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aAOB: anterior accessory olfactory 
bulb. 

aLOT: anterior olfactory tract. 

AOB: accessory olfactory bulb. 

AON: anterior olfactory nucleus. 

BMP: bone morphogenetic proteins. 

CAS: caudal amygdaloid stream. 

CBP: cranial bone progenitors. 

CGE: caudal ganglionic eminence. 

C-hem: caudal hem. 

chp, cp: choroid plexus. 

CoP: commissural plate. 

CP: cortical plate. 

CPu: caudate-putamen. 

CR: Cajal-Retzius. 

CVP: caudoventral pallium. 

Cx: cortex. 

DB: Diagonal band. 

D-hem: dorsal hem. 

dLGE: dorsal LGE. 

DP: dorsal pallium. 

DTB: diencephalon-telencephalon 

boundary. 

dTel: dorsal telencephalon. 

ECx, EC: entorhinal cortex. 

ETh: epithalamo. 

FGFs: fibroblastic growth factors. 

FP: floor plate. 

ic:  internal capsule. 

IPCs: intermediate progenitor cells. 

IZ: intermediate zone. 

LGE: lateral ganglionic eminence. 

LOT: lateral olfactory tract. 

LP: lateral pallium. 

LTE: lateral thalamic eminence. 

Ma: mammillary area. 

Me: Medial nucleus of the amygdala. 

MGE: medial ganglionic eminence. 

MOB: main olfactory bulb. 

MP: medial pallium. 

MTE: medial thalamic eminence. 

MZ: marginal zone. 

nLOT2: layer 2 of the nucleus of the 

lateral olfactory tract. 

OB: olfactory bulb. 
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OBLS: olfactory bulb-like structure. 

Oc: optic chiasm. 

OSNs: olfactory sensory neurons. 

OT: olfactory tubercle. 

P1–3: prosomeres 1–3. 

Pa: pallidum. 

pAOB: posterior accessory olfactory 

bulb. 

PCx; PC: piriform cortex. 

pLOT: posterior lateral olfactory tract. 

PO: preoptic region. 

POA: preoptic area. 

pOB: presumptive olfactory bulb 

POC: commissural preoptic area.  

PSB: pallial-subpallial boundary. 

PT: pretectum.  

pTh: prethalamus. 

RGCs: radial glia cells. 

RP: roof plate. 

SC: suprachiasmatic area. 

SE: septum. 

Shh: Sonic-hedgehog. 

SPV: supraoptic-paraventricular area 

STN: subthalamic nucleus. 

Str: striatum. 

SVZ: subventricular zone. 

TCA: thalamocortical axons. 

TE: thalamic eminence. 

TF: transcription factor. 

Th: thalamus. 

Tu: tuberal hypothalamus. 

VP: ventral pallium. 

VTel: ventral telencephalon. 

VZ: ventricular zone. 

Wnt: vertebrate orthologs of 

Drosophila wingless. 

ZLI: zona limitans intrathalamica. 
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During embryonic development, the brain organizers secrete signaling molecules that 

are necessary for the correct patterning of the different subdivisions of the nervous 

system. In the case of the telencephalon, the organizers secrete morphogens such as bone 

morphogenetic proteins (BMPs), fibroblast growth factors (FGFs), and Wnt proteins. In 

particular, growth differentiation factor Gdf10 (Bmp-3b) is a morphogen expressed in 

two discrete regions of the forebrain: the thalamic eminence (TE) and the caudoventral 

pallium (CVP). The TE and the CVP share the expression of many other morphogens 

besides Gdf10 and generate glutamatergic neurons. These two regions localize at the 

caudal end of the pallium, forming the limit between diencephalon and telencephalon. 

Taken together, these properties make them putative forebrain signaling centers. In this 

thesis, we perform a genetic and anatomical characterization of the TE and the CVP, 

introduce a new model of the diencephalic-telencephalic boundary, and describe for the 

first time certain neural populations generated from the TE and the CVP. 

 

This thesis has been divided into two sections:  

 

SECTION 1: The lateral thalamic eminence is the main origin of lot cells  

The thalamic eminence (TE) is a transitory structure localized in the diencephalic 

prosomere 3. We show here that the TE is integrated by two subregions, the lateral TE 

(LTE) and the medial TE (MTE). The LTE, localized next to the cortical hem, is 

continuous with this structure and it is genetically related to the telencephalon. We 

demonstrate here that the LTE is a source of mGluR1+ cells (also called lot cells) that 

migrate through the lateral olfactory tract (LOT) territory before the arrival of mitral cell 

axons. Our results also reveal that the mGluR1/lot cells are not a unique population. 

Instead, they are a mixture of at least two different set of neurons: (i) mitral cell 

precursors that will populate the posterior accessory olfactory bulb (pAOB) and, (ii) a 

small population of p73+ mGluR1+ Cajal-Retzius cells localized around the LOT axons 

that spread over the piriform cortex.  
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SECTION 2: The caudoventral pallium (CVP) as a putative origin of amygdaloid 

glutamatergic neurons.  

The CVP is a ventral pallial (VP) territory situated at the caudalmost part of the VP and 

anatomically continuous to the thalamic eminence (TE). As the VP, the CVP territory 

expresses markers such as Gdf10, Sfrp2 and Fgf15 but is negative for Dbx1, a TF 

implicated in glutamatergic neurogenesis in the ventral pallium. The CVP generates 

glutamatergic neurons that express Ebf3 during embryonic stages and will populate the 

shell of the medial nucleus of the amygdala. 
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Durante el desarrollo embrionario, los organizadores cerebrales secretan moléculas 

señales necesarias para el correcto modelaje de las diferentes subdivisiones del sistema 

nervioso. En el caso del telencéfalo, los organizadores secretan morfógenos tales como 

proteínas morfogenéticas del hueso (bone morphogenetic proteins; BMP), factores de 

crecimiento de fibroblastos (fibroblast growth factors; FGF) y proteínas Wnt. En 

particular, el factor de diferenciación de crecimiento Gdf10 (Bmp-3b) es un morfógeno 

expresado en dos regiones discretas del prosencéfalo, la eminencia talámica (ET) y el 

palio caudoventral. La ET y el palio caudoventral comparten la expresión de muchos 

otros morfógenos a parte de Gdf10 y ambos territorios generan neuronas 

glutamatérgicas. Estas dos regiones se localizan en la parte más caudal del palio, 

formando el límite entre diencéfalo y telencéfalo. Estas propiedades le hacen ser centros 

de señalización putativos para el prosencéfalo. En esta tesis, realizamos una 

caracterización genética y anatómica de la ET y del palio caudoventral, introducimos un 

nuevo modelo del límite diencefálico-telencefálico y describimos por primera vez las 

poblaciones neuronales generadas por la ET y el palio caudoventral. 

Esta tesis ha sido dividida en dos secciones: 

SECTION 1: La eminencia talámica lateral es el origen principal de las células lot 

La eminencia talámica (ET) es una estructura transitoria localizada en el prosómero 

diencefálico 3. Aquí mostramos que la ET está integrada en dos subregiones, la ET lateral 

y la medial. La ET lateral, se localiza seguida del hem cortical, forma un continuo con 

esta estructura y es genéticamente relacionada con el telencéfalo. En esta tesis 

demostraremos que la ET lateral es una fuente de células mGluR1 positivas (también 

llamadas células lot) que migran a través del territorio del tracto olfativo lateral antes de 

la llegada de los axones de las células mitrales.  Nuestros resultados también revelan que 

las células mGluR1/lot no son una única población. En su lugar se trata de una mezcla 

de al menos dos conjuntos de neuronas diferentes. (i) Las precursoras de las células 

mitrales que poblarán el bulbo olfativo accesorio posterior y, (ii) una pequeña población 

de células de Cajal-Retzius positivas para mGluR1+ y p73+ que se localizan alrededor de 

los axones del tracto olfativo lateral y esparcidas por la corteza piriforme. 
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SECTION 2: El palio caudoventral como origen putativo de neuronas glutamatergicas 

amigdalinas. 

The palio caudoventral es un territorio palial situado en la parte más caudal del palio 

ventral y que se continua anatómicamente con la eminencia talámica. Al igual que el 

palio ventral, el territorio del palio caudoventral expresa marcadores tales como Gdf10, 

Sfrp2 y Fgf15, pero es negativo para Dbx1, un factor de transcripción implicado en 

neurogénesis glutamatérgica en el palio ventral. El palio caudoventral genera células 

glutamatérgicas que expresan Ebf3 durante estadios embrionarios y que poblarán el 

revestimiento del núcleo medial de la amígdala. 
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The nervous system develops from a simple neural tube to a highly sophisticated 

network system. This is possible due to critical events that occur during development 

ranging from neural induction, proliferation, differentiation, migration and neuronal 

connectivity. One of the first critical events during embryogenesis is gastrulation. 

During this period, the polarity of the embryo is established (anterior versus posterior, 

medial versus lateral) and part of the ectoderm differentiates to form the neural plate 

(neuroectoderm) thanks to action of the notochord. The signaling molecules implicated 

in neural induction include bone morphogenetic proteins (BMPs), fibroblast growth 

factors (FGFs), vertebrate orthologs of Drosophila wingless (Wnts), retinoic acid and 

Sonic hedgehog (Shh), among others. During neural induction, the neural plate closes 

itself forming the neural tube in a process called neurulation. The rostral part of the 

neural tube will differentiate into prosencephalon, mesencephalon and 

rhombencephalon while the caudal region will form the spinal cord. At this time, 

progenitor cells, localized in the ventricular zone (VZ) of the neuroepithelium divide 

symmetrically and asymmetrically to increase the pool of progenitors and neurons in 

order to generate neural diversity. Then, newborn neurons undergo a migratory process 

to reach their final positions in the prospective brain. Newly differentiated neurons then 

follow two migratory strategies to disperse in the brain, radial or tangential migration. 

Neurons migrating radially move perpendicular to the ventricular surface and they use 

the radial glia as scaffold. In contrast, neurons migrating tangentially progress 

orthogonal to the radial glia palisade. During the development of the cerebral cortex 

both types of migration are combined. Pyramidal neurons are born in the VZ of the 

pallium to then migrate radially to the cortical plate. In contrast, Cajal-Retzius cells and 

cortical interneurons migrate tangentially long distances from their neurogenic places in 

the telencephalon to their final positions in the cortex.  

After the migration process neurons start to establish neural connectivity. Some 

neurons form local circuits while some others will connect with structures that are 

spatially far away, and therefore, they have to extend their axons long distances to reach 

their final targets. One of the neuronal populations that need to extend very long axons 

to reach the final targets are, for instance, the mitral cells of the olfactory bulb. These 

neurons extend their axons to connect with the piriform cortex and the amygdala 
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forming what is known as the lateral olfactory tract (LOT). However, many of the neural 

connections established during development finally disappear in a process called 

pruning, which is an important mechanism that shapes the final connectivity of the 

brain.  

 

1. The development of the prosencephalon 

One of the most popular models to explain how morphogenesis and patterning takes 

place during development is the so-called prosomeric model, as opposed to the 

traditional columnar model by Herrick and Kuhlenbeck and actualized by Swanson. The 

columnar model defends that the developing brain is subdivided into longitudinal 

columns that represent histogenic compartments (Herrick, 1910; Kuhlenbeck, 1973; 

Alvarez-Bolado et al., 1995; Swanson, 2003). By contrast, the prosomeric model proposed 

by Puelles and Rubenstein more than twenty years ago (Puelles and Rubenstein, 1993) 

and updated in successive versions (Rubenstein et al., 1998; Puelles, 2001; Puelles and 

Rubenstein, 2003; Puelles et al., 2004; Puelles, 2009; Puelles and Rubenstein, 2015), states 

that the brain is formed by an uninterrupted series of transverse subunits along the 

rostro-caudal axis of the neural tube, called neuromeres. The different neuromeres are 

distinguished on the basis of gene expression patterns inside the neuromeres or in their 

limits.  

For example, the rhombomers, i.e., the neuromeres of the rhombencephalon, are 

characterized by the differential expression of homeobox genes (Marin et al., 2008; 

Chambers et al., 2009). Besides the transverse subdivisions, or neuromeres, the neural 

tube is also divided along the dorsoventral axis into four different longitudinal 

compartments: the dorsal midline (or roof plate), which is continuous with the alar plate, 

then the basal plate and finally the most ventral one that is called the floor plate. Each 

plate has several parallel longitudinal progenitor microzones with different molecular 

specifications that will generate diverse neuronal populations. 
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Figure 1: Organization of the prosencephalon in mammals: Schematic illustration of the different 
subdivisions of the prosencephalon in a sagittal view of the embryonic mouse brain. The diencephalon is 
represented in green and the secondary prosencephalon in blue. The telencephalon (light blue) derives from 
the alar plate of the secondary prosencephalon (light blue), while the hypothalamus, has alar and basal 
components. The imaginary line that divides the alar and basal plates is represented in red. Ma, mammillary 
area; oc, optic chiasm; P1–3, prosomeres 1–3; Pa, pallidum; PO, preoptic region; POC, commissural preoptic 
area; SC, suprachiasmatic area; SPV, supraoptic-paraventricular area; STN, subthalamic nucleus; Str, 
striatum; Tu, tuberal hypothalamus (Modified from Moreno and Gonzalez 2011). 

 

The forebrain (or prosencephalon) is the most rostral part of the neural plate 

during development and, according to the prosomeric model, is subdivided into 

diencephalon (caudally) and secondary prosencephalon (rostrally). The secondary 

prosencephalon is composed of the telencephalon, the hypothalamus and the optic 

vesicles. The hypothalamus (Figure 1, dark blue) is a complex structure with alar and 

basal plate components, while the telencephalon (Figure 1, light blue region) exclusively 

derives from the alar plate (Puelles et al., 1987; Puelles, 2001; Puelles and Rubenstein, 

2003; Puelles et al., 2004; Moreno and Gonzalez, 2011). 

 

1. 1. The diencephalon 

According to the prosomeric model, the diencephalon is localized caudal to the 

hypothalamus (derived from the secondary prosencephalon) and rostral to the midbrain 

(Shimamura et al., 1995; Puelles et al., 2004; Martinez, 2012). It is subdivided into 3 

prosomeres, each one with alar and basal components. The prosomere 1 (P1) 
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corresponds to the pretectum (PT) in the alar region. The alar domain of prosomere 2 

(P2) is subdivided into epithalamus (ETh, habenula and pineal gland) and thalamus 

(Th). The prosomere 3 (P3) is composed of the prethalamus (pTh) and the thalamic 

eminence (TE)1. 

 

1. 2. The thalamic eminence 

In mammals, the thalamic eminence (TE) (also called eminentia thalami or prethalamic 

eminence) is a transient structure that, according to the prosomeric model, localizes in 

the most rostral part of the diencephalic P3 (Keyser, 1972; Abbott and Jacobowitz, 1999; 

Puelles et al., 2000). The TE is continuous with the hypothalamus and the telencephalon 

in its rostral aspect and with the prethalamus in its caudal part (Shimamura et al., 1995; 

Puelles et al., 2004; Martinez, 2012). The most lateral part of the thalamic eminence 

reaches the choroid plexus and this territory is considered the limit between the 

diencephalon and the telencephalic vesicles (Puelles and Rubenstein, 2003). In coronal 

sections, this lateral extension is localized ventral to the choroid plexus and its VZ faces 

the lateral ventricle of the telencephalon. This territory was called strionuclear 

neuroepithelium or amygdalar hem (Altman and Bayer, 1995; Siegenthaler and Miller, 

2008; Meyer, 2010; Puelles, 2011). The medial TE (MTE), so called because it is localized 

in a medial position in coronal sections, is continuous with the prethalamus and it shares 

gene expression patterns with the remainder of the TE, especially growth differentiation 

factor Gfd10 (Shimogori et al., 2010) but also T-box brain 1 and 2 (Tbr1 and Tbr2), 

calretinin, and LIM homeobox 1, 5 and 9 (Lhx1, Lhx5 and Lhx9) (Abbott and Jacobowitz, 

1999; Abellan et al., 2010; Roy et al., 2013; Roy et al., 2014).  

                                                           
1 We prefer the name "thalamic eminence" (or eminentia thalami) instead of prethalamic eminence since the 
latest term could generate confusion regarding a possible relation with the prethalamus. The term 
"prethalamic eminence" was proposed by Ted Jones (Hayes et al., 2003) with a totally different purpose: to 
reflect the observed fact that the thalamic eminence has no participation in thalamic development.  
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 Due to its location at the border between the diencephalon and the telencephalon, 

Roy et al. (2014) suggested that the TE belongs to a "forebrain hem system" together with 

the septum and the cortical hem.  

 The cortical hem and the antihem are secondary signaling centers that control the 

patterning of the telencephalon (Liem et al., 1997; Grove et al., 1998; Lee et al., 2000; 

Assimacopoulos et al., 2003; Shimogori et al., 2004; Yoshida et al., 2006; Mangale et al., 

2008; Subramanian et al., 2009). Recently, the TE was also proposed as a signaling center 

for the forebrain (Adutwum-Ofosu et al., 2015) because of the expression of several 

morphogens such as BMPs,  Wnts, and FGFs. In addition, the TE has the ability to induce 

ectopically cell fate changes in organotypic cultures by activating Wnt/β -catenin 

signaling in the ventral telencephalon. However, a more formal proof of a TE role in 

forebrain patterning is still wanting. 

 

Figure 2: Anatomy of the TE during development. (A) Schematic illustration of a coronal section of an E12.5 
mouse embryo showing the location of the thalamic eminence (EmT) (green) close to the telencephalic 
choroid plexus (CP) and the prethalamus (PTh) (blue). (B) Sagittal section that shows the rostral position of 
the thalamic eminence with respect to the prethalamus. (C) Illustrations of the forebrain hem system 
structures. At rostral levels the septum is represented in yellow, rostro-medial and caudal levels the cortical 
hem in red and the thalamic eminence represented in blue. (D) Schematic horizontal section showing the 
anatomical relationships among the forebrain hem system structures. (A, B modified from Adutwum-Ofosu 
et al 2015; C, D, from Roy et al 2013). 

 

 The TE has been confirmed as a Cajal-Retzius cells source (Meyer et al., 2002; 

Tissir et al., 2009; Abellan et al., 2010; Meyer, 2010; Ravni et al., 2010).  Additionally, it 

has been reported that the TE generates the mitral cells destined to the posterior 
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accessory olfactory bulb (pAOB) that follow the lateral olfactory tract as a migratory path 

(Huilgol et al., 2013). According to these authors, this migratory stream seems to be 

evolutionary conserved since this phenomenon also occurs in Xenopus. 

 

1. 3. The telencephalon 

In the prosomeric model, the telencephalon is defined as a dorsal evagination of the alar 

plate of the secondary prosencephalon (Fig. 1). The telencephalon is divided into dorsal 

and ventral telencephalon. The dorsal telencephalon (or pallium) is the primordium of 

the cerebral cortex, which is the brain structure responsible for the highest levels of 

neural function, and the olfactory bulbs. The ventral telencephalon (or subpallium) gives 

rise to the basal ganglia.  

 The pallium and the subpallium express different TFs implicated in neurogenesis 

that will determine the phenotype of the cells generated in each compartment. The 

pallium expresses TFs implicated in glutamatergic neurogenesis, while the subpallium 

produces mainly GABAergic neurons (destined to the basal ganglia, but also to the 

cerebral cortex and the olfactory bulb), cholinergic interneurons to the striatum and the 

dopaminergic olfactory interneurons (Olsson et al., 1998; Corbin et al., 2000). 

 

1.4. The pallium: the primordium of the cerebral cortex 

The pallium, located in the dorsal part of the telencephalon, is the primordium of the 

cerebral cortex and the pallial amygdala. The majority of the neurons in these structures 

are glutamatergic projecting neurons. The mammalian cerebral cortex is commonly 

subdivided into neocortex and allocortex. The neocortex (or isocortex) is integrated by 

six different neuronal layers, each one with specific gene expression patterns and 

connectivity. The allocortex includes structures with less than six layers, and comprise 

the parahippocampal gyrus, the hipocampus, the olfactory bulbs, the piriform cortex, 

the periamygdalar area and the entorhinal cortex. 
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During development, the pallium has traditionally been subdivided into three 

regions: medial, dorsal, and lateral pallia. A fourth subdivision, the ventral pallium, has 

been added recently (Fernandez et al., 1998; Puelles et al., 2000). The medial pallium 

(MP) is located at the most dorsal and medial part of the telencephalon, between the 

cortical hem and the dorsal pallium, and is the primordium of the hippocampal 

formation. The dorsal pallium (DP) produces the neocortex. The neocortex is a structure 

underlying complex sophisticated functions and intelligent behaviors. The lateral 

pallium (LP) contains the insula, the subplate-related claustrum and the perirhinal 

cortex (Puelles, 2014). The ventral pallium (VP) is the primordium of olfactory structures, 

including the olfactory bulb and the primary olfactory (or piriform) cortex, and also 

produces the basal amygdalar complex, the cortical nuclei of the amygdala. All the 

cortical amygdaloid nuclei also are organized in neuron layers as the rest of the pallial 

derivatives. The VP is localized the most ventrolateral part of the dorsal telencephalon, 

close to the dorsal portion of the lateral ganglionic eminence (dLGE) that delimits the 

lateral palial-subpalial boundary (PSB) (Yun et al., 2001). The ventral pallium 

progenitors express Dbx1 and Sfrp2 and, in contrast to the rest of the pallial subdivisions, 

is negative for Emx1 in the ventricular zone (Fernandez et al., 1998; Hirata et al., 2002; 

Medina et al., 2004; Carney et al., 2009; Cocas et al., 2009; Medina et al., 2011). 

 

Figure 3: Schematic illustration of the pallium organization in 
mammals. Coronal sections showing the different subdivisions of 
the pallium during development.  The dorsal hem (D-hem) and 
medial, dorsal and lateral pallium (MP, DP, LP) express Emx1 in the 
ventricular zone (VZ). The ventral pallium (VP) is located at the 
pallial-subpallial boundary, close to the dorsal lateral ganglionic 
eminence (dLGE),). The VZ of the VP is Emx1 negative but expresses 
Dbx1 and Sfrp2.   

 

 

1. 5. The subpallium: the primordium of the basal ganglia 

The basal ganglia derive from the ventral telencephalon and are formed by the striatum 

(caudate-putamen), the nucleus accumbens, the ventral striatum, the globus pallidus, 
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the ventral pallidus and the subpallial amygdala. The embryonic primordia of the basal 

ganglia are the so-called ganglionic eminences (GEs), subdivided into lateral (LGE), 

medial (MGE) and caudal (CGE) ganglionic eminences, and also includes the subpallial 

septum and the preoptic area (POA). In the last decade, multiple subpallial domains 

have been identified according to the combinatorial expression patterns of several TFs 

and it has been proposed that each of these domains generates different types of 

GABAergic neurons (Flames et al., 2007). The subpallium produces GABAergic 

progenitors that will either generate interneurons migrating tangentially to the cerebral 

cortex, olfactory bulb, pallial amygdala and hippocampus, or projection neurons of the 

striatum, pallidus and subpallial amygdala. The principal neurons of the striatum are 

the so-called medium spiny neurons, which derive exclusively from the LGE (Waclaw 

et al., 2009). The CGE generates amygdalar GABAergic neurons (Nery et al., 2002), and 

the MGE and the POA produce the globus pallidus projection neurons and the striatal 

interneurons (Marin et al., 2000; Fragkouli et al., 2009; Nobrega-Pereira et al., 2010). The 

cortical interneurons are generated mainly in the MGE (60%) but also in the CGE (30%) 

and a small population in the POA (10%) (Marin and Rubenstein, 2001; Marin et al., 2002; 

Wonders and Anderson, 2006; Gelman et al., 2009; Miyoshi et al., 2010). The olfactory 

bulb interneurons are generated in the dorsal LGE (dLGE) during development and in 

the subventricular zone (SVZ) in adult stages. 

 

Figure 4: Radial and tangential migration of the telencephalic neurons: Schematic illustration of the origin 
and migration of the telencephalic neurons in coronal sections of E14.5 mouse embryos. Glutamatergic 
neurons (green) are generated in the pallium while GABAergic neurons (blue) are generated in the 
subpallium, the ganglionic eminences: (predominantly the MGE) and the anterior preoptic area, POa –
formerly named AEP, anterior entopeduncular area. In addition, the POa generates acetylcholine neurons 
(red). (Modified from Rubenstein and Campbell, 2013). 
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1. 6. The patterning of the telencephalon 

1. 6. 1. Signaling centers 

For the proper development of the initial neuroepithelium that will give rise to the 

mature telencephalon, the expression of specific signals that guide its correct 

development is essential (O'Leary and Sahara, 2008). These signals are called 

morphogens and are secreted from the signaling centers localized either within the 

telencephalon or surrounding it (Subramanian et al., 2009; Subramanian and Tole, 2009). 

The morphogens are released from their sources in a diffusible manner, producing 

concentration gradients. Neuroepithelial cells express the receptors for these 

morphogens. Depending of the amount of signaling molecules the cells in the 

neuroepithelium respond by expressing unique combinations of TFs. The differential 

expression of TFs produces different kinds of progenitors that will generate specific 

neuronal subtypes. The absence of morphogens, of their receptors or of the TFs directly 

related to morphogens leads to defects in the specification of the different telencephalic 

subdivisions. 

 There are four main signaling centers involved in telencephalic patterning which 

are localized at the edges of the telencephalon: 

- The commissural plate (CoP) or anterior neural ridge (ANR) is localized in the 

rostral neural tube between the neural and the non-neural ectoderm. The CoP is 

responsible for inducing the expression of Foxg1 in the telencephalic precursors. Foxg1 

is a TF member of the forkhead family whose expression is turned on specifically in 

telencephalic progenitors. Therefore, the expression of Foxg1 delimits the rostral 

embryonic telencephalon (Shimamura and Rubenstein, 1997). The CoP expresses, at 

least, five FGFs ligands (Fgf3, Fgf8, Fgf15, Fgf17, and Fgf18) that are important for the 

rostralization of the telencephalon (Iwata and Hevner, 2009). A decrease in the 

expression of Fgf8 and Fgf17 caudalizes the cortex (Garel et al., 2003; Storm et al., 2006; 

Cholfin and Rubenstein, 2007, 2008), while the reduction of Fgf15 expression produces 

the opposite phenotype (Borello et al., 2008). Some of the FGFs effects on the 

regionalization of the cortex are mediated by the regulation of the expression of COUP-
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TF1 and Emx2, two TFs implicated in cortical arealization, in dorsal neural cells 

(Hamasaki et al., 2004; Armentano et al., 2007). The absence of the FGF receptors, fgfr1, 

fgfr2 and fgfr3 produces the loss of Foxg1 positive cells and therefore the lack of 

differentiation of the entire telencephalon. However, the lack of two or only one of these 

receptors leads to defects in telencephalon patterning but the structure is still present, 

suggesting a functional compensation for each other (Gutin et al., 2006).  

-The roof plate (RP) is located in the dorsal midline of the telencephalic vesicles, 

whereas the cortical hem is in the dorsomedial edge of the pallium. The RP is a secondary 

organizer for the development of the hippocampus and other caudomedial cortical area 

(Liem et al., 1997; Grove et al., 1998; Lee et al., 2000; Assimacopoulos et al., 2003; 

Shimogori et al., 2004; Yoshida et al., 2006; Mangale et al., 2008; Subramanian et al., 2009). 

The hem secretes BMPs and Wnts signals, which affect pallium specification. The genetic 

ablation of the cortical hem leads to the loss of the hippocampus (Lee et al., 2000; Yoshida 

et al., 2006), while the transplantation of the hem in an ectopic position in the dorsal 

telencephalon induces the formation of a hippocampus close to the hem patches 

(Mangale et al., 2008; Subramanian and Tole, 2009).  

BMPs and Wnts repress the expression of FGFs in the CoP. To maintain the 

correct expression of FGF, the CoP expresses BMPs and Wnt inhibitors. The CoP 

expresses Chordin and Noggin, two BMP inhibitors that are required to maintain the 

correct level of expression of Fgf8 (O'Leary et al., 2007). The Wnt inhibitor Tlc, a secreted 

frizzled-related Wnt antagonist, is expressed in the CoP and promotes Fgf8 expression, 

which is necessary and sufficient to induce the telencephalon (Houart et al 2002).  

-The antihem (which anatomically corresponds to the VP) is considered another 

signaling center because it produces some morphogens such as Tgfα, Neuregulin1, 

Neuregulin3, Fgf7, and the Wnt antagonist secreted frizzled related protein, Sfrp2 

(Assimacopoulos et al., 2003; Subramanian et al., 2009). The antihem has been suggested 

to cooperate with the cortical hem to stabilize the latero-medial axis of the brain. 

Although the role of the antihem in telencephalon patterning and/or cortical arealization 

has not yet been demonstrated, the defects in the patterning of the telencephalon 
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observed in Pax6Sey/Sey mice may be due to the absence of the antihem in these animals 

(Assimacopoulos et al., 2003). 

-The floor plate, locates at the ventral aspect of the developing neural tube, 

expresses Shh. Shh is considered a morphogen implicated in the dorsoventral  patterning 

that confers ventral identity. In Shh-/- mice, there is a reduction in the size of the 

telencephalon and a loss of ventral markers such as Gsx2, Dlx2, Nkx2.1 and therefore the 

ventral cell types are missing (Corbin et al., 2003). Shh has a function opposite to that of 

Gli3 (a zinc-finger transcription factor), which is implicated in the dorsalization of the 

telencephalon. In mice, two transmembrane proteins, patched (Ptc) and smoothened 

(Smo), act as Shh receptors. In the absence of Shh, Ptch1 inhibits Smo function allowing 

the proteolytic processing of Gli3 to the active form (Motoyama, 2006)  

 

Figure 5: Signaling centers and graded expression of 
transcription factors drive telencephalon patterning. 
Representative illustration of the patterning centers in 
the telencephalon and these principal morphogens. The 
commissural plate (CoP), or anterior neural ridge 
(ANR), is localized in the most rostral end of the 
telencephalon and secretes FGF molecules. Wnts and 
BMPs proteins are expressed mainly in the cortical hem 
at the dorsal midline and Shh is expressed in the floor 
plate. The anti-hem in the ventral pallium is suggested 
to be an additional signaling center for the medial 
telencephalic areas (Modified from O’Leary and Sahara 
2008). 

 

Shh/Gli3 double mutant mice show the same phenotype of Gli3 null mice 

extratoes (Gli3Xt/Xt) in the dorsal telencephalon. These mice lack dorsal midline 

structures, including the hippocampus; the expression of Emx1 and Wnt8b in the 

pallium is missing but there is ectopic expression of Fgf8 and Fgf15. Contrary to the 

dorsal telencephalon, the organization of the ventral telencephalon is rescued, indicating 

that other additional factors are implicated to generate ventral precursor cells (Rallu et 

al., 2002; Rash and Grove, 2007). One such candidate is Fgfs signaling, which induces 

ventral identity independently of Shh or downstream to the Shh pathway (Gutin et al., 
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2006). In the Fgf8 null mice there is a progressive loss of ventral progenitors and 

associated structures (Storm et al., 2006). 

 

1. 6. 2. Transcription factors responsible for the correct patterning of the telencephalon  

The expression of different TFs in progenitor cells in the VZ of the telencephalic 

neuroepithelium is the result of the action of morphogens released from the signaling 

centers and it is essential for the correct subdivisions and regionalization of the 

telencephalon. 

A number of TFs have been reported to be essential for the patterning of the 

telencephalon : 

-Lhx2 and Lhx5. The LIM homeodomain proteins Lhx2 and Lhx5 seem to be 

implicated in cortical hem development. Lhx2 is expressed in the entire telencephalic 

VZ, excepting the cortical hem and the choroid plexus. Lhx2 represses BMP and Wnt 

signaling from the cortical hem. In the Lhx2 deficient mice (Lhx2-/-), the hem, the ventral 

pallium and the thalamic eminence, are expanded and, the dorsal pallium is absent 

(Bulchand et al., 2001; Monuki et al., 2001; Vyas et al., 2003; Mangale et al., 2008; 

Subramanian and Tole, 2009; Roy et al., 2013; Roy et al., 2014). Lhx5, opposite to Lhx2, is 

expressed in the cortical hem. In Lhx5-/- mutant mice, the choroid plexus and the cortical 

hem are missing and as a consequence the hippocampus does not develop (Zhao et al., 

1999b). 

-Foxg1 is expressed in all the telencephalic progenitors except those in the cortical 

hem. Foxg1 and Fgf8 promote the expression of each other forming a positive feedback 

loop that promotes ventral development (Hebert and Fishell, 2008). Foxg1 is mainly 

implicated in the establishment of the ventral identity, so that the ventral structures are 

missing in the Foxg1 null mice (Foxg1-/-) (Xuan et al., 1995; Dou et al., 1999; Martynoga et 

al., 2005). However, in these mice the pallium is also affected: it is reduced in size, the 

cortical hem expands, the medial pallium is present but a normal hippocampus cannot 
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develop, and the dorsal and ventral pallial markers are not present (Xuan et al., 1995; 

Hanashima et al., 2004; Muzio and Mallamaci, 2005). 

-Pax6 is a paired box domain TF whose expression pattern in dorsal pallium 

progenitors (rostrolateralhigh caudomediallow gradient) is opposite to that of Emx2. Pax6 

is implicated in cortical arealization (Warren et al., 1999; Bishop et al., 2000). Although 

the Pax6sey/sey deficient mice die before birth, the analysis of the cortical areas at E18.5 

reveal that Pax6 has a role in the patterning of rostral areas of the DP (Bishop et al., 2000; 

Bishop et al., 2002; Li et al., 2006). Pax6 is also very important for the establishment of 

the PSB. The PSB is delimited by the expression of Pax6 in the pallium and Gsh2 in the 

subpallium, and their mutual antagonism is necessary for the positioning of the 

boundary (Cocas et al., 2011). In Pax6sey/sey mice, the ventral pallium becomes dLGE and, 

on the contrary, Gsh2-/- mouse the dLGE becomes ventral pallium (Corbin et al., 2000; 

Stoykova et al., 2000; Toresson et al., 2000; Yun et al., 2001). 

-Emx1/Emx2 are homeodomain TFs related to Drosophila empty spiracles (ems). 

In the Gli3 deficient mouse extratoes (Gli3Xt/Xt), the expression of Emx1 is completely lost 

while the expression of Emx2 is missing only partially (Theil et al., 1999; Tole et al., 

2000b). However, the role of Gli3 in promoting Emx2 expression is likely indirect 

through the activation of BMPs and Wnts (Theil et al., 2002; Hasenpusch-Theil et al., 

2015). In the Emx2 null mice, dorsal progenitors acquire ventral phenotypes (Muzio et 

al., 2002). Although both Emx1 and Emx2 are related and share a similar expression 

gradient (caudomedialhigh - rostrolaterallow), only Emx2 is implicated in the specification 

of the caudal cortical areas (Bishop et al., 2002; Muzio et al., 2002; Muzio and Mallamaci, 

2003; Hamasaki et al., 2004; Kimura et al., 2005). However, Emx1 and Emx2 cooperate in 

the initial phase of archipallium development.  In mice double KO for Emx1 and Emx2, 

the hem and the hippocampal formation are missing, but the rest of the pallium is 

present (Fig 6, (Shinozaki et al., 2004)). 

-Gli3: During forebrain development, Gli3 is strongly expressed in the dorsal 

forebrain. In the Gli3 null mouse extratoes (Gli3Xt/Xt), which carries a spontaneous 

deletion of Gli3 protein, the dorsal telencephalic midline does not evaginate and the 

choroid plexus, the cortical hem and the hippocampus do not develop (Grove et al., 1998; 
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Theil et al., 1999; Tole et al., 2000b). Gli3 promotes the expression of Wnt and BMP 

proteins in the cortical hem (Kuschel et al., 2003; Fotaki et al., 2011). In Gli3 null mice, the 

ventral pallium is expanded (Friedrichs et al., 2008; Amaniti et al., 2013) and there is no 

expression of Emx1 in the pallium (Theil et al., 1999; Tole et al., 2000b). Additionally, the 

diencephalic-telencephalic boundary is not properly established and diencephalic 

progenitors corresponding to the prethalamus and the TE are present in the dorsal 

telencephalon (Fotaki et al., 2006). 

 

 

Figure 6: Key factors implicated in telencephalon patterning. (A) Schematics of mutant dorsal 
telencephalic phenotypes. In Lhx2 mutant mice the dorsal pallium (the primordium of neocortex, Ncx, 
represented in gray) and the medial pallium (the primordium of hippocampus, blue) are absent and the 
cortical hem expands (H, green color) and the ventral pallium (or antihem, AH, red). In Foxg1 deficient 
mice, the dorsal and ventral pallia are missing. In mice double KO for Emx1 and Emx2 mice (Emx1,2-/-), the 
hippocampus does not develop and the cortical hem is not present. In mice deficient for Pax6, the ventral 
pallium becomes dLGE. (B) Illustration with the key factors and their interactions important for the correct 
telencephalon development. (A Modified from Mangale et al 2008 and B from Hebert and Fishell 2008)
   

 

1. 7. Glutamatergic neurogenesis 

The temporal sequence of the expression of some TFs in progenitors and postmitotic 

cells determines neural fate (Hevner et al., 2006). In cortical columns, TFs expressed in 

the VZ and SVZ are involved in proliferation and neurogenesis, while those expressed 

in the intermediate zone (IZ) are implicated in migration, differentiation and cortical 

plate maturation (Hevner et al., 2006).  

 Among its many other functions, Pax6 is implicated in regulating the length of 

the cell cycle (Estivill-Torrus et al., 2002; Mi et al., 2013). Pax6 is expressed in pallial RGCs 
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(Gotz et al., 1998; Englund et al., 2005) and to a minor extent, in the VZ of the dorsal 

lateral ganglionic eminence (dLGE) (Georgala et al., 2011). Pax6 promotes the expression 

of Ngn2 and represses Gsh2, and is required to specify pallial glutamatergic identities 

(Kroll and O'Leary, 2005). In the absence of Pax6 there is a loss of dorsal fate, concomitant 

with the acquisition of ventral telencephalic features (Quin et al 2007).  

 The basic-helix-loop-helix (bHLH) TF neurogenin2 (Ngn2) is expressed in pallial 

progenitors and plays an important role in glutamatergic specification by repressing the 

transcription factor Mash1 (Parras et al., 2002; Schuurmans and Guillemot, 2002; Mattar 

et al., 2004). Neurogenin 1 (Ngn1) is also expressed in pallial progenitors. It promotes 

the RGC identity and suppresses the differentiation of RGCs into astrocytes (Schmid et 

al., 2003).  

 The T-box TF Tbr2 (Eomes) is expressed in intermediate progenitor cells (IPCs) 

of the cortical SVZ and it is involved in the generation and maturation of the IPCs. A 

recent paper revealed the 65.7% of the glutamatergic neurons in the cortex, including the 

subplate, are generated from IPC progenitors (Vasistha et al., 2015). 

 NeuroD is a TF expressed in the upper part of the SVZ and lower intermediate 

zone (IZ). NeuroD progenitors in the upper SVZ express Tbr2 as well (Hevner et al., 

2006). At early stages of development, the T-box TF Tbr1 is expressed in virtually all 

postmitotic glutamatergic neurons in the pallium (Bulfone et al., 1995), in intermediate 

zone (IZ), subplate, cortical plate (Layer 6) and marginal zone (MZ) (Englund et al., 

2005). 

 As shown by Hevner and his group, all these TFs are expressed sequentially to 

generate glutamatergic neurons not only in the pallium but also in other regions of the 

central nervous system such as the cerebellum and the adult hippocampus (Hevner et 

al., 2006). Pax6 is first expressed in primary progenitors of the VZ. Tbr2 is then expressed 

after Pax6 in intermediate progenitors in the SVZ. Some cells co-express both TFs in the 

upper part of the VZ/lower SVZ suggesting a sequentially in the expression of these 

transcription factors. Tbr2 and NeuroD are then expressed in late intermediate 

progenitors, while early postmitotic cells express Tbr1 (Englund et al., 2005; Figure 7). 
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Figure 7: Sequential expression of transcription factors implicated in cortical glutamatergic neurogenesis. 
(A) Direct neurogenesis from radial glia progenitor to postmitotic neurons. (B) Indirect neurogenesis from 
radial glia progenitor to 2-4 postmitotic neurons. The expression of the different transcription factors in the 
cell nuclei is represented by colors and bars in each phase of neural generation, migration, differentiation 
and maturation. G1, S, G2 M s are the cell cycle phases during neurogenesis (Modified from Hevner et al 
2006).  

 

1. 8. The amygdala 

The amygdala (or amygdaloid complex) is a heterogeneous collection of nuclei localized 

in the temporal lobe of the telencephalon. The amygdala is associated with the 

autonomic nervous system, the vomeronasal and olfactory system, and the fronto-

temporal cortical system (Swanson and Petrovich, 1998). Therefore, the amygdala 

participates in a wide range of functional systems, including olfaction, reproductive and 

defensive behaviors, autonomic motor functions, memory, learning and emotion (Tole 

and Hebert, 2013).  

The amygdaloid complex is composed of pallial and subpallial components 

according to the types of neurons that populate them and their embryonic origins. Most 

projection neurons in the pallial amygdala are excitatory, glutamatergic. In contrast, 

projection neurons in the subpallial amygdala are composed of GABAergic neurons with 

inhibitory projections. However, all the amygdala components receive neuron 
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subpopulations from pallial and or non-pallial subdivisions (Garcia-Moreno et al., 2010; 

Bupesh et al., 2011; Medina et al., 2011).  

 

1. 8. 1. The pallial amygdala 

The pallial amygdala is composed of the basolateral complex and the cortical nuclei of 

the amygdala. The ventral pallium (VP) is the major source of neurons contributing to 

the basolateral complex, the anterior (ACo) and posteromedial cortical (PMCo) nuclei 

and layer 1 of the nucleus of the lateral olfactory tract (nLOT1). The VP is characterized 

by the ventricular expression of Dbx1 and Pax6 and by the lack of Emx1 expression in 

the VZ. Tbr1, Ngn2, Lhx2, Lhx9 and Sema5A are expressed in the VP derivatives 

(Medina et al., 2011).  

The lateral pallium (LP) is negative for Dbx1 but expresses Emx1 in its VZ, and 

has been proposed as a source of cells located in the basolateral amygdalar nucleus 

(BLA) and the posterolateral cortical nucleus of the amygdala (PLCo). However, a recent 

work casts doubts on the proposed LP origin of the BLA and PLCo, leaving the VP as 

the only origin of neurons destined to the pallial amygdala (Puelles, 2014). 

 The dorsal pallium (DP) also generates neurons destined to the amygdala. In the 

caudalmost pole of the telencephalic vesicle, the DP bends ventrally. This DP domain 

generates Tbr1+ cells destined to layer 2 of the nucleus of the lateral olfactory tract 

(nLOT2). nLOT2 neurons are generated in the VZ of this caudal region of the dorsal 

pallium and then migrate rostrally through the caudal amygdaloid stream (CAS) to 

finally accumulate in the nLOT2 (Remedios et al., 2007; Murillo et al., 2015). 

The cortical amygdala and the LOT nucleus present laminar organization with 

radially oriented pyramidal cells and receive inputs from the olfactory bulb and the 

piriform cortex. In addition, the pallial amygdala also contains GABAergic interneurons 

originated in the subpallium. 
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Figure 8: The nLOT2 nucleus is originated in the caudal telencephalon. Schematic illustration of sagittal 
section of the embryonic mouse brain showing the migration of nLOT2 neurons from the caudal dorsal 
pallium to the nLOT2 through the caudal amygdaloid stream (CAS). The black and grey arrows represent 
the migration from the ventral and lateral pallium to the pallial amygdala. (Modified from Deussing and 
Wurst, 2007) 

  

1. 8. 2. The subpallial amygdala  

The subpallial amygdala is composed of the central and intercaled amygdalar nuclei, the 

Anterior amygdala and the Medial amygdala. TFs implicated in GABAergic 

neurogenesis, such as Mash1 and Dlx1/2/5 are expressed in these domains during 

development.  

The striatal amygdala is composed of the central amygdalar nucleus, the 

intercalated nuclei and the dorsal part of the anterior amygdala. Pallidal amygdala 

(MGE) is composed by Lhx6 neurons in the posterodorsal and anterior medial 

amygdala. Lhx6 neurons in the medial amygdala receive inputs from the olfactory bulbs 

and project to hypothalamic centers involved in reproduction. The preoptic amygdala 

(POA) GABAergic neurons to the anterior, posteroventral and medial amygdala. Most 

of the GABAergic neurons derive from Dbx1 progenitors in the POA and migrate 

caudally to reach the medial amygdala (Hirata et al., 2009; Carney et al., 2010; Bupesh et 

al., 2011). 
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2. Migratory populations originated in the prosencephalon 

2. 1. Cajal-Retzius cells 

The Cajal-Retzius cells (CR cells) are the first neurons generated in the cortical 

neuroepithelium. At early stages of mouse development (E11.5-E13.5) CR cells form part 

of the preplate.  From E13.5, when the preplate split, CR cells remain in the MZ, the 

future layer I, covering the entire cortical surface. The first description of the CR cells 

dates from 1890 by Santiago Ramon y Cajal. Studying new born small mammals (rodents 

and lagomorpha) with the Golgi method, Cajal observed a novel neuron population 

displaying ascending dendrites towards the pial surface and multiple axons that extend 

horizontally for long distances. Because of this peculiar morphology, Cajal called them 

special cells. Gustav Retzius (1893) observed similar cells in more mammalian species, 

and called them Cajal cells. 

 CR cells are responsible of the correct lamination of the cerebral cortex via the 

secretion of the extracellular matrix glycoprotein reelin (D'Arcangelo et al., 1995; Ogawa 

et al., 1995). During cortical development, the pyramidal neurons, i.e., the projecting 

neurons of the cortex, are generated from radial glia progenitors in the VZ of the pallium 

and migrate radially to form the cortical plate (CP). Pyramidal cells become positioned 

in the CP following an “inside-out” gradient, in which the youngest neurons accumulate 

past the pre-existing ones (Angevine and Sidman, 1961; Berry and Rogers, 1965; Raedler 

and Raedler, 1978; Rakic, 1988). Early in neocorticogenesis, the postmitotic cells migrate 

independently of glia to form the subplate and layer VI (Nadarajah et al., 2001). Later 

on, the cells migrate using the radial glia scaffold and then detach to move by somal 

translocation to the top of the cortical plate (Borrell et al., 2006). In the “detach and go” 

theory, reelin regulates both events: detachment and somal translocation. Reelin binds 

to its receptors ApoER2 and VLDLR producing the phosphorylation of Dab1. Reelin 

receptors are expressed in radial glia cells (Luque et al., 2003) and in the cortical plate 

from E15.5 (in mouse) to postnatal stages (Perez-Garcia et al., 2004). Reelin controls the 

radial migration through integrins but also controls somal translocation through the 

signaling mediated by Dab1 and nectins and cadherins (Sanada et al., 2004; Franco et al., 

2011; Gil-Sanz et al., 2013).  
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 In reeler mice, (Relnrl-Alb2 or Relnrl-orl) or in the double KO mouse for reelin 

receptors (VLDLR-/- ApoER2-/-), the preplate does not split into MZ and subplate, but  

forms a superplate instead. The cortical plate neurons accumulate under the superplate, 

in this case following an "outside-in" gradient thus producing an inverted pattern of 

neuronal positioning. This happens not only in the cortex but in other laminated 

structures as well, such as the hippocampus, the cerebellum and the olfactory bulb 

(Tissir and Goffinet, 2003).  

 

 

Figure 9: Schematic view of early cortical development in mice. At early stages (mouse: E12.5-E13.5) the 
preplate is composed of pioneer cells (pink) and CR cells (red). When the preplate splits, CR cells remain in 
the marginal zone and the pioneer cells form the subplate. At this stage, the reeler preplate does not split 
forming a superplate and the cortical plate (green) forms below the superplate. In wild type mice the cortical 
plate exhibit inside-out layering but in the reeler mice this gradient is lost. (Modified from Tissir and Goffinet 
2003). 

 

2.1.1. Origin and characteristics of Cajal-Retzius cells 

CR cells are glutamatergic neurons that express the pallial marker Tbr1 (Hevner et al., 

2001; Hevner et al., 2003), the transcription factors COUP-TF2 (Tripodi et al., 2004), Lhx5 

and Lhx1 (Yamazaki et al., 2004; Abellan et al., 2010). Calretinin was proposed as general 

marker of CR cells (Alcantara et al., 1998) but recently has been demonstrated that only 

some CR populations express it (Hevner et al., 2003; Bielle et al., 2005; Garcia-Moreno et 

al., 2007). The 75% of CR cells die before the second week of postnatal mice life (del Rio 
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et al., 1995; Soda et al., 2003), and less than the 3% remain in adulthood (Chowdhury et 

al., 2010; Martinez-Galan et al., 2014).  Although CR cells were initially thought to be 

generated in the ventricular zone of the entire pallium (Marin-Padilla, 1998; Hevner et 

al., 2003; Shen et al., 2006) nowadays there is consensus about the origin of CR cells at 

discrete neurogenic sites located at the borders of the pallium (Bielle et al., 2005). The CR 

cells of the neocortex are generated between E10.5 and E12.5 in mouse (Hevner et al., 

2003) and then migrate tangentially within the upper part of the preplate to cover the 

entire cortical surface.  

 The principal CR cell sources are the cortical hem (Meyer et al., 2002; Takiguchi-

Hayashi et al., 2004; Yoshida et al., 2006; Zhao et al., 2006; Garcia-Moreno et al., 2007), 

the prospective choroid plexus (Imayoshi et al., 2008), the ventral pallium (VP) at the 

pallial-subpallial boundary (PSB) and the pallial septum (Bielle et al., 2005; Zimmer et 

al., 2010; Griveau et al., 2010). Besides, the thalamic eminence has been postulated as an 

additional source of CR cells (Meyer et al., 2002; Abellan et al., 2010; Tissir et al., 2009, 

Ravni et al., 2010). Distinct programs of gene expression characterize the subpopulations 

of CR cells defined according to their embryonic origins. 

-The cortical hem derives from the telencephalic roof and it is a secondary 

signaling center for the correct development of the hippocampus and telencephalon 

(Shimogori et al., 2004). The cortical hem expresses Wnts and BMPs proteins (Grove et 

al., 1998) and it is negative for Foxg1 and Lhx2 (Monuki et al., 2001; Hanashima et al., 

2004). Both transcription factors regulate the development of the cortical hem.  Lack of 

Foxg1 and Lhx2 leads to a bigger cortical hem and a massive production of CR cells 

(Bulchand et al., 2001; Hanashima et al., 2004; Muzio and Mallamaci, 2005; Hanashima 

et al., 2007; Roy et al., 2013). CR cells generated in the cortical hem derive from Wnt3a+ 

progenitors (Yoshida et al., 2006), express the antiapoptopic variant of tumor protein Δ

Np73 (Meyer et al., 2002, Tissir et al., 2009) and Zic1-3 (Inoue et al., 2008; Murillo et al., 

2015). Genetic ablation of Wnt3a progenitors produces a huge reduction of reelin cells in 

the dorsal telencephalon that is not compensated for the other sources. Nevertheless, 

surprisingly cortical lamination is not affected postnatally at rostral levels (Yoshida et 

al., 2006).  
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p73 is a transcription factor implicated in neural survival and apoptosis (Tissir et 

al., 2009). p73 locus encodes two different isoforms (Tap73 and ΔNp73) depends of the 

activation of different promoters and alternative polyadenylation sites. Tap73 is 

expressed in the cortical hem but not in postmitotic CR cells (Meyer et al., 2004) and its 

inactivation does not affect the development of CR cells. ΔNp73 is the N-terminally 

truncated isoform of p73 and it is expressed in CR cells, and is implicated in their 

survival. The lack of all p73 isoforms (Trp73), or the isoform ΔNp73 only, produces the 

death of all the p73-derived CR cells and therefore a severe reduction of reelin cells in 

the MZ (Meyer et al., 2004, Tissir et al., 2009). The cortical lamination is however not 

affected probably because of a redundant production of reelin.  

-The ventral pallium at the pallial-subpallial boundary is also called antihem 

because it localizes in the opposite position of the cortical hem and expresses some 

morphogens. For this reason, some authors consider the antihem as a secondary 

signaling center (Assimacopoulos et al., 2003, Subramanian et al., 2009). Dbx1 

progenitors from the ventral pallium give rise to glutamatergic cells. Some of these 

glutamatergic cells are reelin and calretinin positive cells in the MZ and, therefore, are 

considered CR cells. The VP CR cells are p73 negative and calretinin positive (Bielle et 

al., 2005). The ablation of the glutamatergic neurons generated from Dbx1 progenitors 

in the VP (Ngn2Cre-Dbx1DTA) produces reduction in the thickness of the lateral and 

dorsal cortex (Teissier et al., 2010; Teissier et al., 2012). 

-The pallial septum is localized in another signaling center, the commissural plate 

(CoP), in the most rostral part of the telencephalon characterized for the expression by 

FGF molecules (Cholfin and Rubenstein, 2007).  Septal CR cells derive from Dbx1 

progenitors and they are p73 positive but calretinin negative (Bielle et al., 2005). Er81, a 

TF downstream of FGF signaling, is expressed exclusively in the rostral CR cells derived 

from the pallial septum at early stages of development (E11.5). The ectopic expression of 

Fgf8 in the rostral pallium induces the generation of Er81+ rostral CR cells (Zimmer et 

al., 2010). The ablation of CR cells derived from Dbx1 progenitors in the septum by using 

the animal Emx1Cre Dbx1DTA produces a reduction in the reelin cells in the rostro-

medial pallium at E11.5, but at E12.5 there is a compensation of CR cells derived from 
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other sources. Postnatally, however, there are mild defects in the positioning of the 

cortical areas suggesting that Cajal-Retzius cells have a modest role in cortical 

arealization (Borello and Pierani, 2010; Griveau et al., 2010).  

d) The Thalamic Eminence is localized in the diencephalic prosomere P3. It has 

been  proposed as a source of p73 CR cells to populate the ventral telencephalon (Meyer 

et al., 2002; Tissir et al., 2009, Ravni et al., 2010, Abellan et al., 2010, Meyer 2010). 

However, the characteristics and migratory pathways of TE-derived CR cells are still 

undefined. The development of the TE depends on the TF Lhx2. In Lhx2 deficient mice, 

the TE expands as well the remainder CR cell sources: cortical hem, septum and VP. The 

TE is also a source of another population of reelin positive cells, the precursors of mitral 

cells of the posterior accessory olfactory bulb (pAOB). In mice, these neurons are 

generated early (E9.5) and then migrate from the TE to the olfactory bulb through the 

lateral olfactory tract (LOT) territory in the piriform cortex. While migrating, these cells 

express reelin but they are not Cajal-Retzius cells as they do not share common 

molecular mechanisms involved in their migration (Huilgol et al., 2013).  

 

2. 1. 2. Migration mechanisms of Cajal-Retzius cells  

An initial pool of CR cells seeds the pallium MZ at the outset of corticogenesis. Later in 

time, CR cells spread all over the pallial surface by migration mechanisms.  

 How CR cells become distributed over the entire cortical surface is not clear. 

Some authors support the idea that each CR cells subpopulation occupies specific pallial 

territories. So, the cortical hem-CR cells are localized in the most dorsal and caudal  

sectors of the pallium, the VP-CR cells  occupy the lateral pallium while the septal CR 

cells populate the rostral pallial sectors  (Griveau et al., 2010). Experiments in which one 

of the CR cells subpopulation is ablated, or the velocity of migration of CR cells is 

changed, show mild defects in cortical arealization suggesting a possible, but modest,  

participation  of CR cells in the establishment of the cortical areas during development 

(Griveau et al., 2010; Barber et al., 2015; Barber and Pierani, 2015). However, this idea is 
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contradicted in some way by the results published recently that demonstrate a random 

distribution of CR cells over the entire pallial surface.  

 

Figure 10: Illustration showing CR cell subtypes distribution at early stages of cortical development in 
mice. (A) The pallial septum (green) generates p73+ CR cells from Dbx1 progenitors that migrate to the 
rostro-medial cortex. The VP (orange) at the PSB, generates calretinin+ CR cells, from Dbx1 lineage, migrate 
to the lateral pallium. The cortical hem (blue) generates p73+, calretinin+ CR cells, from Wnt3a lineage, 
migrate from medial to lateral pallium. (B) Distribution in the cortical surface of the different CR cells 
subpopulations according with the random dispersion.  (A modified from Griveau et al., 2013; B from Villar-
Cervino et al., 2013). 

 

A recent elegant report has proposed that CR cells tangentially invade the cortex 

by contact-repulsion mediated by Eph/ephrin signaling (Villar-Cervino et al., 2013). 

Other mechanisms have been also reported to be essential for the migration of CR cells, 

such as the early B-cell factor Ebf2/Ebf3, the signaling mediated by Sema3a and its 

receptor PlexinD1 (Chiara et al., 2012; Bribian et al., 2014), CXCL12/CXCR4 signaling 

(Borrell and Marin, 2006) and the cannabinoid receptors CB1 and CB2 (Saez et al., 2014). 

More recently, the transcription factor Zic2 has been implicated in the migration and 
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dispersion of hem/septum CR cells (Murillo et al., 2015). In Zic2 hypomorphic mice,  CR 

cells migrate aberrantly forming clusters in the cortical surface and some of the CR cells 

are misallocated in deep cortical layers. Zic2 mutant mice exhibit alterations in cortical 

formation might due for the defects in CR cells migration and distribution (Inoue et al., 

2008, Murillo et al., 2015)  

 

2. 2. The posterior accessory olfactory bulb (pAOB) mitral cells.  

The olfactory circuit represents one of the oldest sensory modalities in the phylogenetic 

history of mammals. Besides the detection of odorants, the olfactory system plays a 

significant role in the regulation of behavioral responses such as sexual behavior, the 

recognition of predators and the care of offspring (Halpern and Martinez-Marcos, 2003; 

Ashwell, 2012). The olfactory system is the only sensory system lacking a relay station 

in the thalamus (Kay and Sherman, 2007), and the information integrated by the 

principal neurons in the olfactory bulb (OB) is conveyed directly to the higher olfactory 

centers in the brain by axons that course along the lateral olfactory tract (LOT).  

 Mammals have two olfactory systems, the main olfactory system that processes 

the responses to odorants, and the accessory or vomeronasal system that processes the 

responses to pheromones.  

-Odorant receptor neurons, localized in the chemosensory epithelium of the nasal 

cavity, are responsible to receive odorant signals. These neurons send sensory 

information to the main olfactory bulb (MOB) through the olfactory nerve. The olfactory 

bulb (OB) in mice is a big rostral extension of the telencephalon integrated by 

glutamatergic neurons, both mitral and tufted cells, and interneurons. Mitral cells extend 

their axons through the lateral olfactory tract (LOT) to the major regions of the olfactory 

cortex including the anterior olfactory nucleus (AON), the olfactory tubercle (OT), the 

piriform cortex (PC) and the entorhinal cortex (EC) (Treloar et al., 2010). This projection 

generates a complex odor-specific map in the olfactory cortex. 
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 -Pheromone receptor neurons are located in the vomeronasal organ (VNO). 

There are two different classes of vomeronasal receptor neurons (V1R and V2R) 

depending on their location in the VNO and on the type of G-protein that they express 

(Tirindelli et al., 2009). These two families of receptor neurons send their axons to either 

the anterior or the posterior portions of the accessory olfactory bulb (aAOB, pAOB) 

(Martinez-Marcos, 2009). Mitral/tufted cells in the aAOB and pAOB extend their axons 

through the LOT to the vomeronasal amygdala (Mucignat-Caretta, 2010). The pAOB is 

a structure that resides in the dorso-caudal region of the OB and forms a parallel yet 

independent pathway (Mohedano-Moriano et al., 2007) directly related to the neural 

control of aggressive and defensive behaviors, just as the anterior tier of the AOB (aAOB) 

serves sexual behaviors (Kumar et al., 1999). 

 

 

Figure 11: The olfactory system in mice is formed by two different sub-systems; the main olfactory system 
and the accessory (or vomeronasal) olfactory system. The main olfactory system processes odorant 
information, which is conveyed from the olfactory neuroepithelium (MOE) to the main olfactory bulb (MOB) 
to the piriform cortex (PC), entorhinal cortex (EC), anterior olfactory nucleus (AON), olfactory tubercle (OT) 
and cortical amygdala (LA). The accessory olfactory system processes pheromone information from the 
vomeronasal nucleus (VNO), which is conveyed to the accessory olfactory bulb (AOB) and then to the 
vomeronasal amygdala (V. Amyg). (Modified from Dulac and Torello, 2003) 

 

 The specification of the OB depends on the expression of specific morphogens 

and transcription factors (TF). The neuroepithelium of the OB is localized at the most 

rostral part of the dorsal telencephalon and starts to be morphological distinguishable at 

E12.5. FGF molecules are implicated in OB specification. In mice, the disruption of the 

Fgf receptor Fgfr1 in the telencephalon of the conditional KO mouse line Foxg1Cre Fgfr1F/F 
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produces an abnormal development of the OBs (Hebert et al., 2003). Another TF 

implicated in OB development is the paired box protein Pax6. In Pax6 deficient mice 

(Pax6Sey/Sey), an aberrant olfactory bulb-like structure (OBLS) is formed, which suggests a 

role for Pax6 in the positioning of mitral cell progenitors (Jimenez et al., 2000; Nomura 

and Osumi, 2004).  

 Additional mutant mice that exhibit an OBLS are the deficient mice for the 

ciliopathy gene Ftm (Ftm-/- mice: Besse et al., 2011); the Gli3 deficient mice extratoes 

(XtJ/XtJ; Franz, 1994); the conditional mice Emx1Cre-Gli3F/F (Amaniti et al., 2015); and the 

Lhx2-/- mice (Saha et al., 2007). Lhx2 is expressed in mitral cells in the MOB and in the 

anterior part of the AOB (aAOB). In Lhx2-/- mice, although mitral cells are specified, they 

locate in an aberrant position forming an OBLS (Saha et al., 2007). The opposite scenario 

is seen in the Tbr1 deficient mice, in which the mitral cells are absent although the 

olfactory protrusion is present, indicating that OB morphogenesis and the specification 

of mitral cells are independent events (Bulfone et al., 1998).  

The lateral olfactory tract (LOT) contains the axons of the mitral and tufted 

neurons from the OB projecting to the different parts of the telencephalon: olfactory 

tubercle, olfactory and vomeronasal amygdala, and piriform and entorhinal cortex. 

Mitral cell axons exit the olfactory bulb at E13.5, and at E15.5 a thick LOT is formed in 

the piriform cortex. Around E16.5-E17.5, LOT collateral axonal branches invade the 

olfactory areas to initiate synaptogenesis. 

Mitral cell axons have a laminar organization in the LOT. The AOB projection 

axons express neuropilin 2 (Nrp2) and are localized in the deepest layer of the LOT. The 

MOB projection axons express Nrp1 and cntn2 (TAG-1) and extend within the 

superficial layers of the LOT (Inaki et al., 2004). Nrp1 binds preferably to Sema3A, while 

Nrp2 binds Sema3F. Although it was suggested Nrp1 and Nrp2 are implicated in the 

LOT guidance (de Castro et al 1999) in the deficient mice for Nrp1 (Nrp1-/-), Nrp2 (Nrp2-

/-) or Sema3F (Sema3F-/-) not obvious defects in LOT axons guidance were detected (Ito et 

al., 2008; Matsuda et al., 2010; Kitsukawa et al., 1997).  
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Figure 13: Factors implicated in LOT axon guidance during development. Schematic horizontal (A) and 
coronal section (B) showing the molecules and cells implicated in the correct formation of the lateral 
olfactory tract (LOT) (green). The mitral and tufted cells in the olfactory bulb (OB) send their axons (LOT) 
to the olfactory cortex (OC).  Chemorepellents (red) are expressed in the septum (S), ganglionic eminences 
(GE) and cortical plate (CP) and provoke avoidance of LOT axons to those areas. The positioning of the LOT 
is controlled by lot cells (violet stars) and chemoattractants (blue) in the olfactory cortex (Modified from de 
Castro 2009). 

 

The septum produces two Slit guidance proteins, Slit1 and Slit2, which are repellents for 

LOT axons by means of their Robo receptors (Nguyen Ba-Charvet et al., 1999; Nguyen-

Ba-Charvet et al., 2002). In Robo2-/- mice, and in double KO Robo1-/- / Robo2-/- mice, LOT 

axons spread along the ventral surface of the telencephalon (Fouquet et al., 2007), and 

similar defects were observed in Slit1-/- Slit2-/- mutant mice, thus confirming that Slit-

Robo signaling is implicated in the guidance of LOT axons. Cell adhesion molecules such 

as NCAMH, OCAM, Nr-CAM and PSA-NCAM do not seem to be important for LOT 

formation, even in combination with TAG-1 or axonin-1. Other molecules like ephrins 

or reelin are not implicated in the targeting or/and formation of the LOT either (de 

Castro, 2009).  
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2. 2. 1. Generation and migration of mitral cells 

The OB derives from the ventral pallium and is considered as allocortex, with 4 neuron 

layers: glomerular layer, external plexiform layer, mitral cell layer and granular cell layer 

(Price and Powell, 1970b, a; Pinching and Powell, 1971). The OB glutamatergic neurons 

(mitral and tufted neurons) are generated in the local ventricular zone (VZ) and then 

migrate radially toward the intermediate zone (IZ) where they differentiate. Mitral 

neurons are the first being generated (E10.5-E11.5), followed by the tufted cells. The TFs 

implicated in the generation of mitral/tufted cells in the OB are the same of the rest of 

telencephalic glutamatergic neurons (Englund et al., 2005, Hevner et al., 2006). These TF 

are Pax6 and Ngn2 in the primary progenitors, Tbr2 in intermediate progenitors and 

Tbr1 in postmitotic cells (Campbell et al., 2011; Winpenny et al., 2011; Imamura and 

Greer, 2013; Kahoud et al., 2014). However, unlike the cortical pyramidal cells, the 

mitral/tufted cells express Tbr2 postmitotically (Bulfone et al., 1995; Bulfone et al., 1999; 

Faedo et al., 2002; Mizuguchi et al., 2012), the extracellular matrix glycoprotein reelin 

(Schiffmann et al., 1997), and the metabotropic glutamate receptor mGluR1 (Heinbockel 

et al., 2004). Absence of either Tbr1 or Tbr2 in postmitotic mitral cell precursors causes 

comparable defects in mitral cell development, indicating that both molecules are 

necessary for the cells to progress toward a mitral/tufted cell phenotype (Bulfone et al., 

1998; Arnold et al., 2008; Sessa et al., 2008). Pax6 controls the expression of Tbr2 and Tbr1 

in mitral cells (Imamura and Greer, 2013) and Tbr2, in intermediate progenitors in the 

subventricular zone (SVZ) and in postmitotic mitral cells, are needed for the correct 

development of the OB (Kahoud et al., 2014). 

 Although the majority of the mitral cells of the OB are born in the VZ of the 

olfactory neuroepithelium, a recent work (Huilgol et al., 2013) revealed that mitral cells 

of the pAOB have their origin in the thalamic eminence (TE). Accordingly, pAOB mitral 

cells are generated early in the cortical development and migrate from the TE to the 

pAOB through the prospective LOT territory, in the piriform cortex, between E11.5 and 

E14.5. The precursors of the pAOB mitral cells express Lhx5, AP2α and reelin but, 

according to these authors, they are not a subpopulation of CR cells as they do not share 

the same migration mechanisms.  
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Figure 12: A proposed TE origin of pAOB mitral cells in mice. Schemata showing the expression of Lhx5 
in immature pAOB mitral cells during the time of migration. The pAOB mitral cells are generated in the TE 
and then migrate rostrally through the prospective LOT territory to the OB between E11.5 and E14.5. In the 
OB, Lhx5 is expressed exclusively in the pAOB) while Tbet is expressed in both the anterior accessory 
olfactory bulb (aAOB) and main olfactory bulb (MOB). (Modified from Huilgol et al 2013). 

 

2. 2. 2. The lot cells 

 The lot cells are considered guidepost cells for mitral cell axons, since chemically 

induced ablation of those cells prevents lateral olfactory tract formation in organotypic 

cultures (Sato et al., 1998; Hirata et al., 2012). Lot cells supposedly derive from progenitor 

cells in the DP (Sato et al., 1998; Tomioka et al., 2000; Kawasaki et al., 2006); for reviews 

see (Marin et al., 2010; Bielle and Garel, 2011; Squarzoni et al., 2015). This DP origin was 

supported by diverse sets of experiments in Tatsumi Hirata laboratory. Explant cultures 

and tracing experiments in whole mount cultured embryos showed that lot cells are 

generated in the entire dorsal pallium and then migrate ventrally and tangentially within 

the pallial MZ towards the future LOT territory at the pallial-subpallial boundary (PSB). 

Once they arrive to the LOT presumptive territory (before the arrival of LOT axons), lot 

cells were supposed to turn 90º and migrate in a caudorostral direction within the LOT 

territory and, later, at the periphery of the LOT axonal tract (Tomioka et al., 2000; 

Kawasaki et al., 2006; Ito et al., 2008).  

The lot cells were visualized for the first time using the monoclonal antibody (mAb) lot1 

that recognizes the glutamate metabotropic receptor mGluR1 (Sato et al., 1998; Hirata et 

al., 2012) 
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mGluR1 expression, however, does not occur within the accepted migration 

territory of lot cells within the pallial marginal zone but only once the lot cells arrive to 

the LOT territory. Therefore, in the reports showing migrations of early neurons from 

DP to the LOT territory (Sato et al., 1998; Tomioka et al., 2000; Kawasaki et al., 2006), the 

nature of these ventrally migrating cells has remained obscure in the absence of specific 

cell markers. Thus, it is unclear whether mGluR1/lot cells have a pallial origin as 

previously suggested or, on the contrary, they are akin to the AP2α/Lhx5 presumptive 

mitral cell destined for the posterior accessory olfactory bulb (pAOB) that arise in the TE 

(Huilgol et al., 2013).  

 The position of the lot cells is controlled during development by multiple 

guidance molecules. Lot cells express neuropilin 2 (Nrp2), the receptor for semaphorin 

3F. Sema3F is expressed in the ganglionic eminences and provokes the avoidance of lot 

cells to these territories. In Nrp2 or Sema3F deficient mice (Nrp2-/-, sema3F-/-) the 

distribution of the lot cells is abnormal and their dorsal tangential migration is affected. 

However, even if lot cells are in aberrant position, the formation of the LOT seems to be 

normal (Ito et al., 2008), suggesting that this cells are not essential for LOT formation. 

 Netrin1 is expressed in the ganglionic eminence, while its receptor DCC is 

expressed in lot cells. Netrin1-DCC signaling is implicated in the dorsal tangential 

migration of the lot cells. In Netrin1 and DCC deficient mice the lot cells have mild 

changes in the position in the LOT territory and the LOT axons have modest defects in 

their trajectories (Kawasaki et al., 2006).  

 

Figure 14: Illustration showing the migration and distribution of lot cells. The lot cells (pink color) migrate 
tangentially from the dorsal pallium to the prospective piriform cortex at the pallial subpallial boundary 
(PSPB). The lot cells are the guidepost cells to the correct lateral olfactory tract (LOT) formation. The LOT 
will project to the piriform cortex (Pir), entorhinal cortex (EC), anterior olfactory nucleus (AOB), olfactory 
tuberculum (Tu) and amygdala (Am). (Modified from (Bielle and Garel, 2013)).  
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During brain development, newborn, immature neurons migrate radially or/and 

tangentially to reach their final destinations. Some neurons settle in places close to their 

origins while some others migrate over long distances to reach their definitive locations 

in the brain. In the telencephalon, Cajal-Retzius (CR) cells are generated from different 

sources: the pallial septum at the rostralmost part of the telencephalic vesicle, the cortical 

hem at the midline and the ventral pallium at the pallial-subpallial boundary. From these 

sources, CR cells migrate tangentially to cover the entire surface of the cortex. The 

thalamic eminence (TE), at the boundary between the diencephalon and the 

telencephalon, has also been proposed as a source of p73 CR cells (Tissir et al., 2009), but 

the characterization, migration pathways and final positioning of the TE-derived CR 

cells are not well established yet.  

 On the other hand, Huilgol et al. (2013) have proposed that the TE is a source of 

a novel population of Lhx5+ immature mitral cells that migrate along the lateral olfactory 

tract (LOT) to occupy the posterior tier of the accessory olfactory bulb. These cells, 

despite their expression of reelin, are not a CR cell subpopulation because they do not 

share migration mechanisms with CR cells.  

 Additionally, an outstanding group of mGluR1+ guidepost cells for mitral cell 

axons called lot cells populates the LOT during development. These cells are said to 

generate in the dorsal pallium neuroepithelium (Tomioka et al., 2000).  However, our 

preliminary studies indicated a high level of mGluR1 expression in the TE and in a 

putative migration path from the TE to the posterior end of the LOT, suggesting that the 

TE could be involved in the generation of lot cells.    

 In our preliminary studies of gene expression in the TE and its surrounding 

territories, we observed that the morphogen Gdf10 (Bmp-3b) is expressed not only in the 

TE (Shimogori et al 2010) but also in the telencephalon. Thus, we found that Gdf10 was 

expressed at a very low intensity in the ventral pallium, and at high intensity in a hitherto 

undefined territory located between the TE and the caudal ganglionic eminence. 
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On this basis, we decided to analyze in detail: 

• The embryonic origins of mGluR1/lot cells and the migratory routes towards the 

LOT. 

• The neurochemical characteristics of lot cells. 

• The final destinations of mGluR1/lot cells. 

• The genoarchitectonic features of the novel Gdf10high telencephalic territory to 

determine its pallial vs. subpallial character.  

• The fate map of the neurons generated in the telencephalic Gdf10high territory. 
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Animals 

Experiments were performed on different mouse strains. Mutant mice were maintained 

in an inbred strain C57BL6 and wild type mice in outbred strain ICR at the animal 

facilities of the Servicio de Experimentación Animal (RMG-SEA) in the Instituto de 

Neurociencias de Alicante, Universidad Miguel Hernández-Consejo Superior de 

Investigaciones Científicas (INA, UMH-CSIC) 

The care and handling of the animals prior or during the experimental 

procedures followed European Union (2010/63/UE) and current Spanish Legislation 

(Real Decreto 53/2013), and were approved by the Animal Care and Use Committees of 

Universidad Miguel Hernández. Animals were kept on a 12 h light/dark cycle with 

constant ambient temperature and humidity. Food and water were available ad libitum. 

List of mouse lines used in these thesis work: 

-Grm1tm1Dgen/J mouse line (The Jackson laboratory B6.129P2-Grm1tm1Dgen/J) has 

a targeted mutation in the Grm1 gene (glutamate metabotropic receptor 1, mGluR1). A 

bacterial lacZ gene was inserted into the gene such that the endogenous gene promoter 

drives expression of beta-galactosidase and don’t permit the correct expression of the 

Grm1 gene. For the β-gal expression experiments we used heterozygous animals (Sachs 

et al., 2007). 

-DeltaNp73eGFP mouse line was generated by inserting an CRE-IRES-EGFP 

cassette downstream from the 5’ end of the p73 locus, using standard homologous 

recombination (Tissir et al., 2009). (Animal provided from F. Tissir, Institute of 

Neuroscience, Université catholique de Louvain, Belgium) 

-Dbx1Cre mouse line was obtained by inserting an IRES-CRE cassette into the 

3’UTR of the Dbx1 gene by homologous recombination. Dbx1Cre mice were mated with 

ROSA26YFP to obtain a permanent labeling of the Dbx1 cellular lineage (Bielle et al., 

2005) (Animal provided from A. Pierani, Institut Jacques Monod, Paris, France). 

-ROSA26YFP mouse reporter line was generated by inserting EYFP cDNA into the 

ROSA26 locus, preceded by a loxP-flanked stop sequence (Srinivas et al., 2001). Dbx1Cre 
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animals were mated with ROSA26YFP to trace the cellular derivatives of Dbx1 to which 

the Cre recombinase was attached. (Animal provided from A. Pierani, Institut Jacques 

Monod, Paris, France). 

-Wnt3aCre mouse line was generated by inserting an IRES-CRE cassette into the 

3’ end of the Wnt3a locus, using standard homologous recombination (Yoshida et al., 

2006). (Animal provided from S. Garel, Institut de Biologie de l’École Normale 

Supérieure, Paris, France) 

-Ai9 td-Tomato mouse line was generated by inserting a construct containing the 

strong and ubiquitous CAG promoter, followed by a floxed-Stop cassette controlled 

fluorescent td-Tomato marker into the ROSA26 locus (Madisen et al., 2010). Wnt3aCre 

animals were mated with Ai9 td-Tomato to trace the cellular derivatives of Wnt3a to 

which the Cre recombinase was attached. (Animal provided from S. Garel, Institut de 

Biologie de l’École Normale Supérieure, Paris, France). 

-Lhx2-/- mouse line was generated using homologous recombination in 

embryonic stem cells (ES cells). A replacement targeting vector, pEGneo, was designed 

to delete the two exons encoding the LIM domains and the domain linking the LIM and 

homeodomain domains of Lhx2, and replace them with a neomycin-resistance gene 

(PGK-neo) (Porter et al., 1997). (Animals provided from S. Tole, TATA Institute, 

Mumbai, India). 

-Pax6Sey/Sey (Small eye). This mouse line carries a spontaneous semidominant 

mutation which in homozygous condition results in the complete lack of eyes and nasal 

primordia. The mutant mice have a base-pair change at codon 194 of the protein 

producing an in frame stop codon resulting in a protein terminating before the 

homeobox (Hill et al 1991). (Animals provided from D. Price, University of Edinburgh, 

Scotland, UK). 
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Embryo harvesting, dissection and fixation of the embryonic brains. 

For staging of embryos, midday of the vaginal plug was considered as embryonic day 

0.5 (E0.5). Timed-pregnant C57BL6/J and ICR females were killed by cervical dislocation 

and the embryos were extracted by caesarean section. The uterine horns were cut and 

placed on cold Krebs medium (if the embryos were destined to organotypic culture 

procedures) L15 medium (the embryos used for primary cultures) or cold PBS for 

immunostaining procedures in a Petri dish. The embryos were extracted from the uterus 

removing all their coverings and their brains were rapidly and carefully dissected by 

using two FST #5 forceps under a Leica scope. After dissection, the brains destined for 

immunohistochemistry were fixed by immersion in 4% paraformaldehyde (PFA) in 

0.2M phosphate buffer (PB) pH 7.4 with picric acid at room temperature (RT) with 

agitation. The time depends of the embryo stage: 

 

  Fixation time 

E12.5 2 hours 

E13.5 3 hours 

E15.5 6 hours 

E18.5 overnight 
 

 

After fixation, the brains were rinsed several times in phosphate saline buffer (PBS) and 

stored in 0.05% sodium azide in PBS at 4ºC to preserve them of (from) fungal 

contamination. Brains for In situ hybridization were fixed with PFA 4% in 0.1 M PBS 

overnight at 4ºC with continuous agitation to avoid the degradation of RNA. After 

fixation, the brains were rinsed in PBS. For cryostat sections the brains were transferred 

to 30% sucrose in 0.1M PB. After sucrose incubation, the brains were embedded in OCT 

compound and stored at -80ºC. For microtome sections the brains were transferred in 

70º ethanol for one day and then processed to embed in paraffin. 
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Perfusion and dissection of early postnatal mice  

Early postnatal mice (P0-P5) were anesthetized by hypothermia and perfused 

intracardially by means of a peristaltic pump (Watson Marlow 505S) at a flow rate of 6 

ml/min (20 rpm) with 4% paraformaldehyde (PFA) in PBS. Perfusion was maintained 

for 10 min using a total volume of 60 ml of fixative per animal. After perfusion, animals 

were decapitated and the brains were dissected out. Brains were immersed in the same 

fixative solution overnight at 4ºC. Finally, the brains were rinsed several times in PBS 

and stored in PBS containing 0.05 % sodium azide at 4 ºC. 

 

Immunofluorescence on 100-300 μm thick, free-floating sections 

Immunohistochemistry was performed in multiwell plates. The sections were washed 3 

times with Tris-buffered saline (TBS) 0.05M pH 7.4. In order to expose those specific 

antigens that are hardly detectable, we first incubate the tissue with 0.1 M citrate buffer, 

pH 6 during 5 minutes. Then, we boiled it in the microwave oven around 5 seconds and 

shacked it until RT was reach. The sections were washed in TBS for 10 min, 3 times. After 

unmasking treatment, the tissue was blocked in a solution composed of 10% normal goat 

serum (NGS), 0.2% Triton X-100 in TBS for 1 hour and a half at room temperature (RT). 

Next, sections were incubated with the primary antibodies diluted in a solution 

composed of 4% bovine serum albumin (BSA), 3% normal horse serum (NHS) and 0.2% 

Triton X-100 diluted in PBS with 0.05% azide overnight at RT. Sections were washed for 

10 min, 3 times, in TBS and incubated with the corresponding secondary fluorescent 

antibodies diluted a solution 1% NGS in TBS for 2h, protected from the light. The tissue 

was washed 3 times more with TBS, and were incubated 5 minutes in DAPI solution and 

washed again 3 times with TBS 10 minutes each time. The sections were mounted on 

microscope slides and covered with AF2 (Citifluor Ltd.). 
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Immunofluorescence in cryostat sections (12-15 μm thickness) 

Sections were taken out of the -80 º C freezers and let dry for minimum 30 min or until 

the sections are dry. Then, slides were placed horizontally in a humid chamber and 

washed with PBS containing 0.1% Triton X-100 (PBT). Next, sections were pre-treated 

for 10 min at RT with a solution of 1% NHS in PBT. Sections were incubated with the 

primary antibodies in the same blocking solution overnight at 4ºC. After rinsing with 

the blocking solution for 3 times, the sections were incubated with the secondary 

antibodies diluted in the same blocking solution for 30 min at RT. Finally, tissue was 

washed 3 times with PBS and covered with AF2 5 (Citifluor Ltd.). 

 

Immunocytochemistry in primary culture cells 

The medium of the primary culture was removed carefully and added 4% PFA for 20 

minutes. Then the cells were washed with PBS and blocked I hour with PBS + 4% BSA + 

0.5% Tritón X-100 solution at room temperature. The cultures were incubated overnight 

at room temperature with primary antibodies diluted in PBS + 1% BSA + 0.5% Tritón X-

100. The day after the cells were washed with PBS 3 times and incubated with secondary 

antibodies for 90 min in the same blocking solution used for primary antibodies.  Then 

the cells were washed with PBS, incubated with DAPI solution for 5 min and washed 

again 3 times with PBS. To mount the samples, the crystals with the attached 

differentiated cells were kept onto microscope glass slices, added Citifluor fluorescent 

mounting medium and a glass coverslip. 

 

Colorimetric Immunohistochemistry in sections 

Sections were first incubated in a solution of 3 % hydrogen peroxide in PBS for 30 m to 

inhibit the endogenous peroxidase present in the tissue. Sections were washed 3 times 

(10 min each) with PBS. Then, the tissue was blocked in 4% BSA, 3% NHS, and 0.1% 

Triton X-100 in 0.05 % azide in PBS for 1h at RT in continuous agitation and incubated 

in the primary antibodies diluted in the same blocking solution overnight. Sections were 
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washed 3 times (10 min each) in PBS and incubated in the corresponding biotinylated 

secondary antibody diluted in blocking solution, for 2h. Sections were washed again 3 

times in PBS, and the ABC (Avidin-Biotin-Peroxidase, Vector Labs) was prepared half 

an hour before using, mixing A and B components in the right concentration (1:200) in 

PBS as per manufacturer’s indications Sections were incubated in ABC complex for 2 h 

and washed 3 times with PBS. For developing the reaction, 0.05 % 3,3’- 

diaminobenzidine (DAB) with 0.01% hydrogen peroxide in PBS was used. Avidin 

present in ABC kit is couple to peroxidase. Avidin binds the biotin of secondary antibody 

and, as a result, it peroxidase will produce a brown color in the immunoreactive cells. 

Finally, sections were washed in PBS, mounted onto gelatinized microscope slides, 

dehydrated in 50%, 70%, 90% ethanol and cleared in xylene, 2 min each and covered 

with DPX.  

 

List of antibodies used in this thesis work 

Primary antibodies 

Protein name  
Host 

Specie Clonality Isotype Concentration Company 

GFP Chicken Polyclonal IgY 1:2000 Aves Labs 

Tbr2 Chicken Polyclonal IgY 1:500 Millipore 

Reelin G-10 Mouse Monoclonal IgG 1:2000 
Gift from 

A. Goffinet 

TAG-1 4D7 Mouse Monoclonal IgM 1:40 
Hybridoma 

Bank 

RC2 Mouse Monoclonal IgM 1:500 
Hybridoma 

Bank 

Pax6 Mouse Monoclonal IgG 1:1000 
Hybridoma 

Bank 

β-galactosidase Rabbit Polyclonal IgG 1:500 
Cappel, MP 
Biomedicals 

Calretinin Rabbit Polyclonal IgG 1:2000 Swant 
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Ki67 Rabbit Polyclonal IgG 1:100 Abcam 

Tbr1 Rabbit Polyclonal IgG 1:1000 Abcam 

GFP Rabbit Polyclonal IgG 1:1000 Abcam 

COUP-TF1 Rabbit Polyclonal IgG 1:500 Gift from M. 
Studer 

COUP-TF2 Rabbit Polyclonal IgG 1:500 
Gift from 
M. Studer 

VGlut2 Rabbit Polyclonal IgG 1:500 Synaptic 
systems 

Tuj1 Rabbit Polyclonal IgG 1:500 Covance 

DsRed Rabbit Polyclonal IgG 1:500 Clontech 

lot1 Rat Monoclonal IgG 1:100 
Gift from T. 

Hirata 

 

Secondary antibodies 

Target 
Specie 

Target 
Isotype Conjugate Host 

Specie Concentration Company 

Chicken IgY 488 Alexa Fluor Goat 1:500 Invitrogen 

Rabbit IgG 488 Alexa Fluor Goat 1:500 Invitrogen 

Chicken IgY 546 Alexa Fluor Goat 1:500 Invitrogen 

Mouse IgG 546 Alexa Fluor Goat 1:500 Invitrogen 

Mouse IgM 546 Alexa Fluor Goat 1:500 Invitrogen 

Rabbit IgG 546 Alexa Fluor Goat 1:500 Invitrogen 

Rat IgG 546 Alexa Fluor Goat 1:500 Invitrogen 

Rabbit IgG 647 Alexa Fluor Goat 1:500 Invitrogen 

Chicken IgY 647 Alexa Fluor Goat 1:500 Invitrogen 
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In situ hybridization (ISH) in cryosections  

For the preparation of the riboprobes we first linearized the plasmids incubating 5 μg of 

DNA, 2μl of the restriction enzyme, 3 μl of buffer and MiliQ-H2O up to 30 μl were 

incubated at the 37°C for 3 h. The DNA was cleaned with purification kit (Qiagen). The 

DNA was dissolved in 30 μl Sigma-H2O. 1 μl of circular and linearized plasmid were 

run in agarose 1% electrophoresis to confirm the linearization. To synthesize RNA from 

linearized DNA, a mix consisting of 4 μl of T-buffer, 2 μl of DTT 0.1M (Promega), 2 μl of 

DIG RNA labeling mix, 1 μg of the linearized plasmid, 2 μl of RNAsin (50U/ml), 2 μl of 

RNA polymerase (10U/ml, Promega) and DEPC-H2O until 20μl final volume. The mix 

was incubated 30 minutes at 37ºC and then 2μl of DNAsa (RNAsa free) was added and 

the reaction was incubated 2 more hours at 37°C. The probe was purified from the 

reaction mix by vortexing it in a MicroSpinTM G-50 Column (Amersham). The resultant 

probe and the circular plasmid as a control were run in agarose 1% electrophoresis to 

check the correct probe synthesis. The probes were stored at -20°C. All the materials and 

reagents used for ISH were RNase free. 

 

List of probes used in this thesis work  

Plasmid Restriction 
enzyme 

Retropolymerase 
enzyme 

BMP4 EcoR1 T3 
Dbx1 EcoR1 T7 
Ebf3 EcoR1 T3 

Emx1 EcoR1 Sp6 
Emx2 SalI T7 
Fgf15 NotI T7 
Foxg1 Sma1 Sp6 
Gdf10 XhoI T3 
Gsh2 BamHI T7 
Lhx2 EcoR1 Sp6 
Lhx5 XbaI T7 

Mash1 XbaI Sp6 
Mdga1 XbaI T7 

mGluR1 NheI T3 
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Ngn2 BamHI T7 
Pax6 PstI T3 
Ptch1 HindIII T7 
Sfrp2 SalI T7 
Shh HindIII T3 

Trp73 EcoRI T7 
Wnt3a NotI Sp6 
Wnt8b BamHI T7  

 

 

Cryosections were air dried for 2 h, or till the tissue is completely dry, and post-

fixed in 4% PFA for 10 min at RT. Then the tissue was washed briefly with PBS and 

another wash 5 minutes with PBS. The 3° washed was with PBST (PBS+0.1% Triton X-

100) for 5 minutes and 3.5 minutes with PBST with 1 μg/ml proteinase K (10μg/ml). After 

a new fixation in PFA 4% at RT for 10 min, sections were washed in PBST 2 times more, 

for 5 min each. The slides were incubated with 500 μl hybridization buffer in boxes 

humidified with posthybridization buffer at RT for 1 h at 65°C. The probe was diluted 

1μg in 200μl of hybridization buffer. After the application of 200 μl of the diluted probe, 

slides were covered with a coverglass and incubate at 65ºC overnight. Slides were 

submerged in washing solution preheated at 65ºC to remove coverslips. Next, slides 

were washed with washing solution at 65ºC 3 times for 30 minutes. The slides were 

newly placed in humidified boxes and covered with 1ml of In situ blocking buffer for 1h. 

Thereafter, slides were incubated in diluted anti-DIG 1:4000 in In situ blocking buffer, at 

4°C overnight. The day after the samples were washed 8 times with MABT, 30 minutes 

each one, at RT followed for 2 washes with NTMT 10 minutes each one. To reveal the 

signal, slides were incubated with NBT/BCIP from 2 to 36 h, depending on the probe, in 

a humidified chamber in the dark. The reaction was stopped with PBST. Finally, slides 

were rinsed with water, air-dried and mounted with mowiol.   

 The protocol for in situ hybridization on paraffin sections was similar to the 

described for cryosections except that sections were first dewaxed. Then, samples were 

treated for 20 min in 4 % PFA and 0.2% Glutaraldehyde.  
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In situ hybridization in whole mount was performed exactly as in Theil et al., 

1999. 

Slice Organotypic cultures with CMFDA injections  

Pregnant ICR females were sacrificed by cervical dislocation. After removal from the 

placenta by Caesarean section, uterine horns were removed and rapidly isolated in cold 

Krebs medium. After the extraction of the embryos of the amniotic sacks, their brains 

were dissected out in the same medium and embedded in 4% low melting point agarose 

(Sea Plaque Agarose, Cambrex) diluted in sterile PBS. 300 μm thick coronal sections were 

carefully cut on a Leica vibratome (Frequency=8, Speed=3). The sections were transferred 

to polycarbonate culture membranes (Millicell-CM® Low Height Culture Plate Inserts, 

0.4 μm pore size, Millipore) that had been previously placed in Petri dishes containing 1 

ml of DMEM-F12 organotypic medium. Slices were maintained for 1 h at 37ºC in 5% CO2 

in a standard sterile incubator (Stoppini et al., 1991). Next, resin beads (AG 1-X2 Resin, 

106–250 μm diameter, Bio-Rad), previously soaked in CellTracker CFMDA (Invitrogen), 

were placed in selected areas from where we wanted to observe cell migration. Then, 

DMEM-F12 medium was replaced by Neurobasal organotypic medium and the slices 

were kept in the incubator at 37ºC and 5% CO2 the time necessary for the study. Slices 

were then fixed in 4% PFA for 2h and preliminary analyzed with a fluorescence 

microscope. The slices of interest were processed for immunohistochemistry (as 

described above) and imaged with a Leica confocal microscope TCS SL. 

 

Primary cultures 

Differentiation of the thalamic eminence and dorsal pallium cells were performed with 

E11.5 ICR wild type embryos. The embryos were extracted from the pregnant mother 

and kept it in dissection medium in ice under sterilization conditions. Then the heads of 

the embryos were cut it in coronal angle at the level of the thalamic eminence how is 

show in Fig (). The thalamic eminence and dorsal pallium neuroepithelium were 

dissected carefully with microsurgery knife in chilled dissection medium and kept it in 

different eppendorfs with 500 μl of differentiation medium. When we have enough 
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tissue (17 embryos), the TE and dorsal medium dissections were mechanically 

dissociated by repeated pipetting until to have individual cells medium. The cell density 

was checked counting in a Neubauer chamber until to have 500.000 cells/ml. 500μl of 

dissection medium with the cells were placed in each well in a 24 multi wells plate with 

laminin (5μg/ml Sigma) + poly-lysine (100μg/ml Sigma) coated coverslips. The well 

plate was kept it in a sterile incubator at 37ºC and 5% CO2 for 4 days. The cells culture 

was checked every day and change the medium for 500μ l of fresh differentiation 

medium at 37ºC. After 4 days the cells were fixated with 4% PFA at 4 degrees for 20 min 

and then wash it with PBS1X 3 times 10 minutes each time. 

 

In utero electroporation 

For electroporation experiments, we used ICR pregnant mice. The day of confirmation 

of a vaginal plug was designated as embryonic day zero (E0.5). The mice were treated 

with 0.1 ml Ritodrine hydrochloride intraperitoneal (14mg/ml, Sigma) 30 min before the 

surgery. Pregnant mice were deeply anesthetized with isoflurane and injected 

buprenorphine intramuscular (0.1mg/Kg; Buprex ®, Schering Plough). Then the mice 

abdomens were shaved and cleaned with iodine solution. Their abdominal cavity cut 

open, and the uterine horns exposed. Approximately 1–2_l of DNA solution was injected 

into the lateral or 3⁰ ventricle of embryos aged 10-11 post-coitum (E10.5-E11.5) using a 

pulled glass micropipette. Each embryo within its uterus was placed between tweezers-

type electrodes (CUY650-P5; NEPA Gene, Chiba, Japan). While the embryos were 

outside they were wetted with physiological saline solution warmed. The angle of 

inclination of the electrode paddles with respect to the horizontal plane of the brain was 

zero for targeting the MTE VZ, when the plasmid was injected in the 3⁰ ventricle, and 

20⁰ to target the caudal hem-LTE VZ in the lateral ventricle. The embryos were 

electroporated with electric pulses (35V for E11.5 and 30V for E10.5; 50ms) five times at 

1 s intervals using an electroporator. Electroporated embryos were placed again into the 

abdominal cavity to avoid temperature loss. The uterus was placed back into the 

abdominal cavity to allow embryonic development to continue. 
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Expression vector, pCX-EGFP plasmid (Morales et al., 2007) was purified with 

midiprep endofree (Thermo) and dissolved in H2O miliQ and 0.05% Fastgreen in a 

concentration of 2mg/ml. 

 

Quantification and statistical analysis 

Images were captured with a digital camera coupled to a Leica MZ APO 

stereomicroscope or a Leica MD5000 fluorescence microscope equipped with a Zeiss 

Axiophot digital camera. Confocal microscope analyses were carried out in a Leica TCS 

SL or an Olympus Fluoview confocal microscopes. Figures were prepared using Adobe 

Photoshop CS5 and Adobe Illustrator CS5 and 2D mosaic reconstructions were 

produced when needed using the Photomerge tool of Photoshop CS5 software package. 

A minimum of 3 animals and 3 slices of each animal were used for all the analyses and 

quantifications. InStat (GraphPad, San Diego, CA) software was used for statistical 

analysis. 
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Appendix A: Solutions and Media 

SALT 10X pH 7.5  1L.    

NACL 114g   
Tris-Hcl     14.04g   
Tris-Base. Trizma 1.34g   
NaH2Po4.2H2O  7.8g   
Na2HPO4  7.1g   
EDTA O.5M 100ml   
H2Od  600ml   

    
    

Hybridization buffer 
FINAL  

concentration 15 ml 45 ml 

Salt 10X 1X 1,5 ml 4,5 ml 
Formamid 50% 7,5 ml 22,5 ml 
Dextran Sulfate 50X 10X 3ml 9 ml 
tRNA 0,10% 1,5 ml 4,5 ml 
Denhart 50x 1X 300 μl 900 µl 
H2Odpc   1,2 ml 3,6 ml 

    
    

Washing Solution FINAL  
concentration 600 ml 1L 

SSC 2x 1x 300 ml 500 ml 
Formamid 50% 300 ml 500 ml 
Tween 10 0,10% 600 μl 1 ml 

    
    

Blocking buffer FINAL  
concentration 150 ml 75 ml 

MABT 1x   105 ml 52,5 ml 
Sheep Serum  10% 15 ml 7,5 ml 
BBR  2% 30 ml 15 ml 

  
 

 

    

MABT 1x FINAL  
concentration 1L  

MAB 5x 1x 200 ml  

Tween 20 0,10% 1 ml  

H2Od   800 ml  
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MAB 5x 1L   

Ac maleico 58g   

NaCL 43.5g   

NaOH until ph7.4 38g   

H2Od Until 1l   
 
    

NTMT 1x FINAL  
concentration 

300 ml  

NaCl 5M 0,1M 6 ml  
Tris HCl pH 9,5 1M 0,1M 30 ml  
MgCl2 2M 0,1M 15 ml  
Tween 20 0,10% 300 µl   
H2Od   249 ml  

 
 

   

Reveal solution 300 μl    

NTMT 1X 60 ml   
NBT  ( 0,45μl/ml) 27 μl   
BCIP ( 3,5 μl/ml) 210 μl   

 
 

   

20X SSC PH7 with NaOH   

NaCl  175.3g   
Sodium citrate 88.2gr   

H2Od  
Until 1L and 
autoclaving 

  

 
 

   

Hybmix  10 ml   
Formamid 5 ml    
20 X SSC pH 4,5 2.5 ml    
Boehringer Block 100 mg   
Bidest 2 ml   

0,5 M EDTA 100 μl   

Tween20 (10%) 100 μl   
CHAPS 100 μl   
Heparin (50 mg/ml) 4 μl   
tRNA (50 mg/ml)                     200 μl   
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HBSS 10X FINAL       
concentration 

 
500mL (g) 

 
50mL (g) 

KCl  50mM 2 0,2 
KH2PO4  4mM 0,3 0,03 
NaCl 1,37M 40 4 

Na2HPO4  3mM 0,2394 0,02394 
Glucose (Sigma) 1% 5 0,5 

 
 

   

HBSS 1X FINAL 
concentration 

 
500 mL 

 
50 mL 

HBSS 10X 1X  50 mL 5 mL 
Hepes 1M (Gibco) 5mM 1,25 mL 0,125 mL 
Glucose 20% (Sigma) 6g/L 15 mL 1,5 mL 
CaCl2  100mM 5 mL 0,5 mL 
MgSO4  100mM 5 mL 0,5 mL 

Glutamine 200mM (Gibco) 2mM 250 μL 500 μL 

Penicillin/Streptomycin 100x 
(Gibco) 

1x 250 μL 500 μL 

 
 
    

DMEM organotypic culture 
FINAL 

concentration 25mL 13mL 
DMEM-F12  22,25mL 11,6mL 
Glucosa 20% 6g/L 750μL 360μL 
Penicillin/Streptomycin 100x 
(Gibco) 1X 250μL 125μL 
Glutamina 2mM 250μL 125μL 
FCS 5% 1250μL 625μL 
N2 1X 250μL 125μL 
 
    
    
Neurobasal  
organotypic medium 

FINAL  
concentration 

 
25mL 

     
  12mL 

NB (Gibco)   23,25mL 11,14mL 
B27 100x (Gibco) 1X 500μL 250μL 
Glucose 20% (Sigma) 6g/L 750μL 360μL 
Penicillin/Streptomycin 100x 
(Gibco)  

1X 250μL 125μL 

Glutamine 200mM (Gibco) 2mM 250μL 125μL 
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Differentiation medium FINAL  
concentration 

 
1000μl  

DMEM/F12 (Gibco)   865   
Glucose 20% (Sigma) 6g /L 30  
Hepes 1M (Gibco) 5mM 5  
Glutamine 200mM (Gibco) 2mM 10  
Penicillin/Streptomycin 100x 
(Gibco) 

1X 10 
 

N2 100x (Gibco) 1:100 10 
 

FBS 100x (Gibco) 5% 50  
B27 100x (Gibco) 1:50 20  
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SECTION 1. The lateral thalamic eminence is the main origin of lot cells 

1. 1. Comparative expression of lot cells markers 

To assess the origin of lot cells, we first compared the expression patterns of several 

markers known to be expressed in the TE and/or the LOT areas: (i), the LIM-homeobox 

transcription factor Lhx5, expressed in future mitral cells (Huilgol et al., 2013) and also 

in CR cells (Abellan et al., 2010), (ii), the transcription factor Trp73, expressed by CR cells 

from the hem, the pallial septum (Meyer et al., 2002, 2004), the thalamic eminence (Tissir 

et al., 2009; Meyer, 2010) and in the LOT territory (Yoshida et al., 2006) and, (iii), the 

metabotropic glutamate receptor mGluR1, expressed in lot cells when already located in 

the LOT territory (Hirata et al., 2012).  

In situ hybridization in coronal sections of E12.5 wild type embryos revealed that 

Lhx5 was expressed in the TE as a whole including its ventricular zone, in the DTB and 

in the LOT territory (Fig. 14 A1 – A3). Trp73 was expressed in the lateral part of the TE 

(LTE), a territory otherwise called strionuclear neuroepithelium (Altman and Bayer, 

1995; Meyer, 2010) that is continuous with the caudal end of the cortical hem (hereafter, 

caudal hem), and showed a continuous distribution pattern from the LTE to the TE 

mantle, the DTB and the posterior part of the LOT (pLOT) and along the LOT territory 

(Fig. 14 B1 – B3). p73 was expressed in postmitotic cells and also in progenitor cells of 

the ventricular zone of both the LTE and caudal hem. The expression of Grm1, coding 

for mGluR1, showed a pattern similar to Lhx5 and Trp73 in the TE and LOT (Fig. 14 C1 

– C3) with the notable exception that Grm1 was not expressed in the TE ventricular zone.  

Unlike Grm1, at E12.5 Lhx5 and Trp73 were also expressed in CR cells in the 

marginal zone of the cortex, as previously reported (Yamazaki et al., 2004; Tissir et al., 

2009; Abellan et al., 2010).
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Figure 14. Comparing expression patterns of three genes expressed in the thalamic eminence and the 
LOT territory: Lhx5, Trp73 and Grm1 (coding for mGluR1). Coronal sections of E12.5 wild type embryos at 
three rostrocaudal levels. A1 – A3'. Lhx5 is expressed in the septum, the nuclei of the diagonal band in the 
basal forebrain, the whole thalamic eminence, and the SPV domain of the hypothalamus (asterisk in A3). 
A3' is a close-up image of the boxed area in A3 that displays Lhx5 expression in the lateral TE (LTE), 
including its VZ. Arrowheads point to the subpial side of the LTE. B1 – B3'. Trp73 is expressed in the 
ventricular zone of the pallial septum (B1, arrow), the dorsal cortical hem (B2), the choroid plexus (B2, B3), 
the caudal cortical hem, and the LTE (B3, B3'). In B3, the VZ of the dorsal hem, the caudal hem and the LTE 
display Trp73 positive progenitors, whereas the MTE VZ lacks Trp73 progenitors. Note subpial 
accumulations of transcripts in the preplate in the LTE (arrowheads in B3') suggesting the invasion of the 
TE mantle by p73 cells derived from the lateral TE (in B3). C1 – C3'. Compared to Lhx5 and Trp73, Grm1 
expression is spatially much more limited, but is outstanding in the TE. Note in C3' the absence of Grm1 
expression in the ventricular zone of the LTE, and the modest accumulation of transcripts in the subpial side 
of the LTE (arrowheads in C3'). Note, for all these three genes, the strong hybridization signal in the LOT at 
all rostrocaudal levels, and the presence of the respective transcripts within the space between the lateral 
hypothalamus and the caudal ganglionic eminence (the DTB), suggesting a putative migrating path between 
the TE and the posterior end of the LOT (pLOT). Scale bars: A1 – C3, 100 μm; A3' – D3', 50 μm. 
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At E11.5, Grm1 was already expressed in the TE, DTB and LOT territory (Fig. 15).  

 

Figure 15: mGluR1 expression in the forebrain at E11.5. A1 – A3. Grm1 In situ hybridization in an E11.5 
wild type embryo; coronal sections at three rostrocaudal levels. Expression is limited to the lateral olfactory 
tract at rostral levels (A1, B1). In A3, note the intense Grm1 expression in a domain that includes the TE, the 
posterior end of the LOT territory and the supraoptic–paraventricular region of the hypothalamus. Scale 
bar, 100 μm. 

 

Monoclonal antibody (mAb) lot1 recognizes mGluR1 (Sato et al., 1998; Hirata et al 

2012). We observed that Grm1 (mGluR1) In situ hybridization (Fig. 14 D1 – D3) provided 

equivalent images to mAb lot1 immunostaining (Fig. 18 A, B). Even further, reporter 

mGluR1 mice B6.129P2-Grm1tm1Dgen/J, where LacZ was inserted in frame with the 

mGluR1 coding sequence (Sachs et al., 2007), confirmed that mAb lot1 specifically 

recognizes the mGluR1 protein (Fig. 16). 

 

Figure 16. lot1 mAb recognizes mGluR1 specifically. In this photomicrograph, the TE mantle shows 
mGluR1 positive cells immunostained with mAb lot1 in an E12.5 Grm1tm1Dgen/J mouse embryo. In these 
animals, LacZ was inserted in frame with the mGluR1 coding sequence resulting in the expression of a β-
Gal fusion protein. Thus, the co-expression of lot1/mGluR1 and β-Gal indicates the specificity of mAb lot1. 
Scale bar, 50 μm. 
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1. 2. mGluR1/lot cells do not originate in the dorsal pallium  

It has been previously proposed that cells located at the LOT territory originate in the 

DP neuroepithelium (Tomioka et al., 2000; Kawasaki et al., 2006). We decided to re-

examine the mGluR1/lot cells pallial origin by analyzing mice lacking the transcription 

factor Lhx2 (Lhx2-/-mice). In this animal, the cortical hem and the ventral pallium (VP) 

enlarge considerably whereas the DP is absent (Bulchand et al., 2001; Monuki et al., 2001; 

Vyas et al., 2003, Mangale et al., 2008; Subramanian and Tole, 2009), and the TE is 

aberrantly expanded (Roy et al., 2014). In Lhx2-/-mice, the OB mitral cells are specified 

but they reside in an ectopic olfactory bulb-like structure (OBLS) in which mitral cells 

are not able to pioneer their axonal projections towards the LOT (Saha et al., 2007). 

Additionally, to these previously reported observations, we found that AOB marker 

neuropilin2 (NP2), the aAOB marker Tbet and the pAOB marker Lhx5 were all expressed 

in the OBLS region (Fig. 17).   

 

Figure 17. The altered OB (OBLS) in Lhx2 mice retain a normal expression of markers of Lhx5/AP2a 
prospective mitral cells. The expression of the AOB marker NP2 in the AOB of Lhx2+/+ or Lhx2+/- mice (a) did 
not differ from that found in the OBSL of Lhx2-/-mice (b) at E16.5. Likewise, Tbet expression in the aAOB of 
Lhx2+/+ or Lhx2+/- mice (c) remained unchanged in the OBLS of Lhx2-/- mice (d) at E14.5. A similar situation 
was encountered for the pAOB marker Lhx5 at E14.5 (e, f). Scale bar, 500 μm. Experiment and figure done by 
Dhananjay Huilgol 
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In contrast, the Lhx2-/- brain displayed a considerably enlarged lot1 (mGluR1) 

immunoreactive territory. Compared to E12.5 wild type mice (Fig. 18A – B), mutants 

showed an intensely lot1-immunoreactive TE field that expanded along the DTB, the 

pLOT and the LOT territories at mid-rostrocaudal levels (Fig. 18 C – D). The expansion 

of the mGluR1 expression domains remained conspicuous in E14.5 Lhx2-/- mice (Fig. 18 

E, F). We based our identification of the enlarged TE in Lhx2-/- mutant mice first on the 

intense calretinin immunostaining of the TE mantle (Fig. 18 C'; compare with the wild 

type pattern of calretinin expression in Fig. 5G, and see Abbott and Jacobowitz, 1999) 

and, second, on the presence of a Tbr2-immunostained TE subventricular zone encircling 

the lot1+ TE mantle (Fig. 18 E'; see wild type pattern in Fig. 5E). Tbr2 also decorated the 

subventricular zone of the VP and highlighted the enlarged cortical hem of these animals 

(Fig. 18E''). Finally, Gdf10 expression, limited to the TE ventricular zone in wild type 

mice (see Fig. 4), was also apparent in the mutant TE ventricular zone (not shown). 
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Figure 18. Absence of dorsal pallium in Lhx2-/- mice does not prevent an increased invasion of mGluR1/lot 
cells in the piriform cortex. A – D. mGluR1 immunohistochemistry with mAb lot1 in coronal sections of 
E12.5 wild type (A, B) and Lhx2 knockout littermates (C, D) at two different rostrocaudal levels. The 
immunohistochemical signal was more extended and more intense in the TE and LOT of the Lhx2–/– deficient 
mice than in the wild type embryo. Arrows in C, C', D, G indicate the abnormal optic-like vesicle located at 
the DTB. Asterisks signal the presence of artefactual staining over the meninges. C'. From the boxed area in 
C. Calretinin immunostaining in the putative migration path from the TE to the pLOT in Lhx2–/– mice. G. In 
situ hybridization shows Grm1 transcripts surrounding the optic-like vesicle in a section similar to that in 
C'. E, F. mGluR1 immunostaining in E14.5 Lhx2–/– mouse embryos shows the notable enlargement of the 
putative migration pathway of mGluR1 cells along the DTB to the posterior end of the LOT (pLOT, in E) 
and in the LOT at mid-rostrocaudal levels (in F). E'. From the boxed area E' in E. Tbr2-immunoreactive 
subventricular zones surround the mGluR1+ mantle of the TE and serve to corroborate its TE identity. E''. 
From the boxed area E'' in E. Tbr2 immunoreactive secondary progenitor cells in the expanded VP and the 
cortical hem, both known features of Lhx2-/- mice. A white line signals the limit between these two structures. 
All calibration bars, 100 μm. Bar in A applies to A – F; in E', the bar applies to E' – E''. 

 

As recently described by Roy et al. (2013), Lhx2-/- mice display an abnormal optic-

like vesicle at the DTB (Fig. 18C, C', D, G, arrows). This vesicle was calretinin positive 

(Fig 18C'), and combined lot1/calretinin immunostaining (Fig. 18C') or Grm1 (mGluR1) 

In situ hybridizations (Fig. 18G) showed that the putative migration path of mGluR1 TE-

derived cells surrounded the optic-like vesicle, which in the mutants is anatomically 

very close to the pLOT territory.  

 In conclusion, because the Lhx2-/- mice lack a DP, it is very unlikely that the 

increased number of mGluR1/lot cells in the LOT territory come from the neocortex.  

 

1. 3. mGluR1/lot cells do not originate from Wnt3a progenitors in the hem, nor from 
Dbx1 progenitors in the ventral pallium or the septum  

Because the cortical hem, the VP and the septum are all expanded in the Lhx2-/- mice, we 

wondered whether mGluR1/lot cells were coming from these origins instead of coming 

from the TE. To address this issue, we used a Wnt3aCre line (Yoshida et al., 2006) to 

drive the expression of the Td-Tomato reporter (Wnt3aCre; Ai9Td–Tomato mice) in Wnt3a-

lineage cells, but we did not find Wnt3a-lineage, td-Tomato cells in the TE mantle or in 

the LOT territory (Fig 19A, A’). At E12.5, we observed strong expression of td-Tomato 
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in the cortical hem and in the marginal zone of the DP that corresponds to cortical hem 

derived CR cells (Fig. 19A, B). 

At rostral levels there were occasional Wnt3a/tdTomato cells in the LOT territory, 

but they were not mGluR1 positive (Fig 19B, B’). This result demonstrates that Wnt3a 

hem progenitors are not the precursors of mGluR1/lot cells. 

Figure 19. mGluR1/lot cells do not derive from Wnt3a progenitors in the cortical hem or Dbx1 progenitors 
in the ventral pallium, and a small percentage of mGluR1 cells express p73.  A, B. Coronal sections of an 
E12.5 Wnt3aCre; Ai9Td–Tomato mouse embryo. td-tom+ cells are Wnt3a-lineage neurons that concentrate in the 
dorsal cortical hem. Td-Tom+ cells were conspicuous in the pallial preplate, but virtually no td-Tom+ cells 
were found in the LOT territory.  A', B'. Close-ups of the boxed areas in A, B show the absence of td-Tom+ 
cells in the pLOT and occasional td-tom+ (but mGluR1–) cells at more rostral levels of the LOT, thus 
discarding that Wnt3a progenitors in the cortical hem could generate mGluR1/lot cells. C, D. Coronal 
sections of an E12.5 Dbx1Cre;R26RYFP mouse embryo. Dbx1-lineage, YPF+ cells were abundant in the TE, in 
the basal telencephalon mantle and in the septum, but very scarce in the LOT territory.  C', D'. High 
magnification images of the boxed areas in C, D show that occasional Dbx1-lineage cells may co-express 
mGluR1 (white arrowheads) both in the pLOT and at rostral levels of the LOT (see text for details).  E, F. 
Coronal sections of an E12.5 ΔNp73eGFP embryo. ΔNp73-eGFP+ expressing cells were observed in the TE, the 
di-telencephalic boundary and the LOT territory.  E', F'. Close-up images of the boxed areas in E. F. A small 
percentage of mGluR1+ cells were eGFP positive (ΔNp73+) in the LOT territory (white arrowheads). In 
addition, among the eGFP+ cells there were ΔNp73-expressing cells that did not express mGluR1 (hollow 
arrowheads). See text for details. Scale bars: A – F, 100 μm; A’ – F’, 50 μm 
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Dbx1 is a homeobox transcription factor expressed in progenitor cells in the VP and 

pallial septum that generate glutamatergic neurons destined to the cortex and amygdala 

(Bielle et al., 2005; Hirata et al., 2009; Teissier et al., 2010, Griveau et al., 2010; Zimmer et 

al., 2010). In addition, the ventricular zone of the medial tier of the TE displayed strong 

Dbx1 expression (Fig. 4J) We tracked Dbx1-lineage cells from septum and VP origins 

using the Dbx1Cre mouse line (Bielle et al., 2005) crossed to ROSA26RYFP mice to follow 

the distribution of Dbx1-lineage cells in the LOT. Dbx1-lineage cells distributed widely 

in the hypothalamus and the basal telencephalon, but very few of them invaded the LOT 

territory (Fig. 19C). We found that only 3.3 ± 0.85 % (mean ± s.e.m.) of mGluR1/lot cells 

located in the posterior LOT displayed YFP immunoreactivity (Fig 19C, C’, white 

arrowheads). Similarly, at rostral levels the percentage of mGluR1 cells expressing Dbx1-

YFP was also very low (4.16 ± 0.76 %) (Fig 19D, D’, white arrowheads), indicating that 

Dbx1 progenitors do not generate mGluR1/lot cells to the LOT territory and thus 

discarding the hypothesis that Dbx1 progenitors from the VP or the septum contribute 

to the population of mGluR1/lot cells.  

 

1. 4. A small percentage of mGluR1/lot cells express p73  

A recent article by Dixit el al. (2014) suggests that most mGluR1/lot cells are p73 

immunoreactive, and conclude that lot cells are a subset of CR cells associated to the 

LOT. ΔNp73, the N-truncated isoform of Trp73 (Meyer et al., 2004; Tissir et al., 2009) is 

expressed in CR cells derived from the cortical hem and septum (Meyer et al., 2002, 2004, 

Hernandez-Acosta el al., 2010) and the TE (Tissir et al., 2009), while it is not expressed in 

VP-derived CR cells (Hanashima et al., 2007). We first compared the expression of eGFP 

in a ΔNp73Cre–IRES–eGFP reporter mouse line (Tissir et al., 2009) to that of Trp73 mRNA, and 

confirmed that both methods yielded equivalent patterns of staining. So, in the TE, 

ΔNp73-eGFP was expressed in the ventricular zone and in the subpial side of the lateral 

TE (LTE), in the TE mantle and in the putative migration path to the pLOT along the 

DTB (Fig. 19E), reflecting the distribution of the In situ hybridization signals in the same 

territories (Fig. 14B3, B3'). ΔNp73-eGFP and Trp73 transcripts were also observed in the 

caudal cortical hem (Figs. 14B, B', and Fig. 19). 
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 In contrast to Dixit et al 2014, we found that only a minority of mGluR1/lot cells 

co-expressed ∆Np73, indicating that most mGluR1/lot cells are not CR cells. In the pLOT 

territory, only 15.36 ± 2.76 % of the mGluR1/lot cells were ∆Np73-eGFP immunoreactive, 

quite similar to the 17.97 ± 3.13 % detected in the LOT territory at mid-rostrocaudal levels 

(Fig 19E’, F', white arrowheads). While mGluR1/lot cells tended to locate deeper within 

the LOT territory, we found that most ΔNp73-eGFP CR cells accumulated near the 

subpial side of the LOT (Figs. 19E, F) and more so at more advanced stages (Fig. 8A' – 

C').  

Next, as we found cases of p73 cells in the LOT that did not express mGluR1 (Fig. 

19E', F', hollow arrowheads), we quantified the extent of mGluR1 co-expression in 

∆Np73-eGFP positive cells. We found that 47.11 ± 1.98% of the ΔNp73-eGFP positive 

cells co-expressed mGluR1 (Fig. 19E', F', solid arrowheads) against the 52.98 ± 1.98 % of 

the ΔNp73-eGFP positive cells that did not co-express mGluR1 (Fig. 19E', F', hollow 

arrowheads) and could not be considered lot cells. p73 cells of either group, mGluR1+ or 

mGluR1–, are likely CR cells.  

 

1.5. The TE can produce lot cells  

Since mGluR1/lot cells do not derive from Wnt3a hem or from Dbx1 septal or VP 

territories, the TE remains their most likely site of origin. To explore the potential of the 

TE to produce lot cells, we dissociated cells from TE or DP from E11.5 embryos (n = 17) 

and put them in culture (n = 3). After 4 D.I.V., cells were immunostained for Tuj1 and 

mGluR1 using mAb lot1 (Fig. 4A, B) and a minimum of 500 Tuj1+ newly differentiated 

neurons were counted. In the case of TE-derived primary cultures, 19.5 ± 2.4 % of the 

Tuj1+ cells also expressed mGluR1, while in the case of pallial cultures only 0.5% ± 0.2 % 

of the Tuj1+ cells were also mGluR1+ (Fig 4A – C). This experiment demonstrates that the 

E11.5 TE has the potential to generate mGluR1 cells and confirms that the neocortex lacks 

this potential at this embryonic stage (Tomioka et al., 2000), agreeing with the results 

obtained with the Lhx2–/– mice.  



RESULTS 

 

82 

Organotypic slice cultures (Stoppini et al., 1991) provided a further line of 

evidence in favor of a TE origin for mGluR1 cells in the LOT territory. We placed a 

minute crystal of CellTracker CMFDA over the cross-sectioned TE in coronal slices from 

E12.5 wild type embryos and cultured them for 24h. CMFDA-labeled cells were then 

detected in the DTB and in the LOT (Fig. 20D), and mAb lot1 immunostaining revealed 

that the CMFDA labeled cells were mGluR1+ (Fig. 20D – D''). In these experiments, 

CMFDA labeled cells remained confined to the posterior LOT.  

 

Figure 20. The E11.5 TE has the potential to generate mGluR1 cells.  A, B. Primary cultures of E11.5 cells 
from DP (A, A') and TE (B, B') after 4 D.I.V. In both cases, we counted the percentages of cells co-expressing 
mGluR1+ and Tuj1+ cells over the total of Tuj1+ young neurons.  C. The percentages of mGluR1-expressing 
neurons were much higher in TE than in DP cultures.   D. Organotypic culture of a 300 μm thick coronal 
section at the level of the TE from one wild type embryo. A tiny crystal of CellTracker CMFDA (green) was 
placed on the TE.  D' – D'' High magnification of the boxed area in D shows the migratory pathway of lot 
cells along the di-telencephalic boundary after 2 D.I.V. The cells that had incorporated CMFDA while in the 
TE are mGluR1+. Scale bars: A – B', 100; D, 100 μm; D’ – D'', 25 μm. 
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1. 6. The thalamic eminence expresses genes associated with glutamatergic 
neurogenesis 

c site of GABAergic neurons that will populate the thalamus in the adult brain  (Inamura 

et al., 2010) and thus expresses genes encoding for transcription factors involved in 

GABAergic neurogenesis such as Mash1 and Gsh2 (Fig. 21A, B). However, we observed 

that, unlike the prethalamus, the TE is negative for genes related to GABAergic 

neurogenesis (Fig. 21A – B) 

 

Figure 21: The TE is a source of glutamatergic cells. A, B. In situ hybridizations for Mash1 and Gsh2 in 
coronal sections of an E12.5 wild type embryo. Both transcription factors, implicated in GABAergic 
neurogenesis, are expressed in the ventricular zone of the caudal ganglionic eminence and prethalamus but 
not in the TE.  C, D.  In situ hybridization for Pax6 and Neurog2 in coronal sections of an E12.5 wild type 
embryo. Both transcription factors, implicated in glutamatergic neurogenesis, are expressed in the 
ventricular zone of the TE. Note that Pax6 is also expressed in the prethalamus, and that it is expressed with 
low intensity in the LTE and more intensely in the MTE. E – H. Immunolabeling for different markers of 
glutamatergic neurons in coronal sections of E12.5 wild type embryos. Tbr2 (in E) is expressed in the 
subventricular zone of both the TE (asterisks) and the pallium. Vglut2 (F), calretinin (G) and Tbr1 (H), three 
glutamatergic neuron markers, are expressed in the TE mantle, indicating that the TE produces 
glutamatergic neurons. Note that VGlut2, calretinin and Tbr1 are expressed in the migration path between 
the TE and the pLOT along the DTB. Scale bar, 100 μm. 
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The TE was however positive for a number of genes that participate in 

glutamatergic neurogenesis such as Pax6, Neurog2 and Tbr2  (Schuurmans and 

Guillemot, 2002; Mattar et al., 2004; Englund et al., 2005; Hevner et al., 2006). The 

homeobox transcription factor Pax6 was expressed in the prethalamus, MTE and, with 

a lower level of expression, in the LTE; the pallial ventricular zone was also labeled (Fig. 

21C). Moreover, the proneural gene Neurog2 was expressed in the TE ventricular zone 

(Fig. 21D) and the T-box transcription factor Tbr2 was expressed in the TE subventricular 

zone (Fig 5E). We also observed that cell populations in the TE mantle expressed Vglut2, 

calretinin and Tbr1 (Fig 21F – H), three markers of glutamatergic neurons (Bulfone et al., 

1995; Abbott and Jacobowitz, 1999; Ina et al., 2007).  These expression patterns are 

consistent with the idea that the TE is a potential source of lot cells.  

 

1. 7. mGluR1 cells are generated in the lateral TE  

While analyzing the expression of glutamatergic markers in the TE (Fig. 21), we realized 

that the TE encompasses two well-differentiated neuroepithelial compartments, i.e., the 

medial TE (MTE) and the lateral TE (LTE), which surround a centrally located mantle 

zone. In order to properly characterize the TE, we decided to carefully define the 

expression patterns of genes that have been previously identified in this brain region. 

We found that certain genes were expressed in the whole TE territory, while other 

highlighted specific TE subdomains, sometimes also encompassing hem subregions (Fig. 

22). In particular, Wnt3a delimited the complete cortical hem and its expression domain 

ceased at the point where the caudal hem continues with the TE (Fig. 22B, D1 – D3). 

Similarly, BMP4 expression highlighted the cortical hem (Fig. 22H). By contrast, the 

expression of Wnt8b extended from the caudal hem to the LTE ventricular zone (Fig. 

22E1 - E3). Such a genoarchitectonic caudal hem - LTE continuum occurred with Emx2 

although its expression domain extended more dorsally than Wnt8b. Other genes, such 

as Sfrp2, a soluble modulator of Wnt signaling (Fig. 22C, F1 – F3) and the transcription 

factor Dbx1 (Fig. 22J), delimited the neuroepithelium of the MTE. Interestingly, Sfrp2 

and Dbx1 also labeled the VP at the pallium-subpallium boundary (see also Fig. 19C, D). 

Gdf10 (BMP3b) (Fig. 22G1 – G3; Shimogori et al., 2010) and Fgf15 (Fig. 22K) were 
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detected in both the LTE and the MTE ventricular zones but not so in the cortical hem. 

Therefore, the differential anatomical distributions of the expression domains of these 

markers indicate that the MTE and the LTE have different molecular identities and 

support the hypothesis that the MTE and the LTE might be programmed to generate 

distinct sets of neuronal populations. 
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Figure 22: Definition of the medial and lateral subdomains of the TE based on gene expression patterns 
A. Schematic displaying the cortical hem (green) as it appears in a hemi-dissected forebrain at E12.5, viewed 
from the medial side. Note the characteristically curved J-shape of the hem and the distinction we made of 
a dorsal hem, D-hem, and a caudal hem (hitherto named ventral hem), C-hem. The choroid plexus is colored 
in light grey, and the projection of the medial TE over the caudal hem is colored in red. The genes shown 
display expression domains that encompass different territories within the TE and the cortical hem, some of 
which do not respect the accepted limits between these two structures. Note that their names are color-
coded according to the schematics, to remark their main expression territories. B, C. Medial views of in toto 
In situ hybridizations for Wnt3a and Sfrp2 in hemi-dissected forebrains at E12.5. Wnt3a is expressed in the 
cortical hem with a rostralhigh - caudallow gradient, while Sfrp2 labels intensely the MTE.  1 – 3. Schematized 
coronal sections of E12.5 wild type embryos at three successive rostrocaudal levels. The colors represent the 
different parts of the thalamic eminence and some adjacent structures. The ventricular zone of the LTE is 
labeled in blue; the ventricular zone of the MTE is labeled in red; the TE mantle in pink and the cortical hem 
(D-hem and C-hem) in green. Colors also highlight the gene expression transition observed between the 
caudal hem and the LTE, in 2. Other labeled structures are the zona limitans intrathalamica in yellow, and 
the prethalamus in orange.  D – G. In situ hybridization in coronal sections of E12.5 embryos at the three 
rostro-caudal levels schematized in 1 – 3. Wnt3a labels the cortical hem including its dorsal and caudal tiers; 
note that the expression domain of Wnt3a does not invade the lateral LTE. On its part, the expression domain 
of Wnt8b in the caudal hem extends to include the LTE. Note that the caudal levels in the coronal section 
sequence (D3, E3) show the anatomical continuation between dorsal hem and caudal hem. The ventricular 
zone of the MTE corresponds to an Sfrp2 expression domain, although Sfrp2 is also expressed in the VP.  
Diencephalic expression of Gdf10 exclusively occurs in the ventricular zone of the whole thalamic eminence 
(Shimogori et al., 2010). H – K. In situ hybridizations in coronal sections of E12.5 embryos. These sections 
correspond to the rostro-caudal level shown in 2 and D2 – G2. Of the four genes selected here, BMP4 
highlights the cortical hem and the choroid plexus, Emx2 the lateral TE and the caudal hem, Dbx1 the medial 
thalamic eminence, and Fgf15 the ventricular zone of the whole TE. Note that the Emx2 expression domain 
in the LTE extends into the caudal hem, and that Dbx1 and Sfrp2 label also the VP.  Scale bars: B, C, 200 μm 
in B; D – K, 100 μm in D1 

 

In utero electroporation allows the targeting of gene expression to specific 

locations of the developing brain, and therefore we used this technique to introduce 

plasmids encoding for electroporation (Borrell et al., 2005; García-Frígola et al., 2007) 

into the developing TE of E11.5 embryos. By manipulating the position and polarity of 

the electrodes, we could target progenitors residing in different subdomains of the TE 

(Fig. 23 and Fig. 24). We first targeted the MTE area and found that three days after 

electroporation, at E14.5, eGFP+ cells had not migrated to the LOT territory or to the 

ventral telencephalon (Fig 23).  
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Figure 23: In Utero electroporations in the MTE A. Schemata showing in utero electroporations at E11.5 
that labeled precursor cells in the MTE. Plasmid pCAG-GFP was injected in the third ventricle (green) and 
a current was applied that permitted electroporation of progenitor cells in the MTE. Note that cells in the 
prethalamus and thalamus were labeled to a minor degree. B1 – B4, C1 – C4. Coronal section series of two 
E14.5 embryos electroporated in the MTE at E11.5. The cells expressing eGFP remained in the TE mantle 
while a few of them migrated towards the hypothalamus (yellow arrowheads) but never to the 
telencephalon. Thalamocortical axons were eGFP labeled as a consequence of the electroporation in the 
thalamus. Note the TE subventricular zone highlighted by Tbr2 immunostaining, and the reelin 
immunostaining of the LOT.  Scale bar, 100 μm in B1. 

 

 

However, when electroporation targeted the LTE, we systematically found at 

E14.5 groups of eGFP+ cells in the TE mantle and a larger population of labeled cells 

scattered along the DTB migratory path between the TE and the pLOT and the LOT as 

well (Fig 24B, C). These eGFP+ cells were localized around the LOT. Notably, LTE-

derived cells located in the DTB and in the LOT were immunoreactive for mAb lot1 and 

thus mGluR1+ (Fig 24B2’, C4’). In sum, these experiments showed that cells generated in 

the LTE at E11.5 migrate to the TE mantle and then ventrally to the posterior LOT to 



RESULTS 

 

88 

subsequently turn rostrally along the LOT, and that these cells express the lot cell marker 

mGluR1. 

 

Figure 24. mGluR1 cells are specifically generated in the LTE. A. Schemata of the in utero electroporation 
experiments. Plasmid pCAG-GFP was injected in the lateral ventricle (green) of E11.5 embryos, and 
tweezers-type electrodes were oriented to electroporate progenitor cells in the ventricular zone of the lateral 
thalamic eminence (LTE), facing the lateral ventricle. Three days after electroporation, at E14.5, the embryos 
were removed, fixed and processed for immunohistochemistry.  B1 – B4, C1 – C4. Coronal sections of E14.5 
embryos in which the LTE was targeted at E11.5. The sections arranged in a caudorostral order show that 
the cells electroporated in the LTE express eGFP (green) and have migrated to the TE mantle, the DTB and 
the LOT in the piriform cortex. Note that the contralateral thalamus was also labeled (arrows) due to the 
direction of the current applied. B2', C3'. Close-ups of the boxed areas in B2 and C$, showing eGFP+ cells 
co-expressing mGluR1 (white arrowheads) while they are migrating along the DTB (B2') and also when they 
occupy the posterior end of the LOT (C4').  Scale bars: B1 – B4, C1 – C4, 100 μm; B2’, C4', 50 μm 

 

1. 8. mGluR1/lot cells share molecular features with pAOB mitral cells  

To further characterize the mGluR1/lot cells coming from the LTE, we explored whether 

mGluR1/lot cells share neurochemical properties with AOB mitral neurons, as was the 

case for the Lhx5/AP2α prospective pAOB mitral cells born in the TE (Huilgol et al., 2013). 

To this end, we performed double immunostaining for mGluR1 and for different 

markers of OB mitral cells that included reelin, calretinin, COUP-TF2, Tbr2 and COUP-

TF1 (Fig. 25). Coronal sections at different rostrocaudal levels of the brain showed that 

reelin was strongly expressed in the LOT territory, but not along the migratory route 

between the TE and the pLOT (Fig 25A). In the pLOT, 70.7 ± 1.5% of the mGluR1/lot cells 
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co-expressed reelin (Fig. 25A’, F) while in the aLOT the percentage reached an 89.74 ± 

3.04% (Fig.26A, F). Calretinin immunostaining was intense in the TE mantle (Figs. 21G 

and 25B). In the LOT territory, most mGluR1/lot cells co-expressed calretinin [92.2 ± 3.5% 

of mGluR1/lot cells in the pLOT (Fig 25B’, F) and 90.30 ± 4% in the aLOT (Fig. 26B, F)]. 

The nuclear orphan receptor COUP-TF2, a transcription factor expressed by CR cells in 

the pallium (Tripodi et al., 2004), was also expressed in the TE, in the stream that 

connects the TE along the DTB to the pLOT, and further rostrally in the LOT territory 

itself (Fig. 25C). Again, most mGluR1/lot cells co-expressed COUP-TF2 [97.44 ± 1.35 % 

of the mGluR1/lot cells in the pLOT (Fig 25C’, F) and 81.56 ± 3.5% in the aLOT (Fig. 26C, 

F)]. Furthermore, mGluR1/lot cells along the DTB co-expressed Tbr2 (Fig. 25D), which is 

a marker of OB mitral cells (Fig. 27). In the pLOT territory, 69.8 ± 4.25% of the mGluR1/lot 

cells co-expressed Tbr2 (Fig 25D', F), similar to the aLOT (76.10 ± 4.04%; Fig 26D, F). 

COUP-TF1 is a transcription factor that plays important roles in the regional 

specification of the cortex, where it is expressed in caudalhigh – rostrallow and medialhigh – 

laterallow gradients (Armentano et al., 2007; Faedo et al., 2008), and it is also expressed in 

the pAOB at E14.5 (Eurexpress, section no.14 in 

http://www.eurexpress.org/ee/databases/assay.jsp?assayID=euxassay_019473&image=0

1). COUP-TF1 was expressed in the DTB and in the LOT territory (Fig. 25E). 74.25 ± 4.37% 

of mGluR1/lot cells in the pLOT territory co-expressed COUP-TF1 (Fig. 25E', F) vs. 59.56 

± 3.17% in the aLOT (Fig. 26E, F).  
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Figure 25. Immunohistochemical characterization of the mGluR1 cells in the pLOT. A, E. 
Immunohistochemistry of mGluR1 and additional markers of lot cells in coronal sections of E12.5 embryo. 
The dashed lines highlight the pathway between the TE and the pLOT through the DTB. Note that mGluR1+ 
cells start to co-express calretinin, COUP-TF2 and COUP-TF1 within the TE; Tbr2 is co-expressed in 
mGluR1+ cells along the DTB, and reelin starts its co-expression in mGluR1+ cells when in the pLOT territory 
A’ – E’ High magnifications of the pLOT territory (boxed areas in A - E) showing the co-expression of 
different markers with lot1. F. Percentages of mGluR1 cells that express additional markers in the pLOT 
territory. Scale bars: A – E, 100 μm in A; A' – E´, 50 μm in A'. 
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Figure 26: Immunohistochemical characterization of the mGluR1 cells in the aLOT. A, E. 
Immunohistochemistry of mGluR1 and additional markers of lot cells in coronal sections of an E12.5 
embryo. mGluR1+ cells co-express reelin, calretinin, COUP-TF2, Tbr2 and COUP-TF1 in the prospective LOT 
territory at rostral levels. F. Percentages of mGluR1 cells that express additional markers in the pLOT 
territory. Scale bars: A – E, 50 μm. 

 

Tbr2, mGluR1 and reelin are general markers for mitral cells in the OB (Bulfone 

et al., 1995, 1999; Schiffmann et al., 1997, Fig. 27) and calretinin, COUP-TF2 and COUP-

TF1 are expressed in mitral cells of the pAOB (Fig. 27C – E).  

This result suggests that the majority of the mGluR1/lot cells situated in the LOT 

territory at E12.5 correspond to the Lhx5/AP2α mitral cell precursors migrating rostrally 

to the pAOB. To explore this hypothesis, we performed In situ hybridization in 

consecutive thing brain slices (10 μm) for Grm1 (mGluR1) and Lhx5 (Figure 28). Both 

markers occupy the same area in the LOT territory at rostral and posterior levels (Figure 

28A1’-B1’, A4’-B4’) indicating possible co-expression, and indirectly indicating that 

mGluR1/lot cells and Lhx5/AP2α immature mitral cells may belong to a unique 

population. 



RESULTS 

 

92 

 

Figure 27: mGluR1/lot cells share molecular features with mitral cells, while a minority of them are 
ΔNp73 CR cells. A, B. Sagittal sections of E15.5 embryos show the correspondence in the expression of 
mGluR1 detected by mAb lot1 immunohistochemistry (A) and Grm1 In situ hybridization (B) in the olfactory 
bulb.  A, C – E. Mitral cell markers in sagittal sections of E15.5 embryos. mGluR1, Tbr2 and reelin are 
expressed in all the mitral cells while calretinin, COUP-TF1 and COUP-TF2 are expressed exclusively in the 
pAOB. C’ – E’. Close-ups of the boxed areas in D - E that contain the pAOB, showing the co-expression of 
different markers in mitral cells.  F, G. Mitral cell markers in E15.5 ΔNp73eGFP embryos. As shown in the 
close-up pictures F’ and G’, Tbr2 and reelin are expressed in mitral cells of the pAOB. ΔNp73 is not expressed 
in mitral cells but it is expressed in some neurons around the OB mitral cell layer. Some of these ΔNp73 cells 
were also positive for lot1 (arrowheads in G'). H. Trp73 In situ hybridization in a sagittal section of an E18.5 
embryo showing the distribution of Trp73 cells in the OB around the mitral cell layer. Scale bars: A–E, 100 
μm in A; C’-E’ 50 μm in C'; F – G’, 50 μm; H, 100 μm. 
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Figure 28: mGluR1 and Lhx5 expression share the same areas in the TE and the LOT territory. In situ 
hybridization for Grm1 (mGluR1) and Lhx5 in consecutive thin sections of E12.5 mouse embryo. The sections 
are arranged from rostral to caudal. A1-B1’; A4’-B4’ are close-ups of the aLOT and pLOT territories. Scale 
bar (A1) 100 μm, (A1’, A4’) 50 μm. 

 

 

1. 9. mGluR1/lot cells follow a rostral migratory path to populate the pAOB 

When we examined the numbers of mGluR1/lot cells in the LOT and the pAOB between 

E13.5 and E18.5, we observed conspicuous changes in their rostrocaudal positioning. By 

E13.5, when the axons of the OB mitral cells have already formed the LOT, there was an 

average of 37.2 ± 2.25 mGluR1/lot/Tbr2 cells per section around this axonal tract at mid-

rostrocaudal levels (Fig 29A’, D). This number significantly dropped to 8.9 ± 1.03 (q = 

20.15, P˂0.001) by E15.5. Concomitant to this decrease of mGluR1/lot/Tbr2 cells around 

the LOT, there was an increase in the number of Tbr2+ mitral cells in the pAOB (Fig. 29E 

– G). We have used COUP-TF1 immunolabeling to distinguish the pAOB mitral cells 

from the rest of mGluR1/lot/Tbr2 cells in the AOB. At E13.5, the OB evagination was 

already apparent but very few mGluR1/lot/Tbr2/COUP-TF1 cells were found in the 

pAOB (Fig 29E, E’, H). At E15.5, 38.33 ± 1.87 mGluR1/lot/Tbr2 cells per section were 

found in the pAOB and at E18.5 they reached an average of 50.1 ± 3.38 cells/section (E13.5 

vs. E15.5, q = 18.3, p<0.001; E15.5 vs. E18.5, q = 5.5, p<0.01) (Fig. 29F – H). These results 
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strongly suggest the mGluR1/lot/Tbr2 cells located around the LOT at E12.5 – E13.5 are 

prospective pAOB mitral cells that are migrating rostrally toward the pAOB, a structure 

that they reach by E15.5 – E18.5. Our study therefore identifies an unexpected 

heterogeneity in the pAOB population – an early arriving wave of Lhx5/AP2α expressing 

neurons that completes its migration by E14.5 (Huilgol et al., 2013), and a second wave 

of mGluR1/lot/Tbr2 expressing cells that reaches the pAOB by E18.5.  

 We have shown that ∆Np73-eGFP expression in the LOT identifies two CR cell 

populations present in equal numbers, differing in their expression of mGluR1, and 

sharing the absence of Tbr2 expression. At E13.5, most mGluR1 cells that express ΔNp73 

but not Tbr2 are localized subpially (Fig 29A). At later developmental stages (E15.5 and 

E18.5), mGluR1/ΔNp73 cells were still located subpially over the LOT and also extended 

into the piriform cortex but, interestingly, they did not invade the neocortex primordium 

(Fig 29B, C). At E15.5, some of the mGluR1/ΔNp73 cells had reached the olfactory bulb 

(Fig. 27G). p73 was not expressed in the mitral cells of the OB but it was detected around 

the AOB and the MOB mitral cell layer (Fig. 27F – H). Thus, ∆Np73 cells generated in the 

TE migrated together with the prospective pAOB mitral cells to the AOB, but they did 

not integrate in the AOB as mitral cells.  

Taken together, these results demonstrate that the majority of the mGluR1/lot 

cells seen in the LOT territory at E12.5 are prospective pAOB neurons. In addition, the 

LOT territory also contains ∆Np73-expressing CR cell subpopulations that may co-

express mGluR1 or not. These CR cells migrate rostrally to reach the pAOB, but do not 

integrate into this structure as mitral cells. Instead, these cells spread over the 

paleocortical primordium by E18.5 without invading the neocortex. These results are 

summarized schematically in Fig. 41, to highlight the point that mGluR1/lot cells diverge 

along time to populate the pAOB or the piriform cortex. 
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Figure 29. mGluR1/lot cells follow a rostral migratory path along the LOT. A – C. Immunostaining for 
eGFP, mGluR1 and Tbr2 in ΔNp73eGFP embryos in rostral coronal sections at E13.5, E15.5 and E18.5.  A’ – C’. 
High magnifications of the white-boxed areas in A – C that contain the LOT. Asterisks indicate the space 
occupied by LOT axons. Most of the mGluR1+ cells at E13.5 were Tbr2+, while only a small proportion of 
them were ΔNp73+ but Tbr2–. A’’ – C’’. High magnifications of the yellow-boxed areas in A – C showing 
details of the mGluR1+/ΔNp73+/Tbr2– cells that have reached the boundary between piriform cortex and 
neocortex. D. Graph representing the average numbers per section of mGluR1+/Tbr2+ cells in the LOT 
territory at E13.5, and in the LOT at E15.5 and E18.5. The number of cells descended significantly between 
E13.5 and E15.5 (p<0.001). E. Sagittal section of an E13.5 embryo showing COUP–TF1 expression in the 
pallium, Tbr2 in pallium and OB, and of mGluR1 in the TE and OB. E’ – G. High magnification views of the 
olfactory bulb in sagittal section of E13.5 (boxed area in E), E15.5 and E18.5 showing mitral cells co-
expressing Tbr2 and mGluR1 and the pAOB mitral cells characterized by the co-expression of Tbr2, mGluR1 
and COUP-TF1. H. Graph indicating the increases in the number of mitral cells in the pAOB with time. Note 
the significant differences between E13.5 and 15.5 (P<0.001) and between E15.5 and E18.5 (P<0.01). Scale 
bars, A – G, E, 100 μm; A' –  C’ (in C'), A'' – B'' (in A''), and E' – G (in G), 50 μm. 
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SECTION 2. The caudoventral pallium (CVP) as a putative origin of 
amygdaloid glutamatergic neurons. 

2. 1. Expression of Gdf10 in the forebrain 

Growth differentiation factor 10 (Gdf10) is a BMP protein (BMP-3b) related to head 

formation and skeletal morphogenesis. We observed an intense Gdf10 expression in 

cranial bone progenitors (CBP) in E12.5 mouse embryos (Fig. 30), concomitant with the 

known role of Gdf10 in osteoblast differentiation (Hino et al., 1999; Zhao et al., 1999a; 

Matsumoto et al., 2012).  

 Expression of Gdf10 has been reported during forebrain development in the TE 

(Shimogori et al 2010, and present results: Figs. 22 and 30). By performing in situ 

hybridizations in coronal and horizontal sections of E12.5 wild type embryos, we 

observed that Gdf10 is also expressed in the developing telencephalon. We examined 

rostrocaudal series of coronal sections and found that at mid-rostrocaudal levels, Gdf10 

was expressed very weakly in the ventricular zone (VZ) of ventral pallium (VP) (Fig. 

30B). This expression increased in intensity and extension in more caudal sections (Fig 

30B–E). 

 At caudal levels (Fig. 30D), Gdf10 was intensely expressed in the VZ of a territory 

medial to the caudal ganglionic eminence (CGE) and this expression was continuous 

with Gdf10 expression in the LTE (Fig 30D, black arrowheads). Gdf10 expression became 

most obvious at even more posterior sections, past the CGE (Fig. 30E–F). This expression 

was more intense than Gdf10 expression in the VP in all the cases. At even more caudal 

sections, the Gdf10 expression domain expanded laterally and joined the expression 

domain in the VP (Fig 30E–F).  

 In horizontal sections, Gdf10 expression was localized in the VZ, facing the lateral 

ventricle in the posterior horn and posterior to the CGE (Fig 30G, black arrowhead). In 

more ventral sections, Gdf10 was expressed (Fig 30H, black arrowhead) in a territory 

that some atlases call amygdaloid neuroepithelium (e.g., Schambra, 2008).  

We will show in the next Section that this Gdf10 telencephalic territory is pallial 

on account of its anatomical positioning and gene expression patterns. Since it is 



RESULTS 

 

98 

topologically located rostral to the LTE, it is caudal within the pallium and, accordingly, 

we named it the "caudal Gdf10 territory". 

 

 

 

 

 

Figure 30: Gdf10 expression in the telencephalon. (A-F) In 
situ hybridization for Gdf10 in coronal sections of E12.5 wild 
type mice showing that in the telencephalon, Gdf10 was 
expressed in the ventral pallium (VP) and in a caudal Gdf10 
territory (Black arrowheads). Gdf10 was expressed also in the 
TE. (G-H) In situ hybridization for Gdf10 in horizontal 
sections of an E12.5 wild type embryo. Scale bars 100 μm. 

 

 

2. 2. The caudal Gdf10 territory: a pallial or a subpallial region? 

The telencephalic territory where Gdf10 is intensely expressed (the caudal Gdf10 

territory) is a not-well characterized area. Therefore, we decided to analyze it in detail. 

In coronal sections, this territory is localized between the most medial part of the caudal 

ganglionic eminence (CGE or pLGE3) and the most caudal part of the dorsal pallium 

(Flames et al., 2007, Remedios et al., 2007). The caudal Gdf10 territory is not a subregion 

of the subpallial CGE, because it is negative for genes expressed in the CGE such as Gsh2 

and Mash1 (Fig. 31, black arrowheads).  
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Figure 31: The caudal Gdf10 territory is not an extension of the caudal ganglionic eminence. In situ 
hybridizations for Gsh2 and Mash1 in quasi-coronal sections of an E12.5 wild type embryo. Gsh2 and Mash1 
were expressed in the caudal ganglionic eminence (CGE), but not at most posterior coronal sections, in the 
caudal Gdf10 territory (black arrowheads). Scale bar 100 μm. 

 

 On the contrary, the caudal Gdf10 territory is a pallial territory characterized by 

the expression of TFs involved in a conserved program of glutamatergic neurogenesis 

(Englund et al., 2005, Hevner et al., 2006). Pax6 and Nng2 were expressed in the pallial 

VZ with a latero-ventralhigh medio-dorsallow gradient (Fig. 32B, C). In the caudal Gdf10 

territory, both TFs were expressed intensely (Fig. 32B’, C’ black arrowheads). Tbr2 was 

expressed in intermediate progenitors in the pallial SVZ (Fig. 32D). In the caudal Gdf10 

territory, Tbr2 was expressed in a territory corresponding to the SVZ (Fig. 32D’, white 

arrowheads). In situ hybridization for Gdf10 combined with immunohistochemistry for 

Tbr2 showed that Gdf10 was expressed in the VZ close to the lateral ventricle, while Tbr2 

was expressed in the SVZ. Gdf10 co-localized with Tbr2 in the transition area between 

the VZ and the SVZ (Fig. 32G).  

On the other hand, Mdga1 is an IgG-CAM protein expressed in the pallial 

preplate and in a subpopulation of CR cells (Takeuchi et al., 2007) at early stages of 

development. Mdga1 was expressed in the SVZ of the caudal Gdf10 territory with high 

intensity as compared to other pallial subdivisions (Fig. 32F, F’ black arrowheads). In a 

triple immunostaining for Pax6, Tbr2 and Tbr1, we found cells that co-expressed Pax6 

and Tbr2 in the upper VZ and Tbr2 and Tbr1 in the lower SVZ, implying a transition in 
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the expression of these TFs (Fig. 32H, H’, H’’). This TF transition suggests that the caudal 

Gdf10 territory generates glutamatergic Tbr1 cells (Englund et al., 2005, Hevner et al., 

2006). 

The same TFs expressed in the caudal Gdf10 territory were also observed in the 

adjacent region, the LTE (Fig. 32A–F) revealing that the caudal Gdf10 territory is rostral 

and anatomically continuous to the LTE.  

 

 

Figure 32: The caudal Gdf10 territory is a pallial subdivision. (A-C, F; A’-C’, F’) In situ hybridization in 
coronal sections of E12.5 wild type embryo showing the expression of Pax6, Ngn2 and Mdag1 in the caudal 
Gdf10 territory (black arrowheads) at two different rostro-caudal levels. (D, D’) Tbr2 immunolabeling in 
coronal sections of an E12.5 embryo. Tbr2 was expressed in the SVZ of the caudal Gdf10 territory (white 
arrowhead). (G) High magnification of the caudal Gdf10 territory with In situ hybridization of Gdf10 plus 
immunohistochemistry for Tbr2. (H) immunolabeling of Pax6, Tbr2 and Tbr1 in the caudal Gdf10 territory. 
Scale bars (D, F) 100 μm; (H’’) 50 μm. 
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2.3. Characterization of the caudal Gdf10 territory 

Thus, we concluded that the caudal Gdf10 territory is a subdivision of the pallial 

telencephalon that produces glutamatergic Tbr1+ neurons. Then, we wondered whether 

this Gdf10 territory belongs to the VP or to other pallial subdivisions, in particular the 

DP or the LP or, alternatively, if it forms a different pallial subdivision. To address this 

question, we analyzed the expression of some pallial genes in the caudal Gdf10 territory. 

Emx1 and Emx2 are essential TFs for the development of the pallium, and Emx2 is 

implicated in specification and arealization of the cerebral cortex (Muzio and Mallamaci 

2003, Bishop et al., 2003, Shinozaki et al., 2004). However, it is well known that not all 

the pallial subdivisions express Emx1 and Emx2 in an identical manner. Emx2 is 

expressed in the pallium with a caudo-medialhigh to rostro-laterallow gradient. 

Therefore, Emx2 is expressed with high intensity in the cortical hem, MP and DP, but 

not in the VP. In the caudal Gdf10 territory, Emx2 was likewise not expressed (Fig. 33A, 

B black arrowheads). Emx1 displays the same expression pattern as Emx2, but is not 

expressed in the caudal cortical hem (Tole et al., 2000a) our Fig. 33C). Emx1 was not 

expressed in the VP nor in the caudal Gdf10 territory (Medina et al 2004, 2011; our Fig. 

33C, black arrowheads). When we compared the expression of Emx1 in the caudal Gdf10 

territory using consecutive coronal sections we observed that Emx1 was not expressed 

in the VZ, although it was weakly expressed in the SVZ (Fig 33C1’, C2’).  

 Another characteristic of the caudal Gdf10 territory was the expression of Ptch1 

in its VZ (Fig. 33D, black arrowheads). Ptch1 is a Shh receptor expressed in the boundary 

between the LGE and MGE during development. It was also expressed in the POa, in 

the TE, pTh, hypothalamus, part of the CGE and in the caudal Gdf10 territory 

(information available in Allen Brain Atlas: http://www.brain-map.org/).  

 The caudal Gdf10 territory was also Foxg1 and Lhx2 positive as the remainder of 

the pallium (Fig. 33D, F, black arrowheads). Both Lhx2 and Foxg1 were expressed in the 

telencephalon with the notable exception of the cortical hem. Both TFs delimit the hem 

extension, and the lack of either one of these genes leads to cortical hem expansion and 

massive production of CR cells (Hanashima et al., 2004, 2007, Muzio and Mallamaci 2005, 

Roy et al., 2013).  
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 The caudal Gdf10 territory was positive for COUP-TF1 and COUP-TF2, two TFs 

implicated in the correct development of the telencephalon (Fig. 33G, H). COUP-TF1 is 

expressed in all the pallial subdivisions with a rostro-mediallow caudo-lateralhigh gradient 

expression, but is not expressed in the cortical hem. The caudal Gdf10 territory also 

expressed COUP-TF1 with high intensity (Fig. 33G). Within the pallium, COUP-TF2 was 

expressed in the cortical hem and VP, but not in DP and MP (Tripodi et al., 2004). In the 

caudal Gdf10 territory, characterized by the expression of Pax6 and Tbr2 (Fig. 33H), 

COUP-TF2 was expressed in the VZ with Pax6, in the SVZ with Tbr2 and was also 

expressed in postmitotic neurons in the mantle (Fig. 33H’). We can also observe this TF 

transition in horizontal sections in the caudal Gdf10 territory (Fig. 33I–I’). 

 

 

Figure 33: Characterization of the caudal Gdf10 territory. (A-F) In situ hybridization for different pallial 
markers in coronal sections of an E12.5 wild type embryo. (C1’-C2’) High magnification of the caudal Gdf10 
territory showing that Emx1 was not expressed in the ventricular zone of the caudal Gdf10 territory; In situ 
hybridizations performed in consecutive thin sections.  (G - I) Immunolabeling for Pax6, Tbr2, COUP-TF1 
and COUP-TF2 in the caudal Gdf10 territory in coronal (G, H) and horizontal (I) sections. H’ and I' are high 
magnification views of the boxed areas in H and I. COUP-TF2 was expressed in the VZ with Pax6, in the 
SVZ with Tbr2 and in postmitotic cells of the caudal Gdf10 territory mantle. (I, I’) Horizontal sections of an 
E12.5 embryo showing the expression of COUP-TF2, Tbr2 and Pax6 in the caudal Gdf10 territory. Scale bars 
(A-H) 100 μm, (H’, I’) 50 μm. 
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2. 4. Is the caudal Gdf10 territory part of the ventral pallium? 

The caudal Gdf10 territory and the VP expressed many genes in common. Both 

territories were highly positive for Pax6 and Nng2 and negative for Emx1 and Emx2. 

However, the intensity in the expression of Gdf10 differed between the caudal Gdf10 

territory and the VP. We have performed in situ hybridizations for Gdf10 and other 

genes expressed in the VP in consecutive sections in order to compare the VP and the 

Gdf10 territories in detail. 

 In the VP, Fgf15 was highly expressed (Gimeno et al., 2003, Faedo, 2008 #168) 

Gimeno and Martinez 2003, Borello et al 2008, and see Fig 34B, B’ green arrowheads to 

indicate VP). In the caudal Gdf10 territory, Fgf15 was also expressed with high intensity 

(Fig. 34B, B1–B2, black arrowheads). Sfrp2 was expressed in the most medial part of the 

VP and in the caudal Gdf10 territory although Sfrp2 was restricted to the most lateral 

part of the Gdf10 territory (Fig. 34C1–C2). Dbx1, which is implicated in the generation 

of glutamatergic neurons in the VP (Bielle et al., 2005, Shimogori et al., 2009, Griveau et 

al., 2010, Teissier et al., 2010), was expressed at rostral levels of the VP but not in the 

caudal Gdf10 territory (Fig. 34D). However, at more posterior levels, the expression of 

Dbx1 did not correspond to the intense Gdf10 expression in the caudal Gdf10 territory 

(Fig. 34D’, D1, D2).  

These results suggest that the caudal Gdf10 territory may be considered as part 

of the VP because of the partial coincidence in gene expression of both pallial territories. 

Gdf10 caudal region and VP share all the gene expression except that the caudal Gdf10 

region is negative for Dbx1 and positive for Ptch1 and Mdag1. In addition, Gdf10 and 

Fgf15 were expressed in the VP as well, but with a caudalhigh - rostrallow gradient 

intensity. In coronal sections, the caudal Gdf10 territory appears as medially located. 

However, the examination of serial coronal sections (see Fig. 42 in Discussion) revealed 

that this Gdf10 territory is topologically the most caudal part of the VP. For this reason, 

we propose to name this territory as caudoventral pallium (CVP). 
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Figure 34: The caudal Gdf10 territory or caudoventral pallium (CVP) is part of the VP. (A-D, A’-D’) In situ 
hybridization for VP markers in coronal sections in two different rostro-caudal levels of an E12.5 wild type 
embryo. The green arrowheads indicate the expression in the ventral pallium and the black arrowheads 
indicate the expression in the caudal Gdf10 territory. (B1-D2) In situ hybridization in consecutive thin 
sections of the same brain showing the correspondence between Gdf10 expression in the caudal Gdf10 
territory and ventral pallium markers. Scale bar 100 μm. 

 

2. 5. Gdf10 in the CVP corresponds with the caudal portion of the VP  

Together with the GE, the VP forms the pallial-subpallial boundary (PSB). Assuming 

that the CVP belongs to the VP, it could be also form part of the PSB at caudal levels, 

delimiting the boundary between the CGE and the pallium. To analyze if this is in fact 

the case, we analyzed the expression of Gdf10 in Pax6 mutant mice (Pax6Sey/Sey), in which 

the PSB is altered. In Pax6Sey/Sey mice the expression of Sfrp2, Dbx1, Wnt7b and Tgfα in 

the ventral pallium disappear and subpallial markers shift to dorsal territories (Stoykova 

et al., 1996; Kim et al., 2001; Stenman et al., 2003; Carney et al., 2009; Cocas et al., 2011; 

Georgala et al., 2011). In these mutant mice, the expression of Gdf10 was absent from the 

entire ventral pallium, including the CVP (Fig. 35). Interestingly, Gdf10 expression in the 

TE disappeared as well (Fig. 35). However, the expression in the cranial bone progenitors 

(CBP) was still present (Fig. 35). This result supports the idea that the expression domain 

of Gdf10 in the CVP corresponds with the caudal portion of the VP and that it delimits 
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the boundary between the pallium (VP) and the subpallium (CGE) at the most caudal 

levels. 

 

Figure 35: Gdf10 expression is absent in Pax6 deficient mouse (Pax6Sey/Sey). (A, B) Gdf10 In situ 
hybridization in coronal sections of E12.5 wild type and Pax6Sey/Sey littermate embryos. In Pax6Sey/Sey mice 
there was not Gdf10 expression in the forebrain, but however the expression remained in cranial bone 
progenitors (CBP).  

 

2. 6.  Neuronal populations likely generated in the CVP 

The expression patterns of several TFs suggest that the CVP could be producing 

postmitotic cells expressing Tbr1, COUP-TF1 and COUP-TF2 (Fig. 32H, Fig. 33G, H). 

Tbr1 was expressed in a cell band in the CVP mantle (Fig. 36A). These Tbr1 cells were 

also VGlut2 positive (Fig. 36A, C), confirming that these cells are glutamatergic, and that 

these cells are likely generated in the VP and in the CVP (Fig. 32H, Fig. 36A, arrowheads 

to indicate CVP). At caudal levels, where the VP bends, the Tbr1 cells forms a continuous 

cell band (Fig. 36A). We also observed a TAG-1 positive cell band crossing this territory 
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(Fig. 36B). TAG-1 (cntn2) is a cell adhesion protein expressed in some pioneer neurons 

in the pallium at early stage of mouse development and in CR cells (Morante-Oria et al., 

2003; Espinosa et al., 2009).  This TAG-1 cell stream coincides with Tbr2 expression in 

the SVZ of the CVP, suggesting that it could be generated in the CVP (Fig. 36B). We 

observed TAG-1 cells co-expressing Tbr2 in the lower part of the SVZ, and Tbr1 in the 

mantle, indicating that the origin of this neuronal population is the CVP (Fig. 36B’B’’’). 

Note, however, that the Tbr1 and TAG-1 cell bands were interpreted tentatively in 

previous studies as streams of migratory neurons originating in the TE (Morante-Oria et 

al., 2003; Ravni et al., 2010), but the present results clearly indicate that they are instead 

neurons originating in the CVP.  

  

Figure 36: Tbr1, TAG-1 and Vglut2 expressions in the CVP mantle. (A, B, D) Immunostaining for Tbr1 (A), 
Tbr1/Tbr2/TAG-1 (B) and Vglut2/TAG-1 (D) in coronal sections of E12.5 wild type embryos.  (B’-B’’’) High 
magnification of the CVP area showing co-expression of TAG-1 with Tbr2 and Tbr1. (C, E) In situ 
hybridization for VGlut2 and Ebf3 in coronal sections of an E12.5 wild type embryo. Note that Ebf3 
expression extended into the periphery of the medial nucleus of the amygdala. Scale bar 100 μm.  
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2.7. A number of Me nucleus cells may originate in the CVP 

Ebf transcription factors Ebf2 and Ebf3 are expressed in the septum, cortical hem, 

antihem in the ventral pallium, and in postmitotic CR cells (Garel et al., 1997). Both 

transcription factors are implicated in tangential migration of CR cells along the cortical 

surface (Chiara et al., 2012). Additionally, we have seen that Ebf3 was expressed in the 

CVP and in the adjoining ventral telencephalon.  

Since Ebf3 seems not to be expressed in other pallial derivatives (with the sole 

exception of CR cells), we studied its expression in the CVP in detail. Ebf3 expression 

occurred in the CVP mantle and in the adjoining ventral telencephalon (Fig. 36E, 38A–

C). Ebf3 expression in the CVP corresponds to the SVZ and mantle (Fig. 38A–C black 

arrowheads). In the amygdala, Ebf3 was expressed in the shell of the medial nucleus of 

the amygdala (Me) (Fig. 38A–C). In consecutive coronal sections, we found that Ebf3 was 

expressed in a territory located ventral to the Gdf10+ VZ of the CVP. This territory 

corresponds to the CVP SVZ and contains immature neurons (Fig. 38C1’, C2’). Ventrally 

to this territory, Ebf3 was expressed in a dispersed pattern around the medial nucleus of 

the amygdala (Me) (Fig. 37, Fig. 38A–C). Me is generated at around E10.5 in mouse 

(Soma et al., 2009) and is characterized by the postmitotic expression of Pax6 (Bupesh et 

al., 2011 Fig. 37A’’) and Tbr2 (Fig. 37A’). The posteroventral subdivision of this nucleus 

(MePV) is characterized also by the expression of Shh (Carney et al., 2010, and see Fig. 

37B).  

In situ hybridization for Ebf3 combined with Tbr2 immunostaining showed a 

spatial correspondence between Ebf3 and Tbr2 expression in the SVZ of the CVP (Fig. 

38D1–D4, red arrowheads). However, Ebf3 expression around the ME did not occur in 

Tbr2+ cells indicating that Tbr2 and Ebf3 cells are not the same population (Fig. 38D1–

D4). In addition, these result also revealed that in the nucleus Me itself, Tbr2 cells formed 

the nucleus core and Ebf3 cells are organized as a shell for the Me nucleus. Moreover, 

the distribution of the Ebf3 suggested that the Ebf3 population in the pallium could 

contribute to the Me nucleus having their origin in the CVP.  
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Fig 37: The medial nucleus of the amygdala (Me) contains Pax6 and Tbr2 postmitotic neurons and is 
positive for Shh. (A) Triple immunostaining for Tbr2, Pax6 and Ki67 in a coronal section of an E12.5 wild 
type embryo. (A’-A’’) Close-ups of the Me showing that Pax6 and Tbr2 positive cells are Ki67 negative. (B) 
Shh In situ hybridization in a coronal section of an E12.5 wild type embryo shows strong expression of Shh 
in the medial nucleus of the amygdala. Scale bars (A, B) 100 μm, (A’’) 50 μm. 

 

 

Figure 38: Ebf3 expression in the ventral telencephalon. (A-C) Ebf3 In situ hybridization in coronal sections 
at three rostrocaudal levels of an e12.5 wild type embryo. The black arrowheads indicate the subventricular 
zone of the caudoventral pallium. (C1’-C2’) (C1’-C2’) Close-ups of the boxed area in C showing mRNA 
expression of Gdf10 and Ebf3 in two consecutive thin sections of the same brain. Gdf10 expression delimits 
the CVP VZ while Ebf3 expression highlights the corresponding SVZ and the putative ventral dispersion of 
Ebf3 cells towards the Me. (D1-D4) Ebf3 in situ hybridization plus Tbr2 immunohistochemistry label two 
different cell populations in the Me. Scale bar 100 μm. 
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2. 8. The CVP generates Tbr1+ cells to the Me in organotypic cultures 

In order to confirm if the CVP supplies the Me shell with pallial derived neurons, we 

performed organotypic cultures of coronal slices. We placed a small crystal of 

CellTrackerTM CMFDA in the CVP and incubated the slices (n=3). After two days of 

incubation, CMFDA labeled cells had migrated ventrally avoiding a spherical nucleus 

that we identified as the Me (Fig. 39E, F). These cells were Tbr1 positive (confirming their 

pallial origin) and reelin negative (Fig. 39F’). Furthermore, the distribution of these 

CMFDA/Tbr1 cells around the ME is clearly similar to that of Ebf3 cells in this region as 

described above, providing a strong yet indirect evidence that suggests that they may 

correspond to the CVP-derived Ebf3 cell population described above. These cells do not 

seem to migrate following the radial glia (Fig. 39G) but seem to migrate through a radial 

glia-independent mechanism. 

 

Figure 39: The caudoventral pallium (CVP) generates Tbr1 cells that migrate tangentially around the 
medial nucleus of the amygdala (Me). (A) Illustration showing the distributions of the cells generated 
from the CVP after two days of organotypic culture. (B-C) Coronal section of organotypic culture with 
CMFDA positive cells around the Me. (C’-C’’’) high magnifications of the square C’ showing CMFDA cells 
were positive for Tbr1. (D) Immunohistochemistry for the radial glia marker RC2 in coronal sections of 
E12.5 wild type embryo. Scale bar 50 μm. 

 

2.9. Temporal course of Ebf3 expression  

Ebf3 expression around the Me remains during later developmental stages (Fig. 40A–E). 

At E12.5, Ebf3 was expressed in the CVP SVZ and amygdala. From E15.5 onwards, Ebf3 

expression in the SVZ disappeared but became very obvious around the Me nucleus 

(Fig. 40C1–C5). These photomicrographs show how Ebf3 cells surrounded the sphere-

shaped Me, so that in the most caudal section the Ebf3 expression was seen as covering 

the posterior pole of the nucleus closing it (Fig. 40C5).  
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 Postnatally, the intensity of Ebf3 expression decreased, and at P3 it was virtually 

inexistent (Fig. 40E), so either Ebf3 expression is transient, or instead the Ebf3 Me shell 

disappears along postnatal development. This is an intriguing question that we intend 

to answer in the next future.     

 

 

Figure 40: Temporal course of Ebf3 expression in the shell of the Me nucleus. (A-E) In situ hybridization 
in coronal sections showing Ebf3 expression around the medial nucleus of the amygdala (Me) at E12.5, E13.5, 
E15.5, P0 and P3. (C1-C5) Ebf3 In situ hybridization at five selected rostro-caudal levels. Scale bar: 100 μm 
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SECTION 1. The lateral thalamic eminence is the main origin of lot cells 

As proposed by Sato et al. (1998), an early-generated population of neurons, the lot cells, 

act as guidepost cells for mitral cell axons along the LOT. Here we demonstrate that, in 

contrast to the current belief, the lot cells predominantly come from the TE, a transient 

structure localized in the boundary between the telencephalon and diencephalon, and 

specifically from its lateral region, the lateral thalamic eminence (LTE). The present 

findings highlight the TE as a neurogenic hub of diverse neuronal sets destined to 

different telencephalic domains that include CR cells (Meyer et al., 2002; Takiguchi-

Hayashi et al., 2004; Tissir et al., 2009; Roy et al., 2014; present results), Lhx5/AP2α 

prospective pAOB mitral cells (Huilgol et al., 2013), and mGluR1/lot cells that also 

invade the pAOB (present results). Further, that mGluR1/lot cells are akin to Lhx5/AP2

α cells in that both sets of cells share molecular markers of pAOB mitral cells, and 

incorporate into this structure.  

Which is the source of mGluR1/lot cells: the pallium or the thalamic eminence?  

Tomioka et al. (2000) and Kawasaki et al. (2006) cultured pallial and subpallial 

progenitor cells at E10.5 and found that the pallial progenitors, unlike the subpallial 

ones, could differentiate into the lot cells described previously by Sato et al. (1998). Lot 

cells are immunoreactive to mAb lot1, later characterized as an mGluR1 antibody (Hirata 

et al., 2012). In addition, migration experiments (Tomioka et al., 2000; Kawasaki et al., 

2006; Ito et al 2008) supported the view that mGluR1/lot cells are generated in the DP 

(the primordium of neocortex) and then migrate tangentially within the pallial marginal 

zone to reach the LOT territory in the piriform cortex, prior to the arrival of mitral cell 

axons. However, although a ventral tangential migration was clearly demonstrated over 

the pallium surface at E10.5 – E11.5, the exact nature of the migrating cells could not be 

ascertained in these experiments because lot cells were supposed to only express 

mGluR1 once they reach the LOT territory at later stages (~ 12.5). We report here mGluR1 

expression in a continuous domain that comprises the TE, the DTB and the LOT territory 

as early as  

E11.5 (Suppl. Fig. 1). This strongly suggests a TE origin for these cells. The principal 

evidence used by Tomioka et al. (2000) and Kawasaki et al. (2006) in favor of a pallial 
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origin of lot cells was based on in vitro cell culture experiments in which a proportion of 

cells isolated from different regions of the pallium expressed the lot1 epitope (mGluR1) 

after several days in culture. We replicated these experiments at E11.5 including cells 

derived from the TE. Similarly, as described by Tomioka et al. (2000), we detected a small 

proportion of cells derived from the E11.5 pallium that expressed mGluR1 in culture. 

However, the percentages of mGluR1 cells derived from the TE were almost 20-fold 

higher than those derived from the pallium. Thus, our results show that the E11.5 TE has 

a much higher potential to produce mGluR1 cells than the pallium.  

 The phenotype of Lhx2 null mice further supports our hypothesis of a TE origin 

for lot cells. These mice lack a DP and display a clearly enlarged TE and paleocortex 

(Vyas et al., 2003; Roy et al., 2014), making it a very useful model to provide the proof of 

principle that mGluR1/lot cells are TE-derived similar to the prospective mitral cells 

directed to the pAOB (Huilgol et al., 2013). Indeed, the spread of mGluR1/lot cells in the 

piriform cortex was considerably larger than normal in Lhx2–/– mice and, therefore, it is 

unlikely that these cells come from the DP and not from the TE. In a similar vein, it has 

been shown that in Lhx2–/– mice the OB is specified as an olfactory bulb like structure 

(OBLS), whose mitral cell axons failed to pioneer a LOT projection. This anomaly was 

compounded by defects in axon guidance associated to the described mislocalization of 

the lot guidepost cells (Saha et al., 2007). In view of the present findings, however, it 

seems that lot cells instead form a rather exuberant cell population in Lhx2–/– mice. 

Intriguingly, Saha et al. (2007) detected in these mutants a notable overexpression of 

Sema6A in a rostrolateral region of the telencephalon that topographically corresponds 

to the expanded mGluR1 immunoreactive domain described in the present report, and 

we found that lot cells express Sema6A in wild type mice (not shown). It remains to be 

studied how lot cells exuberance, the overexpression of Sema6A or other anomalies 

affect axon guidance along the LOT in Lhx2–/– mice.  

 Another argument that has been used to suggest a dorsal pallium origin for the 

lot cells was the phenotype exhibited by the Gli3 null mice Gli3Xt/Xt. At E13.5, these 

animals show subpial clusters of mGluR1/lot cells limited to the DP (Tomioka et al., 2000) 

together with a convincing reduction of tangential cell migrations in the pallial surface 
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attributed to the absence of Gli3 function (Kawasaki et al., 2006). The authors proposed 

that the lack of Gli3 function arrested the migration of lot cells originated in the pallium, 

causing these cells to pack together abnormally within the pallium itself instead of 

reaching the LOT territory. However, it has been demonstrated that the choroid plexus, 

cortical hem and medial pallium are missing in Gli3 null mice (Grove et al., 1998, Theil 

et al., 1999, Tole et al., 2000) and that the DP is poorly developed containing a mixture of 

dorsal pallial, ventral pallial and TE cells (Fotaki et al., 2006; Friedrichs et al., 2008). In 

addition, in a conditional Gli3 KO mouse (Emx1Cre-Gli3F/F) where Gli3 is absent from the 

Emx1 pallium, lot cells are in the correct position at the piriform cortex. (Amaniti et al 

2015). This finding gives further support to the interpretation that lot cells are originated 

from outside the Emx1 positive dorsal pallium.  

 Even further, our own unpublished data indicate that the mGluR1 clusters in the 

pallium of Gli3 null mice correspond to TE ectopias resulting from a faulty specification 

of the TE (NR, TT, AF, ms. in preparation). Thus, these new findings strongly exclude 

the cortical hem and the medial pallium, but also the DP, as possible origins of 

mGluR1/lot cells.  

 Although results from Gli3 null mice discard the cortical hem as a putative source 

of lot cells, the cortical hem itself, the VP, and the pallial septum were all enlarged in 

Lhx2–/– mice and could contribute to the enlarged lot cell population observed in these 

animals. We explored here such potential sources of lot cells using two reporter mouse 

lines in which we followed cells derived from Wnt3a progenitors in the cortical hem and 

from Dbx1 progenitors at the VP and septum, and demonstrated that mGluR1 cells do 

not arise from these progenitors, strongly supporting an extra-pallial origin for most of 

the mGluR1/lot cells. The use of in utero electroporations have added a further, firm 

evidence that the origin of mGluR1/lot cells is the TE and, more specifically, that the LTE 

is the most plausible site of origin for these cells. 

 



DISCUSSION 

 

116 

mGluR1/lot cells: prospective mitral cells or Cajal-Retzius cells? 

The identity of the mGluR1/lot cells has recently become a controversial issue. Lot cells 

were first described as glutamatergic neurons expressing mGluR1 and calretinin but not 

reelin (Hirata et al., 2012). However, a recent work describes the lot cells as reelin and 

p73 positive and suggests that mGluR1/lot cells are a subset of CR cells (Dixit et al 2014; 

reviewed in Squarzoni et al 2015). Preplate neurons and CR cells migrate ventrally 

within the pallial marginal zone (MZ) to reach the LOT territory, which is the external 

pallial-subpallial boundary. As described, lot cells share the same migratory territory 

with preplate cells from the rostro-medial telencephalic wall, or CR cells from cortical 

hem or the pallial septum (Yoshida et al., 2006; Zhao et al., 2006; Garcia-Moreno et al., 

2007; Zimmer et al., 2010; Pedraza et al., 2014). Obviously, the absence of a specific 

marker of lot cells during their pallial migration makes interpretations controversial. 

Our results clearly show that mGluR1/lot cells do not derive from the accepted CR cell 

progenitors such as Dbx1 or Wnt3a progenitors, discarding the septum, the VP and the 

cortical hem as origins. Additionally, the results of our in utero electroporation 

experiments also make it highly improbable that the MTE might generate mGluR1/lot 

cells (see also, de Carlos et al., 2010). Using a ΔNp73 knock-in reporter mouse line, we 

observed that 15 – 18 % of the mGluR1/lot cells were ΔNp73eGFP positive. This result 

differs from that of Dixit et al. (2014). In this article the authors propose that almost all 

the mGluR1/lot cells are p73+ and therefore lot cells are a subset of CR cells. However, 

the evidence shown by these authors was exclusively based on p73 

immunohistochemical experiments performed with a p73 antibody whose specificity 

was not adequately tested. In contrast, we have performed cell lineage experiments 

using the ∆Np73eGFP mice and shown that eGFP labeling in these mice closely matched 

the In situ hybridization images for Trp73. On the other hand, previous studies defining 

the expression and functional roles of p73 in CR cell biology (Meyer et al., 2002, 2004) 

have noted that the expression of p73 is a characteristic of most subtypes of CR cells, and 

only CR cells derived from the VP lack p73 expression (Hanashima et al., 2007). In our 

experiments some mGluR1/lot cells did actually co-express p73 and therefore it was 

important to systematize the extent of that co-expression. Our results suggest that lot 
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cells form a heterogeneous population (Fig. 9) that may comprise lot cells destined to 

differentiate as mitral cells in the AOB together with certain subsets of CR cells.  

In situ hybridizations for Lhx5 and Grm1 (mGluR1) showed both markers occupy the 

same territory in the LOT area at the piriform cortex, suggesting that Lhx5 pAOB mitral 

cells and mGluR1 cells may correspond to the same population. In addition, one of the 

neurochemical characteristics of the mGluR1/lot cells that are presumptive pAOB mitral 

cells is their postmitotic expression of Tbr2, which we never found in ΔNp73-eGFP 

expressing cells. Tbr2 is not expressed in CR cells in other locations (Yamazaki et al., 

2004), with the sole exception of CR cells from the cortical hem that are destined to the 

dentate gyrus (Hodge et al., 2013). At E12.5 we found ∆Np73-eGFP expressed in cells 

located first inside the LOT territory. From E13.5 on, these cells were mostly detected 

near the subpial side of the LOT. Among the ∆Np73-eGFP cells, roughly a 50% of them 

did not express mGluR1 (and thus they should be considered CR cells beyond any 

doubts). At rostral levels, ∆Np73-eGFP+/mGluR1– CR cells might come from the cortical 

hem (because the hem-derived CR cells express p73 as shown in Meyer et al., 2002). 

However, at caudal levels Wnt3a-lineage cells were not detected in the pLOT, suggesting 

that these ΔNp73 cells generate in the caudal cortical hem or the LTE from a Wnt3a-

independent lineage (see Yoshida et al., 2006).  

 The other 50 % of the ∆Np73-eGFP cells in the LOT were mGluR1+ and Tbr2–. On 

the basis of this neurochemical profile, we consider these cells as a separated population 

from the   ∆Np73-eGFP+/mGluR1– CR cells and believe that they are a subset of CR cells 

that express mGluR1. Our in utero electroporation experiments suggest that they are 

generated in the LTE along with the mGluR1/lot/Tbr2 cells. Our results about the fate of 

these mGluR1+ CR cells suggest that they reach the pAOB but do not differentiate as 

mitral cells. At E18.5, mGluR1/p73 cells extended into the marginal zone of the piriform 

cortex but not into the neocortex. It remains to be determined whether these mGluR1+ 

putative CR cells migrate later into the neocortex, where mGluR1+ CR cells have already 

been identified (Martinez-Galan et al., 2001; Lopez-Bendito et al., 2002; Boer et al., 2010). 
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  Wnt3a Dbx1 p73 mGluR1 
Cortical hem  + -  +  -  
Ventral pallium  -  +  -  -  
Septum  -  +  +  -  
LTE        -        -      +     + or - 

                 Lineages of CR cells originating from different sources at the edges of the telencephalon 

 Finally, the numbers of mGluR1/lot cells that are positive for Tbr2 diminish 

around the LOT over time, concomitantly with an increase in the number of pAOB mitral 

cells, indicating that this population corresponds to the pAOB mitral cell precursors that 

are migrating through the piriform cortex.  

 In summary, we conclude that the mGluR1/lot cells are a compound of two 

different cell populations: first, Tbr2+/mGluR1+ cells, those corresponding to the pAOB 

mitral cell precursors that migrate to the OB and second, ΔNp73+/mGluR1+ cells 

positioned around the LOT territory and in the marginal zone of the piriform cortex that, 

together with the ΔNp73+/mGluR1– cells, likely are CR cells (Fig. 9). 

 

Figure 41. Temporal evolution of early-generated cells in the LOT: mGluR1/lot cells and CR cells. 
Schemata summarizing the spatiotemporal changes in the distribution of early-generated cells associated to 
the LOT and generated in the TE. At E12.5, most mGluR1/lot cells (blue-red dots) are mGluR1+, Tbr2+ and 
∆Np73–. These mGluR1/lot cells concentrate in the TE and extend rostrally along the LOT territory. Less 
abundant are the mGluR1+/Tbr2–/DNp73+ CR cells (Green-red dots) of LTE origin distributed within the LOT 
territory. Green dots represent mGluR1–/Tbr2/∆Np73+ CR cells, possibly generated in the LTE and in the 
caudal hem. At E18.5, the mGluR1/lot cells have advanced rostrally to be conspicuous in the pAOB, while 
mGluR1+/∆Np73+ CR cells have extended dorsally within the paleocortex (PCx) and rostrally to invade the 
AOB, where they do not differentiate as mitral cells. Note that mGluR1–/∆Np73+ CR cells (green dots) could 
not be safely identified outside the LOT in the absence of reliable additional markers. Mitral cell axons were 
depicted in blue. 
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SECTION 2. The caudoventral pallium (CVP) as a putative origin of 
amygdaloid glutamatergic neurons 

In this thesis we have studied the expression of Gdf10 in the telencephalon during 

development and describe, for the first time, a new pallial region belonging to the ventral 

pallium, located in the most caudal region of the dorsal telencephalon.  

 The rostrocaudal polarity of the neural tube is lost in the telencephalon, which is 

a huge expansion of the alar plate of the secondary prosencephalon. (Puelles and 

Rubenstein, 2003). Due to the expansion of the telencephalon, the spatial relationships 

among its constituent elements are in certain cases difficult to define. For instance, 

Remedios et al (2007) described a pallial territory located behind the ventral 

telencephalon at the caudal part of the telencephalic vesicle, which was shown to belong 

to the dorsal pallium. Another example is the cortical hem (see Fig. 22). The cortical hem 

is localized close to the roof plate and the midline, in the most medial and dorsal part of 

the dorsal telencephalon. As discussed in Section 1 of this Dissertation, the cortical hem 

folds at posterior levels (Grove et al., 1998; Yoshida et al 2006) and what seems to be 

ventral in coronal sections (the so-called ventral hem) is actually caudal, the caudal hem.  

 The ventral pallium (VP) is localized at the most lateroventral subdivision of the 

dorsal telencephalon, at the pallial-subpallial boundary (PSB). In common with other 

pallial borders, the VP expresses signaling molecules that contribute to delimit the 

boundaries and play a role in the establishment of the lateromedial axis of the 

telencephalon (Subramanian and Tole, 2009). One of these signaling molecules is Gdf10. 

We have shown that Gdf10 is expressed with low intensity in the ventral pallium and 

with a higher intensity in the CVP (Fig. 34A’-D’), where the VP expands considerably. 

At these levels, the ventral pallium surrounds the caudal ganglionic eminence in such a 

way that the expression domains of Gdf10 and some other VP markers appear in coronal 

sections as located at the two sides of the CGE (Fig. 42B1). The examination of coronal 

sections taken at more posterior levels (Fig. 42B2) revealed the anatomical continuity 

between VP and CVP. Fig. 42A also shows that the CVP is topologically the most caudal 

tier of the VP. Moreover, the CVP continues anatomically with the LTE (Fig. 42A, B1). 

CVP and LTE share the expression of genes such as Gdf10, Fgf15, Pax6, Tbr2, Ngn2 and 
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Mdga1 (Figs. 21D, E, H, 22G2, 30D, E, 32 and 34). Therefore, these anatomical and 

genoarchitectonic relationships with the obviously more caudal TE make the CVP the 

most caudal part of the VP.   

 Gdf10 and Fgf15 have rostrallow - caudalhigh expression gradients in the VP and, 

accordingly, the intensities of their in situ hybridization signals were higher in the CVP 

than in the remaining VP (Figs. 34 and 42C). Dbx1 does not exhibit a gradient expression 

along the rostro-caudal axis, but is not expressed in the most caudal portion of the VP, 

i.e., the CVP. Sfrp2 is only expressed in the most medial part of the VP (Fig. 42C).  

In the Pax6 deficient mouse (Pax6Sey/Sey) the PSB is discomposed and the VP 

markers are absent (Stoykova et al., 1996; Kim et al., 2001; Stenman et al., 2003; Carney 

et al., 2009; Cocas et al., 2011; Georgala et al., 2011). In this mutant mouse, Gdf10 

expression is not present in the whole VP, the CVP included, confirming the CVP forms 

part of the VP.  
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Figure 42: The CVP is localized in the most caudal portion of the VP and is anatomically continuous with 
the LTE.  (A) Schematic illustration of a telencephalic hemisphere showing the position of the ventral 
pallium (pink-violet band) at the most lateroventral part of the pallium. The VP and the ganglionic 
eminences (represented in yellow), form the PSB. At posterior levels, the VP bends surrounding the CGE 
and continues anatomically with the LTE. The caudal portion of the VP is the CVP, represented in violet. (B) 
Schematic coronal sections taken at levels 1 and 2 (corresponding to frames 1 and 2 in A). At level 1, the CVP 
and the VP are separated by the CGE as if they were two different structures. At more posterior levels (2), 
the anatomical continuation between VP and the CVP became evident. (C) Expression gradients of VP 
markers represented as in a dorsal view. Gdf10 and Fgf15 have a rostral (R)low caudal (C)high expression 
gradient. Thus when the VP bends at the level of the CVP, the expression intensity of both genes increase. 
Dbx1 is expressed in the VP but is not expressed in the CVP. Sfrp2 is expressed in the most medial (M) part 
of the VP.  

 

CVP contributions to the medial amygdala 

The amygdaloid complex is composed of pallial and subpallial divisions depending on 

where the projecting neurons of each pallial or subpallial nuclei are generated during 

development. However, both pallium and subpallium contribute to the entire amygdala 

because pallial components receive cells from subpallial subdivision and vice versa. 

 The ventral pallium contributes projecting neurons to the basolateral complex of 

the amygdala and the posterior cortical amygdala (Puelles et al., 2000, Stenman et al., 

2003, Remedios et al., 2004, Puelles et al., 2004). The medial nucleus of the amygdala 

(Me) is a subpallial component of the amygdala that belongs to the extended amygdala. 

The projecting neurons of the Me are generated in the anterior entopeduncular area and 

the commissural preoptic area (Garcia-Lopez et al 2008, Bupesh et al 2010). The medial 

amygdala is subdivided into posterodorsal (MePD) and posteroventral (MePV) 

subnuclei that regulate reproductive and defense behaviors, respectively (Swanson and 

Petrovich 1991, Canteras 2002). The CVP, like the remainder of the VP, generates 

glutamatergic neurons destined to the amygdala. The CVP generates neurons 

characterized by the expression of Ebf3 that are localized at the periphery (the shell) of 

the Me. Coherent with the subpallial nature of the Me, the glutamatergic Ebf3 neurons 

from the CVP are not projecting neurons of the Me.  

 This pallial contribution from the CVP seems to be transient since the Ebf3 

neurons are not detected beyond the first postnatal week. However, we have not yet 
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determined if this is because the Ebf3 neuron population of the Me shell dies or if, 

alternatively, the expression of Ebf3 is switched off at postnatal ages. The possibility 

exists that the Ebf3 cells might play a role in the development of Me nucleus, so that the 

disappear after the nucleus is mature. That is the case of CR cells (that also express Ebf3): 

when the process of cortical lamination is finished at early postnatal stages, the CR cells 

die (e.g., Chowdhury et al., 2010). The opposite scenario (i.e., Ebf3 expression ceases after 

the first postnatal week) would be a possible consequence of the Ebf3 implications in cell 

migration: the expression of the gene could become off after the neuron migration is 

complete. 

 

Role of COUP-TF2 in amygdala formation. 

The nuclear orphan receptor COUP-TF2 is a TF implicated in neural cell migration in the 

basal forebrain (Tripodi et al 2004). During mouse development, COUP-TF2 has a 

rostrallow-caudalhigh expression gradient in the telencephalon and is expressed in the VP, 

CGE, preoptic area (POA), the boundary between MGE and LGE, the cortical hem and 

also in CR cells (Tripodi et al 2004). However, it is not expressed in the progenitors and 

postmitotic cells in the DP and MP. In the amygdala, COUP-TF2 is expressed in Tbr1 

positive cells of the basolateral amygdala (BLA) and cortical amygdala (CoA) and in 

Pax6 positive cells of the Me (Tang et al 2012), thus both in pallial and subpallial 

subdivisions of the amygdala. We found expression of COUP-TF2 in the VP as well but 

this expression was notably higher in the CVP (Fig. 33), reflecting the known COUP-TF2 

expression gradient.  

 Tang et al (2012) showed that the loss of COUP-TF2 in the ventral telencephalon 

produces a morphological reduction of the pallial and subpallial amygdaloid 

compartments. In particular, these authors found a huge reduction of Tbr1, 

glutamatergic neurons in Me, while the numbers of GAD67 positive cells of this nucleus 

remained unaltered. It is to note that Tang et al. (2012) interpreted as the CGE the pallial 

region that we have defined here as CVP. Thus, the authors interpreted that the CGE 

generates GABAergic and glutamatergic neurons to the medial amygdala depending on 
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the timing of neurogenesis and the differential combinatorial gene expression in the 

cells. According to the interpretation of the CGE and CVP territories presented in this 

Thesis, we propose that the elimination of COUP-TF2 might affect the CVP and also the 

VP proper, based on the present evidence on COUP-TF2 expression patterns. The lack 

of COUP-TF2 in the CVP and VP could thus affect the glutamatergic neuron contribution 

to the medial amygdala. 

 Tang et al (2012) used a conditional mutant mouse (RxCre - COUP-TF2Flox/Flox) to 

remove COUP-TF2 from the ventral telencephalon, but the effects are not specific for 

pallial of subpallial subdivisions (Swindell et al., 2006). To study the role of COUP-TF2 

in the development of the pallial amygdala and the Ebf3 shell of the medial amygdala, 

it would be needed a conditional COUP-TF2 KO mouse to remove COUP-TF2 from the 

ventral pallium but not from subpallial compartments. The conditional COUP-TF2 

mutants for pallial derivatives are usually based in mating floxed COUP-TF2 mice with 

Emx1Cre mice. However, this strategy cannot be recommended since Emx1 is absent from 

the VP VZ (Fig. 33C1’-C2’), or expressed in low levels (Hirata et al 2002, Medina et al 

2004, Carney et al 2009, Cocas et al 2009, Medina et al 2011).  

 The morphological malformations in the amygdala in the COUP-TF2 mutant 

mice are produced probably because of defects in neural migrations, since COUP-TF2 is 

implicated in migrations in the basal forebrain (Tripodi et al 2004) and control the 

expression of Neuropilin 1 (Nrp1) and Neuropilin 2 (Nrp2) (Tang et al., 2012), two 

semaphorin receptors implicated in neural migration and axon guidance. 
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SECTION 1. The lateral thalamic eminence is the main origin of lot cells. 

1. In contrast to what it was previously thought, the main origin of the mGluR1/lot cell 

population is not the dorsal pallium.  

2. mGluR1/lot cells are not coming from Wnt3a progenitors from the cortical hem, 

neither from Dbx1 progenitors from de ventral pallium or the septum.  

3. The thalamic eminence has the potential to generate mGluR1+ cells in primary cell 

cultures, with an output ten-fold higher than that of the pallium.  

4. The thalamic eminence is subdivided into two different regions according to their 

anatomical relationships and gene expression, the lateral and the medial thalamic 

eminence. Only the lateral thalamic eminence is able to generate mGluR1+ cells destined 

to the telencephalon. 

5. From the lateral thalamic eminence, mGluR1/lot cells migrate ventrally through the 

diencephalic-telencephalic boundary to invade the posterior end of the lateral olfactory 

tract. After that, these cells travel along the prospective territory of this tract to finally 

occupy the posterior tier of the accessory olfactory bulb and the piriform cortex. 

6. Around an 80% of mGluR1/lot cells express mitral cell markers such as the 

transcription factors Tbr2 and COUP-TF1. This cell subpopulation corresponds with 

mitral cell precursors going to the posterior tier of the accessory olfactory bulb.  

7. Only a small percentage of mGluR1/lot cells is negative for Tbr2 and positive for the 

Cajal-Retzius cell marker ∆Np73. These cells are a subpopulation of Cajal-Retzius cells 

destined to the piriform cortex.  
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SECTION 2. The caudoventral pallium (CVP) as a putative origin of amygdaloid 

glutamatergic neurons 

8.  On genoarchitectonic grounds, the telencephalic territory of high Gdf10 expression is 

a novel subdomain of the ventral pallium that we named caudoventral pallium 

according to its topological position with respect to the rest of the pallium.  

9. The caudoventral pallium generates glutamatergic neurons that express Ebf3 during 

embryonic stages. 

10. The Ebf3 population generated in the caudoventral pallium migrates in a radial-glia 

independent manner to finally locate in an area that surrounds the medial nucleus of the 

amygdala. 
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SECCIÓN 1. La eminencia talámica lateral es el origen principal de las células lot 

1. En contra de lo que previamente se pensaba, el principal origen de la población de 

células mGluR1/lot no es el palio dorsal. 

2. Las células mGluR1/lot no derivan de progenitores Wnt3a del hem cortical, tampoco 

de progenitores Dbx1 en el palio ventral o septum. 

3. La eminencia talámica tiene el potencial de generar células mGluR1+ en cultivos 

primarios, con un potencial diez veces mayor que el palio. 

4. La eminencia talámica está subdividida in dos diferentes regiones de acuerdo con las 

relaciones anatómicas y la expresión de genes, la eminencia talámica lateral y la medial. 

Solo la eminencia talámica lateral es capaz de generar células mGluR1+ al telencéfalo. 

5. Desde la eminencia talámica lateral, las células mGluR1/lot migran ventralmente a 

través del límite entre diencéfalo y telencéfalo para invadir la parte posterior del tracto 

olfativo lateral. Después, estas células viajan a través del territorio prospectivo de este 

tracto para ocupar finalmente la porción posterior del bulbo olfativo accesorio y la 

corteza piriforme. 

6. Cerca del 80% de las células mGluR1/lot expresan marcadores de células mitrales tales 

como los factores de transcripción Tbr2 y COUP-TF1. Esta subpoblación celular 

corresponde con los precursores de las células mitrales que poblarán la parte posterior 

del bulbo olfativo accesorio. 

7. Solo un pequeño porcentaje de las células mGluR1/lot son negativas para Tbr2 y 

positivas para el marcador de células de Cajal-Retzius ∆Np73, y por lo tanto es una 

subpoblación de células Cajal-Retzius destinadas a la corteza piriforme. 
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SECTION 2. El palio caudoventral como origen putativo de células glutamatergicas 

amigdalinas. 

8. Por razones genoarquitectonicas, el territorio telencefálico con una alta expresión de 

Gdf10 es un subdominio del ventral palio al que nosotros llamamos palio caudoventral 

de acuerdo con posición topológica con respecto al resto del palio. 

9. El palio caudoventral genera neuronas glutamatérgicas que expresan Ebf3 durante 

estadíos embrionarios. 

10. La población Ebf3 que se genera en palio caudoventral migra de manera glia radial 

independiente para localizarse en un área que rodea el núcleo medial de la amígdala. 
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