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Abstract 
 Adult neurogenesis represents a unique form of plasticity in the dentate 

gyrus that requires the presence of long-lived neural stem cells (LL-NSCs). 

However, the embryonic origin of these LL-NSCs remains unclear. The 

prevailing model assumes that the dentate neuroepithelium throughout the 

longitudinal axis of the hippocampus generates both the LL-NSCs and 

embryonically produced granule neurons. Here we show that the NSCs 

initially originate from the ventral hippocampus during late gestation and from 

there they migrate to colonize the dorsal hippocampus. The descendants of 

these cells are the source for the LL-NSCs in the subgranular zone (SGZ). 

We show the origin of NSCs and their maintenance are controlled by distinct 

sources of Sonic Hedgehog (Shh). Furthermore we found Emx2 gene is 

essential for the survival of the Shh producing cells in the Amygdala, therefore 

controlling indirectly the generation and migration of NSCs from the ventral 

hippocampus. In contrast Emx2-/- mutant mice show an increase of 

proliferation in the dorsal region of the dorsal hippocampus related with a 

higher number of Shh responsive cells. These results reveal the complexity of 

the embryonic origin of hippocampal LL-NSCs and the importance of Emx2 

gene on their generation. 

 

Resumen 
 La neurogénesis en el adulto representa una forma única de 

plasticidad en el giro dentado que requiere la presencia de células madre 

neurales de larga vida (LL-NSCs). Sin embargo, el origen embrionario de 

estas LL-NSCs no está claro. El modelo prevalente supone que el 

neuroepitelio del dentado a lo largo del eje longitudinal del hipocampo genera 

tanto las células que van a dar lugar a las LL-NSCs en el adulto, como 

embrionariamente las neuronas de los granos. Aquí mostramos que las NSC 

se originan inicialmente en el hipocampo ventral durante la gestación tardía y 

desde allí migran para colonizar el hipocampo dorsal. Las descendientes de 

estas células son la fuente de las LL-NSCs en la zona subgranular (SGZ). 

Nosotros mostramos que el origen de las NSCs y su mantenimiento están 



 

 

controlados por distintas fuentes de Sonic Hedgehog (Shh). Además 

encontramos que el gen Emx2 es esencial para la supervivencia de las 

células productoras de Shh en la Amígdala, así pues controla indirectamente 

la generación y migración de las NSCs desde el hipocampo ventral. Por otro 

lado los ratones mutantes para el gen Emx2 muestran un aumento de la 

proliferación en la región dorsal del hipocampo dorsal relacionado con un 

mayor número de células sensibles a Shh. Estos resultados revelan la 

complejidad del origen embrionario de las LL-NSCs en el hipocampo y la 

importancia del gen Emx2 en su generación. 



 

 

INTRODUCTION 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 



Introduction 

 "#!

1. The Hippocampus 

 

 The hippocampal formation is an important region of the mammalian 

brain that attracted the interest of researchers since the beginning of the study 

of the nervous system. In fact, much of the available information on the 

cellular organization and intrinsic connectivity of the hippocampal formation 

dates from the classical Golgi studies of Ramon y Cajal and Lorente de Nó in 

rat brain (Lorente de Nó 1933; Lorente de Nó 1934). In rodents, the 

hippocampal formation is located in the medial-temporal edge of the 

neocortex and harbors the neural circuitry essential for cognitive functions 

such as learning and memory (Lisman 1999). 

 

 

 

 Figure 1: The hippocampal formation:  (A) Schematic view of the 
hippocampal formation including the Dentate Gyrus (DG), Hippocampus (CA1 
and CA3), Subiculum, Presubiculum (PrS), Parasubiculum (PaS), Medial 
Entorhinal Cortex (m Ent Cortex) and Lateral Entorhinal Cortex (l Ent Cortex) 
(B) Localization of the hippocampal complex in the adult brain: The 
hippocampal complex is located in the mid-wall of the telencephalon and it has 
a longitudinal axis bending in C shape from the septum to the temporal lobe. 

 

A B 
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1.1. Anatomic organization of the hippocampal 
formation 

 The hippocampal formation is composed of the dentate gyrus, the 

hippocampus, the subiculum complex (including presubiculum, subiculum and 

parasubiculum) and the entorhinal cortex (lateral and medial) (Figure 1, A). 

The three-dimensional shape of the rodent hippocampal complex 

(hippocampus itself plus the dentate gyrus) is intricate due to its longitudinal 

axis bending in a C-shaped manner from the septum (dorso-rostral) to the 

temporal lobe (ventro-caudal) (Amaral & Witter 1989) (Figure 1 B). 

 

1.2. The Hippocampus proper 

 The hippocampus proper is a stratified structure with the following 

layers (stratum) from inner to outer.   

• The alveus, the most internal layer rich in fibers (white matter). 

• The stratum oriens (SO) mainly composed of basal dendrites of the 

pyramidal neurons, septal and commissural fibers and cell bodies of inhibitory 

basket cells and horizontal trilaminar cells.  

• The stratum pyramidale (SP) contains the cell bodies of pyramidal neurons, 

(glutamatergic pyramidal cells), which are the principal excitatory neurons of 

the hippocampus. The Py also contain cell bodies of several types of 

interneurons.  

• The stratum radiatum (SR) is composed of apical dendrites from the 

pyramidal cells and, as in the SO, contains septal and commissural axons and 

Schaffer collateral fibers coming from CA3 to CA1 as well as some 

interneurons.  

• The stratum lacunosum moleculare (SLM), located close to the 

hippocampal fissure, contains the most distal part of apical dendrites from 

pyramidal cells.  
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• The Stratum Lucidum (SL), placed between the SP and SR, and located 

only in the CA3 territory is where the apical dendrites from pyramidal cells in 

CA3 establish connections with mossy fibers from the dentate (Figure  2). 

•  

 

 

 Figure 2: Schematic view of the Hippocampus: (CA1, CA2, CA3, 
Cornus Ammonis 1,2 and 3) and Dentate Gyrus (DG) showing their trilaminar 
structure. In the hippocampus we observe the Stratum Oriens (SO), Stratum 
Pyramidale (SP), Stratum Radiatum (SR), Stratum Lucidum (SL) and the 
Stratum Lacunosum Moleculare (SLM). The DG has these three layers: Stratum 
Moleculare (SM), Stratum Granulosum (SG) and the Hilus or Polymorphic cell 
layer (H). Sub, Subiculum; F, Fimbria.!

 

1.3. Dentate Gyrus 

The dentate gyrus (DG) is a cortical region that is an integral portion of 

the hippocampal formation (Amaral et al. 2007). The DG has a very organized 

structure in layers, which includes the molecular layer (ML), the granular cell 

layer (GCL) and polymorphic layer or hilus. Classically in Neurobiology, the 

DG is a model to study the central nervous system (CNS). Its well-organized 

structure with well-described cell types and connections are the perfect 

structure to study CNS neurophysiology, morphology and neurogenesis. 

Moreover, the later is particularly interesting in the DG since is one of the few 

regions of the brain that have adult neurogenesis.  

!



Introduction 

 "'!

1.3.1. Granule cell layer 

The principal cell layer of the DG is called the stratum granulosum or 

GCL, and is composed mainly by granule cells (GCs). GCs have elliptical cell 

bodies tightly packed together with no glial sheath interposed between them. 

They have a characteristic cone shaped tree of spiny apical dendrites. The 

branches extend throughout the molecular layer and the distal tips of the 

dendritic tree end either at the hippocampal fissure or at the ventricular 

surface.  

 

1.3.2. Molecular layer 

The stratum moleculare or the ML is superficial to the GCL and mainly 

free of cells. Thus, the molecular layer is occupied primarily by dendrites of 

the GCs, the pyramidal-shaped basket cells and polymorphic layer cells as 

well as axons and terminal axonal arbors from the entorhinal cortex and other 

sources. 

There are at least two types of GABAergic cells within the molecular 

layer. The first one, molecular layer perforant path-associated cells (MOPP, 

Han et al. 1993) are located deep in the molecular layer. These cells have a 

multipolar or triangular cell body with an axon that ends in a terminal plexus 

limited to the outer two thirds of the molecular layer. The second GABAergic 

cell type is an axo-axonic or chandelier cell-like, (Soriano & Frotscher 1989), 

generally located immediately adjacent or even within the superficial portion of 

the GCL. 

 

1.3.3. Polymorphic cell layer (hilus) 

 The GCL encloses the third layer of the DG, a cellular region called the 

polymorphic cell layer or hilus. The mossy cells are the most prominent cell 

type in this layer (Amaral 1978). These cells are probably what Ramón y Cajal 

called as the ¨stellate or triangular¨ cells and are what Lorente de Nó referred 

to as ¨modified pyramids¨. They have triangular or multipolar cell bodies with 



Introduction 

 "&!

three or more thick dendrites that extend for long distances within the 

polymorphic layer and sometimes into the GCL or molecular layer, but never 

enter into the adjacent CA3 field. They are immunoreactive for glutamate 

(Soriano & Frotscher 1994) and project from both, ipsilateral and contralateral 

sides of the DG being part of the associational/commissural projection. 

Other types of neurons, mainly inhibitory, that has been described in the 

polymorphic layer, mainly inhibitory, are the pyramidal-shaped basket cells 

(Ribak & Seress 1983). They are located along the interface between the 

GCL and the hilus and have pyramidal shaped bodies larger than GC.  

Diverse types of interneurons have been described mainly in the hilus 

(Freund and Buzsáki 1996) as the hilar perforant path-associated cell (HIPP) 

(Han et al. 1993), which are interneurons that innervates GC dendrites  with 

an axon that enter into the outer two thirds of the molecular layer (Han et al. 

1993). Also, the hilar commissural-associational pathway related cells 

(HICAP), predominantly innervate the inner molecular layer and usually have 

the cell bodies located at the hilar border with GCL (Han et al. 1993; Soriano 

& Frotscher 1993). 

 

1.4. Wiring the Hippocampal formation 

 The hippocampal formation is involved in functions as spatial memory 

and short and long term memories (Burgess et al. 2002; Deacon et al. 2002; 

Broadbent et al. 2004; Lieberwirth et al. 2016). However, since it is connected 

to other parts of the brain such as the septum or the amygdala complex (Kishi 

et al. 2006) it seems to be related to emotional behavior.  

 The two interlocking sheets that conform the hippocampus (the 

hippocampus itself and the DG) are interconnected and connect to the 

hippocampal formation in a unidirectional manner. They establish a trisynaptic 

loop from the entorhinal cortex following the laminar structure in a well-defined 

pathway. This route of information processing in this highly structured tissue 

with a small number of well-known cell types makes the hippocampus a very 
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popular target for the study of synaptic function. Basically, the fibers coming 

from the entorhinal cortex arrives mainly to the DG but also to the subiculum, 

CA1 and CA3 (perforant path). Thus, mossy fibers from the GC of the DG 

connects with pyramidal cells in CA3 (Mossy fibers path), and axons from 

CA3 to CA1, in an ipsilaterally or contralaterally way (the Schaffer 

collateral/associational commissural pathway). Finally, fibers from CA1 travel 

through the Subiculum and go out to the entorhinal cortex closing the network 

of the hippocampal formation (Figure 3). 

 

 

 

 Figure 3: Wiring the hippocampus: Schematic representation of the 
hippocampal traditionally trisynaptic loop. The major input is carried by axons of 
the perforant path, from neurons in layer II and III of the entorhinal cortex to the 
dentate gyrus.  Perforant path axons establish excitatory synapses with the 
dendrites of granule cells: axons from the lateral and medial entorhinal cortices 
innervate the outer and middle third of the dendritic tree, respectively. Granule 
cells in the DG, project, through their axons, the mossy fibers, to the proximal 
apical dendrites of CA3 pyramidal cells which, in turn, project to the ipsilateral 
CA1 pyramidal cells through Schaffer collaterals and to the contralateral CA3 
and CA1 pyramidal cells through commissural connections. Finally, axons from 
CA1 close the loop connecting to the Subiculum and the Entorhinal cortex. 
(Adapted from Neves et al. 2008). 
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2. Hippocampal Development 
  

 The hippocampus develops from the medial wall of the telencephalon 

and it is strongly influenced by the organization and regionalization of this 

area. The establishment of rostro-caudal and dorso-ventral axis is 

orchestrated by diverse kinds of molecules released by organizer centers all 

along the neural tube. And this is one of the most critical events in the 

developing nervous system including the hippocampus.  

 The telencephalon originates as an outgrowth of the most rostral 

segments of the developing nervous system. After the bending of the neural 

plate into the neural groove and its closure to form the neural tube, the 

anterior portion will undergo drastic changes to form the three primary 

vesicles: forebrain (prosencephalon), midbrain (mesencephalon) and 

hindbrain (rhombencephalon). Subsequently, the prosencephalon subdivides 

into the anterior, called secondary prosencephalon (telencephalon and 

hypothalamus) and the more caudal, the diencephalon proper (Puelles & 

Rubenstein 2003; Puelles & Rubenstein 2015).  

 As the medial wall of the dorsal telencephalon, also named pallium, 

develops, it gives rise to a series of archipallial structures (archicortex) 

including  (1) non-neuronal, secretory epithelium of the choroid plexus, 

adjacent to the roof; (2) the cortical hem, later in development called the 

fimbria when it is filled with projection fibers; (3) the hippocampal complex 

composed of the DG and CA fields; and (4) the subiculum, which is the 

transitional structure between the hippocampal complex and the medial limbic 

system composed by the cingulate and retrosplenial cortex (Li & Pleasure 

2014). Also, the pallium will generate the paleocortex (olfactory, piriform and 

entorhinal cortex) and the neocortex. The ventral telencephalon or subpallium 

will mainly generate the basal ganglia and a part of the amygdala (Figure 4) 

(Moreno et al. 2009; Wang et al. 2011). 
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 Figure 4: Prosencephalon organization. (A) Representation of the neural 
tube with Antero-Posterior and Dorso-Ventral axis (A-P; D-V, respectively) and 
main divisions: (Tel, Telencephalon, Di, Diencephalon, Ms, Mesencephalon, 
Cb, Cerebellum). (B) Schematic representation of a sagittal section from the 
neural tube; the telencephalon is already subdivided in pallium and subpalliun 
and the Diencephalon the prosomers 4 to 1 (from rostral to caudal). (Ob, 
Olfactory bulb, Di, Diencephalon rp, roof plate; ap, alar plate; bp, basal plate 
and fp, floor plate). (C) Drawing of a coronal section of the telencephalon with 
the main subdivision of the pallium (MP, medial pallium, which give rise the 
hippocampus, DP, dorsal pallium, LP, lateral pallium, VP, ventral pallium) and 
the subpallium (S), where at this level we find the MGE (medial ganglionic 
eminence) and LGE (lateral ganglionic eminence). 
 

2.1. Morphogen molecules involved in the Hippocampal 
development 

 The initial development of the hippocampus shares features with the 

development of the cortex since the hippocampus originates from the caudo-

medial portion of the embryonic cortex. Therefore the chain of events that 

regulates cortical development affects hippocampal development too. 

Gradients of different families of morphogenic molecules and transcription 

factors released by signaling centers or organizers are critical in the 

specification of the four compartments of the pallium including the 

hippocampal formation (Figure 5 and 6) (Wilson & Rubenstein 2000; Sur & 

Rubenstein 2005). The cortical hem, adjacent to the neuroepithelium from 

which the DG will arise, is the main organizer center that regulates the 
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development of the hippocampus and the DG (Grove et al. 1998; Tole & 

Grove 2001; Shimogori et al. 2004; Mangale et al. 2008). Studies where the 

cortical hem was deleted early in development, lead to the dramatic reduction 

of the neocortex and a total absence of the hippocampus, suggesting that the 

cortical hem is the source of molecules that lead the expansion of the cortex 

and the initial development of the hippocampus (Yoshida et al. 1996; Monuki 

& Walsh 2001; Caronia-Brown et al. 2014). Among the signaling molecules 

released by the hem are proteins from the Wnt and BMP families. 

2.1.1. Wnt proteins  

 Wnt proteins play an important role during the hippocampus 

development. Wnt signaling constitute a very complex pathway, and most of 

the hippocampal phenotypes caused by mutations in these genes are related 

to the Wnt ‘’canonical’’ pathway through the low density lipoprotein receptor 

proteins (LRP) family and Tcf/Lef transcription factor (Galceran et al. 2000). 

For example, Wnt3a is the first Wnt ligand that appears in the cortical hem at 

E9.5 and mutations in this gene results in the failure of hippocampal 

morphogenesis since the neural precursors of the medial pallium are enable 

to expand (Lee et al. 2000). Downstream of Wnt3a, mutations in the 

transcription factor Lef1, which is expressed in the medial pallium, will 

produce a hippocampus that lacks dentate GCs (Galceran et al. 2000; Zhou 

et al. 2004). 

2.1.2. Bone morphogenetic proteins (BMP) 

 The cortical hem produces as well BMP family proteins, but they are 

also produced by the choroid plexus epithelium, adjacent to the hem (Furuta 

et al. 1997). Ectopic or reduction expression of BMP signals, alters the 

development and patterning of the dorsal pallium, dorsal midline and 

paramedial structures, as choroid plexus (Galceran et al. 2000; Hébert & 

Fishell 2008). Also, the loss of BMPR1a and BMPR1b receptors has a 

marked effect on the development of the hem. Double mutants for those 

genes will produced a normal hippocampus but a reduction of the DG 

(Caronia et al. 2010). 
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2.2. Transcription Factors involved in hippocampal 
patterning  

 The establishment of the cortical hem starts early in the development 

with the expression and tightly regulation of a group of transcription factors. 

Those factors are involved in the general patterning of the cortex and also in 

the establishment of the hem and the hippocampus. More specifically, Emx2, 

Pax6, Coup-TfI and Sp8 in the cortex, and Lhx2, Lhx5 or FoxG1 in 

hippocampus (Figure 5). They are characterized by a strong level of 

expression in medial or caudo-medial pallial regions or, as Lhx2, absent from 

the dorsal midline (Zhao 1999; Muzio & Mallamaci 2005; Mangale et al. 

2008). 

 

 

 

 Figure 5: Expression pattern of genes involved in area patterning and 
cortical hem: Schematic drawings of the dorsal view of the telencephalon 
showing the expression pattern of Pax6, CoupTFI, Sp8, Emx2, Lhx2 and Foxg1 
related to the patterning of the cortex. Pax6 is highly expressed in rostral and 
lateral regions and weakly in medial and caudal (opposite to Emx2), CoupTFI, 
shows a strong expression in caudal and lateral and weak in rostral and medial. 
Sp8 is highly express in rostral and medial and weakly in caudal and lateral. 
Lhx2, absent from the dorsal midline and weaker in most anterior regions and 
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Foxg1, also absent from the hem. 

 

2.2.1. Lhx2 and FoxG1 

 The expression of the LIM homeobox gene Lhx2 starts in the forebrain 

early in the development but it is absent from the midline. This absence could 

allow the expression of Wnt proteins and establish the cortical hem.! Lhx2 has 

been postulated as a selector gene that can specify cortical identity and 

suppress alternative fates as hem or anti-hem in a spatially dependent 

manner (Mangale et al. 2008). Thus, in experiments with mutant embryonic 

stem cell (ESC) from a chimeric mouse for Lhx2, cells non-expressing Lhx2 

laterally in the cortex will adopt an anti-hem identity whereas medially, they 

will become cortical hem cells and induce ectopic hippocampal fields, 

establishing a ¨hem competent zone¨ that comprised the medial telencephalic 

wall and extended some distance laterally but did not include the entire 

pallium (Mangale et al. 2008).  

FoxG1 has a role in the patterning of neocortex, regulating the 

expression of proteins that specify the dorso-medial identity. Thus, in FoxG1-/- 

mutant mice, the neocortical tissue acquires hippocampal features and 

markers (such as bone morphogenetic protein 4 (BMP4) expression) usually 

confined to the dorsal midline, will appear expanded beyond their normal 

domain (Muzio & Mallamaci 2005). 
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 Figure 6: The cortical hem and the induction of the hippocampus. 
Schematic diagram showing some of the genes involved in the dentate gyrus 
morphogenesis. The development of the cortical hem (Hem), and the dentate 
neuroepithelium (DG) are both regulated by Wnts. The hem and choroid plexus 
(CP) are also regulated by BMPs. The expression domains for Wnts and BMPs 
are shown with arrows to the left of the neuroepithelium. The dentate and 
hippocampal neuroepithelium (Hip) are regulated by several transcription 
factors (FoxG1, Lhx2, Emx2, and Lef1), while the hem development is 
controlled by Lhx5. (Adapted from Li & Pleasure 2007). 

 

 

2.2.2. Emx2 and Lhx5 

 The homeobox gene Emx2, expressed in a high caudo-medial to low 

antero-lateral gradient is one of the main players of the hippocampal 

development and more concretely for the DG. Mutant mice for Emx2 gene 

show a reduction in caudal structures as visual and auditory cortex that is 

compensated by a bigger motor and somatosensory cortex (Bishop et al. 

2000; Muzio & Mallamaci 2005). As a caudo-medial structure the 

hippocampus is strongly affected by a reduction in size, almost a lack of DG 

and a reduction in the production of Cajal-Retzius cells from the cortical hem 

(Pellegrini et al. 1996; Yoshida et al. 1997; Mallamaci et al. 2000; Shinozaki et 

al. 2004). Another gene involved in hippocampal patterning is Lhx5, which is 

expressed in the cortical hem and in Cajal-Retzius cells derived from the hem. 

Lhx5-/- mutant mouse lacks cortical hem development and as consequence of 

this, the hippocampus shows defects derived from the loss of patterning 

signals coming from the hem (Zhao 1999). 

 

2.3. Types of cell migration in the developing 
telencephalon 

 Cell migration is one of the fundamental mechanisms during the brain 

development. The size and complexity of the brain, as in other organs, create 

the necessity to build a strategy to position each cell in a very specific place to 

generate the proper local and long-range connections. 
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 Not all cell types that will populate the cortex are generated in the 

cortex itself. It has been shown that projection glutamatergic neurons 

belonging to the layers II-VI, astrocytes and a subset of oligodendrocytes are 

generated in the dorsal pallium (Emx1 expression domain) (Gorski et al. 2002; 

Kessaris et al. 2006). On the other hand, glutamatergic Cajal-Retzius cells, 

interneurons, and a subset of oligodendrocytes are generated outside the 

pallium (Bielle et al. 2005; Flames & Marín 2005; Kessaris et al. 2006; 

Colasante & Sessa 2010). This second group of cell types has to migrate long 

distances to reach their final destination. Thus, focusing on the timing of newly 

born neurons, we can distinguish two main types of migration in the 

developing telencephalon: Radial migration and Tangential migration (Figure 

7).  

2.3.1. Radial migration 

 At the end of XIX century, studies from Ramón y Cajal described that 

most of the neurons have to move radially to reach their final position in the 

brain. Also, it was described by Pasko Rakic in 1972 that during their radial 

migration, neurons were aligned with radial glial fibers suggesting the idea 

that those radial glia fibers act as scaffold providing support to those migrating 

neurons (Rakic 1972). Those studies were later confirmed by in vitro and in 

vivo experiments (Noctor et al. 2001; Noctor et al. 2004). Recent studies have 

described two different types of radial migration: cellular locomotion, in which 

the cells use the radial glial fibers as substrate to migrate (Hatten 1999; 

Noctor et al. 2001) and somatic translocation, where the cells migrate 

independently of the radial glia and extending a long process to attach to the 

pial surface and retract afterward during the migration pushing the cell upward 

(Nadarajah et al. 2001; Nadarajah & Parnavelas 2002). 

 

2.3.2. Tangential migration 

 Tangential migration is mainly used for interneurons to reach the cortex 

from the basal ganglia where they are born. This type of migration is 

perpendicular to the radial glial fibers and thus uses distinct kind of substrate 
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to migrate (Rakic 1972; Rakic 1974; Marín & Rubenstein 2001). These 

neurons can migrate as a chain, giving support to each other, as in the rostral 

migratory stream (Lois & Alvarez-Buylla 1994), following axons as a guidance 

to reach their final destination (Wray et al. 1994; Yoshida et al. 1996) or 

guided by chemoattractant molecules in their individual trip over  the 

extracellular matrix to their final destination (Flames et al. 2004). 

 

 Figure 7: Main types of neuronal migration in the cerebral cortex. 
Schematic diagram showing the radial migration (arrow in blue), which is mainly 
followed by cells originated in the ventricular zone of the pallium and the 
tangential migration (arrow in red) followed by cells outside of the pallium as 
interneurons. 

 

2.4. Neuronal migration in the Hippocampus 

2.4.1. Cajal-Retzius cells 

 One of the first populations of neurons that migrate along the 

telencephalon during development are the Cajal-Retzius cells (CR cells) 

(Figure 9). They represent a transient class of neurons found at the surface of 

the developing cortex and the hippocampus. They are the earliest neurons to 

be born and invade the preplate as early as E10 (König et al. 1977; König & 

Schachner 1981) (Figure 8). Also, they have an important role in the layer 

organization of the cortex and hippocampus (del Río et al. 1995). It has been 

described that they originated from three different sites in the telencephalon: 

the pallial–subpallial boundary (PSB) laterally, the septum rostro-medially, 
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and the cortical hem caudo-medially (Bielle et al. 2005). Around 85-95% of 

the hippocampal CR cells originate in the hem (Takiguchi-Hayashi et al. 2004; 

Yoshida et al. 2006).  

 

 

 

 Figure 8: Cell migration and development of the hippocampus: 
Schematic representation of the hippocampus and its different type of cell 
migrations at E14.5 (A) and at birth (B). Cajal-Retzius cells (green), born around 
E12.5 in the cortical hem, just under the presumptive dentate neuroepithelium 
(DNE), lined the pial surface. At E14.5, the dentate precursors of the primary 
matrix (dark blue circles) are located in the VZ and start to migrate towards the 
pial side of the cortex forming the secondary matrix (blue circles). In the VZ of 
the hippocampal neuroepithelium (HNE), radial glial precursors (purple cells) 
give rise to hippocampal neurons.  At E17.5 the hippocampal fissure is formed 
and DG precursor cells migrate to and accumulate there, forming the tertiary 
matrix (light blue). Cajal-Retzius cells are also present and follow the 
hippocampal fissure. At this stage the glial scaffold extends from the CH to the 
hippocampal fissure and pial surface, directing the migration of dentate 
precursor cells. From the HNE, hippocampal neurons (red triangles) are born 
and migrate along radial glial cells towards their location in the hippocampal 
fields, CA1 and CA3 and after that, the blades of the DG start to form. Granule 



Introduction 

 *(!

neurons in the DG (red triangles) appear first in the upper blade, below the 
hippocampal fissure. The continuous migration of CR cells reaches the pial side 
and promotes the formation of the lower blade of the DG. Precursor cells in the 
primary and secondary matrix will soon disappear, but cells in the tertiary matrix 
continue actively dividing and producing granule neurons through postnatal DG 
development; cortical hem (CH); ventricular zone (VZ); primary matrix (1ry); 
secondary matrix (2ry); tertiary matrix (3ry); dentate gyrus (DG). (Adapted from 
Urbán & Guillemot 2014). 

  

 CR cells main function is related to radial migration of neurons and the 

formation of cortical layers controlling, among other things, the radial glia 

morphology, which is the substrate for migrating neurons. CR cells express 

the protein Reelin in the marginal zone (MZ) of the developing hippocampus 

framing the area for the attachment of radial glia cells to lead neurons to their 

final position in CA or DG fields. CR cells also have a role in the development 

of hippocampal connections (Del Río et al. 1997). 

 

2.4.2. Hippocampal projection neurons 

 Neurogenesis in the mice hippocampus starts at E10-E11 and lasts 

well beyond birth (Angevine 1965). Pyramidal neurons in the Ammon’s horn 

are mainly generated from the neuroepithelium adjacent to the hippocampal 

primordium and undergo radial migration to reach their final destination 

(Figure 8) (Altman & S. A. Bayer 1990a; Nakahira & Yuasa 2005; Kitazawa et 

al. 2014). Also, the hippocampal laminar formation occurs in a birthdate 

dependent inside-out pattern where earlier born neurons occupy the deepest 

region meanwhile later born neurons occupy the superficial region (Bayer 

1980; Rakic & Nowakowski 1981; Altman & S. A. Bayer 1990b). The 

generation of pyramidal neurons between the hippocampal regions (CA1 and 

the CA3) is different probably because of the different U-shape of CA3 and 

the proximity to the DG and hilus.  

 CA1 cells are mostly generated in the VZ between E12-E18 with a 

peak around E14-E16. After they left the VZ, multipolar-shaped some cells 

may undergo another round of division and move slowly into the intermediate 
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zone (IZ) (Nakahira & Yuasa 2005; Kitazawa et al. 2014) where they remain 

for several days (Altman & S. A. Bayer 1990b). The generation of CA3 cells 

starts also around E12-E18, having a birth peak one day before than CA1 

cells (Angevine 1965) and remaining longer in the IZ (Altman & Bayer 1990b). 

Thereafter, CA1 and CA3 cells continue their migration to the preplate splitting 

it in the hippocampal plate, which will become the pyramidal layer and the 

subplate that will be the prospective SO. The marginal zone above the 

hippocampal plate will become the prospective SR and SLM. 

 

2.4.3. Hippocampal interneurons 

 GABAergic interneurons in the hippocampus are local circuit neurons 

responsible for inhibitory activity, thereby controlling the activity of principal 

excitatory cells, such as pyramidal cells in the hippocampus and GC in the 

DG. In mice, the majority of interneurons are generated at E12–13, and DG 

interneurons at E13–14 (Soriano et al.,1986; Soriano et al., 1989a; Soriano et 

al., 1989b). 

  

 

 Figure 9: Tangential migration of the interneurons. Schematic 
representation of coronal sections through the rostral (A) and caudal (B) cortex 
at E13.5 showing the tangential migration of the interneurons that will populate 
the hippocampus originated in subpallial regions (C) Schematic representation 
of a horizontal section through the brain at E13.5 showing the route that follow 
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the interneurons from Caudal Eminence to the hippocampus. (ncx, neocortex; 
hip, hippocampus; LGE, lateral ganglionic eminence; MGE, medial ganglionic 
eminence; POA, pre-optic area; CGE, caudal ganglionic eminence; S, septum). 
Adapted from (Li & Pleasure 2014). 

 

 Interneurons residing in the hippocampus are derived from the ventral 

telencephalon, the subpallium, and need longer tangential migration times to 

reach the hippocampus (Marín et al. 2010).! It has been shown that 

hippocampal interneurons originate in the ganglionic eminences of the 

subpallium, mainly from the medial and the caudal ganglionic eminences 

(MGE and CGE, respectively, Pleasure et al. 2000; Wichterle et al. 2001; 

Nery et al. 2002; Tricoire et al. 2011). The preoptic area has been shown also 

to contribute with interneurons to the hippocampus (Gelman et al. 2009) 

(Figure 9).!!

 Previous studies with the Dlx1 and Dlx2 transcriptions factors 

expressed in the ganglionic eminences (GEs) showed that mutant mice with 

mutations in these genes lead to the loss of most of the interneurons, not only 

in the neocortex but also in the hippocampus (Pleasure et al. 2000; Cobos et 

al. 2005). They originate in the GEs and migrate towards the hippocampus 

following similar routes as neocortical interneurons, through the MZ (marginal 

zone) and IZ/SVZ (Intermediate zone/Subventricular zone) streams. While 

MGE (medial ganglionic eminence) cells migrate laterally and spread widely 

throughout the cortex, the CGE (caudal ganglionic eminence) derived cells 

(E12.5–E13.5) migrate caudally to the most-caudal end of the telencephalon 

and move toward the MZ before entering the hippocampus (Yozu et al. 2005). 

Also, it is known that the first interneurons enter the hippocampus on, or 

slightly after, E14 with peak invasion occurring between E15 and E18. The 

MZ path contributes the most hippocampal interneurons (Manent et al. 2006). 

They first reach the subiculum and the CA1 field, and then the CA3 field at 

E16, and the DG primordium 1day later, at E17 (Manent et al. 2006). CGE-

derived interneurons are added slightly later than MGE-derived interneurons 

(Rubin et al. 2010; Tricoire et al. 2011).!!
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2.4.4. Dentate gyrus cells 

 Dentate gyrus originates from the dentate neuroepithelium (DNE) also 

called the primary matrix, located adjacent to the cortical hem and the dentate 

notch, in the medial wall of the lateral ventricle. It becomes clearly 

distinguishable around E14.5 (Figure 10).  

 

 

 

 Figure 10: Granule cell migration. Schematic representation of the 
development of the DG. Granule cells (red dots) start originating from the 
dentate neuroepithelium at E14.5 (A). After that they will migrate to reach the 
FDJ (B) where they will keep dividing and will follow to the prospective DG 
region (C). Finally, they will migrate radially to form the granule cell layer of the 
DG. (Hip, Hippocampus; D, Dentate; F, fimbria; DN, dentate notch; FDJ, 
fimbrio-dentate junction; HF, hippocampal fissure) (Adapted from Li et al. 2009). 

 

 At the beginning of the last week of rodent embryonic development, 

progenitor cells migrate out of the DNE and towards the subpial surface in a 

process that depends on hem-derived Cajal-Retzius cells (Rickmann et al. 

1987; Del Río et al. 1997). This new migratory progenitor population will 

constitute the secondary matrix. Meanwhile, the primary radial glia develops 

and is the lead for dentate precursors and granule neurons to migrate and 

organize. Once the progenitors reach the hippocampal fissure, they 

accumulate into the hilus and form another proliferating niche, the tertiary 

matrix. GCs are generated during DG development from precursors of all 

three matrices and form the GCL (Figure 8 and 10). By early postnatal stages, 

the tertiary matrix becomes the only source of dentate progenitors and GCs. 
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Later, proliferation in the DG becomes more restricted and it will be confined 

to the subgranular zone (SGZ) where will remain throughout live.  

3. Adult Neurogenesis 
  

 The transition of proliferative and multipotent Neural Stem Cells 

(NSCs) to differentiated neurons is called neurogenesis. Neurogenesis occurs 

from early embryonic to early postnatal stages, however in recent years it has 

been discovered that neurogenesis remains active at adult stages in a few 

neurogenic zones (Götz & Huttner 2005; Ming & Song 2011a; Paridaen & 

Huttner 2014).  

 There are mainly two places in the murine central nervous system 

where adult neurogenesis has been well characterized (Figure 11). The SGZ 

in the DG of the hippocampus will produce GCs to contribute to the dentate 

itself (Altman & Das 1965; Gould & Cameron 1996; Kempermann et al. 1997; 

Gage 2002), and the subependymal zone of the lateral ventricles, also called 

Ventricular-Subventricular Zone (V-SVZ) will contribute with neurons that will 

migrate to reach the olfactory bulb (Lois & Alvarez-Buylla 1994; Merkle et al. 

2007; Ventura & Goldman 2007; Young et al. 2007; Brill et al. 2009). Both 

regions have been shown to be active in adult human brains too with the V-

SVZ producing new neurons that will incorporate to the striatum and SGZ to 

the DG (Eriksson et al. 1998; Spalding et al. 2013; Ernst et al. 2014).  
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 Figure 11: Stem Cell in the Adult Brain. Representation of the two main 
niches of stem cell in the adult brain, the SGZ in the hippocampus and the SVZ 
in the lateral ventricles (red lines) (Ob, olfactory bulb; Ctx, cortex; Cb, 
cerebellum; RMS, rostral migratory stream; LV, lateral ventricle; DG, dentate 
gyrus; Hip, hippocampus. 

 

 One of the main difference between the SGZ and SVZ is that in SGZ 

the cells that will contribute to the population of adult NSC are completely 

dissociated from the embryonic germinative zone where they are born 

(Altman & S. a Bayer 1990; Li et al. 2009). As mention before, during the 

development of the DG, the cells originated in the neuroepithelium adjacent to 

the cortical hem migrate and incorporate to the GCL of the DG. Later in 

adulthood, NSCs from the SGZ produce GCs that will be integrated in the 

GCL of the DG. On the contrary, the NSCs from the SVZ differentiate into 

neuroblast before they incorporate to the Rostral Migratory Stream (RMS) in 

their way to the olfactory bulb. In this context, the regulation of the signals that 

maintain both NSC niches in adult will be slightly different. 

 

3.1. The Subventricular Zone (SVZ) 

 The germinal region of the olfactory bulb in adults is located in the wall 

of the lateral ventricle and has similar characteristics as the embryonic VZ or 

SVZ. The V-SVZ (Lim & Alvarez-Buylla 2016) as it was mentioned before is 

one of the two canonical places where neurogenesis occurs in the adult brain 

(Lois & Alvarez-Buylla 1994). NSCs from this region generate neuroblasts 

(type A cells) that migrate through the RMS to reach the olfactory bulb. Once 

they arrive there, they differentiate and integrate mainly as interneurons. 

NSCs, also called type B1 cells express a number of glial markers such as 

GFAP (glial fibrillary acidic protein), GLAST (Glutamate aspartate transporter) 

and BLBP (Brain lipid binding protein). Type B1 cells can be in a quiescent or 

an activated state (Codega et al. 2014; Mich et al. 2014). When they are in an 

activated state, they will express Nestin, an intermediate filament generally 

considered as a marker of NSCs. These Nestin positive cells give rise to 
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transient amplifying precursors (type C cells), which generate neuroblasts 

(type A cells) that move through the RMS (Doetsch & Alvarez-Buylla 1996) 

into the olfactory bulb where they migrate radially to become interneurons. 

 

3.2. The Subgranular Zone 

 The SGZ is the niche of the adult stem cells that will generate the GCs. 

Thus, defects in the generation and integration of GCs play an important role 

in different neurological disorders such as depression (Dranovsky & Hen 

2006) and epilepsy (Parent et al. 2006). In fact, it is already known that newly 

generate neurons confer an extra degree of plasticity and have effects in 

learning and certain types of contextual memory (Jessberger et al. 2009; 

Sahay et al. 2011). Hence, in the last years, many studies have been trying to 

unveil the integration process of these new neurons into the adult 

hippocampal circuits. 

 It is well known that adult stem cells are tightly restricted to the 

generation of one (GCs of the DG) or a few types of neurons (granule 

neurons and periglomerular neurons in the V-SVZ) (Zhao et al. 2008; Ming & 

Song 2011b) whereas embryonic neurogenesis is, thus, tightly linked to cell 

fate specification. These processes are dependent on specific signals and 

factors that specify subtype identities during development and they can also 

control some aspects of the behavior of adult stem cells. 

 

3.2.1. Cellular types in the SGZ  

 In the hippocampus, adult NSCs, also called type-I cells or radial glial-

like cells, generate exclusively granule neurons in the DG (Figure 12). Those 

cells, NSCs, express the same markers as embryonic stem cells (Nestin, 

Sox2 and GFAP). Type-I cells follow a well characterized cell lineage that 

include intermediate cell progenitors (IPCs) as type IIa (non-radial 

intermediate or transient amplifying progenitors cells that express Nestin, 

Sox2 and Tbr2), type IIb (neuronally determined intermediate or transient 
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amplifying progenitor cells, that also express Nestin, Prox1, NeuroD1 and 

DCX (doublecourtin)) and type III (migratory neuroblast-like that stop 

expressing Nestin but maintain neural markers as Prox1, NeuroD or DCX) 

(Nicola et al. 2015). 

 

 

 Figure 12: Markers and cell types in the Subgranular Zone of the DG. 
Schematic diagram illustrating the sequential types of cells in the process of 
neurogenesis in the adult hippocampus showing the transition from radial-like 
glia cell to neural progenitor cell in the adult SGZ. Adapted from Faigle and 
Song, (Faigle & Song 2013). 

 

3.2.2. Molecules that regulate the neurogenesis  

 As mention before, neurogenesis in mammalian brain involves multiple 

and complex processes that include proliferation, fate specification, 

differentiation, maturation, migration, and functional integration of newborn 

cells into the existing neuronal circuitry. Thus, adult NSCs are quiescent and 

settle in a very complex environment containing signals that modulate its 

behavior (Fuchs et al. 2004; Blank et al. 2008; Faigle & Song 2013). 

3.2.2.1. BMPs and Wnts 

 Molecules such as BMPs and Wnts, involved in the development of the 

Type I Type IIa Type III 

GFAP 
Nestin 
Sox2 

Tbr2 
Nestin 
Sox2 

Nestin 
DCX 
NeuroD1 
Prox1 

DCX 
NeuroD1 
Prox1 

NeuN 
Prox1 

Type IIb 



Introduction 

 #'!

hippocampus are also present in the adult neurogenic niche with a different 

role. BMPs are necessary to maintain the quiescence of NSCs and also the 

differentiation and maturation of GC (Bond et al. 2014). Wnts, on the other 

hand, which act as organizer of hippocampal development at earlier stages, 

have also a role in postnatal and adult neurogenesis (Zhang et al. 2011; Ortiz-

Matamoros et al. 2013; Varela-Nallar & Inestrosa 2013). They are secreted by 

astrocytes and stem cells in the adult hippocampus and can directly induce 

neurogenic genes such as Neurog2, NeuroD1 or Prox1 in intermediate 

progenitors (IP) to differentiate in GC that will be integrated in the GCL and 

play a role in synapse formation and maturation of postmitotic neurons 

(Kuwabara et al. 2009). 

3.2.2.2. Notch  

 Notch receptors and their ligands are broadly expressed during all 

stages of hippocampal development (Pleasure et al. 2000). Loss of essential 

component of Notch signaling as RBPJk or Jagged1 leads to defects in stem 

cell proliferation and maintenance but not in DG formation (Breunig et al. 

2007; Lavado & Oliver 2014). During brain development, the activation of the 

Notch pathway is essential to expand the NSC population size by dividing 

symmetrically and later, in adult life, maintaining the size of the NSC pool by 

balancing quiescence versus activated NSC (Hitoshi et al. 2002; Ables et al. 

2010). Indeed, loss of Notch caused a significant increase in new neurons at 

the expense mainly of progenitors cell types and activation of Notch pathway 

instead produce an increment of the glial progenitors cells in SGZ (Breunig et 

al. 2007).  

3.2.2.3. Other signals that regulate the NSC niche 

 Other molecules involved in the maintenance of the adult stem cells 

are growth factors such as neurotrophins, neurotransmitters, and neurogenic 

transcription factors. Most of them have a different role during development 

and in adult neurogenesis. Thus, for example, an increment of growth factors 

and neurotrophins, such as FGF2 (Fibroblast Growth Factor-2) and BDNF 

(Brain Derived Neurotrophic Factor) result in an increase in the production of 
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newly born neurons in the DG ( Rai et al. 2007; Zhao et al. 2007; Li et al. 

2008), while lack of neurotrophins as NT-3 (neurotrophin 3) results in an 

impairment of differentiation (Shimazu et al. 2006). Neurotransmitters, such 

as glutamate and its receptors, or GABA, produce diverse effects that help to 

keep the equilibrium of the niche regulating proliferation (Glutamate through 

NMDA receptors) (Deisseroth et al. 2004; Nacher & McEwen 2006) or 

maintaining the quiescence of radial glia-like NSC by GABA produced from 

local parvalbumin expressing interneurons (Song et al 2012). In addition, a 

pool of transcription factors with diverse known effects in brain development 

also play a role in the establishment of the SGZ environment. For example, 

Tbr2 is involved in the proliferation and differentiation of NSC into 

intermediate progenitors (IPs) or Prox1 in the acquisition of GC identity.  

 

3.2.3. Shh in the development of the Dentate Gyrus 

 Sonic Hedgehog (SHH) is a protein with diverse and important roles 

during CNS development. Among the three known ligands of the Hedgehog 

family (SHH, IHH and DHH), only Shh is expressed in the CNS (Echelard et 

al. 1993). Acting as a morphogen, SHH is involved in the patterning of the 

brain and other regions (Charytoniuk et al. 2002). During the development of 

the neural tube, SHH morphogen gradient establish the differential expression 

of homeodomain transcription factors along the dorso-ventral axis to specify 

neuronal identity. In the ventral forebrain, SHH is necessary for the generation 

of cells in the medial and lateral ganglionic eminences (Kohtz et al. 1998). In 

addition to controlling cell fates, SHH promotes proliferation and inhibits 

differentiation of neuronal and non-neuronal cell types, as in GC in the 

cerebellum (Dahmane and Ruiz i Altaba 1999), or oligodendrocyte precursors 

(Davies and Miller 2001). Lack of SHH during development produce severe 

defects in the CNS, such as a fused telencephalic vesicle, single fused optic 

vesicle and externally, an apparent proboscis (Chiang et al. 1996; Roessler et 

al. 1996). Lately, its function has been extensively studied in neural stem cell 

and progenitors ( Machold et al. 2003; Ahn & Joyner 2005).  
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3.2.3.1. SHH signaling in the SGZ 

 Secreted SHH protein acts in a concentration- and time- dependent 

manner to initiate diverse cellular responses. SHH is released from the cell 

and initiate signaling through binding to its canonical receptor Ptc (Patched, 

Ptc1 and Ptc2 in mammals). This results in the derepression of Smo 

(Smoothened), and the internalization of the Smo complex into the cell to 

activate GLI family proteins. The GLI family of proteins is composed of three 

multifunctional transcription factors (GLI1, GLI2 and GLI3) that can either act 

as an activator or repressor. When SHH signal is activated, GLI3 and GLI2 

act as activators. Cells that respond to Shh upregulate the expression of Gli1 

and play a role as a secondary enhancer of the Shh signaling. In the absence 

of SHH, GLI proteins are largely inactive through the activity of SUFU, 

suppressor of fuse protein that is an inhibitor of SHH, leading to its 

degradation or the formation of its repressor form.  

 Recent studies have identified the important role of Shh signaling in the 

establishment and maintenance of stem cell niches in the adult brain 

(Machold et al. 2003; Ahn & Joyner 2005; Han et al. 2008; Breunig et al. 

2008). Mice with conditional null alleles of either Shh or Smo, show in a 

dramatic loss of neural progenitors in the postnatal SVZ and hippocampus. 

Also, loss of Shh signaling results in defects in the DG and the olfactory bulb 

(Machold et al. 2003). Moreover, the impairment of the cilia, where Shh 

signaling is typically transduced, produce morphological abnormalities in the 

glial-like neural precursors resulting in an hypoplasic hippocampus (Breunig et 

al. 2008; Han et al. 2008). These data suggest that precursors in the 

hippocampus are SHH responsive. Indeed, experiments of fate mapping with 

transgenic mice reveals that embryonic dentate NSCs are responsive to SHH 

during late gestation before they settle in their permanent niche in the SGZ. 

Even more, they will keep this responsiveness while they remain as quiescent 

all along adulthood (Ahn & Joyner 2005; Encinas et al. 2011).  
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3.2.4. The transcription factor Emx2 during brain 
development  

 The transcription factor Empty Spiracles Homeobox 2 (Emx2) is a 

vertebrate homeobox gene related to the Drosophila empty spiracles (ems) 

gene (Dalton et al. 1989). Emx2 starts its expression in the initial development 

and affecting the early dorsal telencephalic regionalization (Fukuchi-

Shimogori & Grove 2003; Shimogori et al. 2004). In coordination with other 

transcription factors such as Pax6, Sp8 and Coup-Tf1, Emx2 is involved in the 

specification of the cortical area map which give rise to the primary areas of 

the cortex (Bishop et al. 2000; Armentano et al. 2007; Sahara et al. 2007). In 

addition, studies of Emx2-/-;Pax6-/- and Emx2-/-;Otx2-/- double mutants mice 

shows a role for Emx2 in the development of the diencephalon (Suda, Y., et 

al. 2001; Kimura et al. 2005). Also,  Emx1-/-;Emx2-/- mutant mouse data 

suggest that Emx2 participates in the developing of the medial pallium 

(Yoshida et al. 1997; Shinozaki et al. 2004).  

3.2.4.1. Expression pattern of Emx2 during mouse 

development 

 Expression of Emx2 starts in the early development (E8.5) where it is 

initially restricted to the anterior dorsal neuroectoderm and having stronger 

expression at E9.5 with a posterior boundary within the roof of the 

presumptive diencephalon. At this stage there is also expression in the floor of 

the diencephalon and will continue later in specific regions of the presumptive 

diencephalon. Around E12.5 and posterior stages, Emx2 appears in the 

presumptive cortex but is not uniformly distributed, being restricted to the 

progenitor cells. Along the anterior-posterior axis the signal is much stronger 

in the posterior dorsal telencephalon with a sharp posterior boundary and a 

decreasing intensity in progressively in the more anterior regions (Simeone et 

al. 1992).   

 At the hippocampus anlage, Emx2 is visible at E12.5, mainly and 

abundantly in the ventricular neuroepithelium, the source of all pyramidal 

neurons of the hippocampus and most of the GC of the DG (Angevine 1965b; 
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Stanfield & Cowan 1979). Also, Emx2 is detected underneath the pia, in the 

secondary matrix, where GC of the DG are forming (Schlessinger et al. 1975). 

Around E15.5 Emx2 is specifically expressed in the developing nuclear 

complex of the amygdala and the hippocampus particularly in the forming 

blades of the DG. The protein was also detected in the SGZ during the 

second postnatal week, suggesting that Emx2 expression persists postnatally 

(Mallamaci et al. 1998). Indeed, EMX2 protein was recently found in adult 

NSCs present in the subependymal layer of the lateral ventricles and in the 

DG of the hippocampus, probably participating in the control of transition from 

symmetrically to asymmetrically dividing neural precursors (Gangemi et al. 

2001). 

3.2.4.2. Phenotype of Emx2-/- mutant mouse 

 Major abnormalities have been observed in the brain of the Emx2-/- 

mutant mouse (Pellegrini et al. 1996b; Mallamaci et al. 2000; Savaskan et al. 

2002; Shinozaki et al. 2004; Oldekamp et al. 2004; Zhao et al. 2006;). Not 

only is the DG missing but also the hippocampal proper and the medial limbic 

cortex are reduced and the development of neocortical plate and olfactory 

bulb is impaired and disorganized. Histologically, the hippocampus shows 

major alterations, with a severe reduction in the fimbria and fornix and an 

abnormally large communication between the two lateral ventricles and the 

third (Pellegrini et al. 1996; Yoshida et al. 1997). These defects are 

reminiscent of those found in patients affected by schizencephaly, which is 

caused by mutations in the Emx2 gene. This very rare congenital disease is 

characterized by full-thickness clefts within the cerebral hemispheres (Brunelli 

et al. 1996). 

 The Emx2-/- mutant mouse cortex shows alterations in the cortical area 

map, In particular, the caudo-medial cortex, which includes the visual and 

auditory cortices, is shrunken. This occurs at the expense of the rostro-lateral 

areas, motor and somatosensory cortex which are augmented and its identity 

altered (Bishop et al. 2000; Mallamaci et al. 2000). The laminar organization 

of the cortex is also impaired, due to a reduction in the number of CR cells 

(Mallamaci et al. 2000). 
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 As mentioned earlier, Emx2 is widely expressed in the hippocampus at 

almost all ages. At E18.5 shows that this gene is present in every subdivision 

of the DG, with strong expression in radially and tangentially migrating 

neurons and the tertiary matrix, and weaker expression in the granule layer 

(Oldekamp et al. 2004). Lack of Emx2, therefore, produce alterations in the 

hippocampus and the DG, probably not only because of the changes of 

patterning produced in the medial cortex but also, for the loss of Emx2 in the 

hippocampus and DG itself. There is reduced expression of marker of genes 

that function in cell division such as Ki67, or specification such as Mash1 

(Pleasure et al. 2000), showing that these two mechanisms, cell division 

(Muzio et al. 2005) and migration (Oldekamp et al. 2004) are affected.  
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 The origin and development of the cells that populate the GCL of the 

DG embryonically has been extensively studied. Previous works from Altman 

and Das (1967) described also the DG as one of the place in the brain where 

adult neurogenesis is happening. The interface of the GCL and the hilus, 

known as Subgranular Zone is the adult neurogenic niche where NSC are 

generated to give rise GCs not only embryonically but in adult life.  

 Our main objective in this work is to better understand the mechanisms 

that control the formation of the SGZ as a neurogenic niche. For that, we 

marked the following objectives: 

Chapter 1 

A) To define the embryological origin of the cells that will populate the 

SGZ as NSC in the adult.  

B) To determine how Shh controls the formation of the DG SGZ, 

identifying the source of Shh that is acting as a ligand of the NSC, and 

when and where these cells are distribute.  

Chapter 2 

C) To understand the mechanisms that are involved in the Shh signaling 

and the interactions with others proteins in the origin and development 

of the NSC.  

D) To determine the role of Emx2 gene thought Shh signaling in the origin, 

maintenance and migration of the embryonic neural stem cells 

originated in the ventricular zone of the ventral hippocampus.  
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4. Animals and Genotyping 

 Experiments were performed in different strains of mice. All of them 

were maintained in the C57BL6/J background, and according to the protocols 

approved by the Institutional Care and Use Committee at UCSF. Timed 

pregnant dams were generated and we considered the plug date as E0.5. For 

tamoxifen Induction Tamoxifen (T5648, Sigma) was dissolved in corn oil 

(C8267, Sigma) at 20 mg/ml. Pregnant females were injected intraperitoneally 

(i.p.) with 3 mg of tamoxifen per 40 g animal. Neonates were injected 

subcutaneously with 50 ml of tamoxifen stock solution. 

 The following mouse lines were obtained from Jackson laboratories: 

 Gli1nLacZ (stock 008211) 

Gli1 CreERT2 (stock 007913) 

RosaYfp (stock 006148),  

Emx1Cre (stock 05628),  

NesCre (stock 003771) 

ShhGfpCre (stock 005622)!

ShhCreERT2 (stock 005623)!

ShhFlox/Flox (stock 004293) 

SmoFlox/Flox (stock 004526) 

Ai14Flox/Flox (stock 007914) 

Olig2Cre (kindly provided by Dr. D. Rowitch (UCSF))  

Neurod6Cre (Dr. S. Goebbels and Dr. K.A. Nave (Max Planck))  

Emx2-/- (Dr. J. L. Rubenstein (UCSF)). 
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 To identify all the genotypes, PCRs with appropriate primers were 

performed.  

For Emx2:  

Emx2R_WT: ACCTGAGTTTCCGTAAGACTGAGACTGTGAGC 

Emx2F: CACAAGTCCCGAGAGTTTCCTTTTGCACAACG 

Emx2R_MT: ACTTCCTGACTAGGGGAGGAGTAGAAGGTGG 

For Gli1LacZ 

LacZ200F: TTATGGCAGGGTGAAACGCAGGTC 

LacZ200R: AAACCGACATCGCAGGCTTCTG 

Or 

oIMR7888: GGG ATC TGT GCC TGA AAC  

oIMR8770: TCT GCC AGT TTG AGG GGA CGA C 

oIMR9034: AGG TGA GAC GAC TGC CAA GT 

For ShhCreGFP ; Gli1CreERT2; Emx1Cre; NesCre ShhCreERT2; Olig2Cre and 

Neurod6Cre; 

Cre400F: GCATTACCGGTCGATGCAACGAGTGATGAG 

Cre400R: GAGTGAACGAACCTGGTCGAAATCAGTGCG 

For Ai14F/F 

Ai14-wt9020: AAG GGA GCT GCA GTG GAG TA 

Ai14-wt9021: CCG AAA ATC TGT GGG AAG TC 

Ai14-mut9103: GGC ATT AAA GCA GCG TAT CC 

Ai14-mut9105: CTG TTC CTG TAC GGC ATG G 

For RosaYfp 
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Rosa-21306: CTG GCT TCT GAG GAC CG 

Rosa-24500: CAG GAC AAC GCC CAC ACA 

Rosa-24951: AGG GCG AGG AGC TGT TCA 

Rosa-24952: TGA AGT CGA TGC CCT TCA G 

For SmoFlox/Flox 

oIMR1834: CCA CTG CGA GCC TTT GCG CTA C 

oIMR1835: CCC ATC ACC TCC GCG TCG CA 

oIMR6916: CTT GGG TGG AGA GGC TAT TC 

oIMR6917: AGG TGA GAT GAC AGG AGA TC 

For ShhFlox/Flox 

25035: CAG AGA GCA TTG TGG AAT GG 

25036: CAG ACC CTT CTG CTC ATG G 

 PCR protocol:  

 94ºC for 3 min (1 cycle)  

 94ºC for 45 sec  

 60ºC for 45 sec   

 72ºC for 45 sec (35 cycles)  

 Finally, an extension for 7 min at 72ºC (1 cycle) and 4ºC (hold). 

Agarose electrophoresis was used to visualize PCR products. 

 To collect embryos at E15.5 and E18.5 we sacrificed timed pregnant 

females with CO2. Fetuses were extracted by cesarean section. E15.5 

embryos were placed into cold 1x PBS to dissect the brain, then, the brains 

were transferred to PFA 4% for 4hr at 4ºC. For E18.5 the pups were perfused 
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with a syringe, using first 1ml of cold PBS and after that, 3 ml of PFA 4%. 

Dissected brains were transferred into PFA 4% for 1hr at 4ºC. 

 All brains were section by cryostat in 5 sets of 16 !m, so were 

cryoprotected in 30% sucrose in PBS until they sink and then embedded in 

OCT compound and stored at -80ºC. 

 For postnatal and posterior stages, animals were perfused with 

paraformaldehyde (PFA) 4% and the dissected brains were postfixed with 

PFA 4% for 2 hr at 4ºC. Tissues were cryoprotected in 30% sucrose, 

embedded in OCT, and then kept at -80ºC for long-term storage. Perinatal 

tissues were sectioned at 20!!m and P7 tissues at 16 !m for X-gal staining. 

For immunohistochemistry, brain sections made on a cryostat at 12 !m were 

directly collected on slides for perinatal tissues or cut at 30 !m for P15 or 

older tissues as floating sections in 1x PBS and mounted onto slides after 

staining. 

5. X-gal staining 
 X-gal staining was developed at 37ºC overnight in the staining solution 

(5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 5 mM EGTA, 0.01% deoxycholate, 

0.02% NP40, 2 mM MgCl2, and 1 mg/ml X-gal). Sections were postfixed with 

10% formalin at room temperature overnight. Slides were then counterstained 

with nuclear-fast red (H-3403, Vector Laboratories) at room temperature for 

10 min before proceeding for dehydration (70%, 95%, 100% ethanol, xylene 

twice) and cover-slipped with Mount-Quick (Ted Pella). 

6. Immunohistochemistry 
! Cryostat sections were air-dried and rinsed 3 times in 0.1M PBS plus 

0.3% Triton before blocking for 1 hour in 10% normal lamb serum diluted in 

0.1M PBS with 0.3% Triton to prevent non-specific binding. When DAB 

staining is needed, sections were incubated in a solution of 3% hydrogen 

peroxide in PBS for 30 m before blocking. Primary antibodies were diluted in 
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the same blocking solution and sections were incubated in primary antibody 

overnight at 4°C. The primary antibodies were as follows: rabbit anti-Prox1 

(1:1000); rat anti-Ctip2 (1:1000; Abcam); rabbit anti-Ki67 (1:250; Neomarker); 

chicken anti GFP (1:500; Aves Lab); rat anti-GFP (1:1000; Nacalai Tesque), 

rabbit anti-GFAP (1:500; Dako); rat anti-GFAP (1:200; Termofisher) rabbit 

anti-Phospho-Histone 3 (1:500; Upstate); rabbit anti-Blbp (1:1000; Chemicon); 

rabbit anti-Tbr2 (1:1000; gift from Dr. R. Hevner, University of Washington); 

Rabbit anti-Laminin (1:500; Sigma-Aldrich); rabbit anti-Calretinin (1:1000; 

Chemicon); rabbit anti-Otp (1:1000; gift from Dr. F. Vaccarino, Yale 

University); guinea pig anti-Sox10 (1:1000; gift from Dr. M. Wegner, Institut für 

Biochemie); rabbit anti-Olig2 (1:1000; gift from Dr. D. Rowitch, UCSF), rabbit 

anti-Dcx (1:500; Abcam); rabbit anti-Sox2 (1:1000; Epitomics); and rabbit anti-

DsRed (1:500; Clontech). 

 Primary antibodies were detected using Alexa Fluor-conjugated 

secondary antibodies (1:500, Invitrogen) in the same blocking buffer for 2h at 

room temperature and counter stained with DAPI for 0.5h and then washed 

with PBS and cover slipped with gel mount (Sigma). For DAB biotinylated 

secondary antibody were used, then rinsed with 0.1M PBS for 3 times and 

incubated for 1hr in ABC complex (Avidin-Biontin-Peroxidase, Vector Labs) 

that were prepared in advance. To develop brown color, 0.05 % 3,3’- 

diaminobezidine (DAB) with 0.01 % hydrogen peroxide in PBS were used. 

Finally, the tissue was dehydrated as in X-gal staining.  

7. Environment Enrichment 
 For environment enrichment, six to ten mice were housed in the One 

Cage 2100 system, which is almost triple the size of the regular cage. The 

cages were also equipped with igloos, tunnels, running wheels, and various 

toys. 
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8. Microscope 

 Images were acquired using a Nikon E600 microscope equipped with a 

cooled charge-coupled device camera (QCapture Pro; QImaging). 

Fluorescent photographs were taken using a Zeiss LSM 510 and 710 confocal 

microscopes.  For confocal image analysis, each fluorophore were scanned 

sequentially and Z-stacks of the images obtain were collapsed into a single 

projection image or presented as individual optical sections. 

9. Statistical analysis  

 All statistical analyses were done with SPSS15 software. The statistical 

significance of single comparison on discrete data was performed using the 

nonparametric Chi-square’s test. For continuous data the statistical 

significance of single comparisons was performed using two-tailed t-test with 

Welch’s correction when required (non-equal variances) or Mann-Whitney 

nonparametric test when data did not fit to a normal distribution (assessed by 

Shapiro-Wilk normality test). For multiple comparisons we used ANOVA with 

a Tukey HSD posthoc to determine the significance between groups after 

checking our data fitted to a normal distribution (assessed by Shapiro-Wilk 

normality test) and the variance was equal (determined by Levene’s test). 
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10. The Ventral Hippocampus Is the 
Embryonic Origin for Adult Neural Stem 
Cells in the Dentate Gyrus 
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10.1. Hh-responsive cells are concentrated in the ventral 
hippocampal neuroepithelium during late gestation 

Previous studies reported that during the last week of gestation in 

rodents, a migratory stream from the dentate neuroepithelium adjacent to the 

cortical hem courses through the fimbrio-dentate junction (FDJ) and either 

assumes a subpial route or fans out into the hilus (Altman and Bayer, 1990a; 

Li et al., 2009). Prospective NSCs destined for the SGZ are believed to derive 

from this migratory stream (Altman and Bayer, 1990a) or directly translocate 

from the dentate primordium (Eckenhoff and Rakic, 1984). Taking into 

consideration the findings that NSCs responding to Hh can be labeled during 

late gestation (Ahn and Joyner, 2005; Li et al., 2009) and that Hh-signaling is 

required to establish SGZ progenitors (Han et al., 2008; Machold et al., 2003), 

we reasoned that upon perceiving Hh in the dentate VZ or along the migratory 

stream, precursors are induced or specified to become dentate NSCs. To test 

this hypothesis, we decided to begin with the Hh-responding line Gli1nLacZ (Bai 

et al., 2002) to study the static distribution of Hh-responding cells at the 

perinatal ages when the prospective SGZ NSCs can be traced by the 

tamoxifen inducible line Gli1CreERT2 (Ahn and Joyner, 2005; Li et al., 2009).  

The rodent hippocampus is situated at the medio-temporal edge of the 

neocortex and straddles the thalamus along its septo-temporal axis. Dorsal to 

the thalamus is the dorsal hippocampus whereas ventral to the thalamus is 

the ventral hippocampus. Sagittal sections at different medio-lateral levels 

(shown as schemas in Figure 1A and 1E) allow us to comprehensively 

examine the distribution of Gli1nLacZ+ cells throughout the developing 

hippocampus including both the dorsal and ventral arms. 

To our surprise, at E17.5 Gli1nLacZ+ cells were basically absent from the 

dorsal dentate primordium (arrowheads in Figure 1B’, C’). By contrast, 

Gli1nLacZ expression occupied the whole VZ of the ventral hippocampus at 

the far end of the temporal pole (arrowhead in Figure 1B”), about half at the 

mid-level (arrowhead in Figure 1C”), but only about one-third at the 

transitional level (arrowhead in Figure 1D’). At the most temporal level, 
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Gli1nLacZ+ cells were noticeably distributed from VZ to the forming DG 

(arrow in Figure 1B”).  

 

 Figure 1: Perinatal distribution of Gli1nLacZ Hh-responding 
cells in the hippocampus (A) Schemas of Gli1nLacZ distribution at 
E17.5 were shown at the three levels of the sagittal sections. (B-D) From 
medial to lateral, three levels of sagittal sections for Gli1nLacZ staining at 
E17.5 were shown. At E17.5, Gli1nLacZ expression occupied the whole 
ventricular zone (VZ) of the ventral hippocampus at the far end of the 
temporal pole (B” arrowhead), half at the mid-level (C” arrowhead), but 
only one-third at the transitional level (D’ arrowhead). A stream of Gli1-
nLacZ+ cells from VZ to the dentate pole were noticeable at the end of 
the temporal pole (B” arrow). Gli1nLacZ+ cells were clearly absent in the 
dorsal dentate primordium (B’, C’ arrowheads). (E) Schemas of 
Gli1nLacZ distribution at P0 were shown at the three levels of the sagittal 
sections. (F-H) From medial to lateral, three levels of sagittal sections for 
Gli1nLacZ staining at P0 were shown. At P0, Gli1nLacZ expression 
covered the whole VZ of the ventral hippocampus at all levels (F”, G” 
and H’ arrowheads). By contrast, Gli1nLacZ remained absent from the 
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dentate primordium in the dorsal hippocampus (F’ and G’ arrowheads). 
At the transitional level, Gli1nLacZ+ cells spread from ventral to dorsal 
(H’ arrows). Sparse Gli1nLacZ+ cells were also detected in the dorsal 
DG displaying a gradient with the lowest in the septal pole (F’, G’ and H’ 
arrows). 

 

By P0, Gli1nLacZ remained absent from the dorsal dentate primordium 

(arrowheads in Figure 1F’, G’), and only sparse Gli1nLacZ + cells were 

detectable in the dorsal DG (arrows in Figure 1F’ and G’). However, 

Gli1nLacZ expression now covered the whole VZ of the ventral hippocampus 

at all levels (arrowheads in Figure 1F”, G” and H’). Gli1nLacZ+ cells were 

observed in the ventral forming DG at the more lateral/septal level (arrows in 
Figure 1G’’). At the transitional level, Gli1nLacZ+ cells were distributed from 

the ventral to the dorsal arm around the fimbria (arrows in Figure 1H’). The 

perinatal distribution of Hh-responding cells in the hippocampus prompted us 

to investigate whether the descendants of these perinatal Hh-responding 

cells, when most of them are still restricted in the ventral hippocampus by 

birth, give rise to the NSCs that settle in the SGZ at all septo-temporal levels. 

 

10.2. Postnatal fate-mapping analysis of cells responding to Hh 
at prenatal and perinatal ages 

In our previous study, we showed that some derivatives of the Hh-

responding cells labeled at E17.5 constituted the postnatal radial glia in the 

SGZ of the DG (Li et al., 2009). In light of our new finding that Gli1nLacZ+ 

cells mostly populated the VZ of the ventral hippocampus at this age, we 

wished to know how these cells contribute to the dentate gyrus at all septo-

temporal levels. To address these questions, we turned to fate mapping 

analysis using the Gli1CreERT2 line (Ahn and Joyner, 2004) crossed to the Cre 

reporter line Ai14  (Rosa-CAG-LSL-tdTomato-WPRE) (Madisen et al., 2010). 

After independent tamoxifen injections at E15.5, E17.5 or P0, the distribution 

of recombined cells was examined at P15 (Figure 2A-I). If the recombined 

cells generate the NSCs eventually located in the SGZ, we expected that 
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radial NSCs and clusters of granule cells (the progeny of the NSCs) would be 

labeled by tdTomato (tdT) expression by this age. 
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 Figure 2: Fate-mapping analysis of Hh-responding cells by Gli1CreERT2 
with prenatal or perinatal tamoxifen injections: (A-I) The distribution of tdT+ 
cells in the dentate gyrus was examined at P15 in mice carrying both Gli1CreERT2 
and Cre reporter Ai14 after tamoxifen (TM) injection at E15.5 (A-C), E17.5 (D-F) 
and P0 (G-I), of which the ventral (A, D, G), transitional (B, E, H) and dorsal (C, F, 
I) aspects were shown respectively. (J-O) Mice carrying Gli1CreERT2, Gli1nLacZ and 
Ai14 were analyzed at P0 after tamoxifen injection at E17.5. At P0, the 
representative sagittal sections of the dorsal DG from temporal (J) to septal (I) 
levels were shown for Gli1nLacZ distribution. In the meantime, the distributions of 
tdT+ cells representing the progeny of the recombined cells were shown with the 
next sections corresponding to (J-K). The complete set of the alternative sections 
for the Gli1nLacZ and tdT+ cells were shown in the Figure S1. Basement 
membrane of the meninges and blood vessels were labeled by Laminin expression 
(M). Of note, tdT+ cells were detectable at the septal level (arrows in n and o) 
where Gli1nLacZ expression was absent in the dentate field (K and L). Boxed 
areas in Figure 2N and Figure 2O were shown at the higher magnification in 
Figure 2N’ and Figure 2O’, the arrows in which highlighted the presence of tdT+ 
cells at the entrance of the hilus. 

 

When tamoxifen was injected at E15.5, a small number of tdT+ clusters 

were found in the suprapyramidal blade of the ventral DG (arrowhead in 

Figure 2A), whereas very few isolated tdT+ cells were seen in the transitional 

ventral DG (arrow in Figure 2B) and in the dorsal DG (arrows in Figure 2C). 

When tamoxifen was injected at E17.5, tdT+ clusters were found in the DG at 

all the septo-temporal levels (Figure 2D-F). At the current dosage of tamoxifen 

(3mg/40g animal), 69±4% of the Blbp+ cells displaying radial orientation in the 

SGZ were also tdT+ at P15 (Figure S1B, B’ and c), whereas 61±6% of the 

Sox2+ cells were also tdT+ (Figure S1A, A’ and c). The pattern of tdT+ 

clusters labeled at E15.5 showed minimal overlap with those labeled at E17.5, 

indicating that the effect of tamoxifen was transient and diminished by 48hrs. 

When tamoxifen was injected at P0, tdT+ clusters were found in the inner 

aspect of the GCL in the ventral DG (arrowheads in Figure 2G-H, the arrow in 

Figure 2H indicated the boundary between ventral and dorsal DG). 

Meanwhile, tdT+ clusters continued to heavily make up the dorsal DG at all 

levels (Figure 2I). Therefore, the Hh-responding cells in the ventral 

hippocampus start to make a large contribution to the ventral DG around 

E15.5 and to the dorsal DG around E17.5. 
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10.3. Progeny of Hh-responding cells from the temporal 
pole arrive in the dentate septal pole ahead of the 
appearance of local Hh-responding cells 

Static analysis showed that Gli1nLacZ+ cells were initially concentrated 

in the ventral hippocampus and then later appeared in the developing DG in a 

temporal (high)-to-septal (low) gradient. We define these two populations as 

early Hh-responding cells in the VZ of ventral hippocampus, and late Hh-

responding cells in the local DG, respectively. The expression of Gli1nLacZ in 

the late Hh-responding cells might be due either to the retention of the LacZ 

protein after they leave their origin or to actively responding to local Shh after 

they reach the forming DG. We wished to determine the spatial relationship of 

the progeny of early Hh-responding cells relative to the late Hh-responding 

cells in the developing DG at birth. To address this, we examined the progeny 

of the Hh-responding cells marked by tamoxifen injection at E17.5 after 

crossing the Gli1CreERT2 line with Ai14 in the mice also carrying Gli1nLacZ to 

identify late Hh-responding cells at the same time points and anatomic levels. 

At P0, we examined the expression of both tdT and LacZ using alternate 

sagittal sections covering all septo-temporal dentate levels (the complete data 

set is in Figure S1D). X-gal staining rather than antibody staining was used to 

maximize the detection sensitivity for LacZ. Interestingly, at more temporal 

levels, tdT+ cells (Figure 2M) had a wider distribution than Gli1nLacZ+ cells 

(Figure 2J). At more septal levels, tdT+ cells were still present (arrows in 

Figure 2N, 2N’, 2O, 2O’), whereas nLacZ+ cells were scarce (Figure 2K) or 

completely absent (Figure 2L) from the dentate plate, despite the presence of 

nLacZ+ cells in the meninges labeled by Laminin (presumed to be meningeal 

fibroblasts) (Figure 2M). These results demonstrated that progeny marked at 

E17.5 with the Gli1-CreERT2 line can reach more septal levels before late 

Hh-responding cells are established locally at the same septo-temporal levels 

in the developing DG. 
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10.4. The descendants of the Hh-responding cells from 
the ventral hippocampal VZ display a continuous 
stream into the dorsal DG.  

 

 Figure 3: The short-term distribution for the progeny of Hh-
responding cells derived from the ventral hippocampus (A-F) The 
distribution of tdT+ cells in the Gli1CreERT2/+;Ai14F/+ animals were shown one 
day after tamoxifen (TM) induction at E16.5. The two representative sagittal 
levels (A and D) were used for analysis. Boxed areas were shown at the 
higher magnification in B, C, E and F. From the temporal pole to the septal 
pole, the tdT+ cells (arrows in B, E, F and C) displayed a gradient 
distribution. (G-I) The distribution of tdT+ cells in the Gli1CreERT2/+;Ai14F/+ 
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animals were shown two day after tamoxifen (TM) induction at E17.5. The 
three representative sagittal sections were chosen to highlight the main 
features of the tdT+ cells from the newborns (P0), whereas a series of 
sections from every 60µm were shown in the Figure S2. The progeny of Hh-
responding cells were identified by tdT expression. Throughout the whole 
hippocampus, the VZ of the temporal hippocampus was the most heavily 
labeled by tdT (white oval in G’). There was a remarkable cell stream in the 
vFDJ regions (arrows in G’). The tdT+ cells were continuous from the vFDJ 
into the dFDJ at the transitional level (green oval in H and H’) and tapered off 
in the dorsal hippocampus toward the septal pole (green oval in I and I’). The 
thickness distance as micron from the first section (in the Figure S2.) was 
shown at the bottom-right corners in G, H and I. dFDJ, dorsal fimbrio-dentate 
junction; vFDJ, ventral fimbrio-dentate junction. (J) The schema shows the 
temporal-to-septal distribution (red arrow) of the progeny of the Hh-
responding cells originated from the VZ of the ventral hippocampus at the 
perinatal age. In addition, the VZ of the amygdalo-hippocampal region also 
gives rise to other cells in different directions (purple arrows). 

 

The above data inspired us to determine the spatial connection 

between the progeny of the Hh-responding cells and the ventral hippocampal 

VZ. To do this, we initially analyzed the distribution of tdT+ cells one day after 

tamoxifen induction at E16.5 (Figure 3A-F). We confirmed that heavy 

recombination indeed occurred in the VZ of temporal hippocampus (oval in 

Figure 3B) but was completely absent from the VZ of the dorsal dentate 

(arrowhead in Figure 3C). From temporal to septal hippocampus (arrows in 

Figure 3B-E-F-C), the gradient distribution of tdT+ closely mimicked the 

pattern of Gli1nLacZ+ cells at the similar age (Figure 1B-C).  

Then we analyzed the representative sagittal levels (Figure 3G-I) and 

the serial sagittal sections (Figure S2) for the distribution of tdT+ cells at P0 

with tamoxifen induction at E17.5. The tdT+ cells formed a continuous stream 

(arrows in Figure 3G’) from the VZ at the temporal pole of the ventral 

hippocampus (white oval in Figure 3G’) to the forming ventral dentate GCL, 

which showed close apposition to the meninges at the ventral fimbrio-dentate 

junction (vFDJ) (Figure 3G, G’). Of note, the tdT+ cells seen in the mantle of 

the amygdalo-hippocampal region could have arisen from the amygdalo-

hippocampal VZ (oval in Figure 3G’). At the medio-lateral level where the 

dorsal and ventral dentate gyri joined each other (green oval in Figure 3H, H’), 

a large number of tdT+ cells were apparent. The higher cell density in this 
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region probably indicated ongoing local proliferation. In the dorsal 

hippocampus, most tdT+ cells localized in the dorsal fimbrio-dentate junction 

(dFDJ) (green oval in Figure 3I, I’), and some of them were distributed further 

into the hilus at the same longitudinal levels (Figure 3I’). The presence of the 

tdT+ cells near the upper blade indicated there might be de novo induction of 

Hh-responding cells (Figure 3I’). Quite strikingly, the tdT+ cells at the dFDJ 

had little connection to the dorsal dentate neuroepithelium at any levels and 

this cell population likely represented the “intrinsic component” first described 

by Altman et al. (Altman and Bayer, 1990a). All these data taken together 

reinforce our new model (Figure 3J) that the progeny of the Hh-responding 

cells from the ventral hippocampus VZ feed into the dentate gyrus during late 

gestation in the temporo-septal direction (red arrow in Figure 3J), initially 

staying in the vFDJ/dFDJ close to the meninges and then radiating into the 

hilus before the SGZ forms. 

10.5. Hh-responding cells in the hippocampus of Hh 
signaling mutants 

What is the anatomic Shh source for the Hh-responding cells in the VZ 

of the ventral hippocampus? Previous studies suggested that Shh from the 

subpallial septum might regulate NSCs in the adult DG through the long-range 

axonal targeting via the septo-hippocampal pathway (Lai et al., 2003). 

However, it is not clear whether Shh from the septum would regulate the 

developing DG, particularly at these ages when the septo-hippocampal 

projection is not yet fully developed (Super and Soriano, 1994). In order to 

pinpoint the Hh-producing cells that interact with the dentate precursors, we 

compared the distribution of the Hh-responding cells around birth between 

Emx1CreShhF/F and Emx1CreSmoF/F conditional mutants.  If other Hh members 

(Dhh or Ihh) within the Emx1 domain or Hh sources (Shh or other members) 

outside the Emx1 domain (essentially the dorsal forebrain) were required for 

the development of the DG, Hh-responding cells would be expected to be 

unaffected in the Emx1CreShh cKO.  
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 Figure 4: Perinatal distribution of Gli1nLacZ in various Shh signaling 
conditional mutants. (A) The schemas are illustrated for the sagittal sections 
from the P1 animals shown in B-M. (B) With the cre reporter RosaYfp, Emx1Cre 
showed recombination in the ventral hippocampus. (C, D and D’) In the control, 
Gli1nLacZ+ cells were detected in the hilus of both dorsal (C) and ventral (D) 
DG, and particularly in the VZ of the ventral hippocampus (arrowheads in D’). 
Gli1nLacZ+ cells were obvious in the region away from the VZ (arrows in D’). 
(E, F and F’) In the Emx1-Shh conditional knockout, Gli1nLacZ+ cells were 
absent from the hilus of both dorsal and ventral DG (E, F) but still present in the 
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VZ of the ventral hippocampus (F’). Gli1nLacZ+ cells were still evident in the 
region away from the VZ (arrows in F’). (G, H and H’) In the Emx1-Smo 
conditional knockout, Gli1nLacZ+ cells were absent in the dorsal (G) and ventral 
hippocampus (H and arrowheads in H’) without affecting their distribution in the 
VZ of the amygdala (H, H’). (I, J and J’) In the NesCre-Shh conditional knockout, 
Gli1nLacZ activity was completely abolished in the hippocampus and the VZ of 
the amygdalo-hippocampal region. (K-M) A domain of Shh-producing cells was 
located in the amygdala. At P0, cumulative fate-mapping with the ShhGfpCre and 
Ai14 lines showed a tdT+ domain in the amygdala (arrow in K). The fate-
mapping analysis with ShhCreERT2 and Ai14 upon tamoxifen injection at E17.5, 
showed a subset of tdT+ cells at P1 in the amygdala as in (K). They were co-
labeled with Nr2f2 (arrows in M) but not overlapped with the Otp+ cells (L). 

 

By crossing Emx1Cre to the cre reporter RosaYfp, we confirmed that at 

P1 Emx1Cre showed recombination in the ventral hippocampus (Figure 4B), 

including its VZ (Figure S3B and B’). By P1, Gli1nLacZ+ cells were found in 

the dorsal DG of the wild type control (Figure 4C) but mostly absent from the 

Emx1;Shh cKO at the same anatomical level (Figure 4E). When one copy of 

the Gli1nLacZ was present, Gli1nLacZ+ cells were completely abolished 

throughout the DG along the whole longitudinal axis in both Emx1-Shh and 

Emx1;Smo cKOs (Figure 4E, F, G and H). However, the Gli1nLacZ+ cells in 

the VZ of the ventral hippocampus were entirely missing only in Emx1-Smo 

mutants (arrowheads in Figure 4H’) not Emx1-Shh mutants (arrowheads in 

Figure 4F’), even though they were not as abundant as in the control 

(arrowheads in Figure 4D’). In the Emx1-Shh cKO, Gli1nLacZ+ cells (likely 

due to the slow turnover of nLacZ) were also detected in a region slightly 

away from the VZ of the ventral hippocampus (arrows in Figure 4F’), as in the 

control (arrows in Figure 4D’). 

It has been reported that Gli1nLacZ expression is affected by the 

functional copy number of Shh (Garcia et al., 2010). We reasoned that 

different copy numbers of Shh and Gli1nLacZ would give us further insights 

into the formation of Gli1nLacZ+ cell stream from the VZ of the ventral 

hippocampus and the de novo induction of Hh-responding cells in the forming 

DG. To facilitate the analysis, the developing dorsal dentate can be divided 

into upper and lower portions by a line connecting the tip of the CA3 field and 

the apex of the dentate pole. In relation to the Gli1Z/+;ShhF/F animals (Figure 
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S3D, D’, E, E’ ), when one copy of the Shh flox allele was replaced with a Shh 

null allele in the Gli1Z/+;ShhF/- animals, the number of Gli1nLacZ+ cells in the 

dorsal dentate was dramatically reduced in both portions (Figure S3F, F’), the 

Gli1nLacZ expression showed a decreased level in the VZ of the ventral 

hippocampus and the stream of the Gli1nLacZ+ cells emanating from the VZ 

was also reduced (Figure S3G, G’). Interestingly, all of these phenotypes 

could be restored in the Gli1Z/Z;ShhF/- animals when an extra copy of 

Gli1nLacZ was present (Figure S3H, H’, I and I’). However, when the 

remaining Shh flox allele was floxed out in the Emx1 domain in the 

Emx1cre/+;Gli1Z/Z;ShhF/- animals, most of the Gli1nLacZ+ cells were abolished 

in the upper portion of the dorsal dentate whereas residual Gli1nLacZ+ cells 

were still present at the entrance of the hilus in the lower portion (Figure S3J, 

j’), which appeared to be continuous with the Gli1nLacZ+ cell stream from the 

VZ of the ventral hippocampus (Figure S3K, K’). The Gli1nLacZ distribution 

pattern in the Emx1cre/+;Gli1Z/Z;ShhF/- animals was phenocopied in the 

Neurod6cre/+;Gli1Z/+;ShhF/F animals when two copies of the Shh floxed allele 

were removed from the pallial neuronal lineage (Goebbels et al., 2006) 

(Figure S3L, L’, M and M’) but not the ventral hippocampal VZ (Figure S3C, 

C’). Therefore, Shh from the neuronal cells within the Emx1 domain 

contributes to the de novo Hh-responding activity seen locally in the DG, 

whereas Hh from outside the Emx1 domain is responsible for the Hh-

responding activity in the VZ of the ventral hippocampus in the 

Emx1cre/+;Gli1Z/Z;ShhF/- animals.  

This somewhat unexpected finding led us to ask whether Shh was the 

only Hh family member responsible for the Hh-responding activity in the 

amygdalo-hippocampal region. We used the CNS-specific cre (NesCre) to 

conditionally remove Shh. The NesCre;Shh conditional mutants showed 

complete absence of Hh-responding cells in both DG (Figure 4I) and the VZ of 

the ventral hippocampus (Figure 4J, J’). The CA fields in the ventral 

hippocampus also showed a distorted appearance due to the development of 

hydrocephalus and/or patterning defects in the NesCre;Shh conditional mutant 

(Figure 4J and data not shown). Therefore, we conclude that Shh is the sole 
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ligand required for Hh-responding cells in the ventral hippocampus but that 

Shh is produced by both a local source for the forming DG and an 

extracortical source for the VZ of the ventral hippocampus. 

Crossing ShhGfpCre mice with Ai14 allowed cumulative fate mapping for 

Shh expressing cells revealing that a domain of tdT+ cells was localized within 

the amygdala, close to the ventral hippocampus (arrow in Figure 4K). By 

crossing the tamoxifen inducible ShhCreERT2 line with Ai14, a subset of tdT+ 

were found in the same amygdalar domain when the expression was 

examined at P1 after tamoxifen injection at E17.5 (Figure 4L), suggesting that 

amygdalar Shh was actively expressed at E17.5. This is in line with the Shh 

mRNA expression pattern in the Allen Brain Atlas Database 

(http://developingmouse.brain-

map.org/data/search/gene/index.html?term=shh). These tdT+ cells 

coexpressed the transcription factor Nr2f2 (displaying high level of expression 

in the amygdala) (arrows in Figure 4M), but were excluded from the Otp 

domain (Figure 4L). The timing and location of the Shh expression in the 

amygdala suggested that it is a likely Shh source regulating the Hh-

responding cells in the ventral hippocampus. 

 

10.6. Shh signaling conditional mutants support a 
complex anatomical origin for dentate stem cells 

The analysis above showed that all the Hh-responding activity was 

abolished in both the hilar region and the VZ of the ventral hippocampus in 

the Emx1;Smo cKOs, whereas in the Emx1;Shh cKOs Hh-responding activity 

was eliminated only in the hilar region but was still present in the VZ of the 

ventral hippocampus. We wished to further examine the migratory streams of 

the developing DG in the Emx1;Shh cKOs and Emx1;Smo cKOs with the 

generic proliferation marker Ki67 (Figure 5A-G) and neurogenic precursor 

marker Tbr2 (Figure 5H-N). 
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 Figure 5: The dentate migratory streams in the Shh signaling 
conditional mutants. (A-F) Ki67+ proliferative cells at P1 were shown at the 
transitional level (A-C) and in the dorsal DG (D-F) for the control (A, D), 
Emx1;Smo cKO (B, E) and Emx1;Shh cKO (C, F), respectively. Compared to the 
control, Ki67+ proliferating cells in both the hilar region (arrows in A-C) and the 
hilar entrance from the ventral hippocampus (arrowheads in A-C) were severely 
compromised in the Emx1;Smo cKO but only mildly affected in the Emx1;Shh 
cKO. In the dorsal hippocampus, they showed comparative number of Ki67+ cells 
at the SVZ of the dentate primordium (arrowheads in D-F). However, compared 
to the control (arrows in D), Ki67+ cells in the dFDJ were greatly diminished in 
the Emx1;Smo cKO (arrows in E) but only slightly reduced in the Emx1;Shh cKO 
(arrows in F). (G) Quantification is shown for the density of Ki67+ cells in various 
regions from the control, Emx1;Smo cKO and Emx1;Shh cKO. Compared to the 
control (100±6% and 100±6%), the Ki67+ cell densities found in the hilus 
(orange) and d-FDJ (green) were only 25±2% (n=5, p<0.001) and 29±2% (n=5, 
p<0.001) for the Emx1;Smo cKO, whereas they were 78±5% (n=5, p<0.05) and 
81±5% (n=5, p<0.05) for the Emx1;Shh cKO. In the dg-SVZ (yellow), the Ki67+ 
cell densities in the Emx1;Smo cKOs and Emx1;Shh cKOs were 77±3% (n=5, p= 
0.13) and 89±6% (n=5, p=0.42) as much as the controls (100±12%). H-M) Tbr2+ 
neurogenic cells at P1 were shown in the dorsal DG (H-J) and the ventral DG (K-
M) for the control (H, K), Emx1;Smo cKO (I, L) and Emx1;Shh cKO (J, M), 
respectively. Similar to the Ki67 pattern, they showed comparative number of 
Tbr2+ cells at the SVZ of the dentate primordium (arrowheads in H-J). However, 
compared to the control (arrows in H), Tbr2+ cells in the dFDJ were greatly 
diminished in the Emx1;Smo cKO (arrows in I) but only slightly reduced in the 
Emx1;Shh cKO (arrows in J). In relation to the control (arrows in K), Tbr2+ cells 
in the vFDJ were greatly diminished in the Emx1;Smo cKO (arrows in L) but only 
slightly reduced in the Emx1;Shh cKO (arrows in M). (N) Quantification is shown 



Results 

  &#!

for the density of Tbr2+ cells in various regions from the control, Emx1;Smo cKO 
and Emx1;Shh cKO. In the dg-SVZ (yellow), Tbr2+ cell densities were 
comparable among the three genotypes: 100±5% for the control, 108±3% for the 
Emx1;Smo cKO (n=5, p= 0.39) and 107±4% for Emx1;Shh cKO (n=5, p=0.58). 
However, compared to the control (100±8% and 100±6%), the Tbr2+ cell 
densities found in the d-FDJ (green) and v-FDJ (cyan) were 37±3% (n=5, 
p<0.001) and 45±3% (n=5, p<0.001) for the Emx1;Smo cKO, whereas they were 
97±5% (n=5, p=0.6) and 104±3% (n=5, p=0.14) for the Emx1;Shh cKO. Data are 
shown as mean±SEM and p values for the indicated sample sizes were returned 
by Student’s t-test for two-tailed distribution with unequal variance. dg-SVZ, 
subventricular zone of dentate gyrus; gcl, granule cell layer; d-ca3, dorsal CA3; v-
ca3, ventral CA3; H, hilus; d-FDJ, dorsal fimbrio-dentate junction; v-FDJ, ventral 
fimbrio-dentate junction; d-fim, dorsal fimbria; v-fim, ventral fimbria 

The removal of the obligatory Hh co-receptor Smo from the pallial 

region by Emx1Cre resulted in a severe reduction of Ki67+ cell density by 

75±2% in the hilar region at the transitional level of the DG  (arrows in Figure 

5B) in relation to the control (arrows in Figure 5A). However, the removal of 

Shh by the same cre driver only led to a moderate proliferation decrease by 

22±5% (arrows in Figure 5C). Noticeably, compared to the control 

(arrowheads in Figure 5A), Ki67+ cells at the entrance of hilus from the ventral 

hippocampus were more affected in the Emx1;Smo cKO (arrowheads in 

Figure 5B) than the Emx1;Shh cKO (arrowheads in Figure 5C). Similarly, 

Ki67+ and Tbr2+ cells in the dorsal FDJ were significantly diminished by 

71±2% and 63±3%, respectively, in the Emx1;Smo cKO (arrows in Figure 5E, 

i) but only slightly decreased by 19±5% and 3±5%, respectively, in the 

Emx1;Shh cKO (arrows in Figure 5F, J), as compared to the control (arrows in 

Figure 5D, H). In contrast, the dorsal SVZ of the dentate was minimally 

affected in both Emx1;Smo and Emx1;Shh cKOs, as judged by Ki67 and Tbr2 

(arrowheads in Figure 5D-F and H-J, respectively). Tbr2+ cells in the 

migratory stream of the ventral hippocampus were also reduced by 55±3% in 

the Emx1;Smo cKO but had little change (104±3% over the control) in the 

Emx1;Shh cKO (arrows in Figure 5K-M). All these data strengthen the model 

that progeny of the Hh-responding cells from the VZ of the ventral 

hippocampus serve as the critical source for the cells migrating into the dorsal 

DG, and a Shh source outside the Emx1 domain essentially controls the size 

of this stream whereas the role of local Shh source in the DG is dispensable 

for this process. 
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10.7. Shh sources for the postnatal dentate gyrus 

 

 Figure 6: The Shh sources for the postnatal DG. (A-B) At P15, 
cumulative fate-mapping of the Shh producing cells with the ShhGfpCre and Ai14 
lines was shown in the dorsal and ventral DG (a and b, respectively). In the 
dorsal dentate gyrus, tdT expression was colocalized with hilar mossy cell 
marker Calretinin (A’, A”).  In the dorsal and ventral dentate gyrus, tdT 
expression was also detected in the mid-molecular layer (A”, B’, B”) where the 
neurons of the medial entorhinal cortex project their fibers. (C-H) At P7, 
Gli1nLacZ+ cells were present in the hilus of both dorsal and ventral DG in the 
control (c and f), but completely abolished in the Emx1;Shh cKO (D and G) and 
Neurod6;Shh cKO (E and H). GCL, granule cell layer; ML, molecular layer; 
SGZ, subgranular zone. 
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The cumulative fate mapping analysis with the ShhGfpCre line (Harfe et 

al., 2004) showed complex dynamics of distribution for the Shh-lineage in the 

developing DG. Some of the cells derived from the Shh lineage were 

oligodendrocyte progenitors in the prenatal and perinatal DG (Figure S4A-C). 

However, conditional mutant mice deleting Shh from the oligodendrocyte 

lineage with Olig2Cre (Schuller et al., 2008) had very little alteration to the Hh-

responding cells in the DG as examined at P7 (Figure S4D). The Shh-lineage 

was fate-mapped postnatally to the hilar mossy cells, as defined by 

Calretinin+ staining in the dorsal DG (Figure 6A, A’, A”) but not the ventral DG 

(Figure 6B, B’, B”). Mossy cells derived from the Shh lineage projected to the 

inner molecular layer of the DG (Figure 6A, A”). In addition, neurons in the 

medial entorhinal cortex (MEC) (Figure S4E-G), which project to the middle 

molecular layer of the DG (Figure 6A”, B”), were also part of the Shh lineage. 

In order to evaluate the contribution of neuronal (mossy cells and/or 

MEC) Shh to the Hh-responding activity in the postnatal DG, the distribution of 

Gli1nLacZ+ cells was examined at P7 in the mutant mice in which Shh was 

conditionally removed from the neocortical and hippocampal neurons by 

Neurod6-cre (Goebbels et al., 2006). Compared to the control (Figure 6C, F), 

the loss of Hh-responding activity in the hilus of Neurod6-Shh cKO (Figure 6E, 

H) was almost as effective as Emx1;Shh cKO (Figure 6D, G). Therefore, the 

neuronal Shh is the key source responsible for the Hh-responding activity 

locally in the DG. 

 

10.8. The role of the local Shh in SGZ formation and 
maintenance 

 Our data favors the new model that ventral hippocampus-derived 

NSCs contribute to the NSCs in the SGZ. However, if the local Shh plays a 

critical role in the formation of the SGZ, its absence would result in severe 

SGZ deficiency. To test this, we looked into SGZ formation at P15 by 

removing either Smo or Shh from the hippocampus with Emx1Cre and 

compared their phenotypes for SGZ formation. In relation to the control 
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(Figure 7A), there was a complete lack of the radial glia marker Blbp in the 

SGZ of Emx1;Smo cKO (Figure 7A) but only a mild decrease of the Blbp cell 

density by 28±4% in the SGZ of Emx1;Shh cKO (Figure 7C, I) and 18±3% in 

Neurod6;Shh cKO (Figure 7D, I). Consistently, the radial glial scaffolding in 

the DG, visualized by GFAP staining, was severely affected in the Emx1;Smo 

cKO but relatively intact in the Emx1;Shh cKO and Neurod6;Shh cKO (Figure 

S5A-D, A’-D’). In addition, we examined the length of the two blades of the 

dentate gyrus among these mutants. In comparison with the control, the 

length of the upper and lower blades were 61±1% and 24±1% in the 

Emx1;Smo cKO, whereas they were 81±5% and 76±3% in the Emx1-Shh 

cKO, and 102±4% and 98±3% in the Neurod6;Shh cKO (Figure S5E). 

Compared to the complete absence of proliferation in the SGZ of Emx1;Smo 

cKO (Figure 7F, Figure S5G, G’), there was a relatively milder proliferation 

defect in the Emx1;Shh cKOs and Neurod6;Shh cKOs as judged by Ki67 (a 

decease by 35±3% and 27±2%, respectively, (Figure 7G, H, J, in relation to 

the control) and Tbr2 (a decrease by 60±7% and 38±4%, respectively, (Figure 

S5F-I, J, in relation to the control). Consequently, the thickness of the GCL 

was affected among the different genotypes: about 8 cells in the control, 4 

cells in Emx1;Smo cKO and 6 cells in Emx1;Shh cKO or Neurod6;Shh cKO 

(Figure S5F’-I’). The divergent phenotypes in SGZ formation between 

Emx1;Smo and Emx1;Shh (or Neurod6;Shh) cKOs further validate the model 

that the Hh-responding cells retained in the ventral hippocampus of the 

Emx1;Shh cKO or Neurod6;Shh cKO (but completely absent from the 

Emx1;Smo cKO) are responsible for the initial formation of the SGZ, whereas 

Shh from the Emx1 domain is relatively dispensable for this in light of the only 

slightly compromised SGZ in its absence. 

 As we showed previously that de novo local Hh-responding activity was 

mostly abolished in the Neurod6;Shh cKO (Figure 6E, H, and Figure S3L, L’), 

we asked in the same genetic background whether Hh-responding cells from 

the ventral hippocampus can contribute to dorsal dentate development, in 

particular, SGZ formation, by genetic fate-mapping analysis with the 

Gli1CreERT2 line. For that purpose, we examined animals by P15 with tamoxifen 



Results 

  &&!

injection at birth using Ai14 as the cre reporter. We confirmed that Neurod6Cre 

showed recombination activity mostly in the outer GCL with little in the inner 

GCL (Figure 7K, K’) but not in the SGZ at all (Figure 7K”) (Goebbels et al., 

2006). In Gli1creERT2/+;Ai14F/+;ShhF/F animals, tdT+ cells occupied both the 

inner GCL and SGZ, as indicated by colabeling with the stem cell marker 

Sox2 (Figure 7L, L’ and L”). Strikingly, in 

Gli1creERT2/+;Neurod6cre/+;Ai14F/+;ShhF/F animals, tdT+ cells not only populated 

the outer GCL but also in the inner GCL (Figure 7M, M’) with a few co-

expressing Sox2 in the SGZ (arrows in the Figure 7M”). These data taken 

together indicate that even in the absence of local Shh in the forming DG, 

descendants of Hh-responding cells in the ventral hippocampus still contribute 

to the GCL and a few of them also take up residence in the SGZ, whereas in 

the presence of local Shh, more descendants can be retained in the SGZ, 

supporting the idea that the local Shh serves to maintain NSCs in the SGZ. 

 Figure 7: The formation of the SGZ in the Emx1;Smo, Emx1;Shh and 
Neurod6;Shh cKOs. (A-D) SGZ formation was assessed with the radial glial 
marker Blbp in the control (A), Emx1;Smo cKO (B), Emx1;Shh cKO (C) and 
Neurod6;Shh (D). There was a complete lack of Blbp+ cells in the SGZ of 
Emx1;Smo cKO (B) but only a moderate decrease in the Emx1;Shh cKO (C) and 
Neurod6;Shh cKO (D). The arrangement of Blbp+ cells in the SGZ was shown at 
the higher magnification in the insets. (E-H) Proliferative Ki67+ cells in the SGZ 
were shown for the control (E), Emx1;Smo cKO (F), Emx1;Shh cKO (G) and 
Neurod6;Shh (H). Ki67+ cells were completely abolished in the Emx1;Smo cKO 
(F) but only mildly affected in the Emx1;Shh cKO (K) and Neurod6;Shh cKO (D). 
(I) Quantification of Blbp+ cell densities in the SGZ was made for the control, 
Emx1;Shh cKO and Neurod6;Shh cKO. It was 72±4% (n=5, p<0.01) in the Emx1-
Shh cKOs and 82±3% (n=5, p<0.01) in the Neurod6;Shh cKOs, as compared to 
the controls (100±6%). (J) Quantification of Ki67+ cell densities in the SGZ was 
made for the control, Emx1;Shh cKO and Neurod6;Shh cKO. It was only 65±3% 
(n=5, p<0.01) in the Emx1;Shh cKOs and 73±2% (n=5, p<0.01) in the 
Neurod6;Shh cKOs, as compared to the controls (100±7%). (k-m). Fate-mapping 
analysis in the absence of local Shh in the DG.  Animals were examined by P15 
with tamoxifen injection at birth using Ai14 as the cre reporter. In 
Neurod6cre/+;Ai14F/+;ShhF/F animals (K) , tdT+ cells were mostly restricted in the 
outer GCL (K’) but absent from the SGZ as indicated by the lack of colabeling 
with Sox2, the marker for NSCs (K”). In Gli1creERT2/+;Ai14F/+;ShhF/F animals (L), 
tdT+ cells were present mostly in the inner GCL (L’) and SGZ (L”). By contrast, in 
Gli1CreERT2/+;Neurod6Cre/+;Ai14F/+;ShhF/F animals (M), despite the lack of local Shh 
in the dentate, tdT+ cells were present in both inner GCL (M’) and SGZ (arrows in 
M”), in addition to the outer GCL. Data are shown as mean±SEM and p values for 
the indicated sample sizes are calculated by Student’s t-test for two-tailed 
distribution with unequal variance. CL, granule cell layer; SGZ, subgranular zone. 
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10.9. The descendants of the prenatal Hh-responding 
cells contribute to the LL-NSCs in the SGZ 

 The long-term fate of the descendants derived from the prenatal Hh-

responding cells hasn’t been determined yet. By crossing the Gli1CreERT2 line 

with the Cre reporter Ai14, we could evaluate the tdT expressing cells over a 

long time after tamoxifen injection at E17.5. In order to increase neurogenesis 

in aging animals (van Praag et al., 2000), we also subjected them to 

environment enrichment (EE) for two months and then examined the SGZ 
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when they reached one-year of age (Figure 8A). A number of radially oriented 

tdT+ cells still retained the expression of the radial glia marker Blbp (arrows in 

Figure 8B, C). More importantly, some of the tdT+ cells also expressed the 

immature neuronal marker Dcx (arrows in Figure 8D, E). Therefore, some of 

the descendents derived from the prenatal Hh-responding cells maintain the 

characteristics of NSCs and they are still neurogenic even in aged animals. 

 

 

 Figure 8: The long-term fate mapping of the prenatal Hh-responding 
cells in the dentate gyrus. (A) The schema shows the strategy for the long-term 
fate mapping of the prenatal Hh-responding cells in the dentate gyrus. By crossing 
the Gli1CreERT2 line with the Ai14 line, the cell fate of the Hh-responding cells 
labeled by tamoxifen injection at E17.5 was examined in the one-year-old animals 
after environment enrichment (EE) for two months (green box). (B-C) Some tdT+ 
cells were marked by the neural stem cell marker Blbp in the SGZ (arrows in B) in 
the one-year-old animals. The boxed area in (B) is shown at the higher 
magnification in (C). (D-E) Some tdT+ cells were also labeled by the immature 
neuronal marker Dcx (arrows in D) in the one-year-old animals. The boxed area in 
(D) is also shown at the higher magnification in (E). 
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10.1. Suplementary Figures 

 

 Figure S1 (related to Figure 2): (A-C) The labeling efficiency of Gli1CreERT2 

in the SGZ was assessed by P15 with tamoxifen injection (3mg/40g animal) at 
E17.5 after crossing to the Cre reporter Ai14. tdT+ cells in the SGZ were shown 
to express the radial glia markers Sox2 (A) and Blbp (B). Boxed areas in (A) 
and (B) were shown at the higher magnification in (A’) and (B’), respectively. 
About 61±6% of the total Sox2+ cells in the SGZ along the septo-temporal axis 
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were tdT+ (upper panel in c), and about 69±4% of the Blbp+ cells with radial 
processes in the SGZ were also tdT+ (lower panel in C). (D) Alternate sections 
were used for analyzing the spatial distribution of Gli1nLacZ+ and tdT+ cells 
respectively for the Gli1CreERT2/nLacZ;Ai14F/+ mice. The tdT+ cells at P0 
represented the descendants of Hh-responding cells labeled by tamoxifen 
induction at E17.5. The number in each panel represents the thickness distance 
from the first panel. tdT+ cells clearly occupied the septal levels (about 480mm 
away from the first panel) where the Gli1nLacZ expression was no longer 
detectable.  

 

 

 Figure S2 (related to Figure 3): (A-N). The distribution of tdT+ cells in 
the Gli1CreERT2/+;Ai14F/+ animals were shown every 60µm by birth after 
tamoxifen (TM) induction at E17.5. The thickness distance as micron from the 
first section was shown at the bottom-right corner. Throughout the whole 
hippocampus, the VZ of the temporal hippocampus was the most heavily 
labeled by tdT (white ovals in E-N). The tdT+ cell stream was noticeable in the 
vFDJ region (arrows in D-N). The tdT+ cells were continuous from the vFDJ 
into the dFDJ at the transitional level (C) and tapered off in the dorsal 
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hippocampus toward the septal pole. dFDJ, dorsal fimbrio-dentate junction; 
vFDJ, ventral fimbrio-dentate junction. 
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 Figure S3 (related to Figure 4): (A) the schemas are illustrated for the 
sagittal sections from the P1 animals shown in B-M. (B) In the 
Emx1Cre/+;RosaYfp/+ animal at P1, Emx1Cre showed the recombination activity in 
the ventral hippocampus as the expression of Yfp (B), which also covered its 
VZ (along the dotted line in B’). Boxed area in b was shown at the higher 
magnification in B’. (C) In the Neurod6Cre/+;Ai14F/+ animal at P3, Neurod6Cre 
showed the recombination activity in the ventral hippocampus as the 
expression of tdTomato (C), which didn’t cover its VZ (along the dotted line in 
C’). Boxed area in C was shown at the higher magnification in C’. (D-E) In the 
Gli1Z/+;ShhF/F animals, Gli1nLacZ+ cells were localized at the entrance of the 
hilus in the dorsal DG (D and D’). The dorsal dentate can be divided into 
upper and lower portions by a line connecting the tip of the CA3 field and the 
apex of the dentate pole. Some of Gli1nLacZ+ cells could be detectable in the 
upper portion (D’). Gli1nLacZ+ cells were clearly identifiable to form a stream 
out of the VZ of ventral hippocampus into the forming DG (E and E’). Boxed 
areas in D and E were shown at the higher magnification in D’ and E’. (F-G) 
In the Gli1Z/+;ShhF/- animals, one copy of the Shh flox allele was replaced with 
a Shh null allele. The number of Gli1nLacZ+ cells in the dorsal dentate was 
dramatically reduced in both portions (F and F’). The stream of Gli1nLacZ+ 
cells leaving the VZ of ventral hippocampus was slightly diminished and there 
was a decrease in the expression of nLacZ in the VZ (G and G’). Boxed areas 
in F and G were shown at the higher magnification in F’ and G’. (H-I) In the 
Gli1Z/Z;ShhF/- animals, an extra copy of Gli1nLacZ was present in relation to 
the animals in F-G. The distribution of Gli1nLacZ+ cells was restored in both 
dorsal DG (H and H’) and ventral hippocampus (I and I’) close to the level 
seen in the Gli1Z/+;ShhF/F animals. Boxed areas in H and I were shown at the 
higher magnification in H’ and I’. (J-K) In the Emx1cre/+;Gli1Z/Z;ShhF/- animals, 
the remaining Shh flox allele was floxed out in the Emx1 domain. Most of the 
Gli1nLacZ+ cells were abolished in the upper portion of the dorsal dentate 
whereas residual Gli1nLacZ+ cells were still present at the entrance of the 
hilus in the lower portion (J and J’), which appeared to be continuous with the 
Gli1nLacZ+ cell stream from the VZ of the ventral hippocampus (K and K’). 
Boxed areas in J and K were shown at the higher magnification in J’ and K’. 
(L-M) In the Neurod6cre/+;Gli1Z/+;ShhF/F animals, two copies of the Shh flox 
alleles were removed from the pallial neuronal lineage. The distribution of 
Gli1nLacZ+ cells (L, L’, M and M’) was quite similar to the 
Emx1cre/+;Gli1Z/Z;ShhF/- animals. Boxed areas in l and m were shown at the 
higher magnification in L’ and M’. 
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 Figure S4 (related to Figure 6): (A-C) The Shh lineage expressed markers 
for oligodendrocyte progenitor cells (OPCs) in the dentate gyrus at E17.5. By 
crossing ShhGfpCre with RosaYfp, the Shh lineage marked as Yfp+ cells (enhanced 
with Gfp antibody staining) in the dentate gyrus at E17.5 was colabeled with 
oligodendrocyte progenitor cell (OPC) markers -- Pdgfr! (A), Sox10 (B) and 
Olig2 (C). (D) In the Olig2cre/+;ShhF/F animals, Shh was removed from the 
oligodendrocyte lineage. However, the distribution of the Gli1nLacZ+ cells in the 
dorsal DG was unaffected by P7. (E-G) By crossing ShhGfpCre with the cre 
reporter Ai14, a horizontal section at P15 (E) showed the Shh lineage also 
marked the cells in the MEC (arrows in f), which made projection to the middle 
molecular layer in the DG (G). LEC, lateral entorhinal cortex; MEC, medial 
entorhinal cortex. 
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 Figure S5 (related to Figure 7): (A-D) and (A’-D’) GFAP staining at P15 
showed the radial glial scaffolding in the control (A, A’), Emx1;Smo cKO (B, B’), 
Emx1;Shh cKO (C, C’), Neurod6;Shh cKO (D, D’). Compared to the control 
(arrows in A’), the radial glia spanning the GCL poorly developed in the 
Emx1;Smo cKO (arrowheads in B’), whereas the radial glial fibers were rather 
intact in the Emx1;Shh cKO (arrows in C’) and Neurod6;Shh cKO (arrows in D’). 
(E) Quantification was made for the length of the upper and lower blades in the 
control, Emx1;Smo, Emx1-Shh and Neurod6;Shh cKOs. In relation to the 
control, the length of the upper and lower blades were 61±1% (n=5, p<0.001) 
and 24±1% (n=5, p<0.001) in the Emx1;Smo cKO, whereas they were 81±5% 
(n=5, p<0.01) and 76±3% (n=5, p<0.01) in the Emx1;Shh cKO, and 102±4% 
(n=5, p<0.01) and 98±3% (n=5, p<0.01) in the Neurod6;Shh cKO. (F-I) and (F’-
I’) Ctip2+ cells in the GCL and Tbr2+ neurogenic precursors in the SGZ were 
shown for the control (F, F’), Emx1;Smo cKO (G, G’), Emx1;Shh cKO (H, H’) 
and Neurod6;Shh cKO (i, i’). Emx1;Smo cKO displayed complete deficiency for 
the Tbr2+ cells in the SGZ and the thinnest GCL (~4 cells thick, yellow dots in 
G’). Emx1;Shh cKO also had diminished number of Tbr2+ cells in the SGZ and 
thinner GCL (~6 cells thick, yellow dots in H’ and I’), compared to the control (~8 
cells thick, yellow dots in F’). (J) Quantification of Tbr2+ cell densities in the 
SGZ was made for the control, Emx1;Shh cKO and Neurod6;Shh cKO. As 
compared to the control (100±9%), it was 40±7% (n=5, p<0.001) in the 
Emx1;Shh cKO and 62±4% (n=5, p<0.001) in the Neurod6;Shh cKO. 
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 Figure S6 (related to Figure 8): Only very few Dcx+ immature neurons 
(arrows) were detectable in the DG in one year old animals.
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11. Interaction of Emx2 and Shh to 
modulate the embryonic neural stem cells 
of the ventral hippocampus 
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11.1. Ectopic distribution of Hh responsive cells in the 
hippocampus of the Emx2-/- mutant mice 

In Chapter 1 we show that the ventral hippocampus is the origin for a subset of 

adult NSC settling in the DG. We also showed that Shh is critical for the origin 

and maintenance of these cells. Although we already know several important 

features of these stem cells, there are multiple questions that still remain unclear. 

In this chapter we will try to identify the genes involved in the generation and 

migration of NSC on their route to the DG from their origin in the ventricular zone 

of the ventral hippocampus. 

 

 

 

 Figure 1: Expression pattern of Shh and Emx2 genes (Brain Allen 
Atlas): Sagittal sections of E13.5 (A, D), E15.5 (B, E) and E18.5 (C, F) showing 
the mRNA expression pattern of Shh (A-C) and Emx2 (D-F) in the amygdalo-
hippocampal region. 

 

 The transcription factor Emx2 is expressed specifically in the 

hippocampus, starting early during development. This expression is maintained 

in cell progenitors and specifically in the SGZ during the second postnatal week 

(Mallamaci et al. 1998). Prominent defects in the hippocampus and dentate gyrus 

of the Emx2-/- mutant mice have been well described in previous studies 

(Pellegrini et al. 1996b; Oldekamp et al. 2004; Zhao et al. 2006). For instance it is 



Results 

  )+!

known that the shape and size of the hippocampus is modified and reduced and 

the DG is almost missing in these mutants (Oldekamp et al. 2004; Pellegrini et al. 

1996a; Tole et al. 2000; Simeone et al. 1992). Closer analyses of the DG showed 

a lost of GC and disorganization of the radial glial fibers used as scaffold by the 

putative granular cells to reach their final destination (Rickmann et al. 1987; 

Oldekamp et al. 2004).  

 

 

 

 Figure 2: Static distribution of Shh responsive cells in mice lacking Emx2 
gene show an ectopic distribution in dorsal ventricular zone (dVZ) of most lateral 
sections of hippocampus. Sagittal sections of Emx2+/-Gli1LacZ/+ at E18.5 (A and B), 
E15.5 (E) and E13.5 (F) and Emx2-/-Gli1LacZ/+ mutant mice at E18.5, (C and D); E15.5, 
(G) and E13.5, (H) showing the expression pattern of LacZ protein under the Gli1 
promoter in lateral levels of the hippocampus (dorsal and ventral regions). ). Scale bar 
(in A) A-H, 500µm.  

 

 Previous work from our laboratory showed that the Sonic Hedgehog 

protein produced in the amygdalo-hippocampal region adjacent to the ventricular 

zone of the ventral hippocampus, is the source of Shh to which the embryonic 

granular cells are responding and consequently expressing Gli1, (Shh responsive 

cells) (Li et al. 2013). The similar expression pattern of Shh and Emx2 in this 

region (Figure 1), along with the Emx2 mutant phenotype, suggested to us that 

Emx2 might modulate the expression of Shh, affecting the origin and migration of 

these cells to reach their final destination in the Subgranular Zone of the dorsal 

DG (Li et al. 2013). 
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 To test this hypothesis, we first studied the localization of Gli1 positive 

cells at different ages in the hippocampus of the Emx2-/- mutant mice by crossing 

the mutants with Gli1nLacZ transgenic reporter mice line (which express LacZ 

under the Gli1 promoter) (Figure 2, A-H). The expression pattern analysis at 

E18.5 revealed that Gli1 positive cells are restricted in the wild type animals to 

the DG of the dorsal hippocampus, where we already have described that these 

cells are arriving by migrating along the transitional hippocampus (Figure 2 A, B). 

At similar levels in the Emx2-/- mutant mice, we found Gli1+ cells neither in the 

presumptive DG nor in the transitional hippocampus. We also found high 

expression of LacZ corresponding to Gli1+ cells in the VZ/SVZ in the ventral 

hippocampus of control mice, where these cells are born and start their migration 

to the dorsal and ventral DG. In mutants in the same area, this expression is 

reduced suggesting a defect in the origin and migration of this population of cells 

(Figure 2 A-D).  

 This difference in the expression pattern of Gli1 is also found at younger 

stages, where we found in control animals the same lacZ expression in the 

ventral regions of the ventricle while in Emx2-/- mutant mice this expression is 

reduced in the same area. The study of the Emx2-/- mutant mice also revealed an 

ectopic population of cells expressing Gli1 in the VZ of the dorsal hippocampus 

(Figure 2, C-D) at E18.5 compared with the controls. We wondered where this 

ectopic population came from by analyzing the Gli1 expression pattern at early 

stages. We found an enlargement of the Gli1 expression in dorsal regions of the 

hippocampus at E15.5 (Figure 2, E and G) and E13.5 (Figure 2, F and H) in the 

Emx2 KO mice that correspond with the VZ of the dorsal hippocampus at later 

stages (Figure 2, C-D). Since previous studies have shown that Shh has an 

important role in the origin and maintenance of the LL-NSC of the SGZ in the DG 

and that Gli1+ cells are responding to Shh, and are NSC (Ahn & Joyner 2005), 

we wished to further study and characterize the misexpression of Gli1+ cells 

along the dorsal prospective hippocampus and the reduction observed in the 

ventral ventricular zone of the hippocampus. To do this we used the Gli1CreERT2 

conditional transgenic mice crossed with Ai14F/F reporter line as a tool to follow 

and characterize the Gli1 positive cells and to determine how the lack of Emx2 
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affects the population of NSC originated embryonically in the ventral region of the 

hippocampus.  

11.2. Fate mapping of Shh responsive cells in the Emx2-/- 
mutant mice 

 

 

 Figure 3: Loss of Emx2 leads to an accumulation and reduction of Gli1+ 
cells in the ventricular zone of dorsal and ventral hippocampus respectively. 
Sagittal sections through the hippocampal region of Emx2+/-Gli1CreERT2+/-Ai14F/+ 
(control) (A,C) and Emx2-/-Gli1CreERT2+/-Ai14F/+ (mutant) (B,D) E18 mice after 
E17.5 tamoxifen injection showing the distribution of AI14+ (red) cells after 
the immunohistochemistry and co-stained with DAPI in dorsal (A-B) and 
ventral (C-D) hippocampus. (CA1, cornus ammonis 1; CA3 cornus ammonis 3; 
DG, dentate gyrus; F, fimbria; VHip, ventral hippocampus; dVZ, dorsal ventricular 
zone; vVZ, ventral ventricular zone). Scale bar (in A) A-D, 50 µm. 

 

 As Emx2-/- mutant mice died at birth due to kidney problems (Simeone 

et al. 1992), our study ends in the latest gestation stages, so we can not follow 

the whole development of the DG and the SGZ that continues during the first 

two postnatal weeks. To better understand how Hh responsive cells distribute 

in the Emx2-/- mutant mice, we analyzed the fate map of Gli1+ cells using the 

Gli1CreERT2; Ai14F/+ into the Emx2-/- line. E17.5 embryos were injected with 

tamoxifen and then analyzed one day later (Figure 3, A-D). In the dorsal 

hippocampus of control mice we found that a small group of recombinant cells 

are already settled in the DG at lateral levels (Figure 3, A). Also, some sparse 

cells were found in the dorsal ventricular zone and in the basal membrane of 
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the meninges. The analysis of the Emx2-/- mutant mice on the other hand 

shows no cells in the presumptive DG and an accumulation of recombinant 

cells in the dorsal ventricular zone and in the basal membrane (Figure 3, B).  

 In the ventral ventricular zone of the hippocampus we found a reduction 

of AI14+ cells in the Gli1CreERT2 mutant mice in comparison to the controls 

(Figure 3, C-D). We also saw that the phenotype found in the Gli1CreERT2 mice 

was pretty similar to the one found in the Gli1nLacZ mice both in the dorsal and 

ventral hippocampus.  

 This similarity in the expression pattern between the static distribution of 

Gli1+ cells obtained with the Gli1nLacZ and the short term fate mapping that we 

performed with the Gli1CreERT2 mice allowed us to characterize the phenotype 

of the Gli1+ ectopic cells found in the dorsal ventricular zone (Figure 4) and 

the changes found in the ventricular zone (Figure 6) of the ventral 

hippocampus. 

11.3. The ectopic population of Gli1+ cells in dVZ of the 
hippocampus correspond mainly to progenitors 

 Previous studies in Emx2-/- mutant mice showed a lack of GC in the DG 

(Pellegrini et al. 1996b; Yoshida et al. 1997) and although the mutant dentate 

is genetically well specified, it doesn’t grow and develop properly (Tole et al. 

2000). We have shown in the Gli1nLacZ and the Gli1CreERT2 mutant mice an 

expanded expression of Gli1+ cells in the VZ of the dorsal hippocampus at 

lateral levels (Figure 1, 2). In order to understand what these Gli1+ cells are 

we first characterized them with multiple markers.  

 To assess whether some of the Gli1+ cells belong to the glial lineage 

we study the co-expression of GFAP (Figure 4, A and D), and Blbp (Figure 4, 

B and E) with Tdtomato by immunohistochemistry in controls and Gli1CreERT2; 

Ai14F mutant mice. GFAP and Blbp are also expressed in neural progenitor 

cells at embryonic stages (Giachino et al. 2014; Seki et al. 2014) and GFAP 

labels the fibers of the radial glial cells. We found almost no co-expression of 

GFAP with AI14+ cells in control animals at E18.5. Only a very few GFAP+ 
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cells appeared around the pia and close to the meninges (Figure 4, A, arrow). 

In Emx2-/- mutant mice, on the contrary, we saw that some of the Ai14 

recombinant cells colocalized with GFAP at the dorsal border of the fimbria 

(Figure 4, D, arrow). Then, we analyzed Blbp (Figure 4, B and E) to confirm 

that whereas in control mice only a few Ai14+ cells colocalized in the Fimbrio-

Dentate Junction (FDJ) with Blbp (Figure 4, B, arrow) and none in the dVZ, in 

Emx2-/- mutant mice, several of the ectopic recombinant cells in dVZ 

expressed Blbp (Figure 4, E, arrow). Taking advantage of GFAP labeling of 

the radial fibers used as scaffolding for the newly born neurons to reach the 

DG (Eckenhoff & Rakic 1984; Rickmann et al. 1987), we next checked the 

shape of them. In control mice, GFAP is strongly expressed at the border of 

the fimbria and fibers extend to the entrance of the hilus and project to the pia 

all around the forming dentate (Figure 4, A). In the Emx2-/- mutant mice, fibers 

are also seen at the border of the fimbria but don’t follow the pial surface and 

spread out in a disorganized way trying to reach the presumptive dentate 

(Figure 4, D), probably affecting the radial migration of the granule cells. We 

next used Olig2 to stain the oligodendrocyte lineage, but we found no 

expression in the dVZ of the hippocampus at this age both in control and 

mutant mice (Figure 5, A, B). To confirm the ectopic expression of Gli1 

correspond to progenitor cells, we next studied the colocalization of several 

markers such as Nestin, Sox2 and Tbr2.  As with the GFAP and Blbp we found 

multiple Nestin+/Ai14+, Sox2+/AI14+ and Tbr2+/AI14+ cells in the dVZ of the 

hippocampus in Emx2-/- mutant mice and none in the controls (Figure 4, C, F, 

G-L). Therefore we concluded the loss of Emx2 gene leads to a misexpression 

of Gli1 in progenitor cells of the dorsal hippocampus.  Later we checked with 

acute BrdU labeling whether these Gli1+ cells were proliferating (Figure 4, G 

and J). Although the distribution of BrdU in the VZ and SVZ of the dorsal 

hippocampus seems similar in controls and Emx2-/- mutant mice, the Ai14+ 

ectopic cells localized in the dVZ of the hippocampus were also stained with 

BrdU (arrows in Figure 4, J, K and L), pointing out that most of the Gli1+ cells 

in the dVZ are already dividing. 

 



Results 

  )%!

 

 

 Figure 4: The ectopic population of Shh responsive cells in Emx2-/- 
mutant mice colocalized with diverse progenitor cell markers. Sagittal sections 
of dorsal hippocampus of Emx2+/-Gli1CreERT2+/-Ai14F/+ control, (A, C, E, G, I and K) 
and Emx2-/-Gli1CreERT2+/-Ai14F/+ mutant E18.5 mice (B, D, F, H, J and L) after 
received a tamoxifen injection at E17.5 and showing the coexpression of Ai14 with 
GFAP (A and B), Blbp (C and D), Nestin (E and F), BrdU (G and H), Sox2 (I and J) 
and Tbr2 (green) (K and L) immunohistochemistry co-stained with DAPI to delimit 
the areas. (CA1, cornus ammonis 1, CA3 cornus ammonis 3, DG, dentate gyrus, F, 
fimbria, dVZ, dorsal ventricular zone of the hippocampus; arrowhead, recombinant 
cells expressing Ai14 (red); arrow, cells colocalizing Ai14 (red) with one of the 
analyzed maker (green)). Scale bar (in A) A-L, 50 µm. 

 

 

 

 Figure 5: There is no expression of Olig2 markers in the dVZ of 
controls and Emx2-/- mutant mice. Sagittal sections of the dorsal hippocampus of 
Emx2-/+ controls and Emx2-/- mutant mice (A, B), showing the expression of Olig2 
marker and counterstain with DAPI. (CA1, cornus ammonis 1, CA3 cornus ammonis 
3, DG, dentate gyrus, dVZ, dorsal ventricular zone of the hippocampus). Scale bar 
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(in A) A-B, 50 µm. 

11.4. Increased number of proliferating and secondary 
progenitor cells in the dVZ in Emx2-/- mutant mice 

 Previous studies have shown the loss of Emx2 affects the proliferation of 

the progenitor cells in the hippocampus (Muzio et al. 2005). Our experiments 

show that most of the progenitors that express Gli1 in the Emx2 mutant mice are 

in a proliferative state (Figure 4, C, J). To understand better if the loss of Emx2 

gene affects the cell cycle of the progenitor cells of the dVZ, we carried out 

experiments to quantify the density of those dividing cells in the dVZ of Emx2 KO 

and controls at E18.5. The analysis of PH3 in Emx2+/+, Emx2+/- and Emx2-/- 

mutant mice revealed an approximate doubling of cell density in these 

proliferative markers in Emx2-/- KO mice compared to controls and heterozygous 

(Figure 6, A, B, C and D). We found no statistical differences between Emx2+/- 

and Emx2+/+ in PH3 and Ki67. However, BrdU analysis at the same age showed 

no statistical differences between Emx2+/+, Emx2+/- and Emx2-/- mutant mice 

(data not shown). We next analyzed the intermediate progenitors using Tbr2 as a 

marker in the dVZ of the hippocampus. We found an incremental increase of 

~30% in the density of Tbr2+ cells in the in Emx2-/- compared with Emx2+/- and 

Emx2+/+ mice (Figure 6, E-H). We found no differences between Emx2+/- and 

Emx2+/+ in Tbr2 cell density. Since ectopic expression of Gli1 at dorsal 

hippocampus starts at early stages like E13-E15 (Figure 1, E-H) we then 

analyzed the expression of PH3 and Tbr2 at E15.5 and found an increase of 

~60% of PH3+ cells (Figure 7, A-D) in the Emx2-/- compared with Emx2+/- and 

Emx2+/+ mice. On the other hand we didn’t find any difference between the three 

groups of animals in Tbr2+ cells (Figure 7, E-H). These results corroborate our 

previous data suggesting that the ectopic population of Gli1+ located in the dVZ 

of the hippocampus correspond to progenitors cells.  
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Figure 6: Emx2 mutant mice show an increase in the density of PH3 and Tbr2 
positive cells in the VZ of the dorsal hippocampus. Sagittal sections of E18.5 (A-
C and E-G) wt (A, E), heterocygous (B, F) and Emx2 mutant mice (C, G), showing 
immunohistochemistry of PH3 (A-C), or Tbr2 (E-G) marker. Quantification (D, H) of 
the expression of PH3 (D) or Tbr2 (H) in controls (red bar) het (white bars) and 
Emx2-/- mutant mice (black bars) by cell density in the VZ of dorsal hippocampus. 
(CA1, Cornus Ammonis 1, CA3 Cornus Ammonis 3, DG, dentate gyrus, F, fimbria, 
dVZ, dorsal ventricular zone). Scale bar (in A) A-C, E-C, 50 µm. 

  

 Also, at E18.5 we observed differences in the distribution of PH3+ and 

Tbr2+ cells in the mutants compared with controls. PH3+ cells in Emx2-/- mutant 

mice at E18.5 appeared mainly in the VZ of the dorsal hippocampus, just at the 

border of the ventricle, while in controls the population of PH3+ cells was 

homogeneously distributed in the whole hippocampus, including FDJ and DG 

itself, suggesting that in the mutant, the population that should be dividing in the 

FDJ and DG in that moment is not there or is not able to proliferate. The 

intermediate progenitors marker Tbr2 were differentially distributed in Emx2-/- and 

Emx2-/+ or Emx2+/+ mice as well, with its distribution in the Emx2-/- mutant mice 

restricted to the dVZ with a very few cells close to the fimbria, in the FDJ or the 

DG compared to control mice. Together, the E18.5 and E15.5 PH3, and BrdU 

data suggest an Emx2 role through Gli1 in the control of the cell cycle length, 

maybe lengthening the cell cycle as other authors have proposed (Muzio et al. 

2005). The increase of Tbr2 density number at E18.5 and not earlier at E15.5 in 

the Emx2 mutant mice could be at a result of a temporal change in the 

expression pattern or an accumulation of the cells due to a migration problem, 
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perhaps because the glial scaffolding is not well formed (Figure 4 A, D). To 

explore the second possibility we measured the VZ of the dorsal hippocampus. 

The analysis of the VZ width displayed a ~4-fold increased in the Emx2 mutant 

mice compared to controls (Figure 8, A). We next wondered whether the increase 

in the proliferation rate in the VZ in the Emx2-/- leads to an increase in the 

number of immature neurons in that region. So we next performed a X-gal 

staining in the mice line Emx2; NeuroDLacZ in which lacZ is expressed under the 

promoter NeuroD, a postmitotic immature neuronal marker. The analysis of LacZ 

expression showed an accumulation of immature neurons in the VZ/SV zone of 

the Emx2 mutant compared with controls (Figure 8, D, E). The misexpression of 

Gli1 suggests changes in the expression of Shh in the dorsal hippocampus of the 

mutant or in adjacent regions. Therefore, we next study the population of 

recombinant cells in the lines Emx2+/-; ShhGFPCre; Ai14F/+ and Emx2-/-; ShhGFPCre; 

Ai14F/+ mice. !

!

!

 Figure 7: Loss of Emx2 gene leads to an increase in the dorsal 
hippocampus proliferation at E15.5. Sagittal sections of E15.5 dorsal hippocampus 
in Emx2+/+Gli1CreERT2+/-Ai14F/+ (A and E); Emx2+/-Gli1CreERT2+/-Ai14F/+, (B and F) and 
Emx2-/-Gli1CreERT2+/-Ai14F/+ mice (C and G), showing distribution of Phospho-Histone 3 
(PH3) (A, B and C) and Tbr2 (E, F and G) markers after immunohistochemistry. 
Quantification (D, H) of the expression of PH3 (D) or Tbr2 (H) in controls (red bar) 
heterozygous (white bars) and Emx2-/- mutant mice (black bars) by cell density in the 
VZ of dorsal hippocampus. (Hip, hippocampus, dVZ, dorsal ventricular zone). Scale 
bar (in A) A-C, E-C, 50µm. 
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 Figure 8: Loss of Emx2 leads to an increase of the VZ and the 
immature neuronal marker NeuroD. Sagittal sections of the VZ of the dorsal 
hippocampal region showing DAPI (A, B) and LacZ (D, E) staining at E18.5 of 
controls -(A, D) and mutant  (B, E) mutant mice. D and E sections were 
counterstain with nuclear fast red to visualized anatomy (C) Quantification of the 
VZ thickness in controls (white bar) and Emx2-/- mutant mice (black bar). Scale 
bar (in A) A, B 25 µm; Scale bar (in D) D, E, 50 µm. 

!

11.5. Expression of Shh in the dorsal hippocampus 
shows few changes in Emx2-/- mutant mice 

 The misexpression of Gli1 protein in the Emx2-/- mutant mice in 

progenitors cells pointed us to a possible change in Shh expression. Detection of 

Shh by immunostaining or in-situ hybridization (ISH) in the brain is very difficult 

due to low level expression, therefore we chose to use the Cre transgenic line 

under control of the Shh promoter, ShhGFPCre, crossed with the Ai14Flox reporter 

line to follow the Cre positive cells which are red because of tdTomato. In this 

way we could examine the numbers and distribution of cells generated from the 

Shh expressing lineage. Using this approach we found no clear differences in the 

distribution and numbers of cells generated from Shh expressing cells at E18.5 

(Figure 9, A-D) (Figure 9, arrowheads in B and D). However, as the ShhGFPCre 

also has GFP expression under the Shh promoter, we can also follow the cells 

that are actually expressing the protein at that age. We didn’t find any expression 

of GFP in cells close to the dVZ so we are unable to identify the specific source 

of Shh that might affect the ectopic distribution of Gli1+ cells. 
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Figure 9: The expression of Shh in the hippocampus. Sagittal sections 
through the dorsal hippocampus of E18.5 (A-D) Emx2-/+;ShhCREGFP;Ai14F/+ (A, B) 
and Emx2-/-;ShhCREGFP;Ai14F/+ (C, D) embryos showing the expression of Ai14 
under Shh promoter. (CA1, Cornus Ammonis 1, CA3 Cornus Ammonis 3, DG, 
dentate gyrus, dVZ, dorsal ventricular zone). Scale bar (in A) A-D, 100 µm. 

 

11.6. The Emx2-/- mutant mice have defects that affect to 
the source of NSC in the ventral hippocampus 

 Next we studied the role of Emx2 gene in the VZ of the ventral 

hippocampus (vVZ). The histological analysis of the vVZ and the expression 

pattern of Gli1 revealed a reduction in the number of Gli1+ cells as well as the 

size of the ventricle at E13.5, E15.5 and E18.5 in the Emx2-/- mutant mice (Figure 

2). To pinpoint what kind of cells were affected we performed a broad 

characterization of the cells in this region. Immunohistochemistry performed at 

E18.5 of glial markers as GFAP, Blbp, or progenitors as Nestin and Sox2 showed 

a reduction in their expression in the Emx2-/- mutant mice compared to controls 

(Figure 10, A-F, I, J). We also observed a reduction in the number of the 

intermediate progenitors, labeled by Tbr2, and the general mitotic marker BrdU. 

Hence we concluded the loss of Emx2 leads to a reduction of the number of 

progenitor cells and cell division in the vVZ. In chapter 1, we described that Gli1 

positive cells originated in the vVZ during the last week of gestation migrate from 

the caudal (temporal pole) to the dorsal (septal pole) to populate the DG and be 

part of the SGZ, These cells become the long-lived neural stem cells (LL-NSC). 

We wished to investigate whether the reduction of progenitor cells and the 
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divisions in the vVZ in the Emx2-/- mutant mice could be also affecting to the 

population of LL-NSC. As explained before, we cannot follow Emx2-/- mutant 

mice after birth, but we were able to describe defects when they first appear at 

E17.5, and follow them to E18.5 (Figure 4, A-L). We performed fate-mapping 

experiments by injecting tamoxifen at E17.5 and analyzing one day later the 

number and location of the cells originating from Gli1+ cells in the Emx2 

transgenic mice.  E18.5 Emx2-/-;Gli1CreER-2 mutant mice showed a reduction of 

Ai14 recombinant cells in the vVZ compared to controls. We also explored the 

migratory pathway of the Gli1+ cells (Figure 3, C, D) born in the vVZ and found 

Ai14+ cells en route to the DG in controls (Figure 3, C), whereas in the Emx2-/- 

mutant mice we found no cells in this migratory route (Figure 3, D). These data 

provide evidence that Emx2 is required for the generation and migration of the 

Gli1+ cells.  

 

 

 Figure 10: The vVZ of the Emx2-/- mutant mice is smaller and the 
ventricle is thinner than the wt mice. Sagittal sections of ventral hippocampus in 
Emx2+/- control mice, (A, B, C, G, H and I) and Emx2-/- mutant mice (D, E, F, J, K 
and L) at E18.5 showing the expression of diverse markers in vVZ with GFAP (A 
and D), Blbp (B and E), Nestin (C and F), BrdU (G and J), Sox2 (H and K) and 
Tbr2 (I and L). (CA1, Cornus Ammonis 1, CA3 Cornus Ammonis 3, DG, dentate 
gyrus, F, fimbria, dVZ, dorsal ventricular zone of the hippocampus; arrowhead, 
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recombinant cells expressing Ai14; arrow, cells colocalizing Ai14 with one of the 
analyzed maker). Scale bar (in A) A-L, 50µm.! !

11.7. Loss of Emx2 leads a reduction of Shh+ cell 
density in the amygdalo-hippocampal region 

! Previous data have suggested that Shh is required for the origin and 

maintenance of the LL-NSC (Han et al. 2008; Ihrie et al. 2011; Li et al. 2013). In 

order to understand if the reduction in the number of Gl1+ progenitor cells was 

regulated directly by the Emx2 gene or indirectly through Shh we then next 

analyzed the expression pattern of Shh in the Emx2 mutant mice. To perform the 

analysis we used the Emx2; ShhCreGFP crossed with the AI14 reporter line where 

GFP expression shows the present activity of Shh and the Tdtomato the activity 

at any time (present or past). We found a reduction by half of the density of 

GFP+ and Tdtomato+ cells in the amydalo-hippocampal region of the Emx2-/-; 

ShhCreGFP mutant mice at E18.5 compared to controls (Figure 11), this was 

associated with apoptosis at the same age in the same region (Figure 10). Hence 

we conclude that Emx2 is crucial for the survival of the Shh+ cells in the 

amydalo-hippocampal region and most likely reduction of Shh protein contributes 

in the origin and maintenance failure of the Gli1+ cells.  

!

 Figure 11: Loss of Emx2 lead to a reduction of the Shh+ cells in the 
amygdalo-hippocampal region. Sagittal sections through the amygdalo-
hippocampal region showing the expression of Ai14 (A, C, D, F), GFP (A, B, D, E), 
DAPI (A, D) and caspase in Emx2-/+;ShhCREGFP;Ai14F/+ (A-C) and Emx2-/-

;ShhCREGFP;Ai14F/+  (C-F) mutant mice at E18.5 (A-F) Scale bar (in A) A-D, H, I 
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100µm.
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12. Ventricular zone of the ventral 
hippocampus a new origin of the LL-NSC 

 It has been assumed in the literature that the NSCs that will populate 

the SGZ in the adult come from the dentate neuroepithelium at the equivalent 

longitudinal level (Altman & S. a Bayer 1990; Eckenhoff & Rakic 1984; Li & 

Pleasure 2005). Recently it has been shown that Shh plays an important role 

in the development of the SGZ of the hippocampus (Breunig et al. 2008; Han 

et al. 2008; Machold et al. 2003) and failures in its signaling pathway lead to a 

decrease of the SGZ but without showing a complete loss of granule cells. All 

these data suggested to us that there could be another source of the NSCs. 

The study of the cells responding to Shh with the transgenic line Gli1nLacZ at 

perinatal stages showed the localization of Gli1+ cells in the ventricular zone 

of the amygdalo-hippocampal region during late gestation and a gradient of 

cells in a temporo-septal direction that pointed at the ventricular zone of the 

ventral hippocampus as a possible origin for the embryonic LL-NSC.  

 In order to demonstrate the ventral origin of the LL-NSC we perform 

genetic fate mapping experiments with the Gli1CreERT-2 crossed with the 

reporter mice Ai14F/F. Thus, under tamoxifen induction we were able to follow 

the recombinant cells that were positive for Gli1 (i.e. embryonic NSCs) (Ahn & 

Joyner 2005; Joyner & Zervas 2006) throughout hippocampal development. 

Our fate mapping results after tamoxifen induction at E17.5 showed that the 

cells are able to reach all DG levels at postnatal ages. Also, experiments 

performed with Gli1nLacZ; Gli1CreERT-2; AI14F/F transgenic mice allowed 

us to compare at P0 the population of Tdtomato+ cells induced at E17.5 after 

a tamoxifen injection with the LacZ+ cells at P0 where we observed that there 

are two separated populations of cells, the ventral population that reach more 

septal levels before the local cells in the dorsal dentate start to respond to 

Shh. 
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13.  Dorsal and Ventral LL-NSC 
populations respond to Shh from different 
sources 

 Ventral and dorsal populations of cells are responding to two different 

sources of Shh. The experiments with the Gli1LacZ;Emx1Cre; SmoF/F KO (the 

Shh receptor) and Gli1LacZ;Emx1Cre; ShhF/F KO confirm those results showing 

that when we removed the Smo receptor from the Emx1 domain, both 

population of Shh responding cells are affected whereas in mice Emx1; Shh 

KO the local population of Gli1+ cells is affected, while the ventral population 

is almost intact. That was confirmed for the fact that Gli1LacZ+ cells were 

completely absent of the Gli1LacZ;Emx1Cre; ShhF/F KO transgenic mice.  

 

14. The lack of Emx2 alters the population 
of the cells that respond to Shh in the 
hippocampus 

 The identification of the origin of the LL-NSC in the ventricular zone of 

the ventral hippocampus, their posterior migration through the longitudinal 

axis and the distinct source of Shh involved in the formation of the SGZ, are 

important observations allowing us to better understand hippocampal and the 

SGZ development. The analysis of the expression pattern of cells that 

respond to Shh is a powerful tool to elucidate the embryonic origin of the cells 

that will became the NSCs in the adult SGZ (Ahn & Joyner 2005). These cells, 

unlike SVZ NSCs, are born embryologically in a different region from where 

they will settle in the adult (Altman & S. a Bayer 1990). One of the many 

questions remaining is to identify the molecular mechanisms involved in the 

origin and migration of the LL-NSC. The analysis of genes expressed in the 

ventral hippocampus and in the amygdalo-hippocampal region directed us to 

study the Emx2-/- mutant mice as a tool to understand the development of the 
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LL-NSC. As we explain in chapter 1, the analysis of Shh responding and 

expressing cells with the transgenic mice Gli1nlacZ and Gli1CRE-ERT2 and 

ShhCreGFP!facilitates the identification of the LL-NSCs during their development 

in the hippocampus.. 

 Loss of Emx2 produces prominent defects in the hippocampus and DG 

and consequently in the SGZ where the LL-NSCs will settle. In this context, 

the analysis of the expression pattern of Shh responding cells appeared 

altered. Gli1+ cells in the Emx2-/-; Gli1nLacZ mice at E18.5 compared to the 

control revealed differences not only in the dorsal hippocampus, where Gli1+ 

cells in controls first appear at E17.5 (Li et al. 2013), but also in the ventral 

hippocampus, where the cells that will originate the LL-NSCs and will later 

populate the SGZ are drastically decreased in number. These results are 

corroborated with the short-term fate map of Emx2-/-; Gli1Cre-ERT-2! crossed 

with the reporter line Ai14F/F upon tamoxifen induction at E17.5 and analyzed 

24h later.  The defects found in mice without Emx2 are already well described 

(Tole et al. 2000; Shinozaki et al. 2004; Gangemi et al. 2006; Zhao, Kraemer, 

Oldekamp, Cankaya, et al. 2006). The shape and size of the hippocampus is 

modified and reduced and the DG is almost missing in these mutants 

(Oldekamp et al. 2004; Pellegrini et al. 1996b; Tole et al. 2000; Simeone et al. 

1992). Our analysis of Gli1 expression showed no Gli1+ cells in the 

hippocampal plate at E18.5, in the DG or in the transitional hippocampus 

where Gli1+ cells are already present in control mice, in their way to reach the 

dorsal dentate and the SGZ. Also it is well known that Emx2-/- mutant mice 

showed a loss of GC, described as a diminished in the number or indeed lack 

of Prox1+ cells (Oldekamp et al. 2004), that is in agreement with the lack of 

cells Gli1+ in route to reach the dorsal dentate.  

 A population of Gli1+ cells was found in the VZ/SVZ of the dorsal 

hippocampus. This ectopic population of cells was already settled in earlier 

stages during development, suggesting that those cells are starting to 

respond to Shh early than the cells that will populate de dentate in the control 

mice. One possibility could be that the shift in the patterning that is affecting to 

the cortex (Zembrzycki et al. 2007; Hamasaki, Leingärtner, Ringstedt & 
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O’Leary 2004; Cecchi 2002; O’Leary et al. 2007) could also affect the cells 

originated in the ventral part and now appear in more dorsal region but 

maintaining ventral properties as the ability to respond to Shh.  

 The analysis of this ectopic population showed a mix of proliferating 

cells or secondary progenitors that colocalized with the recombinant protein 

Tdtomato. The lack of Ai14+ in this region in the control mice agrees with our 

previous studies where we demonstrate that recombinant Ai14+ cells are 

arriving at E18.5 at the DG and are found also in the transitional 

hippocampus, but not in other regions of the hippocampus as dVZ (Li et al. 

2013). We then found differences in that area between the number of cells 

that express mitotic markers as PH3, proliferating cells as Ki67 or BrdU. Ki67 

as much as BrdU didn’t show a statistically significant difference, probably 

due to a small number of samples but in both cases the tendency was clear 

for an accumulation of cells dividing in the VZ/SVZ.  

  Also Tbr2, as a marker of secondary progenitors was augmented in the 

mutant versus the control mice, causing a SV/SVZ that is thicker in the mutant 

mouse than the control. Previous studies shown also an accumulation of 

proliferating cells in that area in Emx2-/- mutant mice, suggesting that the 

progenitors are arrested in that area and that the secondary matrix (or SVZ) is 

not developed in the mutant (Oldekamp et al. 2004). Nevertheless, the 

differences are not only in the SVZ adjacent to the dentate neuroepithelium, 

but also in the hippocampal neuroepithelium pointing at the idea that these 

cells are not only cells that would populate the DG and the SGZ but 

progenitors that could belong to different lineage of hippocampal cells that 

failed to migrate and might switch on their ability to respond to Shh induced by 

the changes of signals in the mutant hippocampus. Nevertheless, we found 

no differences between mutant and control mice when we analyzed the 

expression of Shh. 

 Migrating of cells in the development of the hippocampus is mainly a 

process depending on radial glia cell. As we have shown and it has been 

reported before (Oldekamp et al. 2004; Zhao, et al. 2006), the analysis of 
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GFAP and Blbp populations showed cells with very disorganized fibers. The 

defect of the fibers that would guide the neural progenitors, not only in the DG 

but also for the hippocampus, to reach their final destination can also cause 

the arrest of cells in the VZ/SVZ avoiding the formation of a clear SVZ 

separated from the VZ in the dorsal hippocampus. 

15. The ventricular zone of the ventral 
hippocampus is reduced in the Emx2-/- 
mutant mice 

 As we already have shown, the cells originated in the VZ of the ventral 

hippocampus are the LL-NSC that will populate the SGZ. This population of 

cells responds to the source of Shh located in the amygdala and has to 

migrate to reach the SGZ not only to the ventral DG but also to the dorsal 

one. The VZ of the ventral hippocampus is smaller in the Emx2-/- mutant than 

the control mice suggesting that the population of embryonic NSC could be 

also affected. Our results in the study of the progenitor cell pool by different 

markers as Nestin, GFAP or Sox2 show a decreased of them confirming our 

previous hypothesis. We also observed a decrease in mitotic cells in the VZ 

contributing to the reduction of the progenitor and postmitotic cell pool. Also 

our results of the fate map of E17.5 upon tamoxifen induction in the Emx2-/- 

mutant mice showed fewer Tdtomato+ cells in the vVZ corroborating the 

histological studies.  

 Since we have proved that Shh plays a role in the development of the 

SGZ (Breunig et al. 2008; Han et al. 2008; Machold et al. 2003) and most 

likely the source of Shh in the amygdala is the one involved in the origin and 

maintenance of the LL-NSC originated in the VZ of the ventral hippocampus 

(Li et al. 2013), we checked the status of the Shh producing cells in the 

amygdala. The results showed a reduction in the density of GFP+ cells in the 

ShhCreGFP;Emx2-/- transgenic mice and an increased of Caspase+ cells in the 

amygdala region. Our results showed Emx2 gene is necessary for the survival 



Discussion 

  ""*!

of the cells in the amygdala, which produce Shh. Although we cannot confirm 

that the Shh from the amygdala region is the one that controls the proliferation 

and maintenance of the vVZ NSC, all data point in that direction. Further 

experiments should be address to confirm this hypothesis. 

!
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Conclusions 

 1. The ventricular zone of the ventral Hippocampus is the embryonic 

origin of the neural stem cells which populate the subgranular zone after a 

long migration to reach the Dentate Gyrus. 

 

 2. Shh is the only ligand from the Hh family required for the Hh-

responding cells originated in the ventral hippocampus. 

 

 3. Distinct cortical and extracortical (Amygdala) sources of Shh control 

the origin and maintenance of both ventral and dorsal NSC of the DG. 

 

! $,! !""! -./0! 1233423! 5/6.785! 29:! 9/;! -./0! ;<8! 581;60! 45! ;<8! /93=!

.851/954>38!;/!.8?632;8!29:!0249;249!;<8!@AB!/-!;<8!CA!2;!1/5;92;23!5;2?85,!

 

 5. The loss of Emx2 causes a decrease in the cells responding to Shh 

in the ventricular zone of the ventral hippocampus and an ectopic expression 

in the ventricular zone of the dorsal hippocampus. 

 

 6. Lack of Emx2 affect the cell cycle dynamics of progenitors along the 

ventricular zone of the dorsal hippocampus, where an increase in proliferative 

cells were observed in the Emx2-/- mutant mice compared to the control. 

 

 7. The reduction in the ventricular zone size of the ventral 

hippocampus in the Emx2-/- mutant mice entails a decrease in the number of 

progenitor cells. 
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 8. Emx2 is involved in the maintenance and survival of Shh+ cells in 

the amygdalo-hippocampal region. 

 

Conclusiones 

 

 1. La zona ventricular del hipocampo ventral es el origen embrionario 

de las células madre neurales que poblarán la zona subgranular tras una 

larga migración, hasta alcanzar el Giro Dentado. 

 

 2. Shh es el único ligando de la familia Hh requerido por las células 

que responden a Hh originadas en el hipocampo ventral.  

 

 3. Distintas fuentes de Shh corticales y extra-corticales (amígdala) 

controlan el origen y mantenimiento de las células madres neurales del Giro 

Dentado tanto ventrales como dorsales. 

 

 4. Shh proveniente de las fuentes paliales y no del septo, es el único 

responsable de regular y mantener la zona subgranular del Giro Dentado en 

edades posnatales. 

 

 5. La pérdida de Emx2 produce una disminución de las células que 

responden a Shh en la zona ventricular del hipocampo ventral y una 

expresión ectópica en la zona ventricular del hipocampo dorsal. 

 

 6. La falta de Emx2 afecta la dinámica del ciclo celular de los 

progenitores a lo largo de la VZ del hipocampo dorsal, donde se observó un 
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aumento en las células proliferativas en los ratones mutantes Emx2-/- en 

comparación con el control. 

 

 7. La reducción en el tamaño de la zona ventricular del hipocampo 

ventral en el ratón mutante Emx2-/- conlleva a su vez una disminución en el 

número de progenitores. 

 

 8. Emx2 participa en el mantenimiento y supervivencia de las células 

productoras de Shh en la región amigdalo-hipocámpica. 
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