and have an increased capacity for transit amplification. HES1, hairy and enhancer of split-1; NeuN, 
neuronal nuclear antigen; PAX6, paired box 6; SOX2, SRY-related HMG-box 2; TBR2, T-box Eomes 2 protein. 
Adapted from Lui et al., 2011.  
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   Intermediate progenitor cells 

In mice IPCs are located in the SVZ and adopt a multipolar morphology (Noctor et al., 2004, 2008; 

Miyata et al., 2004), contacting neither the VZ nor the PS hence never undergoing INM or MST; 

rather freely moving. IPCs are derived from asymmetric RG divisions and selectively express the T-

box Eomes 2 (TBR2) transcription factor following quick downregulation of Pax6 (Smart et al., 

2002; Hevner et al. 2006; Arnold et al., 2008; Bayatti et al., 2008). Although, Tbr2 expression 

appears to be a general feature of IPCs, both in rodents and humans (Kowalczyk et al. 2009; 

Hansen et al. 2010), human IPCs are principally located in the ISVZ. They represent a transit self-

amplifying population that migrates away from the VZ constituting the most part of progenitors 

(Figure 7, A and D) (Haubensak et al., 2004; Englund et al., 2005; Kowalczyk et al., 2009; Hansen 

et al., 2010). Indeed, IPCs increase the neurogenic capacity of each RG cell mitosis thanks to their 

one or two rounds of cell division thus contributing to two or four post-mitotic neurons (Kriegstein 

et al., 2006; Sessa et al.,2010; Fietz and Huttner, 2011). As a result, ISVZ/OSVZ cycling 

progenitors dramatically surpass the number of VZ progenitors with an accumulation of IPCs that 

can reach 85% of all progenitors during late human neurogenesis compared to 15–30% in 

lissencephalic rodents (Dehay and Kennedy, 2007; Kowalczyk et al., 2009; Reillo et al., 2011). 

This phenomenon indicates that IPCs, with the help of relative abundant bRGs, are the major 

progenitors of glutamatergic neurons although RGs may directly generate some post-mitotic 

neurons (Figure 7, A and D) (Alvarez-Buylla et al., 1988; 1990; Malatesta et al., 2000; Noctor et 

al., 2001, 2004; Anthony et al., 2004; Kowalczyk et al., 2009; Sessa et al., 2010). This might 

explain how human neocortex sustains its fast and extensive growth compared to mouse where 

IPCs divide only once to give two immature neurons (Noctor et al., 2004, 2008).  

 

  I.2c. Neuronal migration 

   Radial and tangential migration 

At the beginning of neurogenesis, the cortical wall is very thin and post-mitotic neurons born from 

aRGs and IPCs migrate for a short distance from the VZ to the PS with a simple translocation of 

their soma (Nadarajah et al., 2001). Gradually, a uniform layer of immature neurons forms, the 

cortical plate (CP) (Figure 9) and abundant continuous flow of incoming IPCs with newborn 

neurons are shaping the SVZ and IZ, respectively. The cortical wall thus progressively thickens and 

aRGs lengthen their basal processes to guide migrating neurons toward the CP thanks to a second 

mechanism, “radial migration” (Gadisseux et al., 1989, 1992; Rakic 1972, 1974, 2007). In this 
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process, post-mitotic neurons adhere to the parent cell’s radial fiber, with the help of a small 

prolonged axonal arm enrolled around it (Figure 8), all radial fibers creating together a scaffold 

serving as a columnar “route” (Morest, 1970; Anton et al., 1997, 

1999; Nadarajah and Parnavelas, 2002; Rakic, 2003a; Borrell et 

al., 2006; Elias et al., 2007). The neuronal migration is based on 

an inside-out pattern, so that first born neurons build the deep 

cortical layers whereas late born neurons will populate the 

superficial cortical layers (Meyer 2007; Volpe, 2008). Thus, last 

generated neurons get their way across the cortical laminas laid 

down earlier until they reach their final position to arrest their 

migration and undergo morphological and molecular 

differentiation (D’Arcangelo and Curran, 1998; Lambert de 

Rouvroit and Goffinet, 1998; Anton et al., 1999; Yokota et al., 

2007a).  

 
 

 

Besides the columnar migration provided by aRG units also the 

bRGs seem to contribute to the extensive and highly curved 

gyrencephalic corticogenesis (Reillo et al., 2010). In this context, 

recent data suggest that additional OSVZ bRG processes may 

help neurons to spread over a greater tangential surface although 

immature neurons were not directly observed migrating on bRG 

fibers but rather a lateral dispersion as in ferrets (Ware et al., 

1999; Reid et al., 1997) and primates (Kornack and Rakic, 1995) 

(Figure 9, B). As a result of the large neuronal production in the 

human OSVZ, many newborn neurons begin migration from the OSVZ. Thus, post-mitotic neurons 

may follow a variable discontinuous relay of fibers to reach the CP rather than the trajectory of a 

single trajectory determined by RG fibers. Therefore, in gyrencephalic species, the birth date and 

location of the parent cell plus the orientation/trajectory of the radial fibers are intimately associated 

with future laminar identity and connectivity of the pyramidal neuron (Diaz and Gleeson, 2009, 

Miyoshi et al., 2010; Miyoshi and Fishell, 2011). In contrary, this dispersion is relatively modest in 

rodents (Walsh and Cepko, 1988; Austin and Cepko, 1990; Tan and Breen, 1993; Torii et al., 2009) 

confirming a more simple cortical configuration in lissencephalic mammals. For example in mice, 

Figure 8: Radial glial scaffold.  
(A, B and C) Migrating post-miotic 
neurons adhering  to radial fibers 
(RF). N, nucleus. Adapted from 
Rakic, 1972. 
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RG fibers are almost in a parallel axis (Gadisseux et al., 1992), and bRGs fraction is low thus the 

location of their mother cell at the time of birth essentially determines the final position of 

projection neurons (O’Leary and Borngasser, 2006).  

 

In contrast to excitatory neurons coming from the dorsal telencephalon, mouse inhibitory neurons 

arise from ventral telencephalic areas, referred to ganglionic eminences (medial, MGE; lateral, LGE 

and caudal, CGE) and septal region (Figure 6) (Wonders and Anderson, 2006; Gelman and Marin, 

2010). Although it has been suggested that some interneurons are derived from dorsal progenitors in 

the human fetal neocortex (Letinic et al., 2002; Yu and Zecevic, 2011), certain human interneuron 

subtypes are probably generated in the ventral telencephalon and enter the cortex via tangential 

migration (Fertuzinhos et al., 2009). In the forebrain of rodents, interneurons have the particularity 

to first disperse tangentially towards the neocortex following two main migratory routes in the 

marginal zone (MZ) above the CP and in the SVZ (Lavdas et al. 1999; Lopez-Bendito et al. 2008) 

before migrating radially to reach their final laminar destination. Recent evidence suggests that a 

laminar-specific transcription factor in projection neurons might play a non-cell-autonomous role in 

the positioning and distribution of tangentially migrating interneurons (Lodato et al., 2011). 
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Figure 9: Contrasting Rodent and Human Neocortical Development. (A) Rodent corticogenesis: radial glial (RG) 
cells most often generate intermediate progenitor cells (IPC) that divide to produce pairs of neurons. These neurons use 
RG fibers to migrate to the cortical plate. Small numbers of basal radial glial cells (bRG) exist in the mouse SVZ. (B) 
Highlight of the lineage of bRG cells, IP cells, and migrating neurons (red to green) in the human outer subventricular 
zone (OSVZ). The number of ontogenetic ‘‘units’’ is significantly increased with the addition of bRG cells over apical 
RG (aRG) cells in human compared to rodents; human bRGs express TBR2 indicating a longer transitional state vs 
mouse bRGs where co-expression of TBR2 and Pax6 is very scarse. Notch and integrin signaling maintain bRG cells. 
Short neural precursors (SNP), a transitional cell form between RGs and IPCs. Green arrows represent migrating 
neurons pathways illustrating more tangential possibilities in human neocortex versus rodent.  
    

 

 

   Multipolar migration 

During embryogenesis, the migration of projection neurons from the VZ to the CP is overall radial. 

However, projection neurons also transition from bipolar to multipolar morphology in the SVZ and 

move nonradially in the IZ (Nowakowski and Rakic, 1979; Loturco and Bai, 2006; Jossin and 

Cooper, 2011). Therefore, radial migration of projection neurons in rodents does not follow a 

unidirectional route and includes phases of temporary migratory arrest and retrograde migration 

prior to entering the CP (Tabata and Nakajima, 2003; Noctor et al., 2004). Multipolar stage was 

later confirmed by other studies demonstrating a relevant role for normal cortical development 

(Kriegstein and Noctor, 2004; Loturco and Bai, 2006, Sasaki et al., 2008). Multipolar neurons 

express the selective Svet1 protein (Tarabykin et al., 2001) and they incessantly extend and retract 

their processes. During their migration they frequently change direction as if searching for 

environmental guidance cues to direct axonal growth or eventually to “re-engage” in radial 

migration to the CP. Sometimes, multipolar cells seem to be free to move tangentially during their 

radial migration slowing down their speed in the SVZ and IZ, at about one-fifth the rate of the 

bipolar cells in the neocortex (Bayer and Altman, 1991; Tabata and Nakajima, 2003). This 

flexibility may help the migrating neurons to pass the obstacles in the IZ, such as previous radially 

moving neurons, tangentially migrating neurons and afferent and efferent fibers. Indeed, after ISVZ 

and OSVZ get established, a thick axonal bundle forms at the basal level of the OSVZ, the outer 

fiber layer (OFL) and in later ages additional stripes of axons make their way between ISVZ and 

OSVZ creating the inner fiber layer (IFL; Figure 9, B) (Smart et al., 2002) which newborn neurons 

will traverse to reach the overlying developing human neocortex. 
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  I.2d. Neuronal Differentiation 

To form the neocortical mantle, neurons differentiate in their corresponding layer after migration. 

To do so, recent data have shown that the proper detachment of migrating neurons from their RG 

fibers in the CP is a crucial step in the arrest of migration. This phenomenon might require the 

coordination of RG-based anti-adhesion signals, such as SPARC-like 1, adapted changes of neurons 

to ambient glutamate and GABA (Gongidi et al., 2004; Bortone and Polleux, 2009) and the 

induction of neuronal cytoskeletal modulators, such as NCK-associated protein 1 which converts 

the motile cytoskeleton into a more stable state favoring axonal and dendritic outgrowth (Yokota et 

al., 2007b). The telencephalon continues to develop, with an end of neuronal migration around the 

5th month of intra-uterine human development and neurons initiate the formation of dendrites and 

synaptic connections. This differentiation will provide neurons of each cortical layer gaining more 

specialized electrophysiological properties to establish and strengthen a mature neuronal network 

(Parnavelas et al., 1991; Anderson and Price,  2002). Following neuronal production, RGs generate 

oligodendrocytes (forming the myelin sheath around axons in the CNS) and astrocytes (providing 

nutrients, maintaining extracellular ion balance, modulating neuronal network plus involved in 

repair and scarring process of the brain) (Bentivoglio and Mazarello, 1999; Kriegstein and Alvarez-

Buylla, 2009; Okano and Temple, 2009; Rowitch and Kriegstein, 2010). Meanwhile, the external 

morphology of the cortex becomes more folded with fissures and its surface increases without 

changing the brain volume by the process of sulcation and gyration (Welker, 1990). The nature and 

timing of a disturbance in cortical development are important factors that determine the type of 

cerebral malformations (Kriegstein et al., 2006; de Wit et al., 2008; d’Arcangelo, 2009; Valiente 

and Marin, 2010). 

 

 

 

II. Background of cerebral malformations 

The term malformation of cortical development (MCD) was introduced to point out a 

common group of disorders in children with developmental delay and in young people with 

epilepsy (Barkovich, 1996). The rapid evolution of molecular biology, genetics and brain imaging 

has helped to understand the normal brain devlopment but has also increased our knowledge of the 

pathogenesis of different cerebral pathologies. 
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 II.1. Human malformations of cortical development 

  II.1a. Clinical aspects      

MCD forms a group of neuropathologies that result from internal (genetic inheritance) or external 

(alcohol, virus, irradiation, lack of vitamin) aberrations affecting the normal process of brain 

development such as microcephaly (Mochida, 2008), lissencephaly (LIS) (Dobyns, 1999) or 

subcortical band heterotopia (SBH) (D’Agostino et al., 2002; Pang et al., 2008) (Figure 10). They 

are responsible for light to profound mental retardation, motor and learning difficulties, metabolic 

defects, spasticity, epilepsy to general milder forms with infrequent seizures and reduced longevity 

(Guerrini and Marini, 2006; Andrade, 2009; Barkovich et al., 2012). The overall incidence of 

MCDs is not well known but for some of them it is estimated around >1% in the human population 

(Meencke and Veith, 1992). The diagnosis is mostly performed using high resolution magnetic 

resonance imaging (MRI) (Colombo et al., 2009; Madan and Grant, 2009) which provides a clear 

topographic characterization of the cortical surface and allows more accurate analysis of the 

formation of white matter and stages of myelination as well as detection of brain lesions. Despite 

the difficulty to classify MCDs, epilepsy (often refractory) is rather a common clinical feature 

associated to patients with brain malformations (Meencke and Janz, 1984; Mischel et al., 1995) and 

MCDs are observed in at least 14% of all epileptic cases (Meencke and Veith, 1992). It is estimated 

that up to 40% of children with medically intractable epilepsy have a cortical malformation (Taylor 

et al., 1971; Kuzniecky et al., 1994; Lerner et al., 2009) and that at least 75% of patients with MCD 

will suffer from epilepsy (Leventer et al., 1999).  

 

Another pathology often related to MCDs is schizophrenia (Zipursky et al., 1992) where patients 

exhibit abnormal ventricle volumes with compressed gray matter but also neuronal circuitry defects 

during brain development (Lewis et al., 2002). It is also discussed in that the clinical severity 

depends of the morphology and size of the MCD which affects the cerebrum. For example, the 

degree of agyria and cortical thickening may result in disparate anatomical changes, from small to 

prominent ones (Leventer et al., 2008). Moreover, the time aspect of MCDs appearance is also 

crucial for the patients especially when occurring in childhood, people suffer from a wider spectrum 

of histopathological features and more varied, even more severe, clinical manifestations (Blümcke 

et al., 2009).  
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Although gene chips and modern imaging techniques facilitate the diagnosis (Curatolo et al., 2008; 

Datta et al., 2008; Stefansson et al., 2008), effective treatments are still scarce. Currently, the most 

used form of treatment aimed at controlling pharmacoresistant seizures consists of removing the 

parts of the brain identified as the epileptic foci (Lüders & Schuele, 2006; Vinters and Mathern). 

However, specific brain surgery cannot be considered for each patient, because of the number or the 

location of the epileptic foci, and the risk to induce functional damage. Therefore, we need to better 

understand this group of pathologies in order to develop new forms of therapeutic intervention and 

diagnostic techniques during embryogenesis that may replace or complement the surgical approach. 
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Figure 10: Magnetic Resonance Imaging micrographs of different typical MCDs. (A) Normal brain. Camera lucida 
rendering of the normal brain is to the right. (B) Microcephaly with ASPM mutation. Camera lucida rendering to the 
right shows the pathologic region (gray) along the ventricular zone. (C) Periventricular heterotopia with FLNA 
mutation. Note the nodules of heterotopic gray matter lining the lateral ventricles bilaterally. (D) Subcortical band 
heterotopia with DCX mutation. Note the thick band of gray matter running deep and parallel to the thinned outer 
cortex. A thin band of white matter separates the outer cortex and the inner subcortical band of heterotopic neurons. (E) 
Classic lissencephaly (type I) with LIS1 mutation. The brain has an “hour-glass” appearance with agyria and 
pachygyria. Note the greater severity of lissencephaly in the parietal and occipital lobes. (F) Cobblestone lissencephaly 
(type II lissencephaly). Note the cobblestone appearance with a thin cortex, absent corpus callosum, and severely 
enlarged ventricles with nodules of neurons in the dorsal part of the cortex. Pang et al., 2008. 
 
 
 
  II.1b. Classification of MCDs 
MCDs have a large spectrum of histopathological alterations, disparate clinical presentations and 

variable neuroradiological manifestations. Thus, MCDs are very difficult to study and classify 

because the same patient may have a combination of different malformations (Andrade and Leite, 

2011). The most currently adopted categorization is the classification scheme introduced by 

Barkovich which was updated in 2012 (Table 1) (Barkovich et al., 2012). It is based on three brain 

developmental processes and so divided into three groups: Group I: malformations secondary to 

abnormal neuronal and glial proliferation or apoptosis; Group II: malformations due to abnormal 

neuronal migration; and Group III: malformations secondary to abnormal post-migrational 

development. Further classification is based on the mode of inheritance (autosomal recessive, 

autosomal dominant, X-linked, polygenic...) and whether the disorder is clinically or genetically 

defined. With the explosive increase of gene discoveries through DNA microarray screening 

combined with powerful informatics analysis and imaging techniques, we see that different 

mutations of the same gene can result in different syndromes (Nadeau, 2001; Zeldenrust, 2012). 

Therefore, MCD defined by gene alone may quickly become excessive and confusing for scientists 

and clinicians. According to Barkovich, “the optimal classification will not be based on genes but 

pathways and mechanism of protein action, with variations based on how the specific gene mutation 

alters protein function in the affected pathway”.  
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Sourced from Barkovich et al., 2012 

 

 

 

 II.2. Basic mechanisms of pathologic cortical development 

The human corticogenesis is a very complex and extraordinary biological process, with highly 

regulated expression of key genes, plenty of molecular partners and intriguing signaling cascades. 

 

  II.2a. Pathologic mechanisms leading to MCDs 

   Group I: malformations secondary to abnormal neuronal and glial proliferation or   

                   apoptosis 

The mechanisms sustaining MCDs are diverse but some of them often represent a unique signature 

leading to the associated pathologic phenotype (Barkovich et al., 2012). For instance, Group I 

patients suffering microcephaly present proliferation and apoptosis (cellular programmed death) 
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disorders resulting in size reduction of a part of the fetal brain due to a reduced production of 

neurons (Table 2) (Takano et al., 2006; Pang et al., 2008). The Microcephalin gene is thought to  

play a role in deoxyribonucleic acid (DNA) repair because its loss of function induce abnormal 

DNA repair causing increased neural progenitor cell death along the ventricles. Additional studies 

suggest that MICROCEPHALIN is a Ct protein (Zhong et al., 2006) and plays a role in the control 

of cell cycle timing (Trimborn et al., 2004). Cycline dependent kinase-5 regulatory subunit 

associated protein 2 and centromere protein J encode for Ct proteins that are found at the spindle 

poles of mitotic apical progenitors. Thus, many genes for microcephaly play an important role in 

neurogenesis by regulation of microtubules and cell cycle progression during cell division (Hung et 

al., 2000; Bond et al., 2005). 

 

   Group II: malformations of abnormal migration 

It is interesting to note that mutations affecting genes encoding cytoskeletal regulators that control 

different aspects of neuronal migration can lead to dramatic brain malformations (Kriegstein and 

Noctor, 2004; Hand et al., 2005; Ge et al., 2006; LoTurco and Bai, 2006; Kawauchi and Hoshino, 

2008; Kawauchi et al., 2010; Valiente and Marín, 2010; Alfano et al., 2011; Pacary et al., 2011; 

Westerlund et al., 2011). Indeed, patients undergoing abnormal neuronal migration patterns can 

declare LIS Type I creating a poorly structured cortex with four immature layers instead of the 

normal six bands (Kato and dobyns, 2003) or other diseases belonging to a group of disorders, 

Heterotopias. The latter is characterized by an aggregate of disorganized neurons in abnormal 

regions of the brain including three main groups: periventricular nodular heterotopias, SBH and 

marginal glioneural heterotopia. In LIS, the platelet-activating factor acetylhydrolase 1b, regulatory 

subunit 1 (Pafah1b1, formerly Lis1) gene controls MS orientation in both the NeSCs and RGs; its 

deletion causes dysfunction of dynein, a microtubular cytoplasmic protein involved in neuronal 

migration (Table 2) (Pang et al., 2008; Yingling et al., 2008). Other essential genes such as Cdk5, 

p35 have a dual role modulating the cell cycle but also impacting neuronal migration here in LIS 

(Toyo-oka et al., 2003). Mutations of doublecortin (Dcx) gene also cause classical LIS in males 

while heterozygous mutations in females are associated with SBH (Bernardi et al., 2002). Dcx is 

expressed in newborn neurons encoding a MT-associated protein which stabilizes MT confirming 

that regulation of the cytoskeleton dynamics is important for proper neuronal migration (Francis et 

al., 1999, 2006; Gleeson, 1999). Other genetic causes for SBH remain unclear and Dcx might still 

be involved in large deletions or duplications and cryptic chromosomal defects (Mei et al., 2007). 
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   Group III: malformations of abnormal postmigrational development 

Polymicrogyria (PMG) is characterized by an irregular brain surface with an excessive number of 

small and partly fused gyri separated by shallow sulci. Two types of polymicrogyria involving G-

protein coupled receptor 56 exist: a simplified four layered form (intracortical laminar necrosis with 

subsequent alterations of late migration and postmigratory defects of cortical organization) and a 

complex un-layered form (continuous molecular layer without following the borders of 

convolutions, no laminar organization whereas neurons adopt a radial distribution) (Table 2) 

(Jansen and Andermann, 2005; Pang et al., 2008). PMG is actually the final stage of different 

etiological processes arriving at various times of corticogenesis such as congenital cytomegalovirus 

infection, placental hypoperfusion, prenatal cerebral hypoxia–ischemia, twin–twin transfusion, loss 

of twin in utero or maternal drug ingestion (Guerrini and Carrozzo, 2001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 
 Pang et al., 2008 
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  II.2b. Comparison of genes involved in MCDs: animal VS human 

Every step of the brain development could be an “open door” to mutations which could occur both 

during the prenatal or postnatal period. The identification of genes tends to show a major role for 

genetic inheritance even if it is known that MCD are a multifactor pathologies. Genes coding for 

microtubule associated proteins (MAP) such as DCX or PAFAH1B1 and a tubulin isoform 1A 

(TUBA1A) highlights the involvement of MT hence cytoskeletal perturbations in neuronal 

migration disorders (Sapir et al., 1997; Francis et al., 1999; Gleeson et al., 1999, Keays et al., 2007; 

Jaglin and Chelly, 2009). However, DCX, PAFAH1B1 or TUBA1A mouse mutants do not 

reproduce aberrant location of neurons in the neocortical white matter as in human and their 

severest anatomical abnormalities are found in the hippocampus (Hirotsune et al., 1998; Corbo et 

al., 2002; Kappeler et al., 2007; Keays et al., 2007). Other genes involved in actin filament 

association (Flna), in guanine nucleotide-exchange (Arfgef2) or coding for homeobox genes (Arx, 

Emx2), for a secreted extracellular matrix protein (Reln) and G protein-coupled receptor (Gpr56) 

show the broad spectrum of targets involved in MCDs which complicates the elucidation and 

comprehension of underneath mechanisms. Moreover, smooth brain species (mouse, rat, zebra fish, 

rabbit) do not possess as much bRG progenitors as gyrencephalic species (ferret, monkey, human), 

which lead to a different way of cortical development in time and space as seen previously 

underscoring the difficulty to transpose animal results to human (Lui et al., 2011; Borrell and 

Reillo, 2012). Indeed, mutations observed in patients are rarely corresponding to those studied in 

current animal models (Andrade et al., 2011), meanwhile keeping in mind that other compensatory 

genetic processes present in animals, not found in human (where a great variability already exists), 

may interfere.  

 

  II.2c. Animal Models of MCD 

There are many animal models mimicking different types of MCD mostly studied in mice and rats 

(Table 3) (Chevassus-au-Louis and Represa, 1999; Wong, 2009).  

 

   Models including proliferation defects 

Disruption of genes involved in microtubule and centrosome function in mice results in 

impairments in neural progenitor proliferation and causes microcephaly (Feng and Walsh, 2004). 

For example, NDE1 is a microtubule-associated protein required for centrosome duplication, and 

the formation and function of the mitotic spindle. Nde1 expression is also associated with the 
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centrosome, kinetochore, and spindle. Loss of Nde1 function in cortical progenitors causes defects 

in mitotic progression and orientation, and mitotic chromosome localization. This disruption in 

centrosome duplication and mitotic spindle assembly produces a small brain. Abnormal spindle-

like, microcephaly-associated (Aspm) is a gene that encodes for a very large centrosomal protein 

(Zong et al., 2005) that is essential for normal mitotic spindle function in Drosophila neurobalsts 

thus regulating cell fate (do Carmo Avides and Glover, 1999). 

 

   Models including migration defects 

The most studied model of cortical malformation is the “reeler mouse” which mutated Reelin gene 

induces an inverted cortical layer pattern (Caviness 1982). Other knockout or deficient mice for 

different transcription factors of selective neuronal layer are studied such as the Sox5 deficient 

cortex (only the deep layers are inverted) (Kwan et al., 2008; Lai et al., 2008), the Tbr1 deficient 

mouse (deep layer neurons form abnormal clusters and upper layer neurons fail to migrate) (Han et 

al., 2011; McKenna et al., 2011), the Pou3f2/3 double knockout mouse (migration of V-II 

projection neurons is stalled below the subplate) (Sugitani et al., 2002) and the Lmx1a “Dreher 

mouse” (abnormalities of the glial limitating membrane with a heterotopic layer I) (Costa et al., 

2001).  

 

Other mutants form large numbers of ectopic neurons grouped together in so-called heterotopias. 

For example, a mouse model of heterotopia is available after administering cytosine arabinoside 

(Ara-C) but is also accompanied by microcephaly (Takano et al., 2006). The rat models of prenatal 

exposure to methylazoxymethanol (MAM), 1-3-bis-chloroethylnitrosurea (BCNU) or γ-ray also 

present different types of heterotopias. Alternatively, acute inactivation of Dcx by RNAi in the 

developing rat cortex (Bai et al., 2003) and Wnt3a overexpression in the mouse neocortex (Munji et 

al., 2011) lead to SBH. Conditional knockout mice for Ra-gef1 (Bilasy et al., 2009) and for RhoA 

(Cappello et al., 2012) also result in SBH, associated with other brain malformations. There are 

only two spontaneous mutants, the tish rat and BXD29 mouse, who are presenting SBH (Lee et al., 

1997; Rosen et al., 2012) but their genetic defects are still unknown.  

 

   Epileptic phenotype in animal models 

Some of these animal models are presenting interesting epileptic phenotypes enabling to study 

seizures genesis in malformed brains as it is the case in human patients (Andrade, 2009). The rats 
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MAM, BCNU or γ-ray, as well as DCX knockdown and tish phenotype show different epileptic 

related features. They include NMDA receptor complex defects, lower threshold compared to 

normal response for convulsive-inducing chemicals (Pilocarpine, Pentylenetetrazol) with sometimes 

spontaneous seizures but more often the dysplastic cortex is exhibiting both hyperexcitability and 

decreased sensitivity to inhibition (Benardete and Kriegstein, 2002; Battaglia et al., 2009). 

According to the recent literature, both heterotopia and overlying cortex sustain epileptic 

manifestations (Gabel and LoTurco, 2001; Trotter et al., 2006; Ackman et al., 2009; Lapray et al., 

2010).  
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   The HeCo mouse 

The HeCo mouse arose spontaneously in a colony of NOR-CD1 outbred stock (Croquelois et al., 

2009). This mouse presents a bilateral and anterior-posterior mass of erroneously placed neurons 

sheathed in the white matter, and suffers from mild spontaneous epileptic seizures with subtle 

learning deficits, closely resembling SBH in human (Croquelois et al., 2009). HeCo mouse model 

therefore constitutes an important tool to further study the causes and consequences of SBH and 

formed the subject of my thesis work. 
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AIM OF THIS STUDY  

 

The project aims to elucidate the mechanisms underlying the cortical malformation in the 

HeCo mouse. This study was divided into two parts: molecular characterization of the genetic 

mutation and the morphogenesis of the cortical heterotopia. We first focused our work on 

characterizing the HeCo mouse using a battery of behavioral tests coupled to immunocytochemistry 

techniques to determine global integrated and selective cellular features describing its phenotype. 

Subsequently, we studied the HeCo mouse at the genetic and cellular level to identify the 

responsible candidate gene for HeCo phenotype and finely study the role of neural progenitors in 

proliferation and migration through embryonic development. The genetic approach was lead by 

Fiona Francis’s group (Institut du Fer à Moulin, Paris), a collaboration using the single nucleotide 

polymorphism technique, to target the region of interest of hypothetic involved genes and their 

expression was determined by transcriptome analysis on whole genome of dissected embryonic 

brains. Moreover, immunocytochemistry on cultured progenitors targeting intracellular components 

such as cytoskeleton was analyzed to elucidate potential molecular mechanisms sustaining a 

pathological cortical development in vitro. In parallel, in Lausanne we studied early and late 

embryogenesis plus early postnatal stages with immunocytochemistry and time lapse video 

recordings to characterize progenitor cells and their fate determinants to elucidate their role in SBH 

formation in vivo. This collaborative study allowed us to better understand molecular and cellular 

mechanisms crucial for the development of the human brain. 
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Results – Part 1: 

   

Characterization of the HeCo Mutant Mouse: A New Model of Subcortical Band 

Heterotopia Associated with Seizures and Behavioral Deficits.  

Croquelois A, Giuliani F, Savary C, Kielar M, Amiot C, Schenk F, Welker E. (2009).  

Cereb. Cortex 19(3):563-75. 

 

Summary 

This paper forms the first description of the HeCo phenotype. My contribution to this work 

consisted in tissue preparation (mouse breeding, animal perfusion, brain removal and slice section 

for adults and embryos mostly; phenotyping) and immunocytochemistry procedure to characterize 

the heterotopia.   

 

The HeCo phenotype generated spontaneously in our mouse colony. Cross-breeding tests revealed 

an autosomal recessive inheritance. HeCo morphology is characterized by the presence of a 

bilateral ectopic neuronal mass sheathed in the white matter and displayed medially in an anterior-

posterior axis, known in human as subcortical band heterotopia. Tracing and immunostaining 

experiments showed connectivity between the heterotopia and the overlaying homotopic cortex 

(HoCo), thalamus and opposite hemisphere; HeCo cortex containing parvalbumin positive 

interneurons and mostly neurons that correspond to those in the most superficial cortical layers 

(CUX2). 
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To determine the cortical organization in HeCo and to analyze how the different layers are affected, 

I performed Nissl stainings on coronal brain sections of adult mice combined with morphometric 

analysis using Neurolucida software (MBF bioscience©) in collaboration with Christine Savary 

who did the most part of tissue preparation and analysis. Results revealed a decrease in both 

thickness and cell density in layers II-III of the HeCo cortex demonstrating that SBH affects mostly 

superficial layers without changing the cellular global morphology.  

 

To determine the birthdate of cells in the heterotopia, I used 5-bromo 2-deoxyuridine (BrdU) 

injections at different embryonic ages (E13, E15, E18) with animal sacrifice always at the same 

postnatal age (P13); BrdU injection at E18 revealed a large number of positive cells in the ectopic 

mass which disrupts the formation of HoCo in both wild-type (WT) and HeCo.  

 

To study the development of the heterotopia as well as the overlying cortex, I analyzed Nissl-

stained sections at various embryonic stages. This quantitative analysis showed an increase of IZ 

thickness with an accumulation of cells already at E16 in this region until E19. This part of the 

study demonstrated that the heterotopia is forming in the IZ. At P0, the size and configuration of the 

heterotopia was very similar to that observed in adults. 

 

Using TBR1 immunochemistry as a marker for the projection neurons of the deep cortical layers, I 

identified that the pattern of migration of these neurons is altered. In HeCo, the deep layer neurons 

stay for longer time within the IZ. Moreover, the IZ is significantly enlarged in the HeCo. This 

observation is likely to be at the basis of the fact that in HeCo the deeper cortical layers have a 

larger thickness and suggests that the HeCo phenotype could, at least partially, be the consequence 

of altered radial migration.  

 

In addition, I performed pulsed BrdU experiments that revealed a large dispersion of proliferating 

cells in the IZ of HeCo at E16 and E17. These results identified a second factor that could 

contribute to the HeCo phenotype: the presence of a high number of proliferating cells in HeCo is 

contributing to the IZ enlargement and participates to SBH formation. I then assessed the 

morphology of RG cells (RC2, GLAST) and immature neurons (DCX) by immunostaining. 

However, no obvious differences were found between HeCo and WT mice during midneurogenesis 

(E15,E17).  
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Further experiments were conducted to assess the HeCo epileptic phenotype using the pilocarpine-

induced model of epilepsy (Cavalheiro et al., 1996). Data showed that HeCo mice develop seizures 

at a lower dose (200mg/kg body weight) of pilocarpine compared to WT (300-350mg/kg body 

weight). This result indicates the susceptibility of HeCo to generate epileptic activity likely to be 

due to a problem in altered neuronal circuitry related to the SBH.  

 

Behavioural tests demonstrated developmental difficulties such as a significant delay in hair 

growth, eye opening, a slower locomotor development, a decreased general activity (only until 2 

month), a lower performance in task acquisition in later aged animals.    
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Results – Part 2: 

 

Mutations in EML1/Eml1 Lead to Misplaced Neuronal Progenitors during 

Cortical Development and Massive Heterotopia in Mouse and Human. 

Kielar M*, Phan Dinh Tuy F*, Lebrand C, Poirier K, Olaso Robert, Bizzotto S, Boutourlinsky K, 

Bahi-Buisson N, Le Moing A G, de Juan C, Boucher D, Borrell V, Berquin P, Carpentier W, Gut I, 

Welker E, Chelly J, Croquelois A#, Francis F#.  

Submitted 

* These authors contributed equally to the work 

# These authors jointly directed the project 

 

Summary 

This study allowed the identification of a candidate gene, Eml1, coding for a microtubule associated 

protein important in HeCo pathogenesis. My contribution to this work consisted in determining the 

development and origins of progenitors in HeCo embryonic cortex in vivo thanks to tissue 

preparation (mouse breeding, animal perfusion, dissection, brain slicing, organotypic culture), 

immunostaining, in situ hybridization and time lapse video microscopy; whereas Francis’s group in 

Paris (Institut du Fer à Moulin) performed the molecular analysis and studied Eml1 expression in 

vitro. 

 

To determine the genomic region of the mutation in HeCo, mice were crossed and I performed 

brain sections of each F2 mouse to phenotype the offspring. Then I dissected tails of F1 and F2 

mice for screening arrays and analysis of SNP markers performed by Francis’s group. Results 

showed a 13.7 Mb genomic region on chromosome 12. A second round of genotyping within this 

region refined it to 4.4 Mb without mutations found; however, additional SNPs gained a further 

refinement of the candidate region. Subsequently, I dissected embryonic WT and HeCo 

hemispheres (E18) for Francis’s group to carry out transcriptome experiments. Mouse gene 

microarray revealed Eml1 transcripts, mapping to the refined 4.4 Mb region being differentially 

expressed and RT-qPCR analyses showed that Eml1 full length transcripts were more than 96 fold 

decreased. This result, together with the location of Eml1 in the identified genomic region, 

demonstrates that Eml1 is the mutant gene in HeCo mice.  
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To investigate mutated products, Francis’s group searched for disruptions of Eml1 in genomic DNA 

in RT-PCR experiment, and identified abnormalities in intron 22. Data showed that although 

transcripts up to and including exon 22 are detected in HeCo brains, normal full-length transcripts 

were absent, replaced by trace levels of shortened transcripts, predicted to lead to truncated Eml1 

with potentially perturbed protein conformation. 

 

To determine the type of mutation, sequencing of a fragment amplified from HeCo genomic DNAs 

revealed an early retrotransposon (ETn) element in Eml1 highly similar to ETn type II 

retrotransposons. The ETn is in the same transcriptional orientation as Eml1 and chimeric Eml1–

ETn transcripts were identified, thus predicted to truncate and perturb the protein in HeCo. 

 

To search for human Eml1 mutations, a panel of non-consanguineous and consanguineous sporadic 

and familial cortical malformation cases were screened by PCR. Results showed one family that 

had a striking phenotype with compound heterozygote mutations in their three affected children, 

combining giant bilateral periventricular and subcortical heterotopia (mostly frontal), as well as 

polymicrogyria and corpus callosum agenesis. Human Eml1mutations are thus associated with an 

atypical form of severe heterotopia, epilepsy and intellectual disability. Francis’s group then studied 

the effect of the T243A patient mutation on EML1 MT association. The subcellular localization was 

assessed in transfected Vero or COS7 cells for WT-EML1 showing cytoplasmic and MT 

localization during the cell cycle but not for the T243A mutant protein. This proves that the T243A 

human mutation affects the MT association of EML1. 

 

To further investigate the role of Eml1 during cortical development, its expression pattern was 

checked in the brain of lissencephalic (mouse) and gyrencephalic (ferret) animals. In situ 

hybridization performed by Francis’s group revealed Eml1 transcripts in both neuronal progenitors 

and post-mitotic neurons. I performed a similar experiment with full-length Eml1 transcripts 

showing no presence of such copies in HeCo (E17). In the adult, sparse Eml1 labeling persists in the 

brain, notably in the cingulate, infra-limbic, prelimbic and piriform cortices, hippocampus and in 

the thalamic nuclei. These combined data suggest that Eml1 may play several roles during cortical 

development, in proliferation of several progenitor types, and in migration, differentiation and 

mature neuronal function. 
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Then, EML1’s role in cortical cells was addressed and subcellular localization in neuronal 

progenitors showed a cell cycle-dependent, punctate presence of the YFP-EML1 transfected 

construct; enriched in perinuclear regions in interphase cells and the region of spindle MTs during 

metaphase. During telophase and cytokinesis, YFP-EML1 labeled puncta accumulated in the 

midbody region. In neurons, tagged Eml1 appeared distributed throughout the cell, aligning with 

MTs, and prominent in perinuclear regions and growth cones (co-localizing partially with dynein). 

In contrast, considering all proliferating cells together, the percentage of Ki-67+ cells was found 

reduced in HeCo cultures.  

 

To further study in vivo aspects of HeCo embryogenesis, I labelled RG fibers (Nestin), deep layer 

(TBR1) and upper layer (CUX1) neurons. Data showed ectopic cells forming a heterotopia 

including both early-born (TBR1) and late-born (CUX1) neurons in contrast to WT where neurons 

formed corresponding cortical layers. In addition, RG fibers appeared disorganized in heterotopic 

regions. Strikingly, in postnatal HeCo cortex, CUX1 neurons failed to reach cortical layers II-IV 

and were present both in the heterotopia, and in a zone between the heterotopia and the CP. In this 

zone the CUX1 labeled neurons were spatially organized in columns. These data indicate that all 

types of cortical projection neurons successively populate the heterotopia with a migrating delay 

compared to WT.  

 

I then investigated the migration per se to detect defects in HeCo using GFP-electroporation 

performed at E15.5 embryos. Unexpectedly, the parameters defining migration, i.e. average 

migration speed and number and duration of pauses, were found to be identical between HeCo and 

WT. As only difference between the two strains, I found a diminished density of migrating neurons 

in HeCo. The GFP-electroporated migrating neurons showed a similar morphology in postnatal WT 

and HeCo CP (P3); however many mutant cells formed an ectopic compact mass. 

 

To further investigate the origin of the defects, I assessed progenitors with pulsed BrdU (marker for 

S-phase of the cell cycle) injections revealing misplaced cells throughout the HeCo cortical wall 

from very early (E13) to later embryonic stages (E19); similar results were obtained with cells 

labeled for Ki-67 (marker for entire cell cycle) confirming altered distribution of progenitors in 

HeCo. The labeling index (percentage of Ki-67+ cells that are also labeled with BrdU; (Chenn and 

Walsh, 2002) was found significantly higher in HeCo progenitors. This indicates that HeCo 
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progenitors have a reduced cell cycle exit (quantified by identifying after 24 h those BrdU+ cells 

which showed no Ki-67 expression), particularly in ectopic regions (same at E19). These data 

demonstrated a perturbed cell cycle in HeCo. In addition, I found an increased number of apoptotic 

(Caspase-3) cells in HeCo proving an increased apoptosis during embryogenesis. These data 

showed the extensive proliferative character of ectopic progenitors from almost the beginning (E13) 

to the end of neurogenesis (E19). 

 

Using a marker for mitosis (PH3) I confirmed that both RGs (PAX6) and IPCs (TBR2) progenitors 

were generating cells in ectopic positions (IZ and CP). Therefore, to further search for 

abnormalities in vivo, I used a cytoplasmic marker of RG mitotic progenitors, (P-vim), revealing 

less cells in mitosis at the ventricular lining in HeCo brains despite normal anchoring (β-catenin) 

and polarity (PAR3) proteins distribution at the apical membrane. P-vim detection during early 

stages of embryogenesis also showed RG ectopic progenitors (PAX6) with basal fibers extending 

towards the PS with some cases having disoriented processes. However, at the VZ, most metaphasic 

cells showed significantly oblique oriented MS in HeCo, indicating the detachment of progenitors 

in HeCo. These results clearly demonstrate that a defect in spindle orientation in cells lining the 

apical membrane is involved in progenitor misplacement. This forms an important element in our 

hypothesis on formation of the subcorical heterotopia.  
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            General Discussion 

The HeCo mouse model is characterized by a subcortical heterotopia formed by misplaced 

neurons normally migrating into the superficial cortical layers. The mutant mouse has a tendency to 

epileptic seizures. In my thesis project we discovered the mutated Eml1 gene in HeCo as well as in 

a family of three children showing complex MCD. This discovery formed an important step in 

exploring the pathogenic mechanisms underlying the HeCo phenotype. In vitro results showed that 

during cell division the EML1 protein is associated with the midbody and a mutated version of 

Eml1 highlighted an important role of the protein in the astral MT array during cell cycle. In vivo, 

we found that already at an early age of cortical development (E13), ectopic progenitors such as 

RGs (PAX6) and IPCs (TBR2) accumulate in the IZ along the entire neocortex. We demonstrated 

that in the SVZ of the HeCo mouse cell cycle exit and spindle orientation are perturbed. In later 

stages (E17), RG fibers are strongly disorganized with deep layer (TBR1) and upper layer (CUX1) 

neurons trapped within an ectopic mass. At P3, columns of upper layer neurons were present 

between the heterotopia and the developing cortex; these columns were also present at P7 but at 

lesser extent. Time lapse video recording (E15.5) revealed that the parameters characterizing the 

migration of individual neurons are not disturbed in HeCo; however, this analysis showed that the 

density of migrating neuron is smaller in HeCo. In conclusion, truncated EML1 is likely to play a 

prominent role during cell cycle but also acts on the cytoskeletal architecture altering the shape of 

RG fibers thus influencing the pattern of neuronal migration. The signal transduction between 

external cues and intracellular effector pathways through MTs may be secondary but sustains the 

heterotopia development and further studies are needed to clarify the impact of Eml1 in progenitors 

versus post-mitotic cells. 
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The general discussion will first focus on neuronal proliferative disorders that disturb embryonic 

development and influence secondary processes including neuronal migration that will be addressed 

subsequently. The third part will raise the question of Eml1 candidate gene in these two biological 

events to try to understand its role in the SBH formation in the HeCo mouse.     

 

 
I. Proliferation and cell cycle defects 

 I.1. Longer cell cycle may delay the engagement in neuronal migration and contribute to 

HeCo pathology 

Our results showed that HeCo mouse progenitors present a longer duration of the cell cycle during 

embryogenesis. It is known that progenitors exit the cell cycle at a precise time point during 

embryonic development to differentiate into post-mitotic neurons that migrate towards 

corresponding neocortical layers (Dehay and Kennedy, 2007). Indeed, in mice, 11 successive cell 

cycles produce the majority of projection neurons, meanwhile a decline in VZ and SVZ progenitors 

pool takes place (Caviness et al., 2003). The cell cycle exit is hence forming the successive 

overlapping cortical layers with terminal mitosis specifying layer-specific cytological features of 

the pyramidal neurons including its pattern of connectivity (Parnavelas et al., 1991; Takahashi et 

al., 1999; Anderson et al., 2002). Therefore, when the time-orchestrated exit phase is delayed, the 

entry of progenitors into migration is retarded which, as a consequence, will reduce the overall 

population of migrating neurons.  

 

Our observations in HeCo illustrate these general aspects of cortical development. We found in the 

mutant a decreased density in migrating cells in organotypic culture slices that were taken at E15.5, 

but interestingly there was no alteration in other parameters that characterize migration (average 

speed, number and frequency of pauses) compared to WT. These latter findings suggest that an 

abnormal long cell cycle does not affect the migration mechanism per se.  

 

These observations made us focus on the mechanism by which the cell cycle is delayed in HeCo 

progenitors. As normal brain development is limited in time, perturbing its cell cycle exit may 

partially explain the lower cellular density observed in HeCo adult cortical layers II-III (Croquelois 

et al., 2009) and highlight the importance of this crucial phase in heterotopia formation. 
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 I.2. Mitotic spindle disorientation drives progenitors misplacement 

During embryonic development we found a significant amount of apical progenitors to divide in an 

oblique oriented plane during mitosis at the apical membrane of the ventricular zone in HeCo. A 

hypothesis towards cellular detachment linked to SBH formation could explain progenitor 

misplacement. MS orientation is important for VZ structural identity and partial cell fate 

specification, since it is well known that cleavage planes modulate the proliferation, cell fate, 

neuronal differentiation and consecutive migration activity (Huttner and Kosodo, 2005; Fish et al., 

2006; Buchman and Tsai, 2007; Higginbotham and Gleeson, 2007; Zhong and Chia, 2008; Konno 

et al., 2008; Wang et al., 2009; Peyre et al., 2011). In this context, one daughter cell would detach 

from the apical membrane and the other sister cell might stay or even leave the neuroepithelial 

surface as a bRG. This could be similar in HeCo where a decrease in apical progenitors at the 

ventricular surface is observed at the apical lamina but we also noticed misplaced, disoriented and 

proliferating RGs and IPCs in IZ, and CP. We do not know the exact cellular processes responsible 

for the oblique orientation of the MS (through pulling forces on spindle poles or via specific 

polarity proteins). In this context it is important to note that we did not observe any difference in the 

total number of neurons or progenitors in HeCo compared to WT, indicating a pure detachment 

process contributing to heterotopic mass rather than a cell fate change. Further experiments are 

needed to dissect the precise mechanism of MS orientation in HeCo. 

 

 I.3. The role of the neurogenetic gradient in heterotopic location 

The operations of time, cell production and specification do not proceed concurrently across the 

entire dorsal pallium. The sequence of neurogenesis is initiated at the rostro-lateral margin of the 

neocortical epithelium at E10 and progresses caudo-medially with initiation in dorso-medial cortex 

at E11 (Miyama et al., 1997) corresponding to the “neurogenetic gradient” (Bayer and Altman, 

1991; Caviness et al., 2000b). Thus, the same classes of neurons will arise at different times with 

progression along the caudo-medial axis, meaning that different classes of neurons will be formed 

at the same time in positions arrayed along this axis. This may partially explain why we observe at 

the same embryonic time, deep and superficial layer neurons in the heterotopia whereas the adult 

HeCo mouse present a bilateral and medial SBH composed mostly of upper layer cells. This could 

be the consequence of the cellular -lateral to medial- gradient through which the production of the 

last (most superficial) layers will be most affected. The neurogenetic gradient may also partially 

resolve the fact that superficial neurons are still able to form an upper neocortical layer as they are 
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not produced all together thus migrating successively to the CP with relative chances to avoid 

“pathologic traps” formed by the heterotopia.  

 

 

II. Altered migration patterns in HeCo 

 II.1. Altered radial glial guided migration does not totally abort the formation of     

         cortical layers in HeCo 

Recent data published by Valiente et al. (2011) on the role of focal adhesion kinase (FAK) in glial-

guided neuronal migration (Figure 11), showed a partial attachment of the post-mitotic neuron to 

the RGC scaffold when FAK was mutated. This phenomenon is due to a lack of adhesion points on 

the surface of migrating neurons which FAK normally provides through a recruitment process. 

Their results showed that FAK is not required for tangential migration but more in radial migration 

where most FAK-deficient pyramidal cells managed to reach the upper layers of the cortex in 

postnatal mice; however with some FAK-deficient neurons accumulating in ectopic locations. In 

our study we observed no significant differences during the migration phase at E15.5 Div3 between 

WT and HeCo but still a heterotopia was formed thus suggesting that pure migration is not touched. 

We could also consider the fact that there are neurons migrating around the ectopic mass which acts 

like a physical barrier obliging migrating neurons to increase the distance of migration. This could 

be an additional factor explaining the diminished density of neurons in layer II-IV of the adult 

HeCo mice.  

 

In addition, TBR1 deep layer neurons and CUX1 upper layer neurons are present in the heterotopia 

at E17 but at P3 the heterotopia is only populated by CUX1 neurons. This clearly demonstrates that 

sequential waves of neurons that are populating the ectopic mass through embryonic development. 

Therefore, a similar possible “FAK-deficient paradigm” may occur in HeCo despite highly 

disorganized RGC fibers. The FAK mechanism may however be accountable for some but not all 

ectopic neurons as we find an impoverished but still formed cortical layers II-III in adult HeCo 

(Croquelois et al., 2009).  
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Figure 11. Cx26-dependent glial-guided migration is regulated by FAK. (A) Recruitment of FAK (F) to adhesion 
points through its interaction with Paxillin (Px) is necessary for the recruitment of Cx26 to the membrane and/or to 
stabilize its aggregation in discrete plaques. Note that the schema only represents FAK and connexins present in 
migrating neurons, as the present study has not investigated their role in RGCs. (B) FAK ablation leads to a failure in 
the formation/ stabilization of Cx26 plaques at the membrane and disruption of radial migration. Pyramidal cells (PC) 
continue to migrate in the absence of FAK, but they are no longer able to maintain its attachment to the radial glia and 
the distance (d) between PCs and their parental RGC increases. Detachment from RGC also leads to important 
morphological modifications (multiple swelling, increased number of processes) in migrating neurons. R, Receptor. 
Valiente et al., 2011. 
 

 

 

 II.2. Late RGC fibers alterations during embryogenesis may affect predominantly superficial 

neurons in the adult HeCo mouse 

The adult HeCo mouse model is characterized by an ectopic mass of layers II-IV neurons sheathed 

bilaterally in the subcortical white matter bordering the lateral ventricles. At late embryonic stages 

radial fibers in HeCo are twisted and disoriented. This altered spatial configuration is likely to alter 

the glial-guided migration for a number of immature neurons leading to SBH. However, in HeCo 

mouse, we do not observe a complete damage of RGs scaffold in its structure neither at E13 nor at 

E15 and E17, in the latter age only RGs inside the heterotopia are damaged. Thus, one part of the 

explanation in favor of mildly preserved superficial layer in HeCo may be due to the fact that the 

disorganization of RG fibers takes place in late embryonic days at a time point at which upper layer 
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cells proliferate and migrate (Molyneaux et al., 2007). This will have the largest impact on the 

formation of layers II-IV since a major part of the population of pyramidal cells for these layers will 

remain in the SBH. We still need to explore what mechanism could compensate or hijack the 

development of the heterotopia for the projection neurons generated at earlier embryonic days. 

 

 II.3. Columns of immature cells could promote HeCo phenotype 

It is well known that in mammals neurogenesis and neuronal migration are still active after birth in 

olfactory bulb, ventricular areas and hippocampus (Luskin 1993; Lois and Alvarez-Buylla, 1994; 

Lim et al., 1997; Kirschenbaum et al., 1999; Gage 2002, Alvarez-Buylla and Lim 2004, Nottebohm 

2004, Ming and Song 2005; Zgraggen et al., 2011). Strikingly, our data showed columns of 

superficial cells in the early postnatal neocortex between the heterotopia and superficial layers, a 

phenomenon that has never been observed in the WT. As we proposed a delayed migration in 

HeCo, these columns are likely to consist of ectopic neurons in trapped at the end of the migration 

period. For the moment we do not know the significance and the identity of these misplaced 

(columnar) cells. Given that we do not find these neurons in that position in the adult cortex two 

possibilities come to mind; between P3 and adulthood these neurons either descend to the 

heterotopia or ascend to the cortex. A number of these neurons at P3 are PAX6 positive whereas 

this marker does not label cells within the heterotopia at this time point (data not shown). In many 

vertebrates, some RGs do not convert into astrocytes at the end of development but persist 

postnatally to generate neurons and guide them through migration (Stevenson and Yoon 1981; 

Alvarez-Buylla et al., 1990, 1998; Goldman et al. 1996; Kálmán, 1998; Garcia-Verdugo et al., 

2002; Weissman et al., 2003; Zupanc, 2006).  Supplemental double labelling experiments are 

necessary to determine exactly the cell type of these columnar neurons and identify their 

connectivity.  

 

On the other hand, the columnar migration at P3 and P7 was also already observed in EGFP 

positive progenitors shaped together in bundles and columns at E15.5 Div4 in transfected HeCo 

corticies (data not shown), suggesting that this aggregate migration is determined during 

embryogenic stages. In addition, these misplaced cells may modulate the normal cortical circuitry 

and could contribute to the epileptic symptoms. Indeed, it is interesting to note that we do not see 

these columns in adult HeCo mice (Croquelois et al., 2009) but only in young animals P3 and P7. 

As a result, this phenomenon could clarify in human why children and young adults (P3, P7 mouse 
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~ 2, 7 years human; Flurkey et al., 2007) present more recurrent and severe epileptic clinical 

manifestations compared to adults (Blümcke et al., 2009). 

 

 II.4. Misplaced apical and basal progenitors participate to HeCo pathogenesis 

Apical PAX6 and basal TBR2 progenitors are located ectopically and colonize the entire cortical 

hem in HeCo embryonic brains during corticogenesis. Observations in the Tish-rat (Lee et al., 

1998; Fitzgerald et al., 2011) have led to the hypothesis of the existence of two distinct germinative 

zones. This hypothesis may be applied to the HeCo mouse where we observed many PAX6 and 

TBR2 progenitors not only ectopically distributed but also as active mitotic cells. In this context, 

the accumulation of newborn ectopic pyramial neurons in the SVZ-IZ region may account for a 

pseudo supplemental germinal layer leading to heterotopia.  

 

These data raise the question which progenitors are involved in the SBH formation? TBR2 

identified misplaced IPCs hence suggesting their involvement but in the RG population there are 

several candidates as RG family is composed of aRGs, bRGs and SNPs in the mouse (Stancik et al., 

2010; Borell and Reillo, 2012). The three latter cells have similar molecular signature PAX6 and 

SOX2, except for SNPs differing only by the Tα1 promoter. We therefore need to assess in which 

proportions each RG type is participating in SBH formation. bRGs have a great role in the 

developing cortex of primates, including human, and other species (Fietz et al., 2010; Hansen et al., 

2010; Reillo et al., 2011; Kelava et al., 2012) but they are quite rare in the mouse brain (Wang et 

al., 2011; Shitamukai et al., 2011). Interestingly, Eml1 expression in the ferret OSVZ suggests that 

this gene could be expressed in bRGs. Since bRGs lack apical end-feet they would be preferential 

subjects to defects such as observed in the HeCo. Moreover, the secretion of attracting guidance 

cues by adjacent progenitors around the ectopic mass and by post-mitotic cells already present 

inside the heterotopia, may further contribute to the SBH development in the IZ as it is well known 

that neurons attract other neurons (Lui et al., 2011).  

 

Actually, we cannot exclude another possibility that neurons originating from misplaced and mitotic 

delayed IPCs and RGs could rearrange the global RG scaffolding and damage it during 

corticogenesis. Thus, the question is to know if RGs disorganized fibers induce SBH or is it the 

inverse.  
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III. EML1 role in the HeCo mouse 

Studies of the Echinoderm microtubule-associated protein (EMAP) family pointed to impact cell 

division, mechanotransduction and sensory function (Brisch et al., 1996; Ly et al., 2002; 

Eichenmuller et al., 2002; Pollmann et al., 2006; Hueston et al., 2008; Bechstedt et al., 2010); 

EML1 belongs to the EMAP family but its function in brain development is unknown. In addition, a 

variety of diseases have been linked to defects in the MT cytoskeleton which include developmental 

disorders (see Introduction), issues in symmetric and asymmetric cell divisions, genomic instability, 

and ciliopathies (Konno et al., 2008; Andrade et al., 2009; Lizarraga et al., 2010; Postiglione et al., 

2011; Benadiba et al., 2012).  

 

 III.1. EML1 role in proliferation 

In our study, EML1 was shown to bind directly to MTs and had interesting subcellular localizations 

during mitosis at the MS poles during metaphase and at the midbody (characteristic bridge structure 

linking the separating daughter cells, [Guizetti et al., 2011]) during telophase. In addition, a human 

mutation which targets EML1 specific domain involved in MT interactions (HELP region, [Tegha-

Dunghu et al., 2008]), resulted in vitro in the loss of the particular MT aster structure. Thus, 

truncated EML1 copies found in HeCo may induce an important lack of protein-protein interactions 

which may prolong the cell cycle duration either by preventing the transduction of a “stop” signal to 

arrest the proliferative state or by slowing down the speed of the global cellular machinery. On one 

hand, these data clearly show the relevance of EML1 as an essential protein for normal cellular 

functioning during cell cycle (mitosis and interphase). On the other hand, however, these 

experiments raise the questions of how and when does EML1 influence the cell cycle? Indeed, our 

results showed chimeric EML1 variants in HeCo brains due to retrotransposon mutation and 

progenitors having a defect in cell cycle exit but we do not know at which moment of the cell cycle 

EML1 interferes; at the interphase (G1, S and G2 phase) or during mitosis (M-phase)? Moreover, 

EML1 also contains several WD-repeats regions that are crucial domains for mediating other 

protein-protein interactions. These repeats lead to a huge diversity of cellular events in which 

EML1 can interact offering more possibilities for future complex, but exciting investigations. 

 

As mentioned, in vivo HeCo progenitors are more obliquely oriented at the VZ during metaphase 

suggesting a prominent role for EML1 during mitotic phases. Several studies showed that spindle 

polarity disorientations, according to normal vertical cleavage planes, determine the detachment of 
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progenitors from the apical surface which might be the fact here in HeCo to promote SBH 

pathology in spite of normal distribution of adhesion (B-catenin) and polarity (PAR-3) proteins at 

the ventricular membrane. 

 

 III.2. EML1 role in migration 

It is known that preserved microtubules are one of the essential features leading to normal neuronal 

migration (Jaglin and Chelly, 2009) including RG motility and their orientation (Li et al., 2003). Li 

reported that the unique morphology of RG is due to the composition and organization of their 

cytoskeleton. Indeed, treated RGs with nocodazole and cytochalasin D showed that microtubules 

are critical for their polarized morphology. In addition, other experiments indicated that certain 

transcripts specific for MT associated proteins are selectively expressed in RG. Further studies are 

needed to determine whether it would be the case for Eml1 but if yes it could be central for RG 

scaffold organization and RG body orientation.  

 

Recent studies reinforce the role of the cytoskeleton components in normal cortical development. 

For example, Cdc42, a cytoskeleton molecule participating in neuronal motility, showed disrupt 

radial glia development when inactivated specifically in RGs (Yokota et al., 2010). Indeed, hGFAP-

Cre-mediated recombination used to inactivate Cdc42 showed defects with more branched endfeets, 

less fasciculated processes and misplaced soma less densely packed hence compromising inter-RG 

interactions. Furthermore, TBR1 labeling indicated misplaced deep layer neurons and moderate to 

severe misplacement of neurons within the disrupted RG scaffold (Yokota et al., 2010). Gsk3, 

another interacting protein with the cytoskeleton, deletion perturbs prominently symmetric 

proliferative axis and the overall organization of RGs (Kim et al., 2009). In addition, loss of APC, a 

multifunctional protein involved in cell migration, proliferation and differentiation, provokes a huge 

disarrangement of the whole RG scaffold (Yokota et al., 2009). Strikingly, a variety of protein 

having no obvious direct relations between them can affect the polarity of RGs in a non-overlapping 

and hierarchical way because they target the same structure, the cytoskeleton. Plus, Cdc42 and 

Gsk3 aberrant regulations have been reported in psychiatric disorders (Mao et al., 2009; Ide and 

Lewis, 2010). Therefore, EML1 that associates with MTs could play a role in RG shape but also 

link other molecules controlling RG polarization through cytoskeleton structure and influence the 

degree of neurodevelopmental disorders such as SBH.  
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IV. Conclusion and perspectives 

Characterizing HeCo mouse phenotype in adults and embryos lead to the identification of a novel 

gene important in cortical development, Eml1, encoding a MT associated protein related to giant 

bilateral heterotopia in human and SBH in mouse. In addition, MT dynamics coordinate MS 

orientation, midbody function and cell cycle properties during embryogenesis (Kosodo et al., 2004; 

Paramasivam et al., 2007; Dubreuil et al., 2007; Asami et al., 2011) thus truncated EML1 may 

disturb these finely-tuned processes to generate ectopic progenitors. As a result, EML1 suggest an 

important role in progenitor anchoring at the VZ and in cell cycle duration which strongly highlight 

the fact that progenitor misplacement may represent the primary pathologic feature in HeCo. 

 

One point of investigation would lead us to study events occurring in the VZ and SVZ regions 

where progenitors divide and immature neurons enter the multipolar stage before migrating to the 

CP. Interestingly, results showed that mutated genes encoding cytoskeleton interacting molecules, 

can arrest neuronal migration either near the VZ/SVZ (Flna mutation) or near the IZ (Dcx and 

Pafah1b1 mutations). These observations are indicating that multipolar stage has at least two sub-

stages susceptible to interruption with different degrees of vulnerability depending on the gene 

involved; it could be the case with mutated Eml1. Due to our experimental time lapse window 

(E15.5) and selected area studied (IZ/CP), we might have missed a plausible “arrested multipolar” 

mechanism in SVZ but also pathologic defects happening at later embryonic stages (E17-E19). RGs 

transplant experiments might help to determine cell-autonomous or non-cell-autonomous events 

related to EML1. Further time lapse experiments coupled to cristal DiI-labeled RG fibers will also 

help to elucidate how the RG scaffold interacts with migrating cells in and around the ectopic mass. 

 

To go further and confirm the involvement of Eml1 in the HeCo phenotype, a complete deletion of 

the gene by knockout technique in the HeCo genome would be necessary. It would show the degree 

of Eml1 impact in SBH formation and even more if new features would appear after Eml1 

extinction. Combined rescue experiment with a WT-Eml1 transcript would also tell us if it is 

possible to reverse the pathology to consider new therapeutic treatments targeting this EMAP. 

 

Studying Eml1 gene pathway to find its upstream and downstream effectors would help us to better 

understand how and in which process they are specifically involved. Recent data are pointing to 

EML1 fusion with Abelson 1 (ABL1) in a patient with T-cell acute lymphoblastic leukemia (de 
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Keersmaecker et al., 2005) that is transforming normal cells into carcinogenic ones. This is 

highlighting EMAPs important role in regulating cell cycle. Still, we need to address how EML1 

does influence MT array and more important at what time it does modulate the cellular pathways in 

particular, only during proliferation? Interestingly, recent data demonstrated that appropriate RG 

placement, proliferation, organization (orientation and polarized shape) and localization of 

anchoring and polarity proteic complexes depend also on myristoylated alanine-rich C-kinase 

substrate (MARCKS). Its dysfunction during corticogenesis leads to aberrant cortical lamination 

and cobblestone lissencephaly (Weimer et al., 2009). Thus EML1 association with MARCKS could 

be a plausible explanation for HeCo phenotype. Another close interaction may involve MARK, a 

microtubule-associated proteins/microtubule affinity-regulating kinase that binds to the MT 

network and to centrosomes (Trinczek et al., 2003; Sapir et al., 2008). Reduced MARK levels 

resulted in multipolar neurons stalled in the IZ and affected centrosomal dynamics in migrating  

neurons. These are important associations because MARCKS and MARK are interacting with MTs 

and centrosomes where EML1 also associates. 

Concerning the epileptic phenotype, studying HeCo neuronal network will help us to understand the 

epileptic tendency observed previously (Croquelois et al., 2009). In a first step, electrophysiology 

experiments could show us how the neuronal circuitry responds to different stimuli and we could 

answer the question of how mature/immature are the excitatory and inhibitory systems and 

investigate the ectopic mass role in the epileptogenesis. Interestingly, studies on the Dcx-inactivated 

rat model of cortical band heterotopia showed ectopic neurons retaining immature properties with a 

delayed maturation of GABA-mediated signalling and that the heterotopia act rather as a modulator 

than being the source of seizures (Ackman et al., 2009). These results showed that cortical 

dysplasia produce major alterations not only in neurons that fail to migrate but also in their 

electrical properties that bring complementary insights on cortical plasticity. 

 
 

The most striking finding in this study is ectopic location of progenitors which changes our classical 

view of SBH formation caused directly by disturbed neuronal migration (Barkovich et al., 2012). In 

human, severe heterotopias also present polymicrogyria thus highlighting defects in progenitors in 

the pathogenesis of certain MCDs. Whether pathologic mechanisms inducing heterotopias are 

orchestrated successively or happening synchronally in relative proportions, it still needs 

clarification and further studies are required to identify the precise role of ectopic progenitors in 

pathologic and pseudo-normal cortex. Identification of EML1 provides a new key to unravel the 
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molecular and cellular mechanisms underlying progenitor dynamics at the apical surface during 

normal cortical development. A simplified scheme of heterotopic formation during mouse 

embryogenesis is suggested in Figure 12 below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig12. Hypotheses for the development of the SBH in HeCo. Subcortical band heterotopia development is occurring 
since early neurogenesis (E13) up to end of postnatal migration (P7). Several hypotheses involving truncated EMl1 may 
be responsible for HeCo pathogenesis such as prolonged cell cycle duration, increased oblique oriented mitosis and 
defects in RG fibers organization. All together, these mechanisms may lead to misplaced apical and basal proliferating 
progenitors thus to ectopic post-mitotic neurons forming a subcortical heterotopia. 
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In human, neuronal migration disorders are commonly associated
with developmental delay, mental retardation, and epilepsy. We
describe here a new mouse mutant that develops a heterotopic
cortex (HeCo) lying in the dorsolateral hemispheric region, between
the homotopic cortex (HoCo) and subcortical white matter. Cross-
breeding demonstrated an autosomal recessive transmission.
Birthdating studies and immunochemistry for layer-specific markers
revealed that HeCo formation was due to a transit problem in the
intermediate zone affecting both radially and tangentially migrating
neurons. The scaffold of radial glial fibers, as well as the expres-
sion of doublecortin is not altered in the mutant. Neurons within the
HeCo are generated at a late embryonic age (E18) and the super-
ficial layers of the HoCo have a correspondingly lower cell density
and layer thickness. Parvalbumin immunohistochemistry showed
the presence of gamma-aminobutyric acidergic cells in the HeCo
and the mutant mice have a lowered threshold for the induction of
epileptic seizures. The mutant showed a developmental delay but,
in contrast, memory function was relatively spared. Therefore, this
unique mouse model resembles subcortical band heterotopia
observed in human. This model represents a new and rare tool to
better understand cortical development and to investigate future
therapeutic strategies for refractory epilepsy.

Keywords: cerebral cortex growth and development, migration disorder,
models: animal, neuronal neurobehavioral manifestations

Introduction

Development of the neocortex involves complex cellular and

molecular mechanisms, among them neuronal genesis, migra-

tion, cell differentiation and the development of afferent and

efferent connections (Rakic 1988; Honda et al. 2003). Neuronal

migration is controlled by cytoskeletal molecules that regulate

the initiation of migration which is subsequently controlled by

a set of extracellular signaling molecules, such as the reelin

pathway, and other stop signals (Gressens 2006). The mor-

phology of pyramidal neurons undergoes several modifications

that reflect the various steps in the migratory pathway (LoTurco

and Bai 2006). Whereas the progenitors in the ventricular zone

(VZ) are bipolar, migrating neurons are multipolar within the

subventricular zone (SVZ). Upon arrival in the deep interme-

diate zone (IZ), they adopt a bipolar morphology, a character-

istic of the migrating pyramidal neuron that is maintained until

they arrive in their final position in the cerebral cortex.

Interestingly, LoTurco and Bai (2006) hypothesized that failure

to make the transition from the multipolar to the bipolar stage

may be a characteristic of most neuronal migration disorders.

Although some neocortical migrating neurons migrate almost

exclusively radially, others initially take a tangential trajectory

at the level of the VZ or SVZ before adopting a classical radial

migration pathway (Gressens 2000). Radial migration of

neurons is supported by radial glial cells (Rakic 2003) and

concerns the development of cortical projection neurons,

mainly glutamatergic. However, the important pool of gamma-

aminobutyric acidergic (GABAergic) interneurons have their

origin principally in the subcortical telencephalon, in non-

primate mammals mainly in the medial ganglionic eminence

(Wonders and Anderson 2005). In primates however, other

sources have been proposed, including the caudal and lateral

ganglionic eminences, the septal region, and the cortex itself

(Wonders and Anderson 2005). Recent evidence suggests that

the diversity of the origin of GABAergic interneurons can be

correlated with the remarkable diversity in their differentiated

state (Wonders and Anderson 2005).

In human, neuronal migration disorders form a group of

brain malformations which primarily affect development of the

cerebral cortex (Dobyns and Truwit 1995). They are mainly

caused by genetic alterations (Clark 2004, for review). Other

etiologies are infections during pregnancy as well as ischemic

and toxic insults. Such alterations are likely to affect neuronal

migration to the cortex during the third and fourth months of

gestation (Dobyns and Truwit 1995). However, currently

evidence exists that other pathogenic mechanisms could cause

subcortical accumulation of neurons such as modified cellular

proliferation and programmed cell death (Clark 2004). Neuro-

nal migration disorders range in severity from minor displace-

ments of a few neurons (Meencke and Veith 1999; Eriksson

et al. 2005) to massive rearrangements of cortical structure

including the formation of subcortical heterotopia, also called

double cortex. This severe form of diffuse subcortical hetero-

topia is commonly associated with a delay in somatic develop-

ment, mental retardation, and epilepsy. The incidence of cortical

malformations is more than 1% in the human population.

Fourteen percent of epileptic patients have a cortical malfor-

mation based on a migration disorder. This incidence rises to

40% in patients with intractable epilepsy, the majority of them

already presenting seizures during infancy (Farrell et al. 1992;

Meencke and Veith 1992; Guerrini 2005).

We here characterize the phenotype of a new and unique

genetic mouse model of cortical heterotopia (the HeCo
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[heterotopic cortex] mouse). The mutation appeared sponta-

neously in our colony of the NOR strain derived from ICR-stock

(Van der Loos et al. 1986) and was discovered during an

unrelated experiment (Croquelois et al. 2005). We identify and

characterize here the cortical malformation, its mode of inher-

itance and its developmental schedule, as well as the associated

neurological and behavioral deficits exhibited by HeCo mutant

mice.

Materials and Methods

Mice of the NOR and C57/Black6 (C57/Bl6) strains were used in this

study. All the procedures described beneath were reviewed and

approved by the Office Vétérinaire Cantonal (Lausanne, Switzerland),

following Swiss Federal Laws.

Cross-Breeding Experiments
The first HeCo mouse was discovered using histological brain sections

performed for unrelated experiments. Selective inbreeding including

crossing of living relatives and backcrossing were used to increase the

occurrence of the phenotype in offspring. Crossings of HeCo females

with C57/Bl6 unaffected males and of HeCo males with C57/Bl6

unaffected females were then performed to define the transmission

mode. Phenotype was determined in Nissl-stained coronal sections

throughout the forebrain.

BrdU Injections and Immunohistochemistry
Mutant and control pregnant females were injected intraperitoneally

with 5-bromo-2#-deoxyuridine (BrdU) (100 lg/g body weight, in

phosphate buffered saline [PBS] 0.1 M, Sigma, St Louis, MO). Injections

were performed at either embryonic (E)13 (brain removal at postnatal

[P]13), E14 (brain removal at E15), E15 (brain removal at E16 and P13),

E16 (brain removal at E17), or E18 (brain removal at P13) stages. The

day of vaginal plug detection was designated as day 0 of gestation (E0).

For juvenile animals (brain removal at P6 or P13), mice received a lethal

dose of pentobarbital and were immediately fixed via cardiac perfusion

with a solution of paraformaldehyde (1% in phosphate buffer 0.1 M, pH

7.4, for 5 min, then 4% in phosphate buffer 0.1 M, pH 7.4, for another

10 min). For embryos, brains were removed and immersed in para-

formaldehyde (4% in phosphate buffer 0.1 M, pH 7.4) for 4 h. After

cryoprotection in sucrose (30% overnight), brains were serially cut at

40-lm thickness using a sliding cryotome. Alternate sections were

either stained with Cresyl Violet, processed for BrdU immunohisto-

chemistry or immunohistochemistry for Cux-2, Tbr1, RC2, GLAST, and

Dcx (doublecortin). For Parvalbumin (PARV)--immunohistochemistry

we used 4 adult HeCo mice that were not exposed to BrdU.

BrdU Immunohistochemistry

We used the protocol described by Takahashi et al. (1992). In brief,

sections were immersed in 2 N HCl for 60 min, neutralized in tris-

buffered saline (TBS) for 3 3 10 min, and then incubated with primary

antibody (anti-BrdU, mouse monoclonal, clone Bu20a, Dako, Switzer-

land) at a dilution of 1:100 in TBS 0.05 M overnight at 4 �C. Sections
were rinsed in TBS and incubated in biotinylated secondary antibody

(Biotin-SP-conjugated AffiniPure Goat Anti-Mouse, Jackson Immuno-

Research Europe, Newmarket, UK) for 60 min. The sections were then

processed with avidin-biotin-peroxidase complex (ABC) (Vector

Laboratories, Peterborough, UK) for 60 min, rinsed in PBS, and

visualized with diaminobenzidine (DAB) (Sigma). Sections were

dehydrated in a series of graded ethanols, cleared in xylene, and

coverslipped using Permount.

Immunohistochemistry

PARV Immunohistochemistry

Sections were thoroughly rinsed in PBS, and incubated in a blocking

solution containing 10% normal goat serum and 4% bovine serum

albumin in PBST (0.2% Triton X-100 in PBS) for 1 h at room

temperature. After rinsing, sections were incubated overnight at 4 �C
with rabbit anti-PARV (1:1000) antibody. Thereafter, sections were

sequentially incubated with biotinylated goat anti-rabbit antibodies

(1:200) and with the ABC (1:200). Peroxidase was developed with 0.05%

diaminobenzidine in0.1MPBand0.005%hydrogenperoxide.Thereafter,

immunoreacted sections were mounted onto gelatinized slides.

Tbr-1, Cux-2, RC2, GLAST, Dcx Immunohistochemistry

Sections were blocked with 2% normal horse serum in PBST with azide

(phosphate buffer 0.1 M, NaCl 0.9%, Triton 0.3%, Azide 1 g/L; blocking

solution) then incubated overnight at 4 �C with primary antibodies

diluted in blocking solution. Secondary antibodies diluted in PBS 0.9%

with Triton 0.3% were applied for one hour. Sections were then rinsed

in PBS, mounted with chrom-alun 4% and coverslipped. Primary

antibodies used: anti-Cux-2 (Millipore Corporation) at 1:150, anti-Tbr-

1 (Millipore AG, Zug, Switzerland) at 1:1000, anti-RC2 (Developmental

Studies Hybridoma Bank, University of Iowa) at 1:200, anti-GLAST

(Millipore Corporation) at 1:5000 and anti-Dcx (Santa Cruz Bio-

technology, Santa Cruz, CA) at 1:100, all raised in rabbits. Secondary

antibodies used: Alexa 488 Donkey anti-Rabbit (Invitrogen) at 1:300 for

Cux-2 and GLAST and Alexa 594 Donkey anti-Rabbit (Invitrogen) at

1:300 for Tbr-1, RC2, and Dcx.

Reconstruction and Morphometric Analysis
To morphometrically characterize the neurons of the HeCo and those

of the overlying homotopic cortex (HoCo), contours of neuronal cell

body were drawn with a computer controlled microscope and the

Neurolucida Software (Microbrightfield, Magdeburg, Germany) in 4

consecutive Nissl-stained sections (spaced 80 lm from each other on

the rostro-caudal axis) in both control (n = 4) and mutant (n = 4) mice.

The most rostral section was taken at the level of the most rostral part of

the hippocampal formation. Radial thickness of theHeCo and the cortical

layers of the HoCo together with cell density were also recorded.

BrdU-positive cells in the cerebral cortex of the right hemisphere

were quantitatively analyzed using the brains of 3 P13 mice for each

injection date (E13, E15, and E18). Positive cells were plotted using the

same device. Per brain, 3 sections (spaced 80 lm from each other on

the rostro-caudal axis) were analyzed. The most rostral section was

taken at the level of the most rostral part of the hippocampal formation.

In mutant mice, 3 contours were drawn around the HeCo, the HoCo

and the adjacent, more lateral, cortex (AdCo). In control mice contours

corresponding to the HoCo and the AdCo as determined by distance to

midline were also drawn. To define the relative position of BrdU-

positive neurons within these different regions of interest, the position

of the subcortical white matter was plotted for the HeCo and the AdCo.

For the HoCo, the thin band of white matter lying between the HeCo

and the HoCo was identified as well. These reference lines were used to

extrapolate the different curves using Lagrange interpolating poly-

nomial. Migration distance was defined for each cell by the minimal

distance to the corresponding curve. To allow comparison of the

number of BrdU-positive cells between the 3 regions of interest and

across embryonic ages of BrdU injection, we divided each region of

interest in 10 equivalent tangentially oriented stripes, stripe 1 being the

deeper and stripe 10 the more superficial one. The mean number of

positive cells for each stripe was obtained from the 4 sections of the 4

animals in each group.

PARV+ cells in the cerebral cortex of the right hemisphere were

plotted using the brains of the 4 mutant mice in the same way. Cells

were plotted in 3 different regions of interest: the HeCo, the HoCo, and

the AdCo. The number of PARV+ cells per surface unit, cell size and

distance to the closest PARV+ cell were determined.

Tracing Experiments
To study neuronal connectivity of the HeCo, 3 mutant mice were

anaesthetized with pentobarbital (sodium pentobarbital 60 mg/kg body

weight i.p.) and placed in a stereotaxic frame. Part of the skull overlying

the medio-dorsal cortex was removed and the HeCo was identified

using extracellular recording and stereotaxic coordinates. Biotinylated

dextran amine (BDA, Molecular Probes D-7135, MW 3000, Eugene, OR)

was injected into the HeCo. The pressure injection was made at 1000-lm
cortical depth and lasted for 2 min using the following parameters: 70 nL

of a 5% solution in PBS (phosphate buffer 0.1 M, 0.9% saline, pH 7.4).

After 10 days survival time, the animals were deeply anaesthetized and
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perfused with paraformaldehyde (4% in 0.1 M phosphate buffer, pH

7.4). Serial coronal sections were cut at 40-lm thickness. Sections were

processed for DAB reaction (Veenman et al. 1992) and counterstained

with toluidine blue.

Histological Examination of Organs and Blood Tests
Adult mice (4 HeCo and 4 controls) received a lethal dose of

pentobarbital and were immediately fixed via cardiac perfusion with

a solution of paraformaldehyde (4% in phosphate buffer 0.1 M, pH 7.4,

for 15 min). Following cryoprotection in 30% sucrose overnight, heart,

liver, pancreas, spleen and kidney were removed and cut at 40-lm
thickness with a cryotome. Sections were stained with hematoxylin--

eosin. Blood samples from 4 control and 4 HeCo mice were obtained

after a 16-h fasting period and processed for analysis of electrolytes

(Na
+
, K

+
, Cl

–
), creatinin, glucose and cholesterol.

Pilocarpine Induced Status Epilepticus
Sensitivity for the development of epileptic seizures was compared

between HeCo and control mice using the pilocarpine induced status

epilepticus (SE) model (Cavalheiro et al. 1996). Seventeen mice (12--16

weeks of age) received an intraperitoneal injection (i.p.) of methyl-

scopolamine at a dose of 1 mg/kg body weight 30 min prior to injection

of pilocarpine to reduce its peripheral cholinergic effects. Animals

were then intraperitoneally injected with a single dose of either 100 or

200 mg/kg of pilocarpine in 0.2-mL sterile saline vehicle (0.9% NaCl).

Animals were observed continuously and epileptic seizures and/or SE

were recorded. Mice that developed a SE were deeply anesthetized

with sodium pentobarbital (60 mg/kg body weight i.p.) and sub-

sequently perfused with paraformaldehyde (4% in phosphate buffer

0.1 M, pH 7.4). Coronal sections were cut at 40-lm thickness and

processed for Nissl staining.

Behavioral Experiments
A total of 92 mice were used, 23 HeCo and 35 control mice from P0 to

P22, 5 HeCo and 5 control mice at the age of 2 months and finally

9 HeCo and 15 control mice aged more than 7 months. Behavior was

analyzed in different situations in order to assess the early development

of locomotor capacities and complementary aspects of potential

cognitive deficits linked to the HeCo phenotype.

Two spatial tasks were adapted, the Morris navigation task and the

8-arm radial maze. In addition, one set-up was designed to assess

locomotor activity (Grandchamp and Schenk 2006).

The early development of locomotion was assessed in 2 conditions.

Contact righting was observed on a rough substrate of 25 3 20 cm,

limited on 3 sides by a 5 cm high wall. Negative geotaxis capacity was

recorded on a rough substrate (25 3 20 cm). Its surface was tilted 25�
from the horizontal plane. The infant mouse was able to clutch the

rough surface and was also prevented from passive slipping due to the

enhanced friction.

The Y-maze was composed of 3 (6 3 6 3 50 cm) transparent Plexiglas

runways (named A, B, and C) linked together in a symmetrical Y shape

(120� of angular deviation from each other). The olfactory automated

radial maze was made of 8 transparent Plexiglas tunnels (6 3 6 x 50 cm)

placed on a circular table covered by a plastic sheet. Three arms were

baited with a drop of diluted condensed milk deposited on a glass plate

at the end of the tunnels. The olfactory cues were bands of blotting

paper (2 3 50 cm) affixed to the arms’ ceiling. The cues were made by

impregnating the blotting paper bands with 0.8 mL of solutions made

with 8 different alimentary aromas (lemon, apricot, aniseed, orange,

blackcurrant, apple, amend bitter, brandy). Guillotine doors closed the

exit of each tunnel.

The Morris navigation task was performed using a circular pool

(120 cm in diameter, 30 cm height) made of gray polyvinyl chloride

that was situated in a dimly illuminated room. The pool was filled to

a depth of 15 cm with water (27 �C) opacified with milk (0.5 L). Four

orthogonal starting positions around the perimeter of the pool, divided

its surface into 4 quadrants. A platform consisting of a transparent

Plexiglas cylinder (15 cm tall and 8 cm diameter) and covered with

a white aluminum perforated plate (14 cm diameter) was placed in the

center of the quadrants, approximately 0.5 cm under water level. The

pool was located in a room containing numerous extra-maze cues.

Morphologic and motor developments were evaluated as follows.

Body weight and hair growth was assessed daily. Time of eye opening

was recorded for each mouse. The locomotor development included

a description of locomotion strategies, the assessment of contact

righting and negative geotaxis. Spontaneous locomotion was recorded

daily during 2 min on a horizontal plan according to 5 items described

by Altman and Sudarshan (1975), pivoting (the front legs push like

paddles and the rear wheel-axle unit is practically motionless), punting

(the head is posed over a leg, the leg is withdrawn and placed in the

direction of the movement while the other leg pushes to help it),

treading (the head is elevated, the movements of the front legs are not

more constrained; at the same time, the posterior legs are more isolated

and offer a better support), crawling (the belly rests by ground but the

posterior legs become mobile) and walking (the belly does not touch

any more by ground and there is a synchronization of the legs).

For the negative geotaxis test, the animal was deposited with the

head oriented downwards, in the center of the tilted plan. The test

lasted a maximum of 3 min and the position of the animal was recorded

every 5 s with a precision of 15�, from the starting position (–90�),
through the horizontal plan (0�) to the expected position with the

head upwards (+90�). The test started at day 5 and was prolonged until

the animal tried to escape from the apparatus.

To test general activity, mice were individually placed in the distal

end of an arm of the Y-maze for 8 min free exploration. The starting

position for each mouse was randomly A, B, or C runway. Two kinds of

measures were recorded. First, the number of arm entries as an

indication of general activity. Second, alternation behavior was assessed

from the individual sequences of arm visits. The frequency of 3-arm

alternations (ABC-type) was compared with the frequency of in-

complete or null alternation patterns (ABA-, BAA-, or AAA-type). For the

20- and 22-day-old mice, a black cue was placed opposite the arm B.

Cognitive tasks were tested using the automated radial maze and the

Morris water maze. Mice were trained over 9 consecutive daily sessions

in an automated 8-arm radial maze to discriminate the 3 arms that were

constantly baited with food and the 5 arms that were never baited. A

first exploration session consisted of leaving each mouse during 10 min

in the maze with free access to all the tunnels and with all arms baited

with food to familiarize them with the maze and its environment. After

that, the animals received 6 daily learning trials. Two different

configurations of 3 baited arms were used, always the same for a given

mouse throughout training. The baited and non baited arms were thus

at fixed positions in space and could also be discriminated by a specific

odor cue. An arm was baited or non baited depending on the test

subject so that no particular arm could accumulate scent marks due to

the presence or absence of reinforcement. Each subject was assigned

a different set of 3 constantly baited arms (arms 1, 4, 6 or 2, 5, 7) with

the sequence of angles between the baited arms being 135�--90�--135�.
Mice were individually introduced into the central platform and each

trial started by the opening of all 8 doors simultaneously. After each

visit to an arm, the door giving access to that arm was automatically

closed, preventing re-entries into an already visited arm. Each trial was

terminated after the animal retrieved the third food pellet and had

returned to the central platform; all 8 doors were closed simultaneously

and the animal was left 1 min in the central platform. During the entire

testing period, all the mice had restricted access to food and their

weight was checked every day to prevent more than a 10% body weight

loss. Discrimination performance was assessed by the mean of total

errors for each trial (with a maximum of 5 errors) calculated for each

day.

For the Morris water maze task, the mice received 4 daily learning

trials during 5 days. The position of the hidden platform remained fixed

for the entire period of the acquisition and each subject was assigned

a different sector. Each trial started with the mice being placed into the

water, at one of 4 starting points: N, E, S, W. Four different starting

positions were pseudorandomly used in each training block. A trial

ended when the mouse reached the hidden platform and it was allowed

to remain there for 20 s. If a successful escape was not performed

within 60 s, the mouse was guided to the platform and the trial was

recorded as an escape failure. Between successive trials the test mouse
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was left for a 30-s intertrial interval in a dry container. Each mouse was

dried in the container with cellulose paper before being replaced in its

home cage. At the end of the 20 training trials, each mouse received

a probe trial. For this trial, the platform was removed from the pool and

the mouse was allowed to swim for 60 s. Then the platform was

replaced in the training location and the mouse was allowed to climb

on it. For the learning and transfer stages, a variable was measured: the

average number of errors across all days to find the platform (% errors).

For the probe trials, we compared the time spent in the training half of

the pool (containing the platform during training) with the opposite

one.

For all the experiments, a video camera suspended directly above

each apparatus was connected to a computer and used to record the

mice behavior. Experiments took place during the light phase between

7:00 a.m. and 7:00 p.m.

Statistics
The statistical analysis was performed using the SAS package (SAS

Institute Inc., Cary, NC) and StatView (version 4.5). Data were checked

for the normality of distribution. Comparisons of means in 2 groups

were made using the unpaired Student’s t-test. When comparison was

based on the means of more than 2 groups we applied an analysis of

variance (ANOVA). For the BrdU study, data related to the different

stripes defined above were analyzed with the multivariate ANOVA using

the generalized linear model procedure. For the behavioral experi-

ments, ANOVAs were performed on the raw data with the genotype as

the between-subjects and repeated measures such as day, session, area,

as within-subject factors. The ANOVAs were confirmed by unpaired

t-test and other pair comparisons were performed by a post hoc test

(Fisher post-hoc least significant difference, P < 0.05), when necessary.

Parametriccorrelations (r) andSpearmanrankcorrelationwerecomputed.

The limit of significance, if unspecified, was P < 0.05 for all tests.

Results

HeCo Morphology

The HeCo phenotype is defined by the presence of a subcortical

band heterotopia, that is located bilaterally beneath the medial

part of the neocortex and extends from the frontal lobe to the

occipital lobe (see Fig. 1A,B). The HeCo is separated from the

overlying neocortex (HoCo) by a thin layer of white matter,

and from subcortical structures by a thicker layer of white

matter, resembling normal subcortical white matter. Even

though the medio-lateral as well as the rostro-caudal extension

of the cortical heterotopia varies between animals (for

comparison see Fig. 1A,B), its general appearance and location

is constant. Interestingly, notable differences in severity were

identified between animals of the same offspring and, to a lesser

extent, between hemispheres of the same animal. Underlying

subcortical structures, including the hippocampus, striatum

and thalamus as well as the cerebellum and brainstem have

Figure 1. (A) Nissl-stained coronal section from a HeCo mouse. Arrows point to HeCo, asterisks to subcortical white matter and arrowheads to HoCo. (B) Photomicrograph of 4
consecutive Nissl-stained coronal sections of a HeCo mouse brain from rostral to caudal, showing the antero-posterior extension of the cortical heterotopia. (C) Photomicrograph
of a coronal section of a HeCo mouse brain with severe lateral cortical atrophy and subsequent ventricular enlargement (VE). (D) Pedigree of different crossings between HeCo
and control animals. Crossings between 2 affected mice (15 breeding pairs) revealed a 100% positive HeCo phenotype in offspring (n 5 110). Results of the crossing of a HeCo
female (black oval) with a C57/BL6 unaffected male (open square) and F2 generation from this offspring, with subsequently the reverse crossing with a HeCo male (black square)
with a C57/BL6 unaffected female (open oval). Note that in either of these cases none of the F1 offspring had the HeCo phenotype, excluding a dominant or sex-linked trait. The
frequency of affected mice in the F2 generation of the 2 crossings (60/247 and 10/47, respectively) indicates that the HeCo phenotype is due to an autosomal recessive disorder
of a single locus. (E and F) Results of BDA-tracing in a HeCo mouse. (E) Photomicrograph at low power of a coronal section counterstained for Nissl-substance. Note the injection
site located in the HeCo in the right hemisphere. (F) Photomicrographs at higher magnification showing cell labeling (black arrowheads) in the ipsilateral HeCo (upper left), the
ipsilateral HoCo (upper right), the contralateral HeCo (lower left) and the ipsilateral thalamus (lower right). (G) Results of immunochemistry for PARV in an experimental mouse.
Photomicrographs at high magnification showing the ipsilateral HeCo (left) and the ipsilateral HoCo (right). Black arrows indicate PARVþ cells. Scale bars: (A--D) 1000 lm, (E) 50 lm,
(F) 100 lm.
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a normal microscopic appearance but a discrete ventricular

enlargement is observed as compared with mice of the NOR

strain that do not display the HeCo phenotype. In a small

number of animals, a more severe malformation was present

with a lateral cortical atrophy and huge ventricular enlarge-

ment (see Fig. 1C). During general animal inspection, HeCo and

control mice are hard to distinguish, except for these more

severe cases where mice are small and have a low body weight

with sometimes a cranial malformation and brady- and hypo-

kinesia. Other organs, including the heart, liver, pancreas, spleen

and kidney have a normal microscopic appearance and no

differences were found in the serum levels of electrolytes (Na
+
,

K
+
, Cl

–
), creatinin, glucose and cholesterol between HeCo and

control age and sex matched mice (results not shown).

Cross-Breeding Experiments

In these experiments the phenotype was determined in

histological sections through the forebrain taken after the

adult mouse had given off-spring. Crossings between 2 affected

mice (15 breeding pairs) revealed a 100% positive HeCo

phenotype in offspring (n = 110). Crossings between affected

HeCo mice and unaffected C57/Bl6 mice (10 breeding pairs)

revealed no HeCo-phenotypes in the offspring (n = 78 for all

crossings, n = 56 for crossings between C57/Bl6 male and

HeCo female, n = 22 for crossings between HeCo male and

C57/Bl6 female). These results exclude a dominant or sex-

linked trait. F2 generations from these crossings between HeCo

and C57/Bl6 mice demonstrated that 70 out of 294 mice (24%)

were affected which exclude a multiloci origin and demon-

strate the autosomal recessive nature of the HeCo phenotype

(see Fig. 1D).

Tracing Experiments

After BDA injections in the HeCo of the right hemisphere,

retrogradely labeled cells were found in the HoCo, in the

contralateral HeCo and HoCo and in the ipsilateral thalamus

(see Fig. 1E,F). Afferent connections to the HeCo are therefore

comparable to connections of the HoCo.

PARV Immunostaining

PARV+ cells were found in the HoCo, in the hippocampus, in

subcortical structures as well as in the HeCo, demonstrating

the presence of GABA cells in the cortical heterotopia (see

Fig. 1G). Density (60, 63, 65 [cells/mm2]) and distribution,

defined by the mean distance to the closest positive cell

(65, 64, 65 [lm]) of PARV+ cells were not significantly different

in the HeCo, HoCo, and the adjacent cortex (AdCo), re-

spectively. It has to be noted that this analysis does not take

into account the absence of layering in the HeCo and the layer-

dependent density differences in the HoCo and AdCo.

Morphometric Analysis

The thickness of the HoCo is slightly smaller in the HeCo

mouse compared with cortical thickness in the control

(Fig. 2A), but this difference did not reach significance.

However, the HeCo together with the HoCo gives a total

cortical thickness that is larger in HeCo than in control mice

(Mann--Whitney test, P < 0.0001). To determine if all layers of

the HoCo are equally affected, we compared individual layer

thickness with its corresponding cortical layer in control mice.

Figure 2B displays the results of this analysis showing that the

only significantly affected layer is layer II/III (Mann--Whitney

test, P = 0.0003). We completed this morphometric investiga-

tion of the various cortical layers by determining the cell

density in each layers (Fig. 2C). Analysis revealed that the cell

density in layer II/III of the HeCo was significantly lower than

in controls (Mann--Whitney test, P = 0.0275). Finally, we made

a comparison of cell size between the heterotopia and layer II/

III and observed that there was no significant difference in cell

size between both regions (Fig. 2D).

Cell Markers

Immunolabeling by anti-Cux-2 (a marker of supragranular and

granular layers) and anti-Tbr-1 (a marker of infragranular

layers) antibodies are shown in Figure 3. The Tbr-1 antibody

strongly labels cells in the deep cortical layers of both the

normal cortex of control mice and the HoCo of mutant mice,

with no cell labeling within the HeCo. Intense cell labeling by

anti-Cux-2 antibodies was noted in superficial cortical layers in

both the normal cortex of control mice and the HoCo of

mutant mice, but this antibody also labeled virtually all the cells

that form the HeCo.

Analysis of the Birth Dates of Cells in Heco, HoCo, and
AdCo

At P13, BrdU-positive cells were present in infragranular,

granular and supragranular layers of the HoCo and AdCo when

the BrdU injection took place at E13, E15, and E18, respectively

(see Fig. 4A). We found very few BrdU-positive cells in the

HeCo after injection at E13 and E15. However, BrdU injection

at E18 revealed a large number of positive cells in the HeCo

(see Fig. 4A).

The quantitative analysis of the number of BrdU-positive

cells in the HeCo demonstrated that this number was signif-

icantly different between embryonic ages of injection (multivar-

iate ANOVA [MANOVA], P < 0.0001). Univariate comparisons

revealed that the number of positive cells in the HeCo was

higher for the E18 injection group than for E13 and E15

injection groups. No statistical differences were found between

the 10 analyzed stripes in the HeCo (see Fig. 4B).

Analyzing data from the HoCo and AdCo revealed that HeCo

formation disrupts the formation of the overlying cerebral

cortex. MANOVA indicated that the number of BrdU-positive

cells in the HoCo was significantly different between HeCo and

control mice with an important drop in the number of labeled

cells in the superficial stripes in HeCo mice (P < 0.05, see

Fig. 4C). The same analysis in the AdCo also showed a less

pronounced but significant drop in the number of labeled cells

in the superficial stripes (see Fig. 4D).

Development of the Cerebral Cortex and Heterotopia

Histology of coronal sections at E16, 17, and 19 revealed an

increase in the IZ thickness in HeCo mice compared with

control animals, with a high cell density area beneath the

subplate, and therefore within the IZ (see Fig. 5A). At P0, the

size and extent of the cortical heterotopia was very similar to

that observed in adult animals (see Fig. 5B). Results of

immunochemistry for Tbr-1 at E17 and E19 confirmed this

increase of the IZ and demonstrated a wider distribution of

positive cells within this zone (see Fig. 6A) in HeCo mice. BrdU

immunochemistry also revealed a wider distribution of positive

cells within the IZ in HeCo animals (see Fig. 6B). Finally,

immunochemistry for RC2 and GLAST (here used as marker for

the radial glia) and Dcx showed no obvious differences
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between control and HeCo mice at E15 and confirmed the

increase in IZ thickness in HeCo mice at E17 (see Fig. 7).

Spontaneous Seizures

At 8--12 weeks of age, no epileptic seizures were observed

during the 24-h video recording period (n = 24). In younger

animals (4--5 weeks of age), spontaneous myoclonic jerks

associated with interruption in exploratory behavior were

observed in all of the 23 HeCo animals, but never in control age

matched animals (n = 35). In 3 out of the 23 HeCo animals

spontaneous seizures similar to pilocarpine induced seizures

(see below) occurred after behavioral experiments. This never

occurred in age matched controls (n = 35).

Pilocarpine Induced SE

Compared with wild-type animals, the HeCo mice showed

a significant increase in tendency to develop epileptic seizures

in the pilocarpine-induced model of epilepsy. In this model,

a SE is obtained at a dose of 300--350 mg/kg body weight

(Cavalheiro et al. 1996). When injected with a dose of 100 mg/kg

body weight, none of the 4 mutants tested developed a SE. On

the other hand, all the 9 HeCo mice developed a SE when

injected with the dose of 200 mg/kg body weight, whereas

none of the 4 control mice did with the same dose.

Behavioral Experiments

The results of the tests for somatic growth and sensorimotor

activity are presented in Figures 8 and 9. The mice of the 2

genotypes do not differ in growth rate (see Fig. 8A). Despite

their apparently normal growth rate, the HeCo showed

a significant delay in hair growth (see Fig. 8B) and eye opening

(see Fig. 8C). Separate one-way ANOVAs revealed significant

effects of genotype on hair growth (F1,34 = 25.850, P < 0.0001)

and eye opening (F1,34 = 7.855, P = 0.0083).

The slower development of locomotion in some of the HeCo

mice is illustrated in Figures 8D and 9. In fact, all of the control

mice (n = 35) displayed a normal locomotion pattern at the age

of 10 days, whereas only 14 of 23 HeCo mice reached the same

criterion. This was related to a one-day delay in the de-

velopment of efficient righting response and to a more marked

delay in geotaxis reflexes (see Fig. 8E,F). The behavior in

sensorimotor tests was significantly correlated with the de-

velopment of walking. Individual results for the righting test

(see Fig. 9) were correlated with the onset of walking (r =
0.669, P < 0.0001) and the response in negative geotaxis tested

at 9 days (r = 0.278, P = 0.0343). These analyses were confirmed

by Spearman rank correlations.

General activity assessed by the Y-Maze was significantly

different between control and HeCo mice, but this difference

Figure 2. Results of the morphometric analysis. (A) Mean thickness (±SD) of the normal cortex in control animals (HoCo—CTRL, n5 16), and the HoCo (HoCo—MUT) and the
radial extent of the heterotopia (HeCo—MUT) in mutant mice (n5 16). A slight, non significant, decrease in HoCo thickness was observed in mutant mice. (B) Comparison of the
mean layer thickness within the HoCo of both the control (CTRL, n 5 16) and mutant (MUT, n 5 16) mice. Note that a significant decrease in layer thickness was only observed
for layers II--III. (C) Comparison of the mean cell density (±SD) within layers II--III of the HoCo of both the control and HeCo mice. A significant decrease in cell density was
observed in mutant animals. (D) Comparison of cell size (here represented by cell area) between the heterotopia (HeCo) and layers II--III of the HoCo of mutant animals; no
significant differences were detected.

Page 6 of 13 A New Animal Model of Cortical Heterotopia d Croquelois et al.

78



Figure 4. Results of immunochemistry for BrdU injected at embryonic day 13 (E13) 15 (E15) and 18 (E18) in both control (CTRL) and mutant (MUT) mice. (A) Photomicrographs
at low magnification showing after injection at E13 labeling in lower layers in both control mice and HoCo of mutant mice with almost no labeling in HeCo; after injection at E15,
labeling in intermediate layers in both control mice and HoCo of mutant mice with again almost no labeling in HeCo; and, after injection at E18, labeling in upper layers in both
control mice and HoCo of mutant mice, together with intense labeling in the HeCo. (B--D) Line graphs of BrdU analysis. (B) Comparison of the number of labeled cells in HeCo
between animals of the 3 injection time groups, embryonic age 13 (E13), 15 (E15), and 18 (E18) and determined at P13. Note the relatively low number of cells at E13 and E15
and the important number of labeled cells when the injection took place at E18. (C) Comparison of the number of labeled cells in the HoCo in mutant (MUT) and control (CTRL)
mice when the injection was performed at E18 with determination at P13. Note the important drop in labeled cells in the superficial part in the HoCo of mutant mice.
(D) Comparison of the number of labeled cells in AdCo in mutant mice and control animals when the injection was performed at E18 with determination at P13. Note the
significant drop in labeled cells in the superficial stripes in mutant mice.

Figure 3. Results of immunohistochemistry for Tbr-1 and Cux-2 at P6. Note the strong cell labeling of deep cortical layers by anti-Tbr-1 antibody in both the normal cortex of the
control (CTRL) mouse and the HoCo of the mutant (MUT) mouse, with almost no cell labeling of the HeCo. Intense cell labeling by anti-Cux-2 antibody is observed in superficial
cortical layers in both the normal cortex of the control mouse and the HoCo of the HeCo mouse but also in the HeCo. Scale bar represents 200 lm. SCWM: Subcortical white
matter, PS: pial surface.
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was only observed at the age of 2 months (see Fig. A in

Supplemental Data). This was confirmed by a 2-way ANOVA (4

ages 3 2 genotypes) revealing a significant effect of age (F3,28 =
68.017, P < 0.0001) but not of genotype, and a significant

interaction between age and genotype (F3,84 = 8.674, P <

0.0001). Unpaired T-tests revealed a significant effect of

genotype at 2 months only (P = 0.0191). The frequency of

complete alternations (e.g., ABC pattern vs. ABA, BAA, or AAA)

was lower in the HeCo than in control mice at 20 days only

(see Fig. A in supplemental data). This was confirmed by a

2-way ANOVA (4 ages 3 2 genotypes) revealing a significant

effect of age (F3,28 = 6.342, P = 0.0006) but not of genotype, and

a significant interaction between age and genotype (F3,84 =
2.913, P = 0.0391). Unpaired T-tests revealed a significant

effect of genotype at 20 days only (P = 0.0044). Arm selection

analyzed on the combined 20- and 22-day-old mice with the

2-way ANOVA (3 arms, 2 genotypes) revealed a significant arm

effect (F2,56 = 11.945, P < 0.0001), no effect of genotype nor of

interaction between these 2 factors (see Fig. A in Supplemental

Data). It was interesting to note that the mice preferred on the

one hand the arm near the cue, as well as the starting arm, in

comparison with the supposed neutral third arm. In addition,

an unpaired T-test carried out on the cued arm revealed that

the preference for this arm was significantly higher in the HeCo

than in the control mice at P20 (P = 0.0210).

Figure B of the supplemental data illustrates the perfor-

mance during task acquisition in the automated radial maze

based on the number of visits in non baited arms (reference

errors) until the mice had visited the 3 baited arms. The 2-way

repeated measure ANOVA (genotype 3 3-trials blocks) con-

ducted on the 2-month-old group revealed a significant effect

of the repetition (F2,25 = 20.375, P < 0.0001) and genotype

(F1,25 = 4.285, P = 0.0489) indicating better performance in

controls but no interaction between genotype and repetition.

The same analysis conducted in the groups aged above

7 months revealed also a significant effect of repetition (F2,67 =
96.783, P < 0.0001) and genotype (F1,67 = 7.655, P = 0.0073)

without interaction but in this case results of control mice

were worse.

During the Morris water maze task, the acquisition of spatial

learning was assessed from the average number of errors

(failures) in reaching the platform (see Fig. 10A,B). Separate 2-

way repeated measure ANOVAs (genotype 3 days) were

conducted as an indication of task acquisition in each age

groups. There was a significant effect of genotype in the 7-

month-old group (F4,22 = 5.967, P = 0.0231), but not in the 2-

month-old group. Indeed, the HeCo mice aged above 7 months

were significantly impaired. A 2-way repeated measure ANOVA

(age 3 days) revealed a significant effect of age (F1,12 = 6.155,

P = 0.0289) in the HeCo mice but not in the control group.

For the Probe trial, a 2-way measure ANOVA (genotype 3

age) on the bias toward the training position (i.e., % time in

the reinforced half of the pool) during the probe trial did not

reveal a significant effect (see Fig. 10C). However, a 2-way

measure ANOVA (genotype 3 age) on the velocity during the

probe trial (see Fig. 10D) revealed a significant effect of

genotype (F1,18 = 19.776, P = 0.0003) and of age (F1,18 = 34.996,

P < 0.0001).

In summary, when compared with controls, HeCo mice do

not differ in overall growth rate, but show a significant delay in

Figure 5. (A) Photomicrographs of coronal Nissl-stained sections through the developing cerebral cortex of control (CTRL) and mutant (MUT) mice at embryonic age 16 (E16), 17
(E17), and 19 (E19). Note the increase in IZ thickness in HeCo mice at all ages with normal thickness of the VZ and the cortical plate (CP) as compared with the control animals.
Asterisks highlight a condensation of cell bodies within the IZ in HeCo mice, which is already present at E16. (B) Photomicrographs of consecutive coronal sections through the
forebrain of a new born HeCo mouse. Note the presence of the cortical heterotopia throughout the antero-posterior axis, which is very similar to the observed heterotopia
distribution in adults.
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hair growth and eye opening, a slower development of loco-

motion and a decrease in general activity as assessed by the

Y-Maze task. They have a significantly lower performance

during task acquisition in the automated radial maze and make

significantly more errors in reaching the platform during the

Morris water maze task at the age of 7 months.

Discussion

Human neuronal migration disorders are not uncommon

pathologies, especially among epileptic patients (Meencke

and Veith 1992; Guerrini 2005). Despite the discovery of the

doublecortin gene, associated with the majority of cases of

subcortical band heterotopia in humans (des Portes et al. 1998)

and our current understanding of the mechanisms leading to

cortical heterotopias (Clark 2004; Gressens 2006), a complete

appreciation of the molecular and cellular events that underlie

their pathogenesis is still needed. Different molecular pathways

have been determined as important for neuronal migration,

some involving the migrating neuron, others being necessary

for correct interactions with glia and/or other neurons. Several

molecules of the cytoskeleton, or their associated proteins,

have been shown to be involved in the migration of cortical

neurons (Gressens 2006). In humans, filamin-A, an actin-

binding protein, is mutated in periventricular nodular hetero-

topia, Dcx, a microtubule-associated protein, is mutated in

diffuse subcortical band heterotopia (double cortex) and

lissencephaly, and Lis1, a microtubule-associated protein and

dynein regulator, is mutated in isolated type 1 lissencephaly

and Miller--Dieker syndrome (Gressens 2006). On the other

hand, molecules of the reelin pathway, a glycoprotein mutated

in lissencephaly associated with cerebellar hypoplasia in

humans and in the reeler mouse mutant, are involved in

cortical lamination (Gressens 2006). The molecules mentioned

above are currently thought to be responsible for only a small

percentage of the genetic disorders leading to the altered

migration of cortical neurons in humans (Browne and Holmes

2001). To further develop the understanding of these neuronal

migration disorders a larger number of animal models are

therefore needed. Dcx null mutations in mice neither disrupt

isocortical neuronal migration nor cause subcortical band

heterotopia formation. In utero RNA interference of Dcx in

Figure 6. (A) Photomicrographs of coronal sections processed for Tbr-1 immunochemistry through the developing cerebral cortex of control (CTRL) and mutant (MUT) mice at
embryonic age 15 (E15), 17 (E17), and 19 (E19). Note the thickness increase of the developing cortex in HeCo animals from E17, the cortical plate being more superficial. This
was mainly due to an increase in thickness of the IZ. Note also the more diffuse distribution of Tbr-1 positive cells in HeCo animals at E17 and E19, some of them straggling within
the IZ. (B) Photomicrographs of coronal sections processed for BrdU immunochemistry through the developing cerebral cortex of control (CTRL) and mutant (MUT) mice at
embryonic age 15 (E15, BrdU injection at E14), 16 (E16, BrdU injection at E15), and 17 (E17, BrdU injection at E16). These images also show the increased thickness of the IZ and
the corresponding larger extent of BrdU-positive cells within the IZ in HeCo animals at E16 and E17.
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rats (but not in mice), in contrast, creates an animal model of

subcortical band heterotopia (Corbo et al. 2002; Bai et al. 2003;

Ramos et al. 2006). Other animal models of cortical malforma-

tions are the reeler mouse, the Lis1 knockout mouse and the

spontaneous tish (telencephalic internal structural heterotopia)

mutant rat (for review see Ross 2002). The tish rat is

a spontaneous mutant that appeared in a colony of Sprague--

Dawley rats (Lee et al. 1997). The transmission mode is

autosomal recessive. Some of the affected animals present both

electrographical and clinical seizures. In this mutant it was

shown that the heterotopic neurons have connectionswith both

the overlying cortex and deep structures such as the thalamic

nuclei (Schottler et al. 1998), as in our model. It was proposed

that, in the tish model, the abnormal band of gray matter is

generated by an ‘‘extra’’ germinal zone (Lee et al. 1998) during

preplate formation (E15). Therefore, the pathogenesis of the tish

mutant occurs early during cortical development. Furthermore,

the number of PARV+ neurons is decreased in tish rat normotopic

and HeCo as compared with control animals and the PARV+
neurons within the HeCo are distributed in patches rather than

in distinct layers as in control cortex (Trotter et al. 2006).

In our model however, the cells forming the heterotopia in

the adult seem to be born mainly late in development. At P13,

a moment where cortical layering is well established, the

heterotopia is populated by neurons born at E18, an age that is

well beyond the formation of the cortical plate and when the

formation of the infragranular layers is already well underway.

Furthermore, the results of the morphometric analysis con-

cerning layer thickness, and cell density and size show that the

superficial layers of the HoCo, normally populated by neurons

born at E17-E18, displayed a decreased thickness and cell

density compared with control animals. We also demonstrate

that some of the neurons which have their final destination in

the infragranular layers and which are born between E13 and

E15 display an abnormal migration pattern because a condensed

cell layer is already observed in the IZ at E16. However, at P13

these neurons have reached their correct position in the HoCo.

The presence of PARV+ neurons within the HeCo together

with the abnormal development of supragranular layers within

the HoCo and AdCo further suggest that both projection and

Figure 7. Photomicrographs of coronal sections processed for RC2, GLAST, and Dcx
immunochemistry through the developing cerebral cortex of control (CTRL) and
mutant (MUT) mice at embryonic age 15 (E15) and 17 (E17). Note again the increase
in IZ thickness at E17 and the relatively similar pattern of labeling in both HeCo and
control mice.

Figure 8. Somatic growth. For details, see text.
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interneuron migratory pathways in the forebrain are affected

by the mutation.

The detailed comparison between the tish rat and HeCo

indicates that cortical band heterotopia in these 2 animal models

could be due to different molecular mechanisms. Therefore, the

shared morphological and physiological features of the HeCo

mouse and the tish rat do not imply necessarily that the mutated

gene is identical in both models. To our knowledge the gene

responsible for the cortical malformation in tish rat has not yet

been identified. We are currently localizing the genemutation in

the HeCo genome using polymorphic marker analyses as part of

an ongoing collaboration with the Institut Cochin, France and

the French Centre National de Génotypage.

Recently, LoTurco and Bai (2006) hypothesized that the

perturbation of early phases of cortical development (e.g., after

loss of filamin-A function), creates nodular periventricular

heterotopia because cells remain in the so-called multipolar

stage and are unable to polarize and make radial progress

through the IZ. By contrast, they hypothesized that failure or

delay of the transition out of the multipolar stage, for instance

in the case of Dcx or LIS1 mutations, could cause formation of

subcortical band heterotopia. The HeCo phenotype seems to be

comparable with this second type of subcortical band formation

as was shown notably by the birth date analyses and the increase

in IZ thickness visualized using the anti-Tbr-1 antibody. In-

terestingly, when we observe the first signs of HeCo formation,

markers of radial glia (RC2 and GLAST), as well as Dcx, display

a pattern that is roughly similar to that in control mice.

The tendency to develop epilepsy in the tish rat was linked

to a disturbance of inhibitory GABAergic neurotransmission

before seizure onset, characterized by an altered GABAergic

neuron distribution in both heterotopic and normotopic

cortex, and a significant reduction in the frequency and

amplitude of spontaneous inhibitory postsynaptic currents

(sIPSCs) and miniature inhibitory postsynaptic currents (IPSC)

recorded from pyramidal neurons (Trotter et al. 2006).

Interestingly, the amplitudes of sIPSCs in normotopic cortex

were also reduced. In human patients suffering from periven-

tricular nodular heterotopia, interictal spiking activity was

found in ectopic gray matter but also in the cortex overlying

the nodules and in the mesial temporal structures. The

heterotopia was involved in seizure onset in the majority of

patients, but some patients had seizures originating in mesial

temporal structures only (Aghakhani et al. 2005). We demon-

strate here that the density of PARV+ neurons in the HeCo is of

the same magnitude as in the overlying HoCo, and as in control

cortex. We realize that the density of PARV+ neurons is just

one parameter characterizing the GABAergic system, roughly

representing 50% of the normal number of GABAergic neurons

in cerebral cortex. In addition to such a number, more infor-

mation is needed on the synaptology of GABAergic innervation

of the HeCo, as well as the mode of transmission within this

part of the nervous system before a possible link could be

proposed on the origin of the lowered threshold for epilepto-

genesis in the HeCo mouse.

The results of the behavioral experiments indicate a signif-

icantly delayed somatic maturation (eye opening and fur

growing) in the HeCo mice. This was accompanied by delays

in the maturation of locomotor abilities, particularly in the

geotaxis response. No genotype effect was evident in the

expression of spontaneous alternation in juvenile subjects, but

HeCo mice expressed a more marked preference for the cued

arm at the age of 20 days, suggesting a marked tendency in cue

guidance (see Wiener and Schenk 2005). In the adult subjects

the cognitive performance was nearly normal in HeCo mice at

the age of 2 months. In the radial maze in particular, it is

possible that a cue guidance might have facilitated an optimal

performance because the task design required only reference

memory capacities. This suggests that HeCo mice were depen-

dent on olfactory or visuo-spatial cues for spatial performance.

Thus, HeCo mice appeared more adaptive, selecting the spe-

cific cues in comparison with control mice. During the Morris

water maze task, no effect of genotype in the 2-month-old

group was observed, indicating relatively preserved memory

abilities in young animals. This conclusion is in accordance

with the results of the neuropsychological assessment reported

in children with subcortical band heterotopia due to a mutation

Figure 9. Development of movement. Note that the development of the walk is
delayed in HeCo mice and the correlation between the righting test and the apparition
of walking. The gray stripe in the middle graph highlights the delay in the development
of walking between control and HeCo mice. For details, see text.
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in Dcx, which demonstrated intellectual impairment and

deficits in all cognitive domains (processing speed, attention,

language, visuomotor skills and fine motor ability) except ver-

bal and visual episodic memory (Hashimoto et al. 1993; Jacobs

et al. 2001; D’Agostino et al. 2002; Janzen et al. 2004).

We present here a new and unique mouse model of cortical

heterotopia. This model shares with its human counterpart the

morphology of the HeCo which lies inside the subcortical

white matter, a certain degree of ventricular enlargement, the

presence of GABA cells inside the HeCo (Hammers et al. 2001),

and a tendency to develop epileptic seizures and SE (Meencke

and Veith 1992). It represents therefore a true animal model of

cortical heterotopia. The difference in transmission mode (X-

linked for human ‘‘double cortex,’’ autosomal recessive for the

HeCo mouse), suggests that the gene involved here is part of

a new, as yet uncharacterized pathway, and cloning this gene

will undoubtedly contribute to our understanding of cerebral

cortex development.

Furthermore, the presence of spontaneous epileptic seiz-

ures, at least in the younger animals, makes this model a useful

tool to study spontaneous chronic epilepsy in the mouse and to

examine the relationship between structural abnormalities and

epileptogenesis as well as structural modifications after epilep-

tic seizures. It is also likely to provide a new tool to test and

develop antiepileptic therapies.
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Supplementary material can be found at: http://www.cercor.

oxfordjournals.org/
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SUMMARY  

Neuronal migration disorders, such as subcortical band heterotopia (SBH), are often 

associated with pharmaco-resistant epilepsy and intellectual disability. Doublecortin (DCX), 

LIS1 and alpha1-tubulin (TUBA1A), are mutated in human SBH, however corresponding 

mouse mutants do not show heterotopic neurons in the neocortical white matter. On the other 

hand, the spontaneously arisen HeCo mouse mutant displays this phenotype. By genotyping 

and gene expression studies, we identified Eml1 as the mutated gene in HeCo mice. We show 

that its ortholog EML1 is mutated in severe, giant heterotopia in human. Study of Eml1 and 

the HeCo phenotype reveal novel insights into heterotopia formation. Eml1 plays a role in 

neuronal progenitors and our data makes a link for the first time between altered 

proliferation patterns in the developing cortical wall and severe heterotopia in human. 

 

RUNNING TITLE : EML1/Eml1 mutations lead to subcortical heterotopia  

 

HIGHLIGHTS 

EML1 in association with microtubules plays an essential role in cortical development. Perturbed 

expression of mouse Eml1 leads to band heterotopia. Human EML1 is mutated in atypical globular 

heterotopia and polymicrogyria. Abnormal spindle orientations and misplaced progenitors lead to 

heterotopia. 

 

  

INTRODUCTION 

Classical SBH is characterized by the presence of many, aberrantly localized neurons, in the form 

of a band in the white matter, below a cortex which appears normal by magnetic resonance imaging 

(MRI, Harding, 1996). The identification of LIS1, DCX and TUBA1A SBH genes, coding for 

microtubule (MT) associated proteins and a tubulin isoform, highlights the involvement of MT 

cytoskeletal defects in this neuronal migration disorder (Jaglin and Chelly, 2009). The pathogenesis 

of SBH however, remains little understood, partly because SBH was until recently rarely observed 

in mouse models (Hirotsune et al., 1998; Corbo et al., 2002; Kappeler et al., 2007; Keays et al., 

2007). Alternatively acute inactivation of Dcx by RNAi in the developing rat cortex (Bai et al., 

2003), and the spontaneous tish rat model (Lee et al., 1997), for which the mutation is unknown, 

show SBH. Also, Wnt3a overexpression in the mouse neocortex (Munji et al., 2011) and conditional 

knockouts of Ra-gef1 and RhoA (Bilasy et al., 2009; Cappello et al., 2012), as well as spontaneous 
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HeCo and BXD29 mouse mutants (Croquelois et al., 2009; Rosen et al., 2012), show heterotopic 

cortical neurons. We set out to identify how heterotopia arises in the HeCo mouse, and the nature of 

the corresponding human malformation. 

HeCo mice, which appeared spontaneously in our colony of NOR-CD1 outbred stock, present 

bilateral bands of heterotopic neurons in the white matter, associated with epilepsy and subtle 

learning deficits in the adult, thus resembling SBH in human and constituting an interesting genetic 

model for the pathophysiological study of this malformation (Croquelois et al., 2009). Its mode of 

inheritance was determined as autosomal recessive (Croquelois et al., 2009). Using whole genome 

single nucleotide polymorphism (SNP) and transcriptome analyses, we identified Echinoderm 

microtubule associated protein-like 1 (Eml1) as perturbed in expression in HeCo brains. In human, 

we also identified compound heterozygous mutations in EML1 in a family with a rare form of giant 

bilateral, periventricular and subcortical heterotopia. This hence represents the first gene identified 

for this atypical form of heterotopia. The role of EML1 in brain development has never previously 

been characterized. We show here that recombinant Eml1 has a cell cycle-dependent localization, 

enriched in abscission regions in mitotic neuronal progenitors. Also, HeCo mice show a proportion 

of abnormally distributed dividing progenitors from early corticogenesis. Abnormal neuronal 

positioning is likely to be secondary to these progenitor defects. Eml1/EML1 is thus a novel 

corticogenesis gene whose disruption highlights ectopic neuronal progenitors in the pathogenesis of 

severe forms of heterotopia. 

 

RESULTS 

A 4.4 Mb candidate region identified by homozygosity mapping on mouse chromosome 12 

HeCo mouse crosses were set up as described in Table S1 and Experimental Procedures. Tail DNAs 

from C57BL/6J wild type (WT) and NOR-CD1 HeCo F0 mice, as well as 31 unaffected 

heterozygote F1, 42 affected F2 and control NOR-CD1 WT mice were used to screen an array of 

1536 SNP markers covering the mouse genome (Tables S2 and S3). Only one genomic region on 

chromosome 12 showed 3 adjacent homozygous NOR allele markers in all affected individuals 

(Figure 1A). Flanking markers (5’ rs13481624 and 3’ rs3692361), found heterozygote for some 

affected F2 individuals, defined a 13.7 Mb region (Figure S1A).  

A list of 96 SNPs within this region, and an additional HeCo pedigree, were generated for a 

second round of genotyping (Table S4). This allowed fine-mapping of the mutation to a 4.4 Mb 

region containing 30 annotated genes (Figure 1A and Tables S5 and S6). Coding exons and intron-

exon boundaries of 15 genes selected from the 13.7 Mb region (Figure S1A) were also sequenced. 
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No mutations were identified in this initial list of genes, however, additional SNPs allowed a further 

refinement of the candidate region. 

 

Perturbed expression of Eml1 

Parallel to genetic linkage, we carried out transcriptome experiments. Total RNAs were prepared 

from 8 WT and 8 HeCo embryonic day 18 (E18) hemispheres and hybridized to mouse gene 

microarrays. Eml1 transcripts, mapping to the refined 4.4 Mb region, were found differentially 

expressed. Strikingly, an Eml1 3’UTR probe exhibited a 5.5-fold decrease in fluorescence intensity 

in mutants, whereas a coding sequence probe (exon 5, Figure 1B) showed a 1.9 fold increase (Table 

S7).  

In RT-qPCR analyses (primers in Supplemental Experimental Procedures), confirming the 

microarray data, Eml1 transcripts containing exons 3 and 4 were 2.5-fold increased in HeCo (0.992 

± 0.084 HeCo, versus 0.398 ± 0.084 WT, expressed in relative units, Student t-test, p=7.9 x 10-11), 

whereas full length transcripts containing 3’UTR sequences were decreased more than 96-fold 

(0.00187 ± 0.00056 HeCo versus 0.18052 ± 0.00896 WT, Student t-test, p=3.04 x 10-17, Table S8). 

This dramatic reduction in expression of full length transcripts, together with the location of Eml1 

in the identified genomic region, strongly suggests that Eml1 is the mutant gene in HeCo mice.  

 

Presence of an early retrotransposon in intron 22 of the HeCo Eml1 gene 

To investigate mutation mechanisms, we searched for disruptions of Eml1 in genomic DNA, 

and identified abnormalities in intron 22. Primers within exon 22 yielded PCR products of similar 

size and intensity in HeCo and WT, whereas those targeting downstream intronic sequences failed 

to amplify a product (Figures 1C and S1B). RT-PCRs were performed comparing WT and HeCo 

Eml1 transcripts from E18 brains (Figures S1C and S1D). A 420 bp product extending from exon 

19 to the 3’UTR was amplified in WT but was undetectable in HeCo. A secondary amplification 

using nested primers revealed two faint smaller bands in HeCo (Figure 1D), corresponding to 

skipping of exon 22, or exons 21 and 22. Both abnormal transcripts are predicted to induce a 

frameshift and premature stop codon in exon 23, leading of the loss of 84 or 117 C terminal amino 

acids (aa) out of 814, replaced by 19 or 20 junk aa respectively (sequences in Supplemental 

Information).  

Primers upstream of exon 22 and in exon 23 yielded an expected 910 bp fragment from WT, 

whereas a >5 kb fragment was amplified from HeCo genomic DNAs (Figure 1E). Sequencing 

revealed a 5.5 kb early retrotransposon (ETn) element (partial sequence in Supplemental 
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Information) inserted in intron 22, flanked by a 6 bp direct repeat, and highly similar to several ETn 

type II retrotransposons (Baust et al., 2003).  

ETn insertions can cause alternative splicing, premature termination and/or transcription 

initiation (Zhang et al., 2008). Indeed, we identified chimeric Eml1–ETn transcripts, with splicing 

events between exon 22 and the ETn 5’ long-terminal repeat (LTR, Figure S1E), as well as a 

transcript initiated in the ETn 3’LTR and ending in exon 23, and a transcript not spliced at the exon 

22 splice donor sequence (Figure 1F). Thus, although transcripts up to and including exon 22 are 

detected in HeCo brains, normal full length transcripts are absent, replaced by trace levels of 

shortened transcripts and by chimeric Eml1-ETn transcripts, all predicted to lead to truncated Eml1 

with potentially perturbed protein conformation. 

 

Mutations of EML1 in a human family 

Human EML1 maps to 14q32, and apart from oncogenic chromosomal rearrangements (Hagemeijer 

and Graux, 2010), and its association with type 1A Usher syndrome, later excluded (Gerber et al., 

2006), no other obvious disorders have been linked to this gene (OMIM 

http://www.ncbi.nlm.nih.gov). However, 14q32 telomeric deletions have been associated with 

intellectual disability (Van Karnebeek et al., 2002; Schneider et al., 2008)  and in one girl, 

lissencephaly was reported (Ravnan et al., 2006). We screened a panel of 47 non-consanguineous 

and 47 consanguineous sporadic, and 9 familial cortical malformation cases by PCR, sequencing 

coding exons and intron-exon boundaries (human primers in Supplemental Information). One 

family showed compound heterozygote mutations in their three affected children (Figures 2A and 

2B). A c.481 C>T nucleotide mutation in exon 5, changing an arginine residue (p.R138) into a stop 

codon, was transmitted from the mother, and a c.796 A>G mutation in exon 8, changing a threonine 

into an alanine residue (p.T243A), was transmitted from the father. Further nucleotide changes were 

observed in other patients, either affecting amino acids but present only in the heterozygote state 

(c.2315 A>G, p.H749R, exon 22; c.292 G>A, p.V75M, exon 2) or present in intronic regions 

(intron 7, 130 bp after exon 7; intron 21, 10 bp before exon 22).  

The three children exhibiting compound heterozygote mutations demonstrated the same MRI 

pattern, combining giant bilateral periventricular and subcortical heterotopia, most obvious in 

frontal regions and extending from the lateral ventricles to the white matter in a globular convoluted 

form, as well as polymicrogyria and corpus callosum agenesis (Figure 2C). Human EML1 

mutations are thus associated with an atypical autosomal recessive form of severe heterotopia, 

associated with epilepsy and intellectual disability (clinical details in Supplemental Information).  
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Effect of the T243A patient mutation on Eml1 MT association 

Eml1 is a member of the EMAP family containing six members in human and originally identified 

in the purple sea urchin, in which EMAP represents an abundant MT-associated protein (Suprenant 

et al., 1993; 2000; NCBI Unigene database http://www.ncbi.nlm.nih.gov). The T243A mutation 

falls in the EML1 Hydrophobic Echinoderm-Like Protein (HELP) domain (Figures 2D and S2A), a 

highly conserved region characteristic of the EMAP family, possibly involved in the MT interaction 

(Eichenmuller et al., 2002; Pollmann et al., 2006, Tegha-Dunghu et al., 2008).  To test  the MT 

association of WT and T243A Eml1, their subcellular localizations were assessed in transfected 

Vero or COS7 cells. Using standard fixation protocols, Flag-tagged and non-tagged WT Eml1 

showed a predominantly cytoplasmic localization during interphase and division (Figures S2B-

S2G). Additional mild detergent extraction of soluble proteins revealed MT-associated-Eml1 

(Figure 2E). Using purified proteins we also showed a direct association of GST-tagged EML1 with 

MTs (Figures S3A and S3B). 

Cold treatment of transfected cells depolymerized MTs, and Eml1 no longer showed a fibrillar 

pattern (Figure S3C, 0 min). After restoring the cells to 37°C for 2 min, WT Eml1 was found 

associated, in the form of puncta, with the aster of newly nucleated MTs in most cells. In contrast, 

the T243A mutant protein was not found associated with MT asters (Figures 2F and 2G). In cells in 

which MTs had not been depolymerized, mutant Eml1 was also notably less associated with MTs 

(Figure S3D). Thus, the T243A mutation affects the MT association of Eml1, suggesting the 

importance of cytoskeletal interactions for the function of this protein. 

 

Eml1 expression in progenitors and neurons in developing mouse and ferret brains  

The role of Eml1 durong cortical development is unknown. We first checked its expression pattern 

in the brain using in situ hybridization. Mouse Eml1 transcripts were detected from E13.5 to P1 in 

cortical neuronal progenitors of the ventricular zone (VZ) and post-mitotic neurons of the cortical 

plate (CP) (Figures 2H-2M and S4). At E13.5, expression was mainly restricted to the progenitor 

zones, whereas from E14.5 onwards, an expression was also observed in the CP. At E17.5, no 

further expression was observed in the VZ. No full-length Eml1 transcripts were detected in HeCo 

brains, as expected (Figures S4G-S4H’). In the adult, sparse Eml1 labeling persists in the brain, 

notably in the cingulate, infra-limbic, prelimbic and piriform cortices, in hippocampal CA1 and 

dentate gyrus, and in the thalamic nuclei (Figures 2N and S4). To investigate Eml1 in progenitor 

zones more similar to those present in primate brains, we further examined expression of Eml1 in 

the developing brain of a gyrencephalic species, the ferret. At P0, a developmental stage similar to 

mouse E15, ferret Eml1 expression was detected both in the CP and in proliferative layers (Figures  
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2O and 2P), including the outer subventricular zone (OSVZ), a major neurogenic zone which has 

expanded during evolution of the neocortex (Hansen et al., 2010; Fietz et al., 2010; Reillo et al., 

2011). These combined expression data suggest that Eml1 may play several roles during cortical 

development, in proliferation of several progenitor types, and in migration, differentiation and 

mature neuronal function. 

 

Eml1 expression in primary cultures of progenitors and neurons 

Studies of other EMAP proteins have pointed to roles in cell division, mechanotransduction and 

sensory function (Brisch et al., 1996; Ly et al., 2002; Eichenmuller et al, 2002; Pollmann et al., 

2006; Hueston et al., 2008; Bechstedt et al., 2010). To start to question Eml1’s role in cortical cells, 

we first assessed the subcellular localization of the protein in neuronal progenitors and post-mitotic 

neurons. Due to the lack of specific antibodies for detection in neuronal cells or tissues, YFP- or 

Flag-tagged Eml1 was transfected in primary cultures of E12.5 mouse cortices. These cultures show 

post-mitotic neurons expressing Dcx, and progenitor subtypes expressing Ki-67, a marker of 

proliferating cells, and Pax6 or Tbr2, subpopulation markers for radial glial cells (RGCs) and basal 

progenitors, respectively (Figure S5, Götz et al., 1998; Englund et al., 2005). In progenitors, using 

standard fixations, a cell cycle-dependent, punctate localization of YFP-EML1 was observed 

(Figures 3A-C and S5), enriched in perinuclear regions in interphase cells and the region of spindle 

MTs during metaphase. During telophase and cytokinesis, YFP-EML1 labeled puncta accumulated 

in the midbody region, a bridge interconnecting the separating cells, which contains vesicles and 

MTs (Gromley et al., 2005; Guizetti et al., 2011). In neurons, tagged Eml1 appeared distributed 

throughout the cell (Figures 3D and 3E), aligning with MTs, and prominent in perinuclear regions 

and growth cones (Figures 3D’-3E’). A partial co-localisation with dynein was observed (Figure 

3F).  

Comparing WT and HeCo mutant cultures, no significant differences were observed between the 

genotypes in aspects and numbers of Dcx, Pax6 and Tbr2 positive (+) cells (Figures 3G,  S5A and 

S6). In contrast, considering all proliferating cells together, the percentage of Ki-67+ cells was 

found reduced in HeCo cultures (Figure 3G).  

 

Development of the heterotopia in the HeCo cortex in vivo 

To characterize heterotopia formation in vivo, HeCo forebrains were first examined at different 

stages of development. At E15, there was no obvious accumulation of heterotopic neurons in the 

HeCo intermediate zone (IZ, Croquelois et al., 2009). By E17, neurons forming the heterotopia 

were evident in the IZ, including both early-born Tbr1+ and late-born Cux1+ neurons (Figures 4A-
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4D). Nestin+ RGC fibres, the guides for migrating neurons, appeared disorganized in heterotopic 

regions (Figures 4A’’ and 4B’’). Tbr1+ neurons were also abundant between the heterotopia and 

CP, even though most WT Tbr1+ neurons had finished migrating to form layer VI (Figures 4A’ and 

4B’). Interestingly, although electroporation experiments showed that many mutant cells born at 

E15.5 did not reach the CP and remained blocked in the lower IZ (Figure 4E and 4F), time-lapse 

imaging of migrating neurons in the HeCo IZ and CP, showed no alteration of speed, or pause 

frequency and duration compared to WT (Figure S7).  

At P3 almost all Tbr1+ neurons had reached their final destination in layer VI above the 

heterotopia, whereas many Cux1+ neurons had failed to reach cortical layers II/IV and were present 

in the heterotopia (Figures 4G-4J). Strikingly at this stage, and to a lesser extent at P7 (Figures S8A 

and S8B), columns of Cux1+ neurons were observed between the heterotopia and the cortex, while 

the migration of these neurons was already complete in WT (Figures 4I and 4J). The heterotopia is 

thus sequentially populated by early- and late-born neurons that subsequently migrate in columns 

between the heterotopia and the CP, having a temporal delay with respect to WT. Some of the last-

born neurons remained trapped in the postnatal IZ, the future white matter. Glial cells tended not to 

be included in the heterotopia (Figure S8). 

 

Proliferation abnormalities in the HeCo developing cortex 

To further investigate the origin of the defects, we next tested for progenitor abnormalities in HeCo 

brains. Pulsed 5-bromo 2-deoxyuridine (BrdU) injections were initially performed at E15 followed 

by sacrifice 1 h later, to assess proliferating cells in the developing cortex. In WT, BrdU+ cells were 

largely restricted to VZ and SVZ, whereas in HeCo brains they appeared spread throughout the 

cortical wall (Figures 5A and 5B). BrdU injections were then performed at E13 (Figures 5C-5F). 

After sacrificing at 30 min post-injection, BrdU+ and Ki-67+ cells were observed as expected in the 

VZ and SVZ of WT brains whereas in HeCo, in addition to these locations, large numbers of BrdU+ 

and Ki-67+ cells were found within the IZ and CP (Figures 5C and 5D). Thus altered distribution of 

progenitors is observed early in HeCo brains, at a time when Tbr1+ neurons are being produced.  

To assess cell cycle characteristics, we determined the labeling index (percentage of Ki-67+ cells 

also labeled with BrdU, Chenn and Walsh, 2002), which we found significantly higher in HeCo, 

notably in the IZ and CP (Figure 5G). Analysis of embryos sacrificed 24 h after BrdU injection 

showed that the total number of BrdU labeled cells was increased in HeCo compared to WT 

(Figures 5E, 5F and 5H), due to more labeled cells in the VZ, SVZ and IZ (Figure 5H). A reduced 

cell cycle exit (quantified by identifying after 24 h those BrdU+ cells which showed no Ki-67 

expression) was identified in HeCo compared to WT, particularly in the SVZ, IZ and CP (Figure 
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5I). Thus, labeling index and cell cycle exit suggest that misplaced progenitors proliferate actively 

at E13, displaying characteristics different from WT IZ and CP cycling cells and potentially similar 

to VZ and SVZ proliferating cells. 

At E19, IZ and CP progenitors were still present in HeCo, although in lower densities, and 

mainly positioned around the heterotopia (Figures 5J, 5K and S8G-S8J). Labeling index was also 

significantly increased in the E19 HeCo cortex compared to WT, particularly in the IZ and CP (data 

not shown), and cell cycle exit significantly reduced in all layers (data not shown). Thus, at early 

and late stages of corticogenesis, many actively dividing cells are abnormally positioned in HeCo 

brains. We questioned if cell death was also altered, and found increased numbers of caspase-3+ 

cells in E13 HeCo versus WT cortices (Figures 5L-5N). 

We next questioned if both Pax6+ RGCs and Tbr2+ basal progenitors were found in ectopic 

positions. At E13, both cell types were present in the HeCo IZ and CP, becoming more pronounced 

at E16, whereas these markers rarely label cells in these zones in WT (Figures 6A-6H). Also, in 

order to confirm that ectopic progenitors entered mitosis, co-labeling with phospho(Ser10)-histone 

3 (PH3), a mitotic marker, was performed (Figures 6A-6H). At E13 there were no significant 

differences between overall PH3+ cell counts in WT and HeCo brains but there was a significantly 

altered distribution, with less PH3+ cells in the HeCo VZ and more in SVZ and IZ (Figure 6I). 

Double labeled Pax6+/PH3+ or Tbr2+/PH3+ cells (Figures 6B’ and 6F’) were also observed in larger 

proportions in HeCo IZ and CP compared to WT, although their total number was not increased 

(Figure 6J). Thus, both Pax6+ and Tbr2+ progenitors are abnormally distributed and undergo mitosis 

in the HeCo IZ and CP throughout corticogenesis. They form a misplaced, second source of 

neurons, potentially contributing to a physical barrier for new migrating cells produced in the VZ 

and SVZ. 

 

Origin of ectopic progenitors in HeCo mice 

To further characterize progenitor abnormalities in vivo, we first used a cytoplasmic marker of 

mitotic progenitors, phospho-vimentin (P-vim), revealing their morphologies (Figures 7A-7D). 

Both Pax6+ and Tbr2+ populations double-labeled with P-vim were found abnormally distributed at 

E13 (Figures 7E and 7F). P-vim detection revealed basal processes extending to the pial surface of 

some Pax6+ ectopic progenitors, as well as some horizontally-oriented processes (Figures 7B’’ and 

7B’’’). The ventricular lining, made up of RGC endfeet, has been found perturbed in some mouse 

mutants (Weimer et al., 2009; Asami et al., 2011). Using β-catenin, which labels adherens junctions 

between RGCs, we observed an apparently intact ventricle lining in HeCo brains at E13 (Figures 

7G and 7H). A similar result was also revealed with Par3, a polarity protein present in RGC apical 
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endfeet (Figures 7I-7K). However, while in WT brains at E13, most metaphasic cells located at the 

ventricle lining showed vertically oriented DNA (60-90° angle perpendicular to the ventricular 

surface, Asami et al., 2011), these were significantly reduced in HeCo in favor of oblique divisions 

(Figures 7I-L). Such differences may explain the manner by which ectopic progenitors arise, since 

oblique and horizontal cleavage orientations are less likely to allow symmetric inheritance of apical 

membrane attachments and may favor detachment of progenitors. Eml1/EML1 could thus be 

important in these finely tuned mechanisms and its mutation might perturb spindle orientations and 

radial glial cell attachment initiating heterotopia formation. 

 

DISCUSSION 

 

We identified here a novel corticogenesis gene associated with severe heterotopia in mouse and 

human. Patients with mutations in EML1 exhibit an autosomal recessive, complex cortical disorder 

combining giant bilateral periventricular and subcortical heterotopia, as well as polymicrogyria, 

macrocephaly and corpus callosum agenesis. Our converging data strongly suggest that ectopic 

proliferation is the major underlying event contributing to this severe form of heterotopia, which 

hence differs from classical forms of SBH, caused by problems of neuronal migration (Barkovich et 

al., 2012). In HeCo mice, a retrotransposon insertion was responsible for perturbed Eml1 expression 

and interestingly, a previous insertion of an ETn II element has been described in the same NOR-

CD1 stock (Welker et al., 1996; Abdel-Majid et al., 1998). Eml1 or genes coding for proteins of the 

same pathway could also be good candidates for the spontaneously arisen tish and BXD29 mutants 

(Lee et al., 1997; Rosen et al., 2012). 

The association of Eml1 with MTs re-emphasizes the importance of a correctly functioning 

cytoskeleton during cortical development (Jaglin and Chelly, 2009). Human EML1 shares 58% 

identity with sea urchin EMAP, found to localize to the mitotic spindle, as well as to interphase 

MTs (Suprenant et al., 1993). EMAP family members have been reported to either destabilize or 

stabilize MTs (Eichenmuller et al., 2002; Houtman et al., 2007) and several are regulated by 

phosphorylation during the cell cycle (Brisch et al., 1996; Pollmann et al., 2006). In epithelial cells, 

we observed both cytoplasmic and MT localizations of Eml1 and we showed that the T243A 

mutation, occuring in the HELP domain, altered the MT association. In neuronal progenitor 

cultures, we found Eml1 localization to be cell cycle-dependent and enriched at the equatorial, 

interzonal region and at the midbody during anaphase and telophase. EML3, another member of the 

EMAP family, was also reported to co-localize with midbody MTs in HeLa cells (Tegha-Dunghu et 

al., 2008). The midbody is a transient structure showing active vesicle trafficking and MT 
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rearrangements, both necessary for membrane addition during abscission of the daughter cells 

(Gromley et al., 2005; Guizetti et al., 2011). Our data suggest that Eml1 could associate with 

vesicles in these subcellular regions. In RGCs in vivo, the midbody is situated at the apical 

membrane, and its fate is different during symmetric and asymmetric division (Kosodo et al., 2004; 

Dubrueil et al., 2007). Indeed, spindle dynamics and orientation, midbody function and cell cycle 

properties are coordinated during brain development, and dynein, which we found partly 

colocalized with EML1,  has been reported to be involved in these activities (Kosodo et al., 2004; 

Paramasivam et al., 2007; Dubreuil et al., 2007; Asami et al., 2011, Horgan et al., 2011). Although 

other features of RGC function could also be affected in HeCo brains, our data already point to 

spindle orientation abnormalities, which could represent the primary defect (Figure 8). 

Subcortical heterotopias are classically linked to problems of migration, but primary 

abnormalities in progenitor number, type or localization may also lead to ectopic neurons (Lee et 

al., 1998; Fitzgerald et al., 2011; Munji et al., 2011; Cappello et al., 2012). In HeCo mice, many 

neurons are unable to reach the CP. However, we found that migration speed and parameters of 

E15-born neurons were unchanged compared to WT. Several hypotheses might account for these 

data: i) a possible migration defect may affect only some neurons; ii) migration per se may not be 

affected, but the accumulation of ectopic progenitors and local neuron production within the IZ may 

subsequently hinder migration; iii) neurons may be unable to migrate due to disorganized nestin+ 

RGC fibers (Cappello et al., 2012). Our data in the HeCo model seem most consistent with the last 

two possibilities (Figure 8).  

Concerning a role in progenitors, in situ hybridizations suggest similarities in the expression 

profiles of Eml1 and Pax6, the latter expressed in RGCs between E13.5 and E16.5, with a high-

lateral to low-medial gradient (Stoykova et al., 2000). In Pax6 mutants, ectopic proliferating RGCs 

are present in the IZ during the same developmental period as HeCo mice (Götz et al., 1998), and 

ectopic Tbr2+ cells also occur (Quinn et al., 2007) although Pax6 is not expressed in Tbr2+ basal 

progenitors. Lack of full-length Eml1 in HeCo RGCs is likely to lead to their abnormal position and 

function, as indicated by the presence of many ectopic Pax6+ cells in the IZ. We found that ectopic 

RGCs also express Sox2, and are rarely double-labelled with Tbr2 (data not shown).  

In addition to classical RGCs, Pax6 is also expressed in basal radial glia progenitors (bRGs), 

recently identified abundantly in the developing cortex of primates, including human, and other 

species (Fietz et al., 2010; Hansen et al., 2010; Reillo et al., 2011; Kelava et al., 2012). They are 

also present in mouse brain where they are quite rare (Wang et al., 2011; Shitamukai et al., 2011). 

Expression of Eml1 in the ferret OSVZ suggests that this gene could be expressed in bRGs. These 

cells, proposed to be important for gyri formation, retain many features of classical RGCs, 
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including a radially-extended basal process contacting the pia, but they lack contact with the 

ventricular surface. HeCo ectopic progenitors, which do not seem to be apically attached, may 

resemble such cells. HeCo RGCs, which show cleavage orientation differences compared to WT, 

could produce an excess of bRG-like cells, with however, sufficient RGCs remaining apically 

attached to retain ventricular lining integrity. Further studies are required to characterize the exact 

nature and origin of HeCo ectopic progenitors. 

We find that a heterotopic cluster of neurons forms early in corticogenesis. Ectopic progenitors 

and cleavage orientation abnormalities are already present at E13 and heterotopic cells obvious in 

the IZ several days later. Detached apical progenitors proliferate actively in ectopic positions and 

are likely to give rise to ectopic Tbr2+ basal progenitors. Intrinsic abnormalities could also alter the 

distribution of SVZ Tbr2+ cells, although Eml1, like Pax6, may not normally be expressed in such 

cells. The increased labeling index and reduced cell cycle exit of ectopic mutant cells may also 

induce increased cell death. At later stages, as the IZ increases in size during corticogenesis, 

progenitors positioned above the heterotopia may eventually convert into neurons that will reach the 

CP, or alternatively could be attracted and contribute to the development of a heterotopic cell mass. 

Our data reveal further novel insights into the formation of the heterotopia. Tbr1 and Cux1 

labelings during corticogenesis show that probably all types of neurons, early to late born, 

sequentially populate the heterotopia during development and continue to migrate to the CP, with a 

temporal delay in comparison with WT neurons expressing the same markers. At late stages (P3, 

P7) columns of mutant migrating neurons are observed and finally only upper layer neurons remain 

trapped in the heterotopia, probably due to a shutdown of migration (Manent et al., 2009). As 

neurogenesis occurs in a lateral to medial gradient (Takahashi et al., 1999), upper layer neurons in 

medial regions are the last to be formed and hence, the most susceptible to remain trapped in the IZ 

after the migration period.  

Our data reinforce the concept that ectopic proliferation during corticogenesis can contribute to 

the pathogenesis of rodent heterotopia (Lee et al., 1998; Munji et al., 2011; Cappello et al., 2012). 

Here we link this phenotype to combined periventricular and subcortical heterotopia in human, 

associated with polymicrogyria, thus highlighting that progenitors can be involved in the  

pathogenesis of these disorders. Further studies are still required to identify the relative 

contributions of normally positioned and ectopic progenitors to neurons destined for the 

heterotopic, homotopic or polymicrogyric cortex. Progenitor abnormalities distinguish the severe 

and atypical heterotopia observed in patients with mutations in EML1 from those most probably 

largely due to intrinisic neuronal migration defects, and giving rise to classical SBH in human and a 

preserved neocortex in the mouse (Hirotsune et al., 1998; Corbo et al., 2002; Kappeler et al., 2007; 
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Keays et al., 2007). Identification of EML1 provides a new entry point into understanding the 

molecular and cellular mechanisms underlying normal cortical development. 

 

EXPERIMENTAL PROCEDURES 

 

Animals. Research was conducted according to national and international guidelines (EC directive 

86/609) with protocols followed by local ethical committees. WT and HeCo mice on a NOR-CD1 

genetic background were used for developmental analyses. For primary neuronal cultures and in 

situ hybridization, Swiss and NOR-CD1 mice were used. For staging of embryos, the day of vaginal 

plug was considered as E0.5. Methods for DNA and RNA preparation, immunohistochemistry and 

in situ hybridization are detailed in Supplemental Experimental Procedures. 

 

Mouse crosses. Previous mouse crosses established the autosomal recessive nature of the HeCo 

phenotype (Croquelois et al., 2009). For genotyping studies, HeCo mice on the NOR-CD-1 

background were crossed to C57BL/6J mice, giving rise to an unaffected heterozygote F1 

population. Brother-sister matings generated an F2 population with 25 % affected homozygous 

individuals (pedigrees in Table S1). Brain sections of each F2 mouse (n= 240) were analyzed in 

order to identify mutants. 

 

Whole genome and second round chromosome 12 SNP analyses. SNP markers were selected 

based on naturally occurring polymorphisms between C57BL/6 and Sv129 strains, the latter 

showing the strongest similarity to the NOR-CD-1 background. An array of 1536 SNPs was created 

and screened using Golden Gate Illumina technology (Illumina, Gmbh). New SNP markers between 

rs13481624 and rs3692361 on mouse chromosome 12 were screened using the same technology. 

 

PCR amplification. Genomic DNA amplifications were performed for each exon and flanking 

sequences of mouse Eml1 from HeCo and NOR-CD1 WT samples using standard PCR (primer 

sequences in Supplemental Experimental Procedures). Intron 22 was amplified using Pfu turbo 

DNA polymerase (Agilent Technologies). RT-PCRs were performed from random-hexamer primed 

cDNAs using standard protocols. PCR products were checked by agarose gel electrophoresis and 

sequenced using standard Sanger sequencing (Beckmann Coulter Genomics). 

 

Differential gene analysis. Quality analyses of E18 RNAs showed a mean RNA integrity number 

of 9.81 +/- 0.12 and a coefficient of variation of 1.26 %. Labeled cRNAs were hybridized to 

 
 

98



MouseWG-6 v2 expression BeadChips (Illumina, Gmbh). Differential analysis per gene was 

performed with Student t-tests. In microarray analyses, quality controls (reference samples, 

principal component analyses before and after normalization) showed neither batch nor beadchip 

effect. Bead-averaged data was normalized using quantile normalization (BeadStudio software, 

Illumina, Gmbh). For real time qPCRs, total RNA samples were treated by the DNAse RQ1 

(Promega) and the SYBRgreen method was used, following MIQE guidelines (Bustin et al., 2009). 

Values were normalized to the geometric mean of 3 normalization factors found to be the most 

stable through all samples using the geNorm approach (Vandesompele et al., 2002). First strand 

cDNA was synthesized using 50 ng/µl of total RNA, oligo(dT) and the Superscript III Reverse 

Transcriptase kit (Invitrogen) following the manufacturer’s recommendations. Gene-specific 

primers were designed using Primer Express Software (PE Applied Biosystems). The 3 genes used 

for normalization were histone deacetylase 3, Hdac3; Endoplasmic reticulum protein 29, Erp29; 

ATP synthase, H+ transporting, mitochondrial F0 complex, subunit c (subunit 9), isoform 3, 

Atp5g3. Amplicon sizes were between 54 and 79 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 triplicate with a coefficient of variation of less than 10 % were 

analyzed. Inter-plate variation was below 8 %. 

 

Patients and analysis of human EML1. Patient DNAs or blood samples, and informed consent 

(from all patients’ parents) were obtained according to the guidelines of local institutional review 

boards. Sporadic or familial cases were selected with clinical and brain imaging features compatible 

with a diagnosis of either lissencephaly or heterotopia. Prior to EML1 analysis, patients were found 

negative for mutations in DCX (RefSeq NM_181807), LIS1 (RefSeq NM_000430), ARX (RefSeq 

NM_139058), TUBA1A (RefSeq NM_006009) or TUBB2B. The family with compound 

heterozygote mutations was also negative for filamin A mutations. Genomic DNA amplifications 

were performed for EML1 using standard procedures (primers listed in Supplemental Experimental 

Procedures) and PCR products were analyzed by direct sequencing using an ABI3700 DNA analyzer 

(Applied Biosystems, Foster City, CA).   

 

Plasmids and transfections. Full length mouse Eml1 (canonical sequence RefSeq 

NM_001043335) was obtained from the IMAGE clone 6400458 (MGC 62485) and cloned into the 

pCAGIG vector (Addgene), or the p3X FLAG vector (Sigma-Aldrich) with the FLAG N terminal to 

Eml1 sequences. Site directed mutagenesis was performed using a Quik Change kit (Stratagene). 
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The pcDNA3.1-YFP-EML1 construct was a kind gift from A.M. Fry (University of Leicester, UK). 

Plasmid DNAs were amplified using a Qiagen maxiprep Endofree kit (Qiagen). Details of cell 

cultures, transfections and immunodetection are provided in Supplemental Experimental 

Procedures. 

 

BrdU injections and assessment of proliferation. Timed-pregnant females received a single 

intraperitoneal injection of BrdU (Sigma-Aldrich, 50 μg/g body weight; 8 mg/ml in 0.15 M 

phosphate buffer, 0.9% w/v NaCl, pH 7.4) at E13, E15 and E19. Mice were sacrificed 30 min, 1 h, 

or 24 h later (Martynoga et al. 2005) and brains processed for imunohistochemistry. Alternate 

sections were chosen for BrdU and Ki-67 or BrdU and Tbr1 double-labeling and preincubated with 

2% methanol v/v to improve BrdU detection.  

 

Confocal microscopy (brain sections). Fluorescent-stained sections were imaged with confocal 

microscopes (Zeiss LSM 710 Quasar or Leica SP5) equipped with 10x, 20x, 40x oil Plan-

NEOFLUAR, and 63x oil Plan-Apochromat objectives. Fluorophore excitation and scanning were 

performed with an Argon laser 488 nm (blue excitation for GFP, Alexa 488), with a HeNe1 laser 

543 nm (green excitation for Alexa 594) and a Diode laser 405 nm (for Hoechst staining). To get 

the whole Z-stack dataset, we used the mode ‘‘Surpass’’ and single sections of a Z-stack were 

displayed by using the ‘‘Slice’’ mode of Imaris. 

 

Cell counting and quantification. After immunohistolabeling Z-stacks were acquired for each 

coronal section in a multitrack mode avoiding crosstalk artifacts of the fluorochromes. All Z-stacks 

and image processing were performed with Imaris 4.3 software (Bitplane). In general, image stacks 

contained approximately 40 confocal planes each, for optimal z-axis. Counting was performed for 

each layer (VZ, SVZ, IZ, CP) in 3 sections per animal (3 to 4 per genotype and per age). Labeled 

cells were counted in a region of interest (ROI), a 100 µm wide and 10 µm deep stripe across VZ, 

SVZ, IZ and CP, in which thickness was defined by the different layers. Caspase-3+ cells were 

counted in at least 3 cortical sections of 50 µm per genotype, in a defined volume stack using Imaris 

manual volume tool. 

 

Statistical analysis. Statistical analysis was performed using the IBM SPSS Statistics version 19 

(SPSS Inc.). Data were checked for the normality of distribution. Comparisons of means in 2 groups 

were made using the unpaired Student t-test. The χ2 test was used for frequency comparisons. For 

cell count quantifications, data were analyzed with the mutiple factors ANOVA using the 
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generalized linear model (GLM) procedure (layers x strains). Simple main effects (univariate tests) 

were based on the linearly independent pairwise comparisons among the estimated marginal means.  
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LEGENDS TO FIGURES 

                         

Figure 1. Genetic Linkage of the HeCo Mutation and Identification of a Retrotransposon in 

Eml1 

(A) The 12q HeCo candidate region identified by first (1) and second (2) rounds of genotyping and 

the final candidate region (3) between rs29151683 and a non referenced SNP in Dlk1. , internal 

SNPs homozygous for the NOR-HeCo alleles in all affected F2 mice; , flanking boundary SNPs 

and additional informative SNPs from genes Dlk1, Dync1h1, Mark3, and Adam6, heterozygous 

(HZ) in some F2 individuals. Black bars, regions of homozygosity; grey bars, excluded regions; 

dotted bars, non-excluded regions (informative SNPs and individuals in Table S6).  

(B) Eml1 gene structure (assembly NCBI37/mm9, July 2007). The canonical isoform (NCBI 

NM_001043335.1) begins in exon 2.  

(C) Eml1 exon 22 could not be PCR amplified from HeCo genomic DNA.  

(D) Aberrant transcripts were detected by nested RT-PCR between exons 19 and 23, from two 

distinct HeCo (1 and 2) samples; RT, reverse transcriptase.  

(E) An ETn element insertion in intron 22 was identified by sequencing a >5 kb PCR product from 

HeCo genomic DNA.  

(F) Schema of the ETn element in Eml1 intron 22 with chimeric transcripts detected by RT-PCR. 

Some Eml1 transcripts finish in the ETn, others start in the ETn and finish in Eml1 exon 23. Black 

bars, PCR products; , Eml1 primers; , ETn primers; SD, splice donor, SA, splice acceptor, pA, 

potential polyadenylation sites; STOP, in frame stop codons; ATG, potential start codons (the ETn 

contains additional SD, SA and pA sites, not represented here). See also Figure S1. 

 

Figure 2. Mutations in Human EML1 and Eml1 Expression 

(A-C) EML1 mutations in a family with giant bilateral heterotopia. (A) Schema of a non-

consanguineous family with unaffected parents and three affected boys. (B) Sequence 

chromatograms showing the 2 mutations (black bars). (C) Patient axial T1 weighted MRI sections 

(upper row, left and centre) show huge subcortical masses (left, arrowhead) that start at the 

ventricles (centre) and expand to the subcortical white matter. The cortex close to the lesion is 

polymicrogyric (left, arrow). White matter is present between the heterotopia and cortex. Corpus 

callosum agenesis and mild brainstem hypoplasia are obvious when comparing patient (upper right) 

and control (ctrl, lower right, 6 years old) T1 sagittal sections (arrowhead, corpus callosum; arrow, 

brainstem). Moderate ventricular enlargement, most prominent in the left lateral ventricle, is 
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observed. Cerebellum and hippocampus are normal. Patient and control images are at the same 

scale.  

(D) Predicted domains of the Eml1 protein (Hueston et al., 2008; Bechstedt et al., 2010). CC, 

coiled-coil; HELP domain; 1-11, predicted WD40 motifs.  

(E-G) Expression of recombinant WT and mutant Eml1 in Vero cells. (E) A fraction of WT tagged 

Eml1 is associated with the MT cytoskeleton (right, higher magnification of boxed area). After cold 

treatment, WT Eml1-labeled puncta (F left, G) strongly associate with repolymerizing MTs at the 

MT asters (arrows) while mutant Eml1 (T243A) is not associated (F middle and right, G) although 

asters are detected with antibody to α-tubulin (insets).  

(H-P) Eml1 expression in brains of mouse (H-N) and ferret (O,P). (H-L) Eml1 is present in the VZ 

of the dorsal cortical wall at E13.5 (H, L, blue staining, arrow) and in both the VZ and CP at E14.5 

(I) and E15.5 (J). At E17.5 a strong CP expression is observed with no further expression in the VZ 

(K). The dorsal thalamic neuroepithelium is also labeled at E13.5 (L, asterisk). At E17.5 (M) 

thalamic nuclei (upper arrow) and the lateral olfactory tract nucleus (lower arrow) are labeled. In 

adult mouse brain (N) labeling is observed in thalamus and piriform cortex (arrow). (O-P) Ferret 

Eml1 in the P0 forebrain is detected strongly in the CP and in the proliferative layers (O, arrows). 

MZ, marginal zone; SP, subplate; IZ, intermediate zone; OSVZ, outer subventricular zone; ISVZ, 

inner SVZ. H-N, coronal sections, O-P, sagittal section. Scale bars 500µm (O), 400 µm (M and N), 

200 µm (H-L, P), 10 µm (F), and 5 µm (E). See also Figures S2-S4. 

 

Figure 3. Eml1 Localization in Dissociated Neuronal Progenitors and Cortical Neurons In 

Vitro and Analysis of WT and HeCo Cultures 

(A-C) In neuronal progenitors in interphase (A) YFP-EML1 is distributed throughout the cell in the 

form of puncta. In telophase (B) it accumulates in the region of the midbody ring at either side of 

intercellular bridges. YFP-EML1 labeled midbody ring remnants are sometimes observed 

asymmetrically after cell separation (C). Co-labeling with Pax6 (A), γ tubulin (B), KIF1A (C) and 

Hoechst. A’, A’’, B’ and C’, enlargements, B’’ and C’’, schematic representations, of boxed areas.  

(D) Flag-Eml1 puncta in a neuron, partially co-localizing with MTs traversing the nucleus and 

accumulating in growth cones (D’, arrow) and at positions along the neuronal process (D”).  

(E) YFP-EML1 partially colocalizes with tyrosinated tubulin in perinuclear regions. Punctate 

labeling aligns with MTs in a growth cone (E’), where little co-localization is observed.  

(F) YFP-EML1 partially co-localises with dynein in a neuron at 1 DIV.  

D’, D”, E’ and  F’ are enlargements of boxed areas in D, E and F (confocal images).  
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(G) The percentage of Ki-67+ proliferating cells is significantly reduced in HeCo compared to WT 

cultures (Student t-test, * p=0.023). Quantification of Pax6+, Tbr2+ and Dcx+ cells individually 

showed no significant differences. Data are shown as mean + SEM. Scale bars, 10 µm (D, E, F), 8 

µm (A, B, C), 5 µm (D’, D”, E’), and 1 µm (A’, B’, C’). See also Figures S5 ans S6. 

 

Figure 4. Cell Accumulation in the Dorso-Medial Regions of Developing HeCo Cortex 

(A-D) At E17, in the HeCo cortex, early born Tbr1+ (B and B’) and late born Cux1+
 (D) neurons are 

trapped within the heterotopia (#). Nestin labeling shows disorganized RGCs processes throughout 

the heterotopia (B’’ and B’’’). 

(E-F’) After in utero electroporation at E15.5, less EGFP+ cells have reached the cortex in HeCo 

embryos at P3, and they fail to form a distinct cortical layer II/IV although the morphology of cells 

reaching the CP is similar to WT (E’ and F’). Many of them remain sequestered in the heterotopia 

(#). 

(G-J) At P3, Tbr1+
 neurons have reached layer VI (H) whereas many Cux1+

 neurons remain trapped 

within the heterotopia (J) and the radial extent of the Cux1+
 cortical layer II/IV is reduced above the 

heterotopia in the HeCo cortex compared to WT. A column of Cux1+
 cells is present between the 

heterotopia and layer II/IV (J and J’, arrow).  

A’’’, B’’’, E’, F’, H’ and J’ are higher magnifications of A’’, B”, E, F, H and J, respectively. Cell 

nuclei of coronal brain sections were counterstained with Hoechst. Ctx, cortex; Hip, hippocampus; 

LV, lateral ventricle. Scale bars, 400 μm (G-J), 200 μm (A-D, H’, J’, E, F), 100 μm (E’, F’) and 25 

µm (A’, B’). See also Figures S7 and S8. 

 

Figure 5. Proliferation Defects in the Cortex of HeCo Mice 

(A-B’) At E15, BrdU+ progenitors are observed in all zones of the HeCo cortex and intermix with 

Tbr1+
 neurons of future layer VI, while WT BrdU+ cells are mostly restricted to the VZ and SVZ. 

(C-I) At E13, increased numbers of BrdU+ cycling progenitors are present in the HeCo forebrain. 

After a 30 min BrdU pulse (C and D) ectopic HeCo progenitors are observed in the IZ and CP as in 

(B), with an increased labeling index (G). After a 24 h BrdU pulse (E and F) the total number of 

BrdU+ progenitors is increased in HeCo brains (H) with a reduced cell cycle exit index in the SVZ, 

IZ and CP (I).  

(J-K’’) At E19, HeCo ectopic progenitors surround the heterotopia (#) and are often BrdU+ and Ki-

67+ (K’’).  

(L-N) E13 Caspase 3 immunostaining reveals a significant increase in the total number of apoptotic 

cells in HeCo (N).  
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A’, B’, K’ and K’’ are higher power views of A, B and K, respectively. Cell nuclei of coronal brain 

sections were counterstained with Hoechst. Scale bars, 200 μm (A, B, J, K), 100 (A’, B’, C-F, K’, 

L, M) and 50 μm (K’’). Data are shown as the mean + SEM. Student t-test are used for all layers 

and Multiple Factor ANOVA with post-hoc univariate analysis based on estimated marginal means, 

MFA, for each layer. *p < 0.05, **p<0.01, ***p<0.001. See also Figure S8. 

 

Figure 6. Altered Distribution of Apical and Basal Progenitors in IZ and CP of HeCo Mice 

PH3/Pax6 (A-D) and PH3/Tbr2 (E-H) double staining, at E13 and E16. At E13 the distribution of 

mitotic progenitors was altered in HeCo brains, with a decrease in the VZ and a concomitant 

increase in the other zones (I). However overall numbers of labeled cells were similar in WT and 

HeCo. Both apical Pax6+ and basal Tbr2+ progenitors divide ectopically in the HeCo IZ and CP, 

shown by PH3 labeling (B’,F’, arrow heads, and J). B’ and F’ are higher power views of B and F, 

respectively. Cell nuclei of coronal brain sections were counterstained with Hoechst. Scale bars 100 

μm (A-H) and 20 μm (B’, F’). Data are shown as the mean + SEM. MFA, *p < 0.05, **p<0.01, 

***p<0.001. 

 

Figure 7. Features of Radial Glia and Ectopic Progenitors in HeCo Cortices 

(A-F) At E13, the number of P-vim+
 RGCs is decreased in the VZ while increased in the IZ and CP 

of HeCo brains, resulting in a similar number overall compared to WT (E). P-vim+/Pax6+
 cells are 

increased in the HeCo SVZ, IZ and CP (F, left). Some P-vim+
 basal processes appear misoriented 

(B’’ and B’’’, arrows). P-vim+/Pax6+
 cells are shown by filled arrow heads in B’ and B’’’. 

Pvim+/Tbr2- are indicated by empty arrow heads in D’ and D’’. Rare P-vim+/Tbr2+ cells were 

identified and found in similar overall numbers in WT and HeCo brains, but with an altered layer 

distribution in the latter, including in the VZ (F, right).  

(G and H) -catenin labeling shows apparently normal RGC endfeet at the ventricle lining in HeCo 

brains with typical honeycomb apical membrane structure.  

(I-L) The proportion of metaphasic nuclei with a vertical cleavage plane (K) is significantly 

decreased in mutant brains (L) in favor of oblique cleavages (J).  

A’, B’-B’’’, D’ and D’’ are higher power views of A, B and D, respectively. Cell nuclei of coronal 

brain sections were counterstained with Hoechst. Scale bars 100 μm (A-D), 20 μm (A’, B’-B’’’, D’, 

D’’,G and H) and 5 μm (I-K). Data are shown as the mean + SEM. χ2 test is used in J, MFA in E 

and F. *p < 0.05, **p<0.01, ***p<0.001. 
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Figure 8. Graphic Summary of Heterotopia Development in HeCo Mutant Mouse Brain 

Schemas of cortical development in WT (upper) and HeCo (lower) mouse brains are indicated, at 

E13, E16 and E19. In WT, progenitors are restricted to the VZ and SVZ, whereas in HeCo, as early 

as E13, a proportion of progenitors is abnormally distributed in the IZ and CP. At E16, an  

accumulation of neurons begins in the IZ, and RGC processes are perturbed in this region. Columns 

of neurons are present between the heterotopia and CP at later stages when the heterotopia becomes 

populated by superficial neurons. Below, vertical and oblique mitotic cleavages at the ventricle 

lining are schematized. In HeCo progenitors, a defect of Eml1 induces a relative increase of oblique 

cleavages, likely to modify apical membrane inheritance and to lead to increased numbers of 

detached progenitors which continue to divide ectopically. 
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Mutations in EML1/Eml1 Lead to Misplaced Neuronal Progenitors during Cortical 

Development and Massive Heterotopia in Mouse and Human  

Michel Kielar, et al. 

SUPPLEMENTAL INFORMATION 

Supplemental Figure S1. Schema of the 13.7 Mb HeCo Candidate Region and Analysis 

of Eml1 in WT and HeCo DNAs. Related to Figure 1. 

(A) Schema of the chromosomal region identified during the first round of genotyping with 

key SNPs (, internal homozygotes; , flanking heterozygotes) with Refseq genes indicated 

(captured image from Genome Browser, http://genome.ucsc.edu/; assembly NCBI37/mm9, 

July 2007). This region shows synteny with human chromosomes 14q and 7q. Eml1 is boxed 

in red. The 15 genes initially sequenced which showed no mutations are Clmn, Tcl1, Yy1, 

Dlk1, Mark3, Adam6b, Tmem121, Adam6a, Zfp386, Vipr2,  Wdr60, Esyt2, Ncapg2, Ptprn2, 

Rapgef5.  

(B) Schema showing genomic region containing Eml1 exons 22 and 23. PCR products and 

sequences were identical between WT and HeCo except for exon 22 which could not be 

amplified from HeCo DNAs, using primers annealing to nucleotides -85 to -66 upstream and 

+117 to +96 downstream of exon 22 (, primers; , PCRs which failed to give a product). 

(C) RT-PCR between the exon 17-18 boundary and within exon 22 shows identical 

amplification products from HeCo and WT RNAs. RT, reverse transcriptase.  

(D) RT-PCR between exons 19 and 23 shows an amplification product from WT RNAs only. 

(E) A junction fragment between Eml1 exon 22 and the ETn 5’LTR is amplified specifically 

from HeCo genomic DNA and not from WT DNA of the same genetic background. 

 

Supplemental Figure S2. Sequence of the HELP Domain and Expression of 

Recombinant Eml1. Related to Figure 2. 

(A) Eml1 (814 aa, Uniprot Q05BC3-1) contains a conserved HELP domain in its N terminus 

(aa 183-259). This domain is shown from human proteins EML1, 4, 2, the purple sea urchin 

Strongylocentrotus purpuratus (EMAP Sp), the ELP protein from Caenorhabditis elegans 

(ELP Ce), ciliary WD repeat-containing protein Ctxp80 from the protist Euplotes 

octocarinatus (Ctpx Eo) and Drosophila melanogaster (Droso). The mutated threonine 

residue identified in patients (T243A, arrow) is conserved in mammalian EML1, 2 and 4, as 

well as in ELP Ce and EMAP Sp (Li and Suprenant, 1994; Eudy et al., 1997; Lepley et al., 

1999; Heidebrecht et al., 2000; Hueston et al., 2008). Other family members contain a serine 

121

http://genome.ucsc.edu/


(Droso and EML3, Bechstedt et al., 2010; Genbank accession AK093146) or an asparagine 

(Ctxp80 Genbank accession AJ251505), suggesting that a polar aa is important at this position 

(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml).  

(B-E) Western blot expression of transfected recombinant proteins in non-neuronal cells. (B) 

Untagged Eml1 expressed from pCAGIG vector, detected with an antibody to Eml1. (C) WT 

Eml1 protein compared to mutated T243A Eml1 (extracts from two different transfection 

experiments for each plasmid, control with an antibody to -tubulin). (D) Flag-Eml1 

expressed from pNter3xFLAG-CMV vector, detected with an antibody to Flag. (E) Same 

construct detected with an antibody to Eml1. Western blots also confirmed soluble and non-

soluble fractions of the recombinant protein (not shown). Western blot analyses to 

characterize normal and mutant proteins in mouse brain and human fibroblasts were 

unsuccessful due to the lack of specificity of different antibodies to Eml1 tested in these cells. 

(F) Vero cells transfected with Flag-Eml1 constructs and fixed with PFA, without detergent 

extraction. Flag-Eml1 shows a largely cytoplasmic labeling not resembling the MT network. 

Right, higher magnification of the boxed region.  

(G) COS7 cells transfected with Flag-Eml1 constructs and fixed with methanol. Two different 

stages of cell cycle are shown. As in F, Flag-Eml1 is mainly cytoplasmic, although a faint 

accumulation at the spindle poles is observed (lower panel), without detergent extraction. 

Scale bar, 5 µm (F). 

 

Supplemental Figure S3. Eml1 Association with MTs, in Sedimentation and Re-

Polymerization Experiments, Effect of T243A Mutation. Related to Figure 2. 

(A and B) GST-EML1 interacts directly with MTs in vitro. (A) When incubated in the 

presence of taxol-stabilized MTs assembled from 10 µg of purified tubulin (left), a major 

fraction of GST-EML1 (MW 116 kDa) cosediments with the MT pellet (P), whereas in the 

presence of the same amount of unpolymerized tubulin (right), GST-EML1 largely remains in 

the supernatant (S). (B) After incubation with MTs under the same conditions as in (A), the 

GST control protein (MW 26 kDa) remains in the supernatant. Upper Western blots, antibody 

to GST and lower Western blots, antibody to α-tubulin.  

(C) Cold-treated Vero cells (0 min, after 30 min depolymerization at 4°C) were restored to 

37°C for 2, 4, 7 or 15 min as indicated, before detergent extraction and fixation. At 2 min, a 

strong localization of untagged WT Eml1 is observed at the aster of nascent MTs (arrows) and 

then progressively extends to the overall array of MTs.  
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(D) Untagged recombinant Eml1 is detected in untreated Vero cells with the antibody to Eml1 

after detergent extraction. A MT-association is observed for the WT version (upper row) 

whereas localization of the T243A mutant version (lower row) is altered, showing less 

association with the MTs and a more predominant punctate appearance. This result was 

consistently obtained in multiple experiments. Scale bars, 20 µm (C) and 5 µm (D).  

 

Supplemental Figure S4. In situ Hybridization of Eml1 in the Developing Mouse Brain, 

Additional Images. Related to Figure 2. 

(A) Expression in E13.5 dorsal cortex (upper, antisense probe; lower, sense probe).  

(B and C) At E13.5 and E14.5, expression is observed in the VZ at the dorsal-ventral 

telencephalon boundary but tapers off in ventral telencephalon VZ (left, antisense probe; 

right, sense probe).  

(D and E) Labeling of Eml1 at E14.5 and E15.5 in both the VZ and the CP (arrows). A high 

lateral to low medial gradient is obvious.  

(F) Strong two-layered expression in the CP at E17.5 with no further expression in the VZ. 

Faint expression in the hippocampus.  

(G-H’) No Eml1 transcript is detected in the HeCo developing brain at E17.5 (H and H’) 

compared to WT sections (G and G’).  

(I and J) Labeling of the medial edge of the developing striatum (arrow) at E15.5 and E17.5, 

suggesting that Eml1 may be expressed in retinoic acid synthesizing cells (Li et al., 2000). 

(K) At P1 the expression resembles E17.5, with a stronger expression in superficial layers II 

and III and a lower expression in deeper layers.  

(L) Expression continues in the adult in some cells of the isocortex, and in CA1 pyramidal 

and dentate gyrus (DG) cells of the hippocampus.  

(M) Strong rostral labeling of Eml1 at E15.5, particularly in more lateral regions (upper). On 

the right are schematized the levels of the sections shown on the left according to The Mouse 

Brain in Stereotaxic Coordinates (Paxinos and Franklin, 2001). r, rostral; c, caudal.  

(N-S) Antisense (N-P) and sense (Q-S) probes hybridized to adjacent mouse adult cortex 

sections. Faint labeling is observed in superficial and deeper layers of the somatosensorial 

cortex (N, arrows) and in the cingulate cortex (O, arrows). Labeling in the CA1 and DG 

regions of the hippocampus and little labeling in the CA3 region (P). Coronal sections except 

in (M), sagittal. Scale bars, 400 µm (G, I, J, N-S) and 200 µm (A-F, G’, K, L). 
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Supplemental Figure S5. Characterization of Mixed Progenitor and Neuronal Cultures 

and Recombinant Eml1 in Neuronal Progenitors. Related to Figure 3. 

(A) Ki-67, Pax6, Tbr2 and Dcx immunolabelings of cultures derived from WT E12.5 

dissociated cortex and fixed after 1 DIV. (B-F) Recombinant YFP-EML1 in neuronal 

progenitors at different stages of the cell cycle. Co-labeling with tyrosinated tubulin (B), Pax6 

(C), γ tubulin (D), and γ adaptin (E). Antibody to spastin gave no specific labeling (F). In 

metaphase (B) YFP-EML1 is ubiquitously distributed in the form of puncta. During anaphase, 

telophase and cytokinesis, an enrichment of YFP-EML1 is observed at the midbody and 

surrounding region  (C-F). Right column images in B-F are higher magnifications of boxed 

areas. Scale bars, 100 µm (A), 8 µm (B-F, left) and 1 µm (B-F, right). 

 

Supplemental Figure S6. Recombinant Eml1 in Dissociated Cortical Neurons and Pax6 

and Tbr2 Populations in HeCo versus WT Progenitor Cultures. Related to Figure 3. 

(A-B’) Analysis of Dcx+ neurons (see Supplemental Experimental Procedures). No obvious 

differences were observed globally in neuron morphologies with approximately equal 

proportions of monopolar, bipolar and multipolar neurons present in WT and HeCo cultures. 

A representative growth cone from each genotype is shown. No significant differences were 

observed in mean surface areas (WT, 52.8 µm2 (range 24.8–129.3), HeCo, 51.4 µm2 (range 

23.5–133.3) or mean perimeters (WT, 83 µm (range 63.8–96.3), HeCo, 83 µm (range 78.1-

90.4).  

(C-L) WT and HeCo dividing neuronal progenitors labeled with Pax6 and Tbr2. Centrosomes 

were identified by -tubulin labeling. No obvious centrosome abnormalities were observed in 

Pax6+ HeCo cells. No major differences in the staining patterns of acetylated tubulin were 

observed in dividing Pax6+ and Tbr2+ HeCo versus WT cells. Scale bars, 10 µm (A, C, G and 

K) and 5 µm (A’ and K’).  

 

Supplemental Figure S7. Characterization of Migrating EGFP Expressing Cells in HeCo 

and WT Mice. Related to Figure 4. 

(A-K) The density of EGFP+ cells (A and E, and indicated with white spots in B and F) 

having reached the IZ and CP, 3 DIV after E15.5 ex vivo electroporation, was reduced in 

HeCo slices although motility parameters in the IZ and CP were similar for WT and HeCo 

neurons (J and K). Similar trajectories of WT and HeCo EGFP+
 neurons within the CP are 

illustrated by cell tracking paths (C and G) and 3 sequential pictures (D1-D3, H1-H3, arrow 

heads). Some stationary HeCo EGFP+
 cells with horizontal orientation were observed (H1-
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H3, arrow). Cell nuclei of coronal brain sections were counterstained with Hoechst. Scale 

bars, 50 μm (B-D3), 25 μm (A and B). Data are shown as the mean + SEM . *p < 0.05.  

 

 

Supplemental Figure S8. Additional Characterization of the Heterotopia at Late 

Embryonic and Postnatal Stages in HeCo Mice. Related to Figures 4 and 5. 

(A-B’) Cux1 immunohistochemistry at P7 demonstrating columns of superficial layer neurons 

(arrows) potentially migrating in between the heterotopia (#), and between the heterotopia and 

the cortex layer II-IV in HeCo brains.  

(C-D’) GFAP labeling and (E-F’) S100/Ki-67 co-labeling at P3 showing subpopulations of 

glial cells around but not inside the heterotopia (#).  

(G and H) PH3/Pax6 and (I and J) PH3/Tbr2 double-stainings at E19 showing proliferating 

apical and basal progenitors largely excluded from the heterotopia (#). B’, D’ and F’, higher 

power views of B, D and F, respectively. Cell nuclei of coronal brain sections were 

counterstained with Hoechst. Scale bars, 400μm (A-F), 200 μm (B’, D’, G), 100 μm (F’). 

 

Supplemental Table S6. Key SNPs and Informative Individuals in the Fine Mapping of 

the HeCo Mouse Candidate Region.  

Heterozygote genotypes are highlighted in grey. SNPs rs4229612, rs6376011, rs3670898 for 

the first round and SNPs rs29180599, rs6240517 for the second round were found 

homozygous  for the NOR alleles in all F2 affected individuals. After the second round of 

screening rs29151683 and rs29219055 were identified as flanking markers (underlined). The 

region was slightly further reduced by the identification of a non-referenced SNP in the Dlk1 

gene. Non informative genotypes are noted ‘-‘. 
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Supplemental Table S7. Differential Expression of Eml1 in WT versus HeCo E18 Brains. 

Upper two lines show microarray results and lower two lines, qPCR results. The average 

values ± standard deviations are presented (individual values are provided in Supplemental 

Table 8). WT/HeCo ratios and P values calculated using the Student T-test are indicated. The 

fluorescence intensities measured for the exon 5 and Eml1 3’UTR probes in WT and HeCo 

samples respectively, were close to detection threshold in the microarray experiment. 

 

 WT  HeCo  WT/HeCo P-value 

Eml1 3’ UTR 428.6 ± 37.2  

(n=8) 

77.5 ± 3.5 

(n=8) 

5.5 1.09 E-13 

Eml1 ex5 79.8 ± 3.3  

(n=8) 

155.0 ± 24.2 

(n=8) 

0.5 2.51 E-07 

Eml1 3’ UTR 0,18052 ± 0,00896 

(n=7) 

0,00187 ± 0,00056 

(n=8) 

96.6 3.04 E-17 

Eml1 ex3-4 0,398 ± 0,027 

(n=7) 

0,992 ± 0,084 

(n=8) 

0.4 7.90 E-11 

 

 

Sequences of Normal and Exon Skipped Versions of Eml1. (See next page)  

Nucleotide and protein sequences of Eml1 from exon 21 to the stop codon in exon 23. 

Predicted WD repeats are indicated by grey shading. Below the normal sequence are the 

skipped exon 22 (sk22) and skipped exons 21 and 22 (sk2122) versions where frameshifts 

occur just after the junction with exon 23. Junk amino acids are shown in grey lettering before 

premature stop codons (TGA or TAG). Both WD10 and WD11 are absent in sk22 and sk2122 

and the 11 last residues of WD9 are also absent in sk2122. Skipping of these two regions is 

also likely to affect protein conformation.  
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Sequences of Normal and Exon Skipped Versions of Eml1. 

              I ex21 
  2465 CTCTACTGGGTTCCGTCTGCCTGTAAGCAAGTCGTGAGTGTGGAAACCACAAGGGACATC 

   696 -L--Y--W--V--P--S--A--C--K--Q--V--V--S--V--E--T--T--R--D--I- 

                                           WD9 

  sk22 CTCTACTGGGTTCCGTCTGCCTGTAAGCAAGTCGTGAGTGTGGAAACCACAAGGGACATC                     

       -L--Y--W--V--P--S--A--C--K--Q--V--V--S--V--E--T--T--R--D--I- 

 

sk2122 CTCTACT-----------------------------------------------------             

       -L--Y-- 

 

 

                                                  I ex22                                

  2525 GAGTGGGCCACCTATACCTGCACCTTGGGATTCCACGTCTTTGGAGTGTGGCCGGAGGGC 

   716 -E--W--A--T--Y--T--C--T--L--G--F--H--V--F--G--V--W--P--E--G- 

 

  sk22 GAGTGGGCCACCTATACCTGCACCTTGGGATTCCACGTCTTTG----------------- 

       -E--W--A--T--Y--T--C--T--L--G--F--H--V--F-- 

                                                   

sk2122 ------------------------------------------------------------                     

                                                                    

        

 

                                                          

  2585 TCCGATGGGACAGACATCAACGCCGTCTGCCGGGCTCACGAGAGAAAGCTCTTGTGCACA 

   736 -S--D--G--T--D--I--N--A--V--C--R--A--H--E--R--K--L--L--C--T- 

       WD10 

  sk22 ------------------------------------------------------------ 

 

sk2122 ------------------------------------------------------------ 

 

     

                                                                   

                                                             I ex23                     
  2645 GGCGATGACTTCGGCAAAGTGCACCTCTTCTCATACCCGTGCTCACAGTTCCGGGCTCCA 

   756 -G--D--D--F--G--K--V--H--L--F--S--Y--P--C--S--Q--F--R--A--P- 

 

  sk22 ------------------------------------------------------GCTCCA 

                                                             G--S--  
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sk2122 ------------------------------------------------------GCTCCA 

       ------------------------------------------------------C--S-- 

       

 

                                                              

  2705 AGCCACATCTACAGTGGACACAGCAGCCACGTCACCAACGTGGACTTCCTCTGTGAAGAC 

   776 -S--H--I--Y--S--G--H--S--S--H--V--T--N--V--D--F--L--C--E--D- 

                      WD11 

  sk22 AGCCACATCTACAGTGGACACAGCAGCCACGTCACCAACGTGGACTTCCTCTGTGA 

       K—-P--H--L—-Q—-W—-T—-Q—-Q—-P—-R—-H—-Q—-R—-G—-L—-P—-L-=*= 

                                                                   

sk2122 AGCCACATCTACAGTGGACACAGCAGCCACGTCACCAACGTGGACTTCCTCTGTGA                         

       K—-P--H--L—-Q—-W—-T—-Q—-Q—-P—-R—-H—-Q—-R—-G—-L—-P—-L-=*=                         

   

 

                                                                

  2765 AGCCACCTTATCTCCACGGGTGGGAAAGACACAAGCATCATGCAGTGGCGAGTCATTTAG 

   796 -S--H--L--I--S--T--G--G--K--D--T--S--I--M--Q--W--R--V--I-=*= 

 

 

Retrotransposon Partial Sequence.  

The early retrotransposon (ETn) sequence identified in an Eml1 intron is highly similar to 

several ETn II elements. 5’ and 3’ LTRs are identical (underlined), indicative of its recent 

origin (Baust et al., 2003). The ETn is flanked by 6 bp Eml1 direct repeats, indicated in upper 

case letters with their chromosomal position (Genome Browser, http://genome.ucsc.edu/). In 

lower case letters is the partial sequence of the Eml1 ETn determined by sequencing of PCR 

products amplified between an ETn primer and an Eml1 primer. Bases are numbered 

according to the sequence of an ETn described in SELH/Bc mice (NCBI accession Y17106, 

Hofman et al., 1998)  which was further identified as a member of the ETnII  group (Baust 

et al., 2003) and which displayed the greatest homology with the partial sequence of the Eml1 

ETn (98% for the 1192 bp upstream of the 3’ LTR and 99% for the remaining partial 

sequence). 

 

109,775,748 GAAATG 

5’LTR and  1058 bp immediately downstream 

 1 tgtagtctcc cctcccctag cctgaaacct gcttgctcgg ggtggagctt cctgctcatt 

       61 cgttctgcca cgcccactgc tggaacctga ggagccacac acgtgcacct ttctactgga 

      121 ccagagatta ttcggcggga atcgggtccc ctcccccttc cttcataact ggtgtcgcaa 
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      181 caataaaatt tgagccttga tcagagtaac tgtcttggct acatttcttc ttttgccccg 

      241 tctagattcc tctcttacag ctcgagcggc cttctcagtc aaaccgttca cgttgcgagc 

      301 tgctggcggc cgcaacattt tggcgcccga acagggacct gaagaatggc agagagatgc 

      361 taagaggaac gctgcattgg agctccacag gaaaggatct tcgtatcgga catcggagca 

      421 acggacaagt acacatgcta gcgctagctt aaaatttcag ttttgtaaag tgttgctgag 

      481 gatgcggtag gatacgaatt aagcttgaat cagtgctaac ccaacgctgg ttctgcttgg 

      541 gtcagcagcg tgttaatcgg aactagaaac ggaaacaggc aggttagccg cagcttttta 

      601 ggaagctgct taggtgaaag aagaaagggt ttaaagtcat agatcaggcg gtaggccgta 

      661 gctctccgaa gctacatgag gtgtgagaaa agaaagggtt tattaaaagg aataggcgga 

      721 ttgccccagt taataaaaaa tacatcataa gggaggaaaa tgtcccaaaa agcagagaga 

      781 aatatctctc tgggccttat agcaggagta ctctgttccc ctttgtgtct tgtctaatgt 

      841 ccggtgcacc aatctgttct cgtgttcgat tcatgtatgt tcgtgtccag tctgtatgaa 

      901 tgaatgttct atgttttgtg ttggataata aagatggtat aaaaaacttt atctgcaaag 

      961 ccgagagctg ccacgtgttt cagccaagaa tcagacacgt ggcgagaggg cccctgctgg 

     1021 aaaaactgtt cgttttagaa aataagggcg agtgcacagc ctctaagttt cagagtaaaa 

     1081 aagctaataa atggttcatg attaatgtgt ttgacaatgg taaagtgttt tttattttat 

     1141 gattgtagct acaaaaatta ttattctctg attggtctaa atgtaactgc ttcatttggt 

     1201 tcttttttat tggtaatgtg ctctaagtgt tttcacaatc agctcataag ttgttggtta 

     1261 agattaataa ttgttacatt gctacagatg gttagtgtta aatttgataa ctcaagttta 

     1321 gagtccttcc gacacatggc ataaggcagc ccaagaggct gggtctctaa agata … 

826 bp in the internal region 

          a cgttttaact 

     1921 gtaagtcatc ttaaaaaaga gtatcaaaat ttagaggcgt agacagttat attgtttctc 

     1981 taaaatcggt ccttattaca ggagggccag gatgctcaga ttaaaaagta ttttacgttt 

     2041 aagtcaatgc agggctctgg gcagccccaa agcggcttgt ggcctttctt ttgttttgca 

     2101 aacagtgcct gagaaagatt tttccctgtg ttcaaaaaaa attcttttta acagtgttgc 

     2161 agatctattc agatgtttaa aataatgctt aaattcaaag agttttgctt ctagtgaact 

     2221 gtaatcacta aaaaattttg cctctaggta tggctaatgt aactttacat tatgtaagaa 

     2281 aaattttatt gtttctgctt ctatacaaaa agccaagagt tttaatcttt cagtgtatat 

     2341 tgtttcctaa gtgaaaagta ttttattaac taatgcttct taaagtttac cttaaatcct 

     2401 tgctctcacc caaaagattc agagacaata tccttttatt acttagggtt ttagtttact 

     2461 acaaaagttt ttacaaaaaa taaagctttt ataattgtta ttaattggta attaaaaatt 

     2521 ggttgtgccc aaaacaattc tttggccaaa aaaaaaacat tattgtaaag tcatttttct 

     2581 catcctccca gccaatcgtt ggcccacgtg ggcccaacta gcttctgtgg ggcggagtct 

     2641 taagacacag tttcccctgt tccagcacag atgatctagt tgtgtgctgt agatggtgtt 

     2701 ttaaaatgct aaacaatcaa accttaattt gtata … 

3’LTR and 1192 bp immediately upstream 

     ccccgc ccccctagag cacacaggtg gcagctgtta cccccagtct 

     4081 caagacattt ccagcatgtg gctttcagtc tgagttaaaa atttaggttt acctagaggg 

     4141 ctagaagagt agatttttct atattaataa agattggttt ttattttgat agacaggctt 

     4201 agccccttag ctgacctctg gcttttcacc cttgctgtta ctgcaaggtg tccttagctc 

129



     4261 aataggctgt ggaaaaaaca gggatgagga gaaacgactt ccagctccta ttttacccac 

     4321 aaatcgtggt gttattaacg acataattct tgcttaggct ttgctaattc tgaggttgat 

     4381 aattctcctt taggagctgc acagcactca aaactgtaca tactggtttg tgattgtaca 

     4441 aattcagtat gggcaccgct tggtgcagag atacttactg caagggaagg tccggcttga 

     4501 ccatttctga gtttcctgtg agataaaccc ggtttaaaag aggttggtac caaattttgg 

     4561 ttaaaaataa aaaatattct ccggctctac ctcgcctccc caaaaggtac caagagccac 

     4621 atgtgtgggt tttacccacg agaaaaatcg ggtccatgtc cacccaagcc aaggttaaaa 

     4681 gcccactcat ctacggatga gaaaatcatt tgatcacctc agttaagcgt tgccttattt 

     4741 aacttaatta atagggggga gagagattgg agacatacta ttgaaagggc aagcccttca 

     4801 ctgcctccca cccaaataaa aaggccaatt ggccttgtac tacaagagcc ggtcactcct 

     4861 tctccctgtt tcccacctat cttccaaaaa tgcggaggaa ttcaacttag tgttattttc 

     4921 acatccttca gtcaaactta gccagagttc caaacgccct acttaaaatt caactagaaa        

     4981 gttacctacc aagtactaat tagcattata aagtcagagt gtgcagctcc aggcctttca 

     5041 gttgtttact agaaaggaca gtcttaagcc agatacagtt taccataaga aaagttaaag  

     5101 attcccagta aagcaagttt tttctttagc cctagattcc aggcagaact attgagcata  

     5161 gataattttc ccccctcagg ccagcttttt tttttttttt ttattttgtt aataacaggg  

     5221 aggagatgta gtctcccctc ccctagcctg aaacctgctt gctcggggtg gagcttcctg  

     5281 ctcattcgtt ctgccacgcc cactgctgga acctgaggag ccacacacgt gcacctttct  

     5341 actggaccag agattattcg gcgggaatcg ggtcccctcc cccttccttc ataactggtg  

     5401 tcgcaacaat aaaatttgag ccttgatcag agtaactgtc ttggctacat ttcttctttt  

     5461 gccccgtcta gattcctctc ttacagctcg agcggccttc tcagtcaaac cgttcacgtt  

     5521 gcgagctgct ggcggccgca aca 

   GAAATG 109,775,753 

 

Clinical Information for Giant Heterotopia Patients Mutated in EML1. Related to Figure 

2. 

The first boy was initially referred for severe developmental delay with congenital 

macrocephaly. He acquired ambulation at 4 years of age with mild spasticity. At the same 

age, he developed refractory epilepsy with a combination of atypical absences, atonic falls 

and tonic seizures. At his most recent evaluation at 16 years, he was severely delayed 

intellectually and presented severe behavioral and sleep disturbances. His brother aged 14 

years was initially referred at 8 years of age for severe intellectual disability and epilepsy. 

Clinical features were similar to his brother, with generalized epilepsy starting at 8 years of 

age. The third brother, now aged 8 years, developed neurological symptoms from the neonatal 

period. He was admitted for severe hypotonia. Subsequently he made constant progress and 

walked independently at 3 years, but developed behavioral and sleep disturbances. No 

seizures have yet been reported. Macrocephaly was also noted from birth (head circumference 

37.5 cm). 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES  

1. General methods 

DNA and RNA preparation. DNA samples were prepared from mouse tail biopsies 

according to recommendations of genotyping platforms, with phenol extraction followed by 

isopropanol precipitation. Total RNA samples were extracted from single hemispheres 

dissected from NOR-CD1 HeCo and WT E18 embryos, using a Qiagen RNeasy Protect mini 

kit (Qiagen, S.A.). Genomic DNA and RNA samples were tested for quality control using an 

Agilent Bioanalyzer.  

 

MT sedimentation experiments. MTs were polymerized from 10 µg of purified porcine 

brain tubulin (Cytoskeleton Inc.) in the presence of taxol and GTP (Francis et al., 1999) and 

incubated 20 min at 37°C with 1 µg of precleared GST-EML1 or control GST proteins 

(ProteoGenix). Soluble tubulin (10 µg) was incubated with GST-EML1 under the same 

conditions. MTs were separated from soluble proteins by ultracentrifugation through a 60% 

v/v glycerol cushion (10 min at 30,000 g on Airfuge, Beckman). Samples were analyzed by 

SDS-PAGE and Western blotting using antibodies to GST and to α-tubulin. 

 

Cell cultures, transfections and immunodetection. Transfections in COS7 cells (ATCC) or 

Vero cells (ATCC), grown in Dulbecco’s modified Eagle’s medium containing 10% v/v fetal 

calf serum, were performed using Nanofectin (PAA Laboratories GmbH). Cells were fixed 24 

h after transfection with either 4 % w/v paraformaldehyde (PFA, 5 min, 37°C) or ice cold 

methanol (6 min, -20 °C), or subjected to a detergent extraction in PHEM buffer (60 mM 

PIPES, 25 mM HEPES, 10 mM EGTA, and 2 mM MgCl2, pH 6.9) + 0.5 % v/v Triton X-100 

(according to Audebert et al., 1993) for 1 min prior to fixation with cold methanol. For 

repolymerisation experiments cells were incubated on ice for 30 min 24 h post-transfection, 

thereafter restored to 37˚C for various intervals before detergent extraction and fixation. 

Primary cultures of E15.5 cortical neurons were maintained in a standard Neurobasal/B27 

medium. Primary cultures from E12.5 cortices were maintained in a B27/N2 medium 

(Gaspard et al., 2009) which is a mixture (1:4) of Neurobasal/B27 medium without vitamin A 

and DDM medium (DMEM/F12 with GlutaMAX, supplemented with N2, 0.1 mM non-

essential amino-acids, 1 mM sodium pyruvate, 500 µg/ml BSA, 0.1 mM 2-mercaptoethanol 

and penicillin/streptomycin 100 U/ml). Electroporation was performed using an Amaxa 

mouse Nucleofector kit (Lonza). Cells were fixed in PFA or cold methanol 24 h after 
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electroporation. Immunocytochemistry was performed according to standard procedures and 

results observed and photographed using either epifluorescence (Leica DM6000) or confocal 

microscopy (Olympus FV10i). All cell culture media were from Life Technologies 

Corporation. For quantification of Ki-67, Pax6, Tbr2, and Dcx expressing cells in E12.5 

cultures, 15 to 19 fields were counted for each marker, representing more than 1600 cells, 

from 3 independent cultures for each genotype. 

 

In situ hybridization. PFA-fixed embryonic, neonate and adult mouse brains were embedded 

in 4% (w/v) agarose. Free floating vibratome sections (200 µm for up to P1 and 60 µm for 

adult brains) were hybridized following a protocol adapted from from Bailly-Cuif and Wassef 

(1994). Digoxigenin-labeled sense and antisense riboprobes were generated by in vitro 

transcription of a fragment amplified from the Eml1 3’UTR region (chr12 nt 109,776,616 to 

109,777,469, Genome Browser, http://genome.ucsc.edu/) subcloned  in pBluescript II KS 

vector. To generate complementary DNA (cDNA) plasmids for the Eml1 ferret probe, total 

RNA from P0 ferret brain was isolated using the RNeasy protect mini kit (Qiagen). First-

strand cDNA was synthesized using AMV Reverse Transcriptase (Finnzymes). The primers 

used to amplify cDNA fragments were: fEml1F, CTTTTCTATGAACTCTTC, and fEml1R, 

AAGGATACATACAAACAG. The PCR products were purified (Wizard SV Gel and PCR 

Clean-Up System, Promega) and ligated into pGEM-T-easy vector (pGEM-T-Easy 

vectorSystem, Promega). In situ hybridization on ferret brain sections was performed as 

described previously (Reillo et al., 2011). 

 

Growth cone analysis. Using progenitor and neuronal cultures at 1 DIV, stained for 

doublecortin (Dcx) and phalloidin (detecting F-actin), we selected immature post-mitotic 

neurons for growth cone image acquisition and analysis (WT and HeCo cultures, n=3 of 

each). No obvious differences were observed in global neuron morphologies with 

approximately equal proportions of monopolar, bipolar and multipolar neurons present in WT 

and mutant cultures. To avoid artifacts generated by comparing inhomogeneous neuronal 

populations, cells with relatively uniform morphologies were selected, with a recognizable 

predominant neurite tipped with a main growth cone. The major neurite had a length between 

2 and 4 somal lengths. Neurons for analysis were selected in the Dcx channel, to avoid biased 

cell selection on the basis of growth cone size. The image was acquired after focusing on the 

neuronal process extremity. Image J was used to visualize the growth cone region, to draw 

around the phalloidin labeling and calculate the surface area and perimeter. This was 
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performed 3 times for each growth cone. At least 10 cells were analyzed in each of the 6 

cultures (Total n= 43 for WT and 45 for HeCo).   

 

Immunohistochemistry. Embryos were collected by Caesarean and killed by decapitation. 

Brains were fixed by immersion overnight at 4°C in 4% w/v PFA in 0.1M phosphate buffer, 

pH 7.4. Postnatal mice were anaesthetized with sodium pentobarbitone and perfused with the 

same fixative, and their brains postfixed 2 h. Brains were cryoprotected in 30% w/v sucrose, 

and cut in coronal 30-50 µm frozen sections with a cryotome (Microm). Preincubation and 

incubations with the primary and secondary antibodies were performed in 0.1 M phosphate 

buffer containing 0.6 % w/v NaCl, 0.3% v/v Triton X-100, and 2% v/v normal horse serum 

(see the list of antibodies below). Sections were counterstained with Hoechst 33258 

(Invitrogen) and mounted on glass slides with Mowiol 4-88 (Calbiochem).  

 

Ex vivo electroporation and confocal time-lapse microscopy. Pregnant mice were 

sacrificed with pentobarbital, E15.5 embryos collected in cold dissecting medium (MEM, 

Gibco, with 15 mM glucose and 10 mM Tris, pH 7.4). 30µl of the expression vector 

pCAGGS-GFP (0.5µg/µl) in sterile PBS (0.1 M, 0.9% w/v NaCl, pH 7.4) with 20% w/v Fast-

blue (Sigma-Aldrich) were pressure injected into the ventricular region of embryonic brains 

by a pneumatic picopump (Picospritzer III, Parker Hannifin Corporation; time of injection: 

15ms) through a syringe. Embryos were placed into HBSS 1X medium (Gibco), electrodes 

(System CUY650P5 Nepa Gene Co) were maintained around the embryo head with a 45° 

angle and plasmids electroporated by discharging a 4000 µF capacitor charged to 45 V (5 

electric pulses at 50 ms intervals) with a CUY21 electroporator. After electroporation brains 

were embedded in 3% w/v low-melting point agarose (Invitrogen). For imaging migrating 

neurons, an in vitro model of organotypic slices was used (modified from Niquille et al., 

2009). Coronal sections (250µm-thick) were cut using a vibratome and cultured for 3 DIV on 

nucleopore Track-Etch membranes (1µm pore size; Whatman) in tissue dishes containing 3 

ml of slice culture medium (SCM: BME/HBSS, Invitrogen) supplemented with glutamine, 

5% v/v horse serum, and penicillin/streptomycin (Lopez-Bendito et al., 2006). Neuron 

migration paths and dynamics were studied in cortical slices of WT and HeCo mice. 

Temperature was maintained at 37ºC (microscope incubator system Life Scientific) and slices 

were perfused with SCM medium containing a gas mixture of 5% CO2/ 95% O2. EGFP+ 

neurons were imaged for 10 hrs with a 20X and a 60X immersion lens at 15 min intervals 

using the fast scan function of the Leica SP5 confocal microscope resonant scanner. Image 
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captures and all peripherals were controlled with Leica software. Pictures were processed and 

converted into *.AVI movies using Imaris and Metamorph 6.0. Migration parameters (basal 

rate of migration, frequency and duration of the intervening pauses) of IZ and CP migrating 

neurons were assessed. Using the tracking function of Metamorph software 6.0, a total of 

3091 WT and 3180 HeCo neuron traces were analyzed. For quantification of electroporated 

cells, overall fluorescence intensities were measured manually with Imaris software and 

EGFP+ cells in the CP were counted in at least 3 cortical sections of 50 µm per genotype, in a 

defined volume stack using Imaris manual volume tool.  

 

In utero electroporation. We adapted the protocol previously described by Cancedda et al. 

(2007). E15.5 timed-pregnant NOR-CD1 mice were anesthetized with isoflurane (3 % during 

induction and 2 % during surgery) and embryos were exposed within the intact uterine wall 

after sectioning the abdomen. The expression vector pCAG-GFP (2µg/µl) together with Fast 

Green (0.3 mg/ml; Sigma-Aldrich) was pressure injected focally (2µl) into the lateral 

ventricle of embryos through a glass micropipette using a PicoSpritzer III picopump (Parker 

Hannifin Corp.). Each embryo head was placed between electrodes (System CUY-650P5) and 

electroporated with five electrical square unipolar pulses (amplitude: 45 V; duration: 50 ms; 

intervals: 950 ms) powered by a BTX electroporation apparatus (model BTX ECM 830; 

Harvard Apparatus). The tweezer-type electrodes were oriented in order to preferentially 

electroporate dorsal pallium precursors that give rise in part to pyramidal projecting neurons  

(Molyneaux et al., 2007). The embryos were placed back in the abdominal cavity and the 

muscular and skin body wall layers were sutured. Development was allowed to continue until 

P3. 

 

2. Antibodies. Antibodies used were mouse monoclonal antibodies to α-tubulin 

(1:10,000 for western blot and 1:1,000 for immunocytochemistry, Sigma-Aldrich), GFP 

(1:400, Sigma-Aldrich), -tubulin (1:800, Sigma-Aldrich), -adaptin (1:200, BD Transduction 

Laboratories), KIF1A (1:75, BD Transduction Laboratories), tyrosinated tubulin (1:10,000, 

Sigma-Aldrich), dynein (intermediate chain, 1:50, Sigma-Aldrich), Ki-67 (1:200, BD 

Pharmingen), spastin (1:50, Santa Cruz Biotechnology), acetylated tubulin (1:10,000, Sigma-

Aldrich), BrdU (1:100, Monosan), β-catenin (1:200, BD Transduction Laboratories), nestin 

(1:200, DSHB), P-vim (1:200, Abcam); rabbit polyclonal antibodies to FLAG (1:500, Sigma-

Aldrich), EML1 (1:300, GeneTex), GFP (1:700, Invitrogen), GST (1:1,000, Sigma-Aldrich), 

caspase-3 (1:200, Cell Signaling), Cux1 (1:400, Santa Cruz Biotechnology), Ki-67 (1:200, 
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Novocastra), Par-3 (1:200, Millipore), Pax6 (1:500, Covance), Tbr1 (1:500, Millipore), Tbr2 

(1:500, Abcam), GFAP (1:400, Dako), S100 (1:2,000, Sigma-Aldrich); goat polyclonal 

antibodies to Dcx (1:300, C-18, Santa Cruz Biotechnology), Sox2 (1:500, R&D Systems); and 

rat monoclonal antibody to phospho-Histone3(Ser10) (1:200, Abcam). Secondary antibodies 

were goat or donkey Alexa Fluor® 488, 568 and 594 (1:300 for immunohistochemistry, 

1:1,200 for immunocytochemistry, Invitrogen). For actin staining, Phalloïdin Alexa Fluor 647 

was used (1:1,500, Invitrogen). 

 

3.  Primers 

qPCR primers 

mE1utr For1 : CACAGACAGCATGCAGCATACA 

mE1utr Rev1 : CTTCTCGACACCTTCAGACCCTAC 

 

mE1_34 For1 : CTCAACAGGAAAGGACCTACCAA 

mE1_34 Rev1 : GTTGACGGTGGTTCTCAATGG 

 

mHdac3 For1 : CGCATCGAGAATCAGAACTCAC 

mHdac3 Rev1 : TCAAAGATTGTCTGGCGGATC 

 

mAt5g3 For2 : GCAGTCTTATCATTGGTTATGCCA 

mAt5g3 Rev2 : AGAACAGCTGCTGCTTCAGTGA 

 

mErp29 For1 : CCTTCCCTTGGACACAGTCACT 

mErp29 Rev2 : GTCGAACTTCACCAAGACGAACTT 

 

 

Mouse genomic DNA primers 

 

Exon 1_NM_001043336 (non coding)  

cccatctgccctacatacca = eml_1F_336 

ccgtcagtaaagccatccat = eml_1R_336 

 

Exon 2 (NM_001043335)(BC053094)(isoform ozs.1) sequenced on cDNA 

GCGCAGTGTGTGGGTGA (= AFbis) 
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CGCTGACTTGAGCAGTTGAA =Primer cDNA3R 

 

Exon3 

TCATGGGCTGTACGTCACTC 

GAGATTGGTTCAGTGGGTGG 

 

Exon4 

GGATCGTTCCTGCTGCTATG 

GCTGCTTTGAGAAGTCAGGTG 

 

Exon5 

CTCAGTACACTGGGCAATGAAG 

GGCTTGACTCATCAAGAGGG 

 

Exon6 

CACACATGCAAGCACACATC 

TTCCCCACTCAGTCAAGGTC 

 

Alternative exon6a (in isoform ozr.1)(not in cDNA BC053094) 

CCCTTGTTCCCTTGTCCC 

TATGAGAACAGCCTCAGGGG 

 

Exon7 

GTGTTTGCTTTCGGAGCG 

TGGCCACATCTGAAATTTTG 

 

Exon8 

ATCTTTGGGCCTGTTGAATG 

TGATGCTGAATTCTTTTGGC 

 

Exon9 

GAAGCTAGGCAGTGTGGATTTC 

ATGTCGCCAGGAGGTTGTC 
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Exon10 

TTTATGGTTCCAAGGTAAAGAGAAG 

ATGCCTTGAGAAAGGCTGG 

 

Exon11 

TCGTGTTGGTCCCACTTG 

GCAGGTCTTAGGCAGGGTC 

 

Exon12 

CTTGAGAGACTCAGTGCCCC 

CTCAGCGCTCCCTTATAACC 

 

Exon13 

CAAATAAAAGGCTGTCTTCGG 

GGTTGTCCTGTTCGTAACTCC 

 

Exon14 

CAAACTGAAGTGGGTTTCGG 

GAATCCAAACGGCCAGC 

 

Exon15-16 

GCCTCGCTTGCACAGTAAGT 

TGTTAATTCATACAAAGATATATCCCA 

 

Exon17 

GAGTCTGAGAAGAGCAGGGC 

CTCAGCCGTCTAACTGCTCC 

 

Exon18 

TCTGTAGAGAAAGCTGTGGGG 

GTTCGCTGTCTAGTGAGCCC 

 

Exon19-20 

CCAGCCTTTCCTCTTACGAC 
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CCCATGGGAATGTCAGAGTG 

 

Exon21 

AGGACTCTGCCTGACTCCAG 

TGGAGAAGGTATGGTCTCGG 

 

Exon22 

TGAAGGTGGATTTCTGTCCC 

TTAACAGGGTCATATGCAGGC 

 

Exon23 

GACTGATTTAGTGCTCGGGG 

GAAATCACAGTGACCAAGCG 

 

3’UTR 

TGCAGTGGCGAGTCATTTAG  EML3utr 1F 

TTAACCAGGGAGAGCACAGC  EML3utr 1R 

GCTTTCCTTGGCCATGTATC  EML3utr 2F 

TGTATGCTGCATGCTGTCTG  EML3utr 2R 

CCTTTGAGGCTCTGGGTGTA  EML3utr 3F 

GGGAACAGGATGTAGTGTGGA  EML3utr 3R 

 

 

Primers for PCR in the region of mouse Eml1 exon 22 and for RT-PCR 

 

Supp Fig S1B 

. F and R primers for exon 22 sequencing  

. AGAGATGCAGGGCTTCTCAG (Eml22Fbis1) 

  and GGAACTGTGAGCACGGGTAT  (22R)  

. CCGATGGGACAGACATCAAC (Eml22Fter) 

  and R primer for exon 23 sequencing  

. F and R primers for exon 23 sequencing 
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Supp Fig S1C  

ACTGACTGGGAGGTGGTTTG (17-18F) 

GGAACTGTGAGCACGGGTAT (22R) 

 

Supp Fig S1D 

TGGAGTTACCGACAATGGAAG (19F) 

AGGAAGTCCACGTTGGTGAC (23R) 

 

Fig 1D 

ACACGAGTTGGCAAGTGCTC (Nested 19F) 

CCACTGTAGATGTGGCTTGG (Nested 23R) 

 

 

Primers for retrotransposon amplifications 

 

Fig 1E 

F  primer for exon 22 sequencing (22Fa) 

AGGAAGTCCACGTTGGTGAC (23R) 

 

Supp Fig S1E 

CCGATGGGACAGACATCAAC (22Fb) 

CCGCTCGAGCTGTAAGAG (ETnR) 

 

Fig 1F 

CAAGTGCTCCGGCCATTC       RT19-20F 

 GAGACTACATCTCCTCCTTG   ETnSD-7R  (double sequence readable) 

CTCGAGCGGCCTTCTCAGTC   ETnF2 

CCACTGTAGATGTGGCTTGG   Nested23R 

CAAGTGCTCCGGCCATTC   RT19-20F 

TGAGAAGGCCGCTCGAGTTG ETnSD261R 
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Human EML1 primers (according to NCBI RefSeq NM_004434.2) 

    

Exon forward 5'-3' Reverse 5'-3' 

Amplicon 

length(bp)

1 AGCTCAGTGTGTGGTGAGCG CCCCGCGGCTCCAACACAAT 320

2 GCTTAAGAGCAGTATCTGTAGTCCG TTAAAGAGCACAATGTGTTTGC 406

3 GGTAACATGAGTGATGGGTA CACACTGTGGTTTTAGCCAG 543

4* GTGCGTCCTGCAATTTACTG CACTGGACAAGACCTTGAAGC 254

5 GACGTTCTATGTATATATTT TGTTTGATTAGTCCTATAAA 380

6 GGCTTTGGGGTCTGAAGTG AAGCTCCTGTGTGTCCAAGG 216

7 CAAAAGCAAACAAGATGCAAAC GGAATGATAAGTTGGTTCTCCTG 564

8 CTGCATGCCTTTTGGGG TGACCGTGTTCTGCTAATGC 505

9 TTGAAATGGTATTTTCCCAGC CACCCTGCCACACAATAAGTC 505

10 GTCCGAGTTACTGCCCAAG CCCCTCTTCAACCCTGAG 281

11 GTCTCAAAAGCAATGGATGAG ACCACTATGCCAGGGCG 306

12 TTTGTGGCTCACATTTTACTTG GATCCCAAGGGATTGTGTTG 326

13 CAGAAATGCAAGGTGTGCAG TCTCCGCTTTTCCTCTGTTC 450

14 ATTGCAATGATGTGCTCACG TGTGATTTCACCTAAACAATTTTC 389

15-16 AAGTGTTTTGAATGACTGAGCTAAC AACATTTGCTTTGGGACAAC 706

17 GCCCTAAGGAATTAGAAGTGTG GCCTGTTCCTGGGGAAATAG 262

18 TAAGCAAATTCTGAGTATTT CATGGGCTCACTTATAAGTG 500

19-20 GGTGGCAGCTACCGTTATCC GGAGGTGGGTTCTCACAGAG 475

21 CCAGGAAGGGCTCTGTACC TGGTGACCATGAGACTCCG 294

22 TCATGTTCAGGACCGTTCAG TAGTCTCCAAACAGGTCGGG 297

23 ATTCAAGCACTTTCCCATCC CTGAAGTGATCTGTCCTTTTAGG 657

 

* exon 4 is present in the mRNA NM_001008707  not in the mRNA NM_004434.  

Human and mouse genes have the same structure overall with some distinct alternative exons. 
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