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SUMMARY 

 Dysfunctions in emotional control and social behavior are behind several human 

neuropsychiatric disorders, some of which are associated to an alteration of amygdalar 

development. The control of emotions and social behavior is particularly associated to 

the so-called extended amygdala, which is a cell corridor of the basal telencephalon 

extending from the centromedial amygdala to the bed nucleus of the stria terminalis 

(BST), that constitutes the major output station to effector centers of the hypothalamus 

and brainstem. However, many aspects of the development of the extended amygdala 

remain elusive, including the embryonic origin of its different neuron subpopulations. 

The aim of this Thesis has been to investigate the origin of the neurons of the extended 

amygdala in mouse embryos (E13.5-E16.5) by using in vitro migration assays. The fate 

mapping results were combined with immunofluorescence for analyzing the phenotype 

of the neurons that migrated to the amygdala from distinct origins, and were compared 

with data from immunohistochemistry (to label distinct neuropeptides, proteins or 

enzymes) and in situ hibridization (to detect the mRNA expression of different 

transcription factors and other proteins) which helped in the delineation of forebrain 

embryonic domains and extended amygdala subdivisions. In particular, this Thesis deals 

with studing the embryonic origin of the neurons of the two major subdivisions (or sub-

corridors) of the extended amygdala, the medial extended amygdala (Chapter 2) and the 

central extended amygdala (Chapter 3). 

Regarding the medial extended amygdala (Chapter 2), this Thesis provides experimental 

evidence for a multiple embryonic origin of its principal neurons, including those of the 

medial amygdala and medial BST. In particular, this study provides novel evidence 

indicating that a major part of the neurons of the medial amygdala and medial BST 

derives from the caudoventral part of the medial ganglionic eminence (MGEcv, 

previously called or included as part of the anterior peduncular area), forming a cell 

subcorridor with similar molecular features (expression of the transcription factor Lhx6 

and the protein calbindin). Comparison to other data indicates that neurons along this 

MGEcv-related cell subcorridor are interconnected and project to the same 

hypothalamic targets, which are involved in reproductive behavior. This Thesis also 

provides novel experimental evidence indicating that the ventral pallium produces some 

neurons for the medial amygdala, which appear to express the transcription factor Lhx9. 

The results also confirm that some neurons of  the medial extended amygdala originate 
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in the preoptic area (our results indicate that these cells specifically originate in its 

commissural subdivision or POC and correlate to expression of the signaling protein 

Sonic hedgehog) and the supraopto-paraventricular domain of the hypothalamus (or 

SPV, which derived neurons express the transcription factors Lhx5 and Otp). Similarly 

to the neurons derived from MGEcv, it is possible that neurons of the medial extended 

amygdala derived from other embryonic domains also form distinct cell subcorridors 

related to specific functions.  

Regarding the central extended amygdala (Chapter 3), the results of this Thesis show 

that its major components, including central amygdala and lateral bed nucleus of the 

stria terminalis (BST), are mosaics formed by different proportions of dorsal lateral 

ganglionic eminence (LGE)-, ventral LGE- and medial ganglionic eminence (MGE)-

derived neurons. Dorsal LGE-derived neurons express the transcription factor Pax6, and 

primarily populate lateral parts of the central amygdala, but a few also reach the lateral 

BST. Based on correlation with pre-proenkephalin mRNA and other data, many of these 

cells are likely enkephalinergic projection neurons. The ventral LGE-derived neurons 

express the transcription factor Islet1, and primariy populate the central and medial 

parts of the central amygdala, and part of the lateral BST. Correlation with other studies 

suggests that these cells represent projection neurons expressing corticotropin-releasing 

factor. The MGE produces the majority of neurons of lateral BST, but its caudoventral 

subdivision (MGEcv) also produces an important subpopulation of projection neurons 

containing somatostatin for medial aspects of the central amygdala. Thus, distinct 

principal neurons originate in different embryonic domains, but the same domains 

contribute neurons to most subdivisions of the central extended amygdala, which may 

explain the similarity in neurochemistry and connections along the corridor. The results, 

together with other published data, also suggest the existence of at least three 

subcorridors within the central extended amygdala, each related to a different 

embryonic origin and involved in the control of a different aspect of fear responses and 

anxiety. 

In conclusion, this study provides important data that clarify relevant aspects on the 

development and adult organization of the extended amygdala, and helps to set up the 

foundations for a better understanding of neural control of emotions and social behavior 

in normal and abnormal conditions. 
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RESUM 

Diversos desordres neuropsiquiàtrics en humans estan relacionats amb una disfunció en 

el control de les emocions i del comportament social, i alguns d'ells estan associats a 

una alteració en el desenvolupament de l'amígdala. El control de les emocions i del 

comportament social estan, en particular, associats a la denominada amígdala estesa, un 

corredor de cèl·lules del telencèfal basal que s'estén des de l'amígdala centromedial al 

nucli del llit de l'estria terminal (BST), que constitueix l'estació d'eixida mes important 

cap a centres efectors de l'hipotàlem i tronc encefàlic. No obstant això, hi ha molts 

aspectes del desenvolupament de l'amígdala estesa que es desconeixen, incloent l'origen 

embrionari de les seves diferents subpoblacions de neurones. L'objectiu d'esta Tesi ha 

sigut investigar l'origen de les neurones de l'amígdala estesa en embrions de ratolí 

(E13.5-E16.5) per mitjà d'assajos de migració in vitro. Els resultats d'estos assajos es 

van combinar amb inmunofluorescencia per a analitzar el fenotip de les neurones que 

van migrar a l'amígdala des d'orígens distints, i es van comparar amb dades 

d'inmunohistoquímica (per a marcar distints neuropèptids, proteïnes o enzims) i 

hibridació in situ (per a detectar el RNAm de diferents factors de transcripció i altres 

proteïnes) per a ajudar en la delimitació de distints dominis embrionaris del prosencèfal 

i distintes subdivisions de l'amígdala estesa. En particular, esta Tesi està dedicada a 

l'estudi de l'origen embrionari de les neurones de les dos subdivisions (o subcorredors) 

principals de l'amígdala estesa, l'amígdala medial estesa (Capítol 2) i l'amígdala central 

estesa (Capítol 3). 

En relació a l'amígdala medial estesa (Capítol 2), la present Tesi proporciona evidència 

experimental de l'origen múltiple de les seves neurones principals, incloent les de 

l'amígdala medial i les del BST medial. En particular, aquest estudi aporta proves que 

indiquen que una gran part de les neurones de l'amígdala medial i el BST medial deriva 

de la part caudoventral de l'eminència ganglionar medial (MGEcv, prèviament 

coneguda com, o inclosa en, l'àrea peduncular anterior), formant un subcorredor de 

cèl·lules amb característiques moleculars semblants (expressió del factor de transcripció 

Lhx6 i la proteïna calbindina). La comparació amb altres dades indica que les neurones 

d'aquest subcorredor de cèl·lules que deriven de MGEcv estan interconnectades i 

projecten a les mateixes dianes de l'hipotàlem, involucrades en el control del 

comportament reproductor. Esta Tesi també aporta dades experimentals que demostren 

que el pal·li ventral produeix algunes neurones de l'amígdala medial, que pareixen 
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expressar el factor de transcripció Lhx9. Els resultats també confirmen que algunes 

neurones de l'amígdala medial estesa s'originen en l'àrea preòptica (les nostres dades 

indiquen que s'originen específicament en l'àrea preòptica comissural o POC, i aquest 

origen es correlaciona amb expressió de la proteïna senyalitzadora Shh) i en el domini 

supraopto-paraventricular de l'hipotàlem (SPV, que dóna lloc a neurones amb expressió 

postmitòtica dels factors de transcripció Lhx5 i Otp). De forma semblant a les neurones 

que deriven de MGEcv, és possible que les neurones de l'amígdala medial estesa que 

deriven d'altres dominis embrionaris també formen distints subcorredors de cèl·lules 

amb funcions específiques. 

En relació a l'amígdala central estesa (Capítol 3), els resultats d'esta Tesi mostren que 

els seus principals components, incloent l'amígdala central i el BST lateral, són mosaics 

formats per distintes proporcions de neurones derivades de la part dorsal de l'eminència 

ganglionar lateral (LGEd), la part ventral de l'eminència ganglionar lateral (LGEv), o 

l'eminència ganglionar medial (MGE). La neurones derivades de LGEd expressen el 

factor de transcripció Pax6 i invadeixen preferentment les parts laterals de l'amígdala 

central, encara que unes poques també arriben al BST lateral. Basant-se en correlació 

amb el RNAm de pre-proencefalina i altres dades, moltes d'aquestes cèl·lules són 

probablement neurones de projecció encefalinèrgiques. Les neurones derivades de 

LGEv expressen el factor de transcripció Islet1 i invadeixen principalment la part 

central i medial de l'amígdala central, i part del BST lateral. La correlació amb altres 

estudis suggereix que aquestes cèl·lules són probablement les neurones de projecció que 

contenen el factor alliberador de la corticotropina. D'altra banda, MGE produeix la 

majoria de les neurones del BST lateral, però la part caudoventral del MGE (MGEcv) 

també produeix una important subpoblació de neurones de projecció que expressen 

somatostatina que invadeixen la part medial de l'amígdala central. Així, distints tipus de 

neurones de projecció s'originen en distints dominis embrionaris, però els mateixos 

dominis produeixen neurones per a quasi totes les parts de l'amígdala central estesa, la 

qual cosa podria explicar la similitud de les neurones en característiques 

neuroquímiques i connexions al llarg del corredor. Els resultats, junt amb altres dades 

publicades, també suggereixen l'existència de al menys tres subcorredors de cèl·lules en 

l'amígdala central estesa, cada un relacionat amb un origen embrionari distint i 

involucrat en el control d'un aspecte diferent de les respostes de por i ansietat. 
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En resum, aquest estudi proporciona importants dades que aclareixen aspectes rellevants 

del desenvolupament i organització adulta de l'amígdala estesa, i ajuda a establir les 

bases per a una millor comprensió del control neural de les emocions i el comportament 

social en condicions normals i patològiques. 
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RESUMEN 

Varios desórdenes neuropsiquiátricos humanos están relacionados con una disfunción 

en el control de las emociones y del comportamiento social, y algunos de ellos están 

asociados a una alteración en el desarrollo de la amígdala. El control de las emociones y 

el comportamiento social están, en particular, asociados a la denominada amígdala 

extendida, un corredor de células del telencéfalo basal que se extiende desde la 

amígdala centromedial al núcleo del lecho de la estria terminal (BST), que constituye la 

estación de salida mas importante hacia centros efectores del hipotálamo y tronco 

encefálico. Sin embargo, existen muchos aspectos del desarrollo de la amígdala 

extendida que se desconocen, incluyendo el origen embrionario de sus diferentes 

subpoblaciones de neuronas. El objetivo de esta Tesis ha sido investigar el origen de las 

neuronas de la amígdala extendida en embriones de ratón (E13.5-E16.5) mediante 

ensayos de migración in vitro. Los resultados de estos ensayos se combinaron con 

inmunofluorescencia para analizar el fenotipo de las neuronas que migraron a la 

amígdala desde orígenes distintos, y se compararon con datos de inmunohistoquímica 

(para marcar distintos neuropéptidos, proteinas o enzimas) e hibridación in situ (para 

detectar el RNAm de diferentes factores de transcripción y otras proteinas) para ayudar 

en la delimitación de distintos dominios embrionarios del prosencéfalo y distintas 

subdivisiones de la amígdala extendida. En particular, esta Tesis está dedicada al 

estudio del origen embrionario de las neuronas de las dos subdivisiones (o 

subcorredores) principales de la amígdala extendida, la amígdala medial extendida 

(Capítulo 2) y la amígdala central extendida (Capítulo 3). 

En relación a la amígdala medial extendida (Capítulo 2), la presente Tesis proporciona 

evidencia experimental del origen múltiple de sus neuronas principales, incluyendo las 

de la amígdala medial y las del BST medial. En particular, este estudio aporta pruebas 

que indican que una gran parte de las neuronas de la amígdala medial y el BST medial 

deriva de la parte caudoventral de la eminencia ganglionar medial (MGEcv, 

previamente conocida como, o incluida en el área peduncular anterior), formando un 

subcorredor de células con características moleculares similares (expresión del factor de 

transcripción Lhx6 y la proteina calbindina). La comparación con otros datos indica que 

las neuronas de este subcorredor de células que derivan de MGEcv están 

interconectadas y proyectan a las mismas dianas del hipotálamo, involucradas en 

control del comportamiento reproductor. Esta Tesis también aporta datos 
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experimentales que demuestran que el palio ventral produce algunas neuronas de la 

amígdala medial, que parecen expresar el factor de transcripción Lhx9. Los resultados 

también confirman que algunas neuronas de la amígdala medial extendida se originan 

en el área preóptica (nuestros datos indican que se originan específicamente en el área 

preóptica comisural o POC, y este origen se correlaciona con expresión de la proteina 

señalizadora Shh) y en el dominio supraopto-paraventricular del hipotálamo (SPV, que 

da lugar a neuronas con expresión postmitótica de los factores de transcripción Lhx5 y 

Otp). De forma similar a las neuronas que derivan de MGEcv, es posible que las 

neuronas de la amígdala medial extendida que derivan de otros dominios embrionarios 

también formen distintos subcorredores de células con funciones específicas. 

En relación a la amígdala central extendida (Capítulo 3), los resultados de esta Tesis 

muestran que sus principales componentes, incluyendo la amígdala central y el BST 

lateral, son mosaicos formados por distintas proporciones de neuronas derivadas de la 

parte dorsal de la eminencia ganglionar lateral (LGEd), la parte ventral de la eminencia 

ganglionar lateral (LGEv), o la eminencia ganglionar medial (MGE). La neuronas 

derivadas de LGEd expresan el factor de transcripción Pax6 e invaden preferentemente 

las partes laterales de la amígdala central, aunque unas pocas también alcanzan el BST 

lateral. En base a correlación con el RNAm de pre-proencefalina y otros datos, muchas 

de estas células son probablemente neuronas de proyección encefalinérgicas. Las 

neuronas derivadas de LGEv expresan el factor de transcripción Islet1 e invaden 

principalmente la parte central y medial de la amígdala central, y parte del BST lateral. 

La correlación con otros estudios sugiere que estas células son probablemente las 

neuronas de proyección que contienen el factor liberador de la corticotropina. Por otro 

lado, MGE produce la mayoría de las neuronas del BST lateral, pero la parte 

caudoventral del MGE (MGEcv) también produce una importante subpoblación de 

neuronas de proyección que expresan somatostatina que invaden la parte medial de la 

amígdala central. Así, distintos tipos de neuronas de proyección se originan en distintos 

dominios embrionarios, pero los mismos dominios producen neuronas para casi todas 

las partes de la amígdala central extendida, lo que podría explicar la similitud de las 

neuronas en características neuroquímicas y conexiones a lo largo del corredor. Los 

resultados, junto con otros datos publicados, también sugieren la existencia de al menos 

tres subcorredores de células en la amígdala central extendida, cada uno relacionado a 
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un origen embrionario distinto e involucrado en el control de un aspecto diferente de las 

respuestas de miedo y ansiedad. 

En resumen, este estudio proporciona importantes datos que clarifican aspectos 

relevantes del desarrollo y organización adulta de la amígdala extendida, y ayuda a 

establecer las bases para una mejor comprensión del control neural de las emociones y 

el comportamiento social en condiciones normales y patológicas. 
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Introduction 
 

During the last century, many studies have been addressed to unravel the mysteries about brain 

organization and function (reviews in Nieuwenhuys et al., 1998; Striedter, 2005; Butler and Hodos, 

2005). However, the last 15 years have been crucial for brain research because of the development of 

new research techniques involving molecular biology and genetic tools, allowing great advances for 

understanding brain development and adult organization (Puelles and Rubenstein, 1993, 2003; Marín 

and Rubenstein, 2001; Briscoe and Ericson, 2001; Ferrán et al., 2007, 2009), the molecular profile of 

neural pathways controlling behavior (Choi et al., 2005; Bielsky et al., 2004, 2005), and the molecular 

and cellular basis of dysfunctions producing neurological or neuropsychiatric diseases in humans (see 

review by Medina and Abellán, 2011).  

 

In general, in all vertebrates the brain can be divided into three large regions, namely from rostral to 

caudal (Figures 1 and 2): 1) The forebrain or prosencephalon, with the telencephalon rostrodorsally 

(consisting of the cerebral cortex, the basal ganglia, the amygdala and the septum, as the most 

important structures), the hypothalamus rostroventrally, and the diencephalon caudally (in prosomeric 

terms, including the thalamus, epithalamus and pretectum). 2) The midbrain or mesencephalon, 

including the optic tectum or superior colliculus dorsally, and the tegmentum ventrally. 3) And the 

hindbrain or rhombencephalon, including rostrally the isthmus, the cerebellum and the pons (the latter 

two were clasically named metencephalon), and caudally the medulla or classical myelencephalon 

(Nieuwenhuys et al., 1998; Puelles et al., 2004, 2007; Striedter, 2005; Medina, 2008a).   

 

The forebrain consists of an intricate set of structures that are required for some of the most complex 

and sophisticated functions of the brain. In different vertebrates it contains centers involved in control 

of homeostasis and motivated behavior, and responsible of learning, memory, emotions, and control of 

social behavior; most importantly, in humans it is the reservoir of complex, abstract thoughts and 

responsible of the highly sophisticated and flexible behavior that characterize our species (reviewed by 

Striedter, 2005; Medina, 2008a). The malformation and/or dysfunction of forebrain structures lead to 

various neurological or neuropsychiatric disorders, including Huntington's disease, Alzheimer's disease 

or other types of dementia, temporal lobe epilepsy, schizophrenia, autism, lysencephaly or mental 

retardation (for example, Pitkänen et al., 1998; Flames et al., 2004; Kato and Dobyns, 2005; Amaral et 

al., 2008; Ferrante, 2009). Some of these diseases are related to abnormal development or 

malformation. For example, schizophrenia, some types of epilepsies, and autism are associated to 
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abnormal development of the cerebral cortex and/or the amygdala (Kitamura et al., 2002; Flames et al., 

2004; Kato and Dobyns, 2005; Amaral et al., 2008; Fazzari et al., 2010).  Holoprosencephaly (HPE) is 

another developmental disorder associated to agenesis of forebrain midline (Lupo et al., 2006). The 

pathogenesis and the correct identification of the structures affected in these diseases require a closer 

understanding of normal forebrain development (Xin Geng and Guillermo Oliver 2009). Thus, to better 

understand the developmental alterations and abnormal formation of the forebrain, it is highly 

important to study the development of the forebrain in normal conditions. So far, data from research 

primarily undertaken in several genetic models of different vertebrates, including the teleost zebrafish 

(Danio rerio), the South African clawed frog (Xenopus laevis), the chicken (Gallus gallus domesticus), 

and the mouse (Mus musculus), are beginning to unravel some of the mechanisms involved in early 

forebrain development and later aspects of its morphogenesis (reviews by Wilson and Rubenstein, 

2000; Puelles et al., 2004; Wullimann and Mueller, 2004; Lupo et al., 2006; Moreno et al., 2009; 

Medina and Abellán, 2009). 

 

In particular, this thesis deals with understanding the development and mature organization of a 

complex forebrain structure called the extended amygdala, using the mouse as a model. The extended 

amygdala consists of a cell corridor or continuum that includes the centromedial amygdala (in the 

caudolateral telencephalon), the bed nuclei of the stria terminalis (rostromedially to the latter) and a 

dispersed group of cells interposed between both (Alheid and Heimer, 1988; Alheid et al., 1995; de 

Olmos et al., 2004). The neurons along this cell corridor show similar neurochemical features and 

connections. The extended amygdala is the major output station of the amygdala, which is a 

telencephalic center involved in control of emotions and social behaviour (Alheid and Heimer, 1988; 

Alheid et al., 1995; Swanson, 2000; de Olmos et al., 2004). The extended amygdala has been 

subdivided into two parallel cell corridors: a central extended amygdala, involved in fear responses and 

control of ingestion, and a medial extended amygdala, involved in control of reproduction and defense 

(Alheid and Heimer, 1988; Alheid et al., 1995; de Olmos et al., 2004; for functions see Swanson, 

2000). However, embryological support for the existence of these separate corridors was lacking. In 

recent years, data on expression of developmental regulatory genes (including genes encoding 

transcription factors and signaling proteins) have revealed that the extended amygdala may be more 

complex than previously thought, including multiple cell subpopulations of different origin (García-

López et al., 2008). The main objective of this thesis is to experimentally analyze the embryonic origin 

of the cells of the central and medial extended amygdala in the mouse, using an in-vitro fatemap 

analysis.  Since the extended amygdala is a structure located in the rostrodorsal forebrain and appears 
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to include both telencephalic and extratelencephalic cells (Puelles et al. 2000; García-López et al., 

2008), it is mandatory to give a brief summary about some aspects of forebrain development that help 

to understand its basic divisions and their contribution to the amygdala.  

  

Forebrain organization and its major histogenetic divisions. 

 

The evolution of the vertebrate forebrain and its behavior has been erroneously understood as a linear 

series of increasing complexity, from “lower” to “higher” groups—fishes, amphibians, reptiles, birds 

and mammals (reviewed by Striedter, 2005). The supposedly superior organization of the mammalian 

forebrain would have been reached in evolution with the incorporation of new neural structures, 

circuits and mechanisms (Kappers et al., 1936; Crosby et al., 1983; Mc Lean, 1990; C. Broglie et al., 

2005). However, the brain in different vertebrates is organized according to a common plan, and 

consists of the same major divisions and subdivisions in fishes, amphibians, sauropsids (including 

reptiles and birds), and mammals (reviews in Nieuwenhuys et al., 1998; Striedter, 2005; Kaas and 

Bullock, 2007). Comparably, the brain divisions and subdivisions show different relative sizes and 

complexities in different groups, and this is often correlated to differences in behavior and ecological 

adaptations of different vertebrate classes, orders, families and/or species (Striedter, 2005). The 

molecular, cellular and morphological changes that take place in the anterior or the rostral part of the 

neural tube during the embryonic development and in evolution lead to the morphological and 

functional complexity found in the forebrain of different vertebrates (Butler and Hodos, 2005; Striedter 

2005). 

 

Data in different vertebrates indicate that during development the neural plate/tube begins to subdivide 

into distinct longitudinal (dorsoventral or DV) and transversal (rostrocaudal, anteroposterior or AP) 

subdivisions, under the action of different developmental regulatory genes encoding transcription 

factors or signaling proteins (reviews by Shimamura et al 1995; Wilson and Rubenstein, 2000; Wilson 

and Houart, 2004; Puelles et al., 2004; Lupo et al., 2006; Medina, 2008a). The function of some of 

these developmental regulatory genes has been widely studied, and they have been shown to play 

important roles in several aspects of development that include patterning and specification of different 

progenitor zones, neurogenesis, and cellular differentiation (Shimamura et al., 1995; Wilson and 

Rubenstein, 2000; Wilson and Houart, 2004; Lupo et al., 2006). Mutations in some of these genes in 

mice (Matsuo et al, 1995; Qiu et al., 1996; Pellegrini et al., 1996; Yoshida et al., 1997) and humans 
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(Brunelli et al., 1996) result in patterning and morphological abnormalities in specific regions 

(reviewed by Lupo et al., 2006), and the specific effect depends on where the specific gene is 

expressed, what downstream genes are affected, and whether its function is redundant with that of other 

gene(s) (for example, a paralogue gene) that is (are) expressed in the same domain (Shimamura et al 

1995; Wilson and Rubenstein, 2000; Wilson and Houart, 2004; Lupo et al., 2006). 

 

The major longitudinal subdivisions along the neural tube (from dorsal to ventral) are called the roof, 

alar, basal and floor plates, while the main transversal subdivisions are called neuromeres (rhombomeres 

in the rhombencephalon or hindbrain, and prosomeres in the prosencephalon or forebrain) (Puelles and 

Rubensetin, 1993, 2003; Shimamura et al 1995; Fraser and Scott-Fraser 1997; Puelles et al., 2004; 

Wilson and Maden 2005). The parcellation along both AP and DV axis results in a neural tube with 

multiple subdivisions along the rostrocaudal and dorsoventral axis, each being characterized by: (1) 

specific location in the bidimensional coordinate diagram of the tube; (2) expression of a specific 

combination of developmental regulatory genes; and (3) production of specific cell groups, most of 

which stay within the radial domain they are produced (Puelles and Rubenstein, 1993, 2003; Puelles, 

2001a; Puelles et al., 2004, 2007; Medina, 2008a). The divisions thus formed are considered basic units 

of development, similar to morphogenetic fields or compartments (Puelles and Medina, 2002; Medina, 

2007). Importantly, these divisions are comparable across different vertebrates, which share the same 

building or organization plan (Bauplan) for the neural tube (Puelles and Medina, 2002; Medina, 2007). 

 

The forebrain is the most anterior portion of the central nervous system and gives rises to the far most 

complex territory of the brain. This includes the diencephalon proper (including the thalamus), the 

hypothalamus, the telencephalon and the optic vesicle (Puelles et al., 2004; Medina, 2008a). In the last 

two decades, the prosomeric model (initially proposed by Puelles and Rubenstein in 1993) has 

provided a framework that substantially helped for better understanding the development and 

organization of the forebrain (Puelles and Rubenstein, 1993, 2003), and its evolution (Puelles et al., 

2000, 2007; Puelles, 2001a,b). Conceptualy, this model reveals that the forebrain in different 

vertebrates is subdivided into longitudinal and transverse subdivisions, similarly to the rest of the 

neural tube, but with the specific consideration that the longitudinal axis is sharply bended in rostral 

levels of the tube (Fig. 1). This means that the transversal or rostrocaudal subdivisions of the forebrain 

are going to be located one below the other (and not one in front the other) in frontal and sagittal 

section planes. 
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Based on molecular/genetic data and fate map analysis in different vertebrates, the forebrain and its 

major divisions become specified at the neural plate stage, before they become morphologically visible 

(Puelles et al., 2004). During development, the forebrain is transversally subdivided into the 

diencephalic vesicle (or diencephalon proper) caudally, and the secondary prosencephalon rostrally 

(Fig. 1). As other parts of the neural tube, the forebrain and its major transversal subdivisions are 

further subdivided into at least four main longitudinal zones, which from dorsal to ventral are named 

roof, alar, basal and floor plates (Puelles and Rubenstein, 1993, 2003; Puelles, 2001a; Puelles et al., 

2004, 2007). Later, the diencephalon proper is additionally subdivided into three prosomeres, called 

prosomeres 1–3 [p1, p2, p3] from caudal to rostral (Figs. 1, 2) (Puelles and Rubenstein, 1993, 2003; 

Puelles et al., 2007; Ferran et al., 2007, 2009). Each prosomere contains roof, alar, basal and floor 

subdivisions. In short, the alar part of p1 includes the pretectum, the alar part of p2 includes the 

thalamus and epithalamus, and the alar part of p3 includes the prethalamus and the thalamic (or 

prethalamic) eminence. In the basal/floor parts, the diencephalon includes several prerubral and 

retromammillary areas ventrally, including the diencephalic parts of the A9 and A10 dopaminergic cell 

groups (Figs. 1, 2) (Puelles et al., 1987, 2004, 2007; R. García-López et al., 2004; Ferrán et al., 2007, 

2009; Smidt and Burbach, 2007; Medina, 2008a,b). On the other hand, at present it is unclear whether 

the secondary prosencephalon is subdivided into smaller prosomeres, as once proposed (Puelles and 

Rubenstein, 1993, 2003). In each hemisphere, the secondary prosencephalon is going to produce the 

hypothalamus ventrally, the optic vesicle laterally, and the telencephalon dorsally. According to the 

prosomeric model (which is supported by molecular and fate-map data; reviewed by Puelles et al., 

2004; Medina, 2008a), the thalamus and prethalamus are located caudal and rostral, respectively, while 

the hypothalamus is located rostrally to those.  
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Figure 1. Schematic diagram of a lateral view of the mouse embryonic brain, representing the 

forebrain and its major divisions and subdivisions. Note that the forebrain shows two major transversal 

divisions, named the diencephalon proper and the secondary prosencephalon (shown in different 

colors). The secondary prosencephalon produces the telencephalon dorsally (with pallium and 

subpallium), the optic vesicle laterally (not represented) and the hypothalamus ventrally (the latter 

includes alar and basal parts). The amygdala originates in the secondary prosencephalon, and includes 

pallial, subpallial and alar hypothalamic cell groups. (Courtesy: Medina, Bupesh, Abellán, 2011, 

Contribution of genoarchitecture for understanting forebrain evolution and development, with 

particular emphasis in the amygdala, in press). Abbreviations: A9-A10, A9 and A10 dopaminergic cell 

groups (substantia nigra and ventral tegmental area, respectively); Emt, thalamic or prethalamic 

eminence; Ha, alar hypothalamus; Hb, basal hypothalamus; p1-p3; prosomeres 1-3; P, pallium; Pt, 

pretectum; PTh, prethalamus (previously named ventral thalamus); Sp, subpallium; Th, thalamus. 
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Figure 2: 

Sagittal view of a mouse brain during mid-embryonic development, showing the major divisions and 

subdivisions of the forebrain. The diencephalon proper is subdivided into three major transverse 

segments, called prosomeres 1, 2 and 3. The dorsal (alar) parts of prosomeres 2 and 3 give rise to the 

thalamus and prethalamus, respectively. In contrast, the hypothalamus develops from the secondary 

prosencephalon (i.e., rostral to the diencephalon proper). Since the longitudinal axis is highly bended in 

the forebrain, the hypothalamus appears located below the prethalamus, and the prethalamus below the 

thalamus. Courtesy: from a book chapter on the Forebrain, done by L. Medina (2008a), in the 

Encyclopedia of Neuroscience, Springer-Verlag). Abbreviations: Emt, thalamic or prethalamic 

eminence; Ept, epithalamus; fr, fasciculus retroflexus; Ha, alar hypothalamus; Hb, basal hypothalamus; 

Ma, mammillary hypothalamus; OC, optic chiasm; p1-p3; prosomeres 1-3; P, pallium; Pa, pallidum; 

POa, anterior preoptic area; pc, posterior commissure; Pt, pretectum; PTh, prethalamus (previously 

named ventral thalamus); PV, paraventricular nucleus and domain; SCN, suprachiasmatic nucleus and 

domain; SNc, substantia nigra pars compacta (A9 dopaminergic cell group); Sp, subpallium; STN, 

subthalamic nucleus; Str, striatum; Th, thalamus; Tu, tuberal hypothalamus; VTA, ventral tegmental 

area (A10 dopaminergic cell group). 
 

 

The molecular factors involved in the parcellation of the forebrain during early development (from 

neural plate stage) and the destiny of each subdivision has been analyzed in recent years (Rubenstein et 

al, 1998; Wilson and Rubenstein, 2000; Cobos et al., 2001; Puelles et al., 2004; Sánchez-Arrones et al., 

2009). Fate mapping analysis has shown that all the derivatives of the forebrain originate from the 
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anterior neural plate (reviewed by Wilson and Rubenstein, 2000). Therefore, mutations in genes that 

disrupt forebrain development provide a powerful tool for dissecting the mechanisms that regionalize 

the neural plate, establish fate restrictions, and determine the identities of all its main derivatives 

including the eyes. 

 

It is known that signals from the prechordal plate play an important role in the patterning and 

morphogenesis of the overlying forebrain neuroectoderm. For example, the product of the Shh gene, 

produced in the prechordal plate, regulates specification of ventral cell types in the forebrain 

neuroectoderm (Ericson et al., 1995), and the subdivision of the forebrain into bilateral compartments 

(Macdonald et al., 1995; Chiang et al., 1996). Morphogenetic signals from the anterior neural ridge 

(ANR) and from the dorsal and ventral midlines play important and dynamic roles in forebrain and, in 

particular, telencephalic patterning. These centers serve as the sources of multiple secreted molecules 

(signaling proteins that act as morphogens) including Shh, Wnts, BMPs, and Fgf8, that impose alone or 

in concert fate and proliferative decisions to telencephalic progenitors by way of promotion or 

repression of specific transcription factors (Grove and Fukuchi-Shimogori, 2003; Rubenstein et al., 

1998).  

 

In particular, the signals arising from ANR are very important for the rostrocaudal patterning of the 

forebrain and for later developmental events (Wilson and Houart, 2004; Medina, 2008a; Medina and 

Abellán, 2009). At an early stage, ANR signals include antagonists of Wnt proteins (secreted Frizzled-

related proteins) such as Tlc, which are opposed to Wnt proteins produced in the caudal forebrain 

(Wilson and Houart, 2004). Wnt proteins are going to caudalize the forebrain (forming the 

diencephalon proper, sometimes referred as caudal diencephalon), whereas Wnt antagonists produced 

at the ANR are important for the formation of rostral forebrain, including the telencephalon, eye field 

and hypothalamus (Backman et al 2005). Therefore, at early stages of CNS development, antagonism 

of posteriorizing Wnt signals is required for the establishment of the telencephalon (Houart et al., 2002; 

Mukhopadhyay et al., 2001; Yamaguchi, 2001; Wilson and Houart, 2004). 

 

The rostral forebrain region under the influence of Wnt antagonists starts to express the transcription 

factor Six3 and will eventually constitute the secondary prosencephalon (reviewed by Medina, 2008a). 

The functional inactivation of Six3 in mice indicates that Six3 is a crucial regulator of vertebrate head 

development. In particular, its activity is essential to regulate key molecular events required for the 
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regional patterning of the anterior neural plate (Lagutin et al., 2003). The generated Six3 mutant mice 

lack the rostral forebrain (including telencephalon, eyes and hypothalamus), while the diencephalon 

proper remains unaltered (Lagutin et al., 2003). In humans, mutations in the Six3 gene have been 

associated with holoprosencephaly (a brain disorder in which the forebrain or prosencephalon fails to 

develop into two hemispheres), which is one of the most common embryologic malformations of the 

forebrain in humans (Geng and Oliver, 2009). These studies also reaffirm that the diencephalon and 

secondary prosencephalon constitute two distinct transversal subdivisions of the forebrain, and that the 

hypothalamus, classically considered part of the diencephalon together with the thalamus, develops in a 

separate domain rostral to the latter (Puelles et al., 2004; Medina 2008a) (Fig. 1).  

 

Later, Fgf8 is produced in the ANR and even later in the telencephalic midline. Experiments in mouse 

and zebrafish models suggest that Fgf8, while being very important in anterior signaling (Shimamura 

and Rubenstein, 1997), is also either directly or indirectly promoting ventral and dorsal fate decisions 

in the telencephalon (Crossley and Martin, 1995; Gunhaga et al., 2003; Kuschel et al., 2003; 

Shanmugalingam et al., 2000). 

 

Other signals are going to confluence with Fgf8 to pattern the telencephalon, including Wnts and BMPs 

arising dorsally (from the dorsal midline), retinoid acid laterally, and Shh ventrally (reviews by 

Campbell, 2003; Lupo et al., 2006; Medina and Abellán, 2009; also Galceran et al., 2000; Lee et al., 

2000). 
 

 

Telencephalic subdivisions and their characterization based on the gene expression patterns. 
 

By way of connections with the brainstem, thalamus, hypothalamus and olfactory epithelium, the 

telencephalon plays an extremely important role in processing sensory information, in generating the 

appropiate behavioural responses, and in complex cognitive functions (including learning and memory 

formation) (Striedter, 2005). 

 

The telencephalic vesicles are paired evaginations in the dorsal part of the anterior forebrain that 

constitute the most complex and divergent structures in the vertebrate central nervous system. 

Telencephalic precursors are located rostrally, adjacent to the anterior margin of neural plate, and are 
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characterized by expression of the transcription factor Foxg1, preiously known as BF1 (Wilson and 

Rubenstein, 2000; Cobos et al., 2001; Eagleson et al., 1995; Fernandez-Garre et al., 2002). The two 

major divisions of the telencephalon are the pallium and the subpallium (reviews by Striedter, 1997, 

2005; Nieuwenhuys et al., 1998; Butler and Hodos, 2005; see also Puelles et al., 2000, 2004; Medina, 

2008a).  

 

The creeping fatemap analysis and the gene expression data reveal that these major telencephalic 

divisions, and some of their subdivisions are present during embryogenesis in all vertebrates (Wilson 

and Rubenstein 2000; Puelles et al. 2000, 2004; Wullimann and Mueller, 2004; Medina and Abellán, 

2009; Moreno et al., 2009; Mueller and Wullimann, 2009). The pallium gives rise to the cortical 

regions, claustrum, pallial amygdala, and olfactory bulb in mammals, and to the olfactory bulb and 

cortical/pallial regions in non-mammals (including the dorsal ventricular ridge in birds and reptiles) 

(Striedter, 1997; Puelles et al., 2000; Puelles, 2001b; Medina et al., 2004; Abellán et al., 2009; Medina 

and Abellán, 2009). In different vertebrates, the subpallium is going to produce the basal ganglia, the 

centromedial-extended amygdala, the cholinergic corticopetal cell groups of the basal telencephalon 

and most of the septum (Striedter, 1997; Marín et al., 1998; Brox et al., 2003; Puelles et al., 2000; 

Moreno and González, 2006; Medina, 2008b; Abellán and Medina, 2009; Moreno et al., 2004, 2009, 

2010) (Fig. 3a-d). 

 

Molecular and genetic studies in mouse have shown that telencephalic development is regulated by 

genes expressed from early embryonic stages in either the pallium or subpallium, or specific 

subdivisions of these  (Bulfone et al 1999; Puelles et al 2000, 2001a,b; Marin and Rubenstein, 2001; 

Campbell 2003; Medina et al. 2004, 2005; Yun et al 2001, 2003) (Figure 3 a,b). In different vertebrates 

such as mouse and zebrafish, the pallium and the subpallium express different neurogenic genes: 

Neurogenin 1 and NeuroD in the pallium, and Mash1/Zash1a in the subpallium (Wullimann and 

Mueller, 2004; Medina and Abellan 2009; Osorio et al., 2010) (Figure 3b). These alternative genetic 

pathways expressed in pallium and subpallium restrict the phenotype of the cells produced in these 

compartments. For instance, Neurogenin 1 expressed in pallium is responsible for the production of 

glutamatergic neurons, whereas the expression of Mash1 in subpallium is responsible for the 

production of GABAergic neurons, which are typical in the subpallium (Wullimann and Mueller 2004; 

Osorio et al., 2010). 
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Other data have involved additional regulatory genes encoding transcription factors in the 

differentiation of distinct neuronal subtypes in the pallium or subpallium. For example, Tbr1 and Tbr2 

(Eomes in Xenopus) are expressed in the mantle of the pallium in mouse, chicken, turtle and frog 

(Xenopus) (Bulfone et al., 1999; Puelles et al., 2000; Bachy et al 2001, 2002; Brox et al., 2004; Abellán 

et al., 2009; Moreno et al., 2010), and in the mouse Tbr1 has been shown to play a role in the 

differentiation of glutamatergic neurons (Hevner et al., 2001). On the other hand, Dlx1/2 (Distal-less-4 

in Xenopus) are expressed in the proliferative zone of the subpallium in mouse, chicken, turtle, frog, 

zebrafish and lamprey (Fernandez et al., 1998; Puelles et al., 2000; Bachy et al., 2001, 2002; Murakami 

et al., 2001; Brox et al., 2003; Wullimann and Mueller, 2004), and in the mouse the transcription factor 

Dlx2 has been shown to be involved in the differentiation of GABAergic neurons (Fig. 3b). 

Figure 3 (see legend in next page) 

A.        B.   
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Figure 3:  

 (A) Schematic drawing of a sagittal section through the brain of an E12.5 mouse showing some of the 

subdivisions of the forebrain, the diencephalon (in this diagram, the diencephalon is represented in a 

classical way, and includes the hypothalamus, which really derives from the secondary prosencephalon, 

but not the diencephaic vesicle) and the telencephalon. In the telencephalon, the pallium is depicted in 

lighter gray than the subpallium. Courtesy: Marín & Rubenstein, 2003, Annu. Rev. Neurosci.). (B) 

Schematic drawing of a frontal section through the telencephalon of an E12.5 mouse showing the 

expression patterns of selected transcription factors in the progenitor zones, which are responsible for 

regulating telencephalic patterning (Nkx2.1) or distinct aspects of neurogenesis and differentiation 

(Ngn1/2, Mash1, Dlx1/2) (Courtesy: Marín and Rubenstein, 2003, Annu. Rev. Neurosci.). (C) 

Schematic diagram of the coronal section of the forebrain in mouse showing the radial units or 

subdivisions of the pallium and subpallium. Courtesy :  Medina and Abellán, 2009, Seminars in Cell & 

Developmental Biology. (D, E) Mouse postnatal and adult telencephalon (in coronal sections), showing 

the derivatives of the divisions seen in (C). Pallial drivatives are shown in blue, while subpallial 

derivatives are shown in orange (left) or without colour (right). For abbreviations see Chapter 2. 
 
 

The emerging data on the combinatorial gene expression patterns of several regulatory genes, including 

the ones mentioned above, plus Gsh1/2, and several LIM-homeodomain genes, in the telencephalon of 

mouse and chicken show that the subpallium includes at least three major radial subdivisions, whereas 

the pallium includes at least four radial subdivisions (Puelles et al., 2000, 2004; García-López et al., 

2008; Flames et al 2007; Abellán and Medina, 2009).  

 

The three main radial subdivisions of the subpallium are named the striatal subdivision (lateral 

ganglionic eminence in mouse), the pallidal subdivision (medial ganglionic eminence and the 

peduncular area in mouse) and the preoptic subdivision (Puelles et al., 2000, 2004; García-López et al., 

2008; Flames et al., 2007; Abellán and Medina, 2009; Abellán et al., 2009). The striatal subdivision is 

characterized by expression of Gsh2, Mash1, Dlx1/2, and Dlx5; the pallidal subdivision also expresses 

Dlx and Mash genes, but additionally expresses Nkx2.1, Lhx6 and Lhx7/8; the preoptic subdivision 

expresses Dlx, Nkx2.1, Lhx6, Lhx7/8, and additionally expresses the gene encoding the signaling 

protein Sonic hedgehog (Shh) in the ventricular zone (Puelles et al., 2000, 2004; Medina et al., 2004; 

García-López et al., 2008; Flames et al., 2007; Abellán and Medina, 2009) (Figures 3B, 4B). Since 

some of these regulatory genes are also expressed in the mantle (for example, Dlx5, Nkx2.1, Lhx6 and 
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Shh), their combinatorial expression patterns, always within the context of the topological framework 

of the brain, are very useful for analyzing the general derivatives of each division (Puelles et al., 2000; 

García-López et al., 2008). Importantly, this type of analysis led to the suggestion that different parts of 

the subpallium give rise to different parts of centromedial extended amygdala (including the 

centromedial amygdala and the bed nucleus of the stria terminalis or BST) (García-López et al., 2008; 

see details in section on the amygdala below). However, experimental demonstration was lacking. 

 

Abundant data also exist on the expression of numerous developmental regulatory genes in the pallium, 

including Emx1, Emx2, Lhx2, Pax6, Tbr1, Lmo2, and Lmo3, among other genes, revealing genetic 

distinctions between subdivisions and the role of some of these genes in patterning and specification, or 

in cell differentiation (Bulfone et al., 1995; Stoykova et al., 1996; Bishop et al., 2000, 2003; Bulchand 

et al., 2001; Hevner et al., 2001; Vyas et al., 2003). The pallium was classically subdivided into three 

main subdivisions namely medial, dorsal and lateral pallia (reviewed by Striedter, 1997), but Puelles 

and collaborators proposed the existence of four radial subdivisions in the pallium based on the 

combinatorial expression patterns of several regulatory genes encoding the transcription factors Pax6, 

Tbr1 and Emx1 (Puelles et al., 2000). In particular, they proposed the subdivision of the classical 

lateral pallium into two radial domains: a re-defined lateral pallium (smaller than the classical one) and 

a novel ventral pallium (just adjacent to the pallio-subpallial boundary (Puelles et al., 2000). All pallial 

subdivisions express Pax6 in the ventricular zone and Tbr1 in the mantle (Bulfone et al., 1995, 1999; 

Puelles et al., 2000). In contrast, Emx1 is expressed in the ventricular zone and mantle of medial, dorsal 

and lateral pallium, but is absent in the ventricular zone of the ventral pallium (Puelles et al., 2000; 

Bishop et al., 2000, 2003). The existence of a ventral pallium has been confirmed by its differential 

expression of Dbx1 in the ventricular zone (Yun et al., 2001; Medina et al., 2004), and expression of 

Lhx2, Lhx9, Semaphorin 5A (Sema 5A) and Neurogenin2 (Ngn2) in the mantle (Medina et al., 2004; 

Tole et al., 2005; García-López et al., 2008; Abellán et al., 2009) (Figure 4A). On the contrary, the 

ventricular zone of the lateral pallium expresses Emx1 but lack expression of Dbx1, and the mantle 

expresses Emx1 and Cadherin 8 (Cdh8), but lacks Lhx2, Lhx9, Ngn2 and is poor in Sema 5A (Puelles et 

al., 2000; Medina et al., 2004; García-López et al., 2008; Abellán et al., 2009). Based on the differential 

expression pattern of Emx1, Cdh8, Sema5A, and Ngn2, the lateral and ventral pallial subdivisions have 

been proposed to give rise to different parts of the claustral complex and pallial amygdala (basal 

amygdalar complex and cortical amygdalar areas) in the mouse (Puelles et al., 2000; Medina et al 

2004). Lhx2 and Lhx9 have also turned out to be good markers of the ventral pallial amygdala in the 

mouse (Tole et al., 2005; García-López et al., 2008), the chicken (Abellán et al., 2009) and the anuran 
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frog Xenopus laevis (Moreno et al., 2004; Moreno and González, 2006). Data on Lhx9 also suggested 

that a part of the medial amygdala (usually considered part of the subpallial amygdala) in mouse and 

chicken derives from the ventral pallium (García-López et al 2008; Abellán et al., 2009). However, 

experimental demonstration for this was lacking. 
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Figure 4 A) Different pallial gene markers showing its distinct expression in the ventral pallial 
 subdivision 
                  B) Expression pattern of several developmental regulatory genes in some of the subpallial 
 subdivisions and their derivatives, including the pallidal subdivision (MGE and AEP; currently, 
 both are named simply MGE) and the POC (García-López et al., 2008). For abbreviations see 
 Chapter 2. 
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The amygdala and the development of the amygdalar mosaic. 
 

The amygdala is an almond shaped telencephalic structure located in the temporal lobes of the primate 

cerebral hemispheres, near the hippocampus, and in a corresponding part of the caudolateral 

telencephalon in rodents (reviewed by Swanson and Petrovich, 1998). In mammals, the amygdala is a 

highly complex and heterogeneous (mosaic-like) structure, composed of numerous subdivisions that 

differ in cytoarchitecture, neurochemistry, connections, and gene expression patterns (Price et al., 

1987; LeDoux et al., 1990; Amaral et al., 1992; Alheid et al., 1995; Linke et al., 1999; McDonald, 

1998; Swanson and Petrovich, 1998; Pitkänen, 2000; Medina et al., 2004; Remedios et al., 2004, 

García-López et al 2008). As explained below, this heterogeneity is starting to be understood thanks to 

developmental studies, which are also helping to understand better the amygdala of non-mammals and 

its evolution in tetrapods (reviews by Moreno and González, 2006; Medina et al., 2011).  

 

Unravelling the development and evolutionary origin of the amygdalar mosaic is essential for trying to 

understand the high variety and complexity of amygdalar functions, as well as its dysfunctions. In 

general, the amygdala plays a role in control of fear responses and other basic functions critical for 

survival (ingestion, reproduction, defense), as well as in arousal and the formulation of emotional 

memories. It is responsible for the control of homeostasis and mediation of emotional and species-

specific social behavior, including several aspects of cognitive functions related to emotion such as 

attention, recognition of facial expressions of emotion, associative learning like that involved in fear 

conditioning, and modulation of memory in emotionally arousing events (Adolph et al., 1994; 

Aggleton, 2000; Davis, 2000; Gallagher, 2000; LeDoux, 1992, 2000). The dysfunctions and/or 

malformations of the amygdala lead to many psychiatric disorders including temporal lobe epilepsy 

(Pitkänen et al., 1998), autism (Amaral et al., 2008), schizophrenia (Wolterink et al 2001), and stress-

related psychological disorders (Rauch et al., 2006).  

 

Based on morphological criteria, the pioneers in comparative neurobiology Holmgren (1925) and 

Källén (1951) described the existence of pallial and subpallial divisions, and proposed their derivatives 

in the telencephalon of different vertebrates. Importantly, they proposed the existence of pallial and 

subpallial parts of the amygdala, which has been corroborated in the last decades thanks to the 

substantial data on the expression of developmental regulatory genes and fate mapping analysis 

(Puelles et al., 2000; Gorski et al., 2002; Medina et al., 2004; García-López et al., 2008; Xu et al., 

2008; Hirata et al., 2009; Waclaw et al., 2010; in non-mammals see Puelles et al., 2000, and reviews by 
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Moreno and González, 2006; Moreno et al., 2009; Medina and Abellán, 2009; Medina et al., 2011). In 

particular, the results showed nested expression of developmental regulatory genes (including 

transcription factors and signaling proteins) restricted to the proliferative zone and/or mantle of specific 

forebrain divisions or subdivisions; these genes were thus considered to be good markers for those 

specific divisions/subdivisions and their derivatives.  The proposed amygdalar derivatives of pallium 

and subpallium, and their subdivisions based on the combinatorial gene expression patterns are 

explained in more details in the next section. In addition to these, some data suggested the existence of 

an extratelencephalic contribution of neurons to the amygdala (Puelles et al., 2000; Puelles and 

Rubenstein, 2003; Medina et al., 2004; García-López et al., 2008; Bardet et al., 2008; Abellan et al., 

2010), and this will also be explained in more detail below. It is important to note that experimental 

demonstration for many of these proposals was lacking. 

 

  

Pallial, subpallial, and extra-telencephalic contribution of neurons to the amygdala. 

 

During development the amygdala shows a mosaic-like molecular organization, and includes multiple 

subpopulations of neurons that express different developmental regulatory genes, such as LIM-

containing regulatory genes (Puelles et al., 2000; Medina et al., 2004; García-López et al., 2008; 

Remedios et al., 2004; Tole et al., 2005; Hirata et al., 2009). These data suggest that different 

nuclei/areas of the amygdala, or subpopulations of cells within them, appear to derive from several 

molecularly distinct ventricular sectors of the telencephalon, mainly localized in either the ventrolateral 

pallium or the subpallium (Puelles et al., 2000; Puelles and Rubenstein, 2003; Medina et al., 2004; 

García-López et al., 2008).  

 

According to the developmental data based on these regional gene markers, the pallial part of the 

amygdala includes the basolateral amygdalar complex and some cortical amygdalar areas (Puelles et 

al., 2000; Medina et al., 2004). This part of the amygdala is rich in glutamatergic/excitatory projection 

neurons (Swanson and Petrovich, 1998), and this can be explained by their expression during 

development of Ngn1/2 and Tbr1, which as explained in previous sections are involved in the 

production or differentiation of this type of neurons (Wullimann and Mueller, 2004; Hevner et al., 

2001; reviewed by Medina and Abellán, 2009). In addition, recent findings based on expression of 

Tbr1 and the ventral pallial gene marker Lhx9 suggest that the ventral pallial subdivision also 

contributes neurons to the medial amygdala (Medina et al., 2004; García-López et al., 2008), which 
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was considered a subpallial structure based on neurochemistry and connections generally rich in 

GABA and neuropeptides (Swanson and Petrovich, 1998; Swanson, 2000). Nevertheless, other data 

also showed the existence of some glutamatergic projections from the medial amygdala (Choi et al., 

2005). More developmental data, including fate mapping analysis, were needed to resolved this puzzle. 

In addition, similarly to other parts of the pallium, the pallial amygdala (basal amygdalar complex and 

cortical amygdalar areas) appear to contain minor subpopulations of GABAergic interneurons, co-

containing different calcium-binding proteins or neuropeptides (Berdel and Morys, 2000; Kemppainen 

and Pitkänen, 2000; McDonald and Mascagni, 2001; Muller et al., 2003; Legaz et al., 2005), which 

appear to derive from the subpallium (Marin and Rubenstein, 2001; Xu et al., 2004; 2008; Legaz, 2006; 

García-López et al., 2008), but more detailed data were needed.  

 

On the other hand, based on the gene expression data, it has been proposed that the subpallium 

contributes cells to the central and intercalated amygdalar nuclei, to the anterior amygdala and to the 

major part of the medial amygdala (Puelles et al., 2000; Medina et al., 2004; García-López et al., 2008; 

Hirata et al., 2009; Soma et al., 2009). As noted above, the subpallial histogenetic subdivisions striatal, 

pallidal (including the subdomain MGEcv, which is roughly equivalent to the AEP or diagonal domain, 

as known in different studies; García-López et al., 2008; Bardet et al., 2010) and preoptic, have been 

proposed to contribute various cell subpopulations to different parts of the subpallial amygdala and to 

its extension into the bed nuclei of the stria terminalis (the centromedial extended amygdala; see next 

section and Fig. 5). In particular, based on expression of Dlx5 and Lmo4, the striatal subdivision was 

proposed to produce most neurons of the central and intercalated nuclei, and the dorsal anterior area of 

the amygdala (Medina et al., 2004; García-López et al., 2008; see also Puelles et al., 2000, based on 

expression of Pax6). In contrast, the medial amygdala, proposed by Swanson (Swanson and Petrovich, 

1998; Swanson, 2000) to be striatal in nature, did not appeared to derive from the striatal subdivision of 

the subpallium, but rather from the pallidal and preoptic subdivisions. In particular, the caudoventral 

part of the pallidal subdivision (MGEcv), previously named or included as part of the the anterior 

peduncular area (AEP), appears to be the major source for the neurons of the posterodorsal medial 

amygdala, and many neurons of the anterior medial amygdala (García-López et al., 2008; this 

subdivision is called diagonal domain by other authors, such as Bardet et al., 2010) (see Figure 5). In 

contrast, the preoptic area, which is distinguished from the pallidal subdivision by its ventricular 

expression of both Nkx2.1 and Shh (Flames et al., 2007; García-López et al., 2008), was proposed to 

produce cells for the anterior and posteroventral parts of the medial amygdala based on the expression 
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of Shh only in these parts of the medial amygdala (García-López et al., 2008). These different 

proposals were based on gene expression patterns but lacked experimental demonstration. 

 

On the other hand, based on the expression of the transcription factors Otp and Lhx5, the 

supraoptoparaventricular domain of the alar hypothalamus (SPV domain) was also proposed to 

contribute a subpopulation of neurons to the medial amygdala (Bardet et al., 2008; García-López et al., 

2008; Abellán et al., 2010). Based on this analysis, it was observed that during development some Otp- 

or Lhx5-expressing neurons appeared to spread tangentialy from this SPV domain to invade the medial 

amygdala and medial bed nucleus of the stria terminalis (Bardet et al 2008; Abellan et al 2010; see also 

previous proposal by Puelles and Rubenstein, 2003). However, experimental demonstration for this 

was lacking. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: 

Schematic diagram of frontal sections through the embryonic telencephalon of mouse, showing the 

major histogenetic domains of the subpallium (in different colors) and the proposal of their contribution 

of cells to different amygdalar regions (Courtesy: García-López et al., 2008). For abbreviations see 

Chapter 2. 
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The extended amygdala (central and medial subdivisions). 

 

The concept of extended amygdala was first proposed by one of the pioneers in comparative 

neuroanatomy, J.B Johnston (1923), who suggested the existence of a cell continuum or corridor in the 

embryonic basal telencephalon of diferent mammals, encompassing and establishing a relationship 

between the bed nucleus of the stria terminalis and the centromedial amygdaloid nuclei. Almost 50 

years later, de Olmos provided evidence supporting the existence of a continuity between the bed 

nucleus of stria terminalis and the centromedial amygdala even in adult mammals (de Olmos, 1969, 

1972). Based on similarity of neurochemistry and connections, de Olmos together with Aheid and 

Heimer redefined the corridor to make it more concise (de Olmos et al., 1985, 2004; Alheid and 

Heimer, 1988; Alheid et al 1995; de Olmos and Heimer, 1999; Heimer, 2003; Walker and Davis 2008). 

They showed that the central (CeA) and medial (MeA) nuclei of the amygdala and the bed nucleus of 

the stria terminalis (BST or BNST) were connected by columns of cells located throughout the course 

of the stria terminalis (the fiber tract that connects these amygdala nuclei with the BNST), and 

throughout the sublenticular part of the basal telencephalon (de Olmos et al., 1985, 2004; Alheid and 

Heimer 1988; Alheid et al 1995; Heimer, 2003, Walker and Davis 2008) (Figure 6 a,b,c). Moreover, 

according to this redefined proposal, the extended amygdala comprises two distinct cell corridors, 

namely the central extended amygdala (dorsally, including the central amygdalar nucleus and the 

lateral BST or BSTL) and medial extended amygdala (ventrally, including the medial amygdalar 

nucleus and the medial BST or BSTM). The central extended amygdala (i.e. central amygdala along 

with BSTL) is involved in fear responses, stress, anxiety and control of ingestion. The medial extended 

amygdala (i.e., medial amygdala along with BSTM) is responsible for the control of reproduction and 

defense/aggresive behavior (Alheid and Heimer 1988; Alheid et al., 1995; Heimer 2003; for functions, 

see also Swanson, 2000).  

 

Various techniques were used by de Olmos, Alheid and Heimer to confirm the existence of these two 

cell corridors, including Timm’s method of heavy metals, cupric silver method of staining argyropillic 

neurons, immunohistochemical staining, and tract tracing methods (Fig 6 c).  However, development 

data supporting the existence of the extended amygdala were missing. 

 
 
 
17). 
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Figure 6: 

A. Extended amygdala in human brain, excluding others parts. B. The two interrupted cell corridors 

showing the central (yellow) and medial (green) continuum (courtesy: Heimer, 2003). 

C.  Cupric silver stained horizontal section in rat showing the cell  corridor from the central amygdala 

to the BST (Courtesy: de Olmos and Heimer, 1999). 
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Objectives 

 

As noted above, the centromedial extended amygdala plays a key role in control of functions and 

behaviors that are essential for animal survival, such as fear responses, stress, ingestion, reproduction 

and defense/aggression. Dysfunctions of the amygdala lead to important neuropsychiatric disorders or 

diseases, including anxiety/stress disorders, autism or schizophrenia, and some of these dysfunctions 

appear to be due to a developmental alteration. Thus, developmental studies are essential to understand 

these alterations, but also to answer key questions that may help to understand better its basic 

organization, such as: how and where are the different neurons of the extended amygdala produced?; 

are neurons along the “extended amygdala” corridor (including those of the BST) produced in the same 

or different embryonic domains? As noted in the Introduction, in recent years, different studies based 

on gene expression patterns have proposed the putative origin of some parts of the extended amygdala. 

However, many aspects on the development of the extended amygdala remain elusive, including the 

experimental fate mapping demonstration of the proposals. Therefore, the aim of this Thesis has been 

to study the embryonic origin of the neurons of the two cell corridors of the mouse extended amygdala, 

the central extended amygdala and the medial extended amygdala, by way of in vitro experimental fate 

mapping, combined with immunohistochemistry and/or immunofluorescence (to detect different 

transcription factors, calcium-binding proteins or neuropeptides) (see more details below). The data 

were compared with data from gene expression patterns, including data produced for this Thesis as well 

as data available in the laboratory (on the expression of different transcription factors or signaling 

proteins), which helped in the delineation of different embryonic subdivisions and parts of the extended 

amygdala. 

 

Objective 1 (Chapter 2): The first aim of this Thesis was to investigate the origin of the neurons of the 

medial extended amygdala. Previous work from our laboratory based on the combinatorial expression 

of developmental regulatory genes (including several transcription factors such as Nkx2.1, Lhx6, and 

Lhx9, and the signaling protein Shh) and neuronal markers (such as calbindin, neuropeptide Y and 

somatostatin) suggested that different parts of the medial extended amygdala originate in either the 

ventral pallium (VP), the caudoventral pallidal subdivision (MGEcv), or a novel domain of the preoptic 

subdivision called the commissural preoptic area (POC) (García-López et al., 2008). Moreover, other 

data on the expression of the transcription factors Otp (Bardet et al., 2008) and Lhx5 (Abellán et al., 

2010) suggested that an important subpopulation of neurons of the medial extended amygdala originate 

in the alar hypothalamus, in the SPV domain. The experimental demonstration for all of these 
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proposals was lacking. One of the objectives of this Thesis was to experimentally investigate these 

proposals. For that, we prepared organotypic cultures of mouse embryonic forebrain slices, from early 

to intermediate developmental stages (E12.5 to E16.5), and applied the fluorescent cell tracker 

CMFDA to label and fate map progenitor cells of several subdivisions, including pallial (VP), 

subpallial (MGEcv and POC) and hypothalamic (SPV) subdivisions. For helping in the interpretation 

of the results regarding forebrain compartments and amygdalar subdivisions, we compared these results 

with data on gene expression patterns (available in the laboratory), and carried out double-labeling for 

calbindin using immunofluorescence. To try to understand the radial or tangential orientation of cell 

migrations, we also compared our results with the disposition of radial glial fibers. 

  

Objective 2 (Chapter 3): The second aim of this Thesis was to investigate the origin of the neurons of 

the central extended amygdala. Previous data in the mouse based on expression of Dlx5, Pax6, and 

Islet1, have suggested that the central amygdala originates in the striatal (LGE) subdivision (Puelles et 

al., 2000; García-López et al., 2008; Waclaw et al., 2010). However, Pax6 and Islet1 are expressed in 

neurons that derive from either dorsal or ventral subdivisions of LGE, and it was unclear what parts of 

the central amygdala are populated by each type of neuron. On the other hand, while most neurons of 

the central amygdala were proposed to originate in the striatal subdivision or LGE, data on Nkx2.1 

suggested that the lateral BST originates in the pallidal subdivision or MGE (Puelles et al., 2000; 

García-López et al., 2008; Xu et al., 2008). Pending confirmation, these data did not provide embryonic 

support for the central extended amygdala continuum. However, other data in mouse and chicken 

suggested that the lateral BST receives a subpopulation of immigrant cells from LGE, which express 

Pax6 or Lmo4 (García-López et al., 2008; Abellán and Medina, 2009). On the other hand, it appeared 

that the central amygdala include a subpopulation of projection neurons containing somatostatin that 

immigrate from MGEcv (García-López et al., 2008; Real et al., 2009). Thus, the second aim of the 

Thesis was to try to resolve all of these uncertainties by way of in vitro experimental fate mapping.  We 

followed the same experimental approach as in Objetive 1, and label the progenitor zone of dorsal 

LGE, ventral LGE or MGEcv in telencephalic slices at E13.5-E16.5.  To help in the identification of 

embryonic domains and the phenotype of migrated cells, and we carried out the double labelling using 

immunofluorescence for the transcription factors Pax6 or Islet1, for the protein calbindin, and for the 

neuropeptide somatostatin. We also compared these results with data of mRNA expression of Pax6 and 

Islet1. 
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Multiple Telencephalic and Extratelencephalic
Embryonic Domains Contribute Neurons to the
Medial Extended Amygdala
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ABSTRACT
Dysfunctions in emotional control and social behavior

are behind human neuropsychiatric disorders, some of

which are associated with an alteration of amygdalar

development. The medial extended amygdala is a key

telencephalic center for control of social behavior, but

very little is known about its development. We used in

vitro migration assays for analyzing the origin of the

neurons of the medial extended amygdala in mouse

embryos (E13.5–E16.5). We compared the migration

assays with immunofluorescence/immunohistochemis-

try for calbindin and radial glial fibers and with mRNA

expression of several genetic markers of distinct fore-

brain subdivisions. We provide experimental evidence

for multiple embryonic origins of the principal neurons

of the medial extended amygdala. In particular, we pro-

vide novel evidence indicating that a major part of the

neurons derives from a caudoventral pallidal subdivision

(previously called or included as part of the anterior pe-

duncular area), forming a cell corridor with similar mo-

lecular features (expression of Lhx6 and calbindin),

connectivity, and function, which relates to reproductive

behavior. We also provide novel experimental evidence

indicating that the ventral pallium produces some neu-

rons for the medial amygdala, which correlates with

data from Lhx9 expression. Our results also confirm

that some neurons of the medial extended amygdala

originate in the preoptic area (our results indicate that

these cells specifically originate in its commissural sub-

division) and the supraoptoparaventricular domain of

the hypothalamus. Our study helps to set up the foun-

dations for a better understanding of medial amygdalar

control of behavior in normal and abnormal conditions.

J. Comp. Neurol. 519:1505–1525, 2011.
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INDEXING TERMS: ventral pallium; medial ganglionic eminence; anterior peduncular area; commissural preoptic area;
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The amygdala is a telencephalic structure essential for

control of emotions and social behavior (Aggleton, 2000;

Davis, 2000; Swanson, 2000; Phelps, 2004; Phelps and

LeDoux, 2005), and its dysfunction is associated with

several human neuropsychiatric diseases, including tem-

poral lobe epilepsy (Pitkänen et al., 1998), autism (Amaral

et al., 2008), and stress-related psychological disorders

(Rauch et al., 2006). Some of these diseases are related

to an alteration of amygdalar development (for example,

autism; Amaral et al., 2008). Thus, studying amygdalar

development is extremely important for understanding

the pathophysiology of these diseases. The medial amyg-

dala is particularly complex and is part of a cell corridor

called the medial extended amygdala (Alheid and Heimer,

1988; Alheid et al., 1995; de Olmos et al., 2004), with dif-

ferent subdivisions involved in the control of either repro-

duction or defense/aggressive behaviors (Swanson and

Petrovich, 1998; Swanson, 2000). These different
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functions are controlled by molecularly distinct neuron

subpopulations of the medial extended amygdala, which

express different transcription factors such as Lhx6,

Lhx9, or Lhx5 (Choi et al., 2005). In particular, Lhx6 is

expressed in medial extended amygdalar neurons related

to the reproduction control pathway (Choi et al., 2005).

Similar neuron subpopulations have also been identified

in the developing medial extended amygdala of mice

(Puelles et al., 2000; Stenman et al., 2003; Remedios

et al., 2004; Tole et al., 2005; Garcı́a-López et al., 2008;

Abellán et al., 2010). Based on gene expression patterns,

these different neuron subpopulations of the medial

extended amygdala have been proposed to originate in

different progenitor domains of the forebrain, both telen-

cephalic and extratelencephalic (Garcı́a-López et al.,

2008; Bardet et al., 2008; Abellán et al., 2010; Garcı́a-

Moreno et al., 2010). This suggestion has only partially

been shown by different kinds of fate map studies (Xu

et al., 2008; Hirata et al., 2009; Soma et al., 2009; Gar-

cı́a-Moreno et al., 2010). For example, genetic fate map-

ping with Nkx2.1-cre mice indicates the presence of

abundant cells of the Nkx2.1 lineage in the medial amyg-

dala, which originate in the pallidopreoptic region of the

subpallium (Xu et al., 2008). Via genetic fate mapping of

Dbx1 and in vitro migration assays, the preoptic area has

been shown to contribute cells to the medial amygdala

(Hirata et al., 2009). However, the preoptic area includes

at least two subdivisions (Flames et al., 2007; Garcı́a-

López et al., 2008; Abellán and Medina, 2009), and it is

unknown what specific subdivision produces neurons for

the medial amygdala. Moreover, it is still unclear whether

any specific part of the medial ganglionic eminence pro-

duces cells for the medial amygdala. Moreover, it is

unknown whether the ventral pallium produces cells for

the medial amygdala. Finally, it is also unclear whether

any of the above-mentioned forebrain subdivisions con-

tribute cells to other parts of the medial extended amyg-

dala, such as the medial bed nucleus of the stria termina-

lis. The aim of our study was to investigate these

unknown aspects of medial extended amygdalar develop-

ment by using in vitro fate map assays in mouse forebrain

slices. Our resuts provide inequivocal experimental evi-

dence for multiple embryonic origins of the neurons of the

medial extended amygdala, including the ventral pallium,

the caudoventral part of the medial ganglionic eminence,

the commissural part of the preoptic area, and the supra-

optoparaventricular hypothalamic domain. Both radial and

tangential cell migrations contribute to its formation.

MATERIALS AND METHODS

Mouse (Swiss) embryos from embryonic day 13.5

(E13.5) until day 16.5 (E16.5) were used in the present

study. All animals were treated according to the regula-

tions and laws of the European Union (86/609/EEC) and

the Spanish Government (Royal Decree 223/1998; more

recently Royal Decree 1021/2005) for care and handling

of animals in research. The mouse embryos were

obtained from pregnant females, and their brains were

processed for preparing organotypic cultures, in situ

hybridization, or immunohistochemistry.

Abbreviations

AAd anterior amygdala, dorsal part
AAv ventral part of the anterior amygdala
ACo anterior cortical amygdalar area
Bas basal nucleus (Meynert)
BC basal amygdalar complex
BST bed nucleus of the stria terminalis
BSTia intraamygdaloid part of the BST
BSTL lateral BST
BSTM medial BST
BSTMpl posterolateral part of BSTM
BSTMpm posteromedial part of BSTM
BSTS supracapsular part of BST
CB calbindin
Ce central amygdala
CFDA green cell tracker (CMFDA)
Co cortical amygdalar area
CPu caudoputamen complex
DP dorsal pallium
EA extended amygdala
EAme medial extended amygdala
EMT prethalamic eminence
En endopiriform nucleus
fi fimbria
GP globus pallidus
HF hippocampal formation
Hp hippocampal formation
ic internal capsule
IPAC interstitial nucleus of the posterior limb of the anterior

commissure
ITC interstitial amygdalar cells
LGE lateral ganglionic eminence
lot lateral olfactory tract
LPO lateral preoptic area
Me medial amygdala
MeA anterior medial amygdala
MePD posterodorsal medial amygdala
MePV posteroventral medial amygdala
MePVc central part of MePV
MePVs superficial part of MePV
MGE medial ganglionic eminence
MGEcv caudoventral part of MGE
MGEd dorsal part of MGE
MP medial pallium
NCx neocortex
PA pallial amygdala
pac posterior limb of the anterior commissure
PCo posterior cortical amygdalar area
Pir piriform cortex
PO preoptic area
POB basal (or ventral) preoptic area
POC commissural preoptic area
PTh prethalamus
RC2 radial glial cell marker
rp roof plate
Se septum
SFO subfornical organ
SI/BM substantia innominata and basal magnocellular complex
SLEA sublenticular extended amygdala
sm stria medullaris
SPa subparaventricular hypothalamic domain
SPV supraoptoparaventricular hypothalamic domain
Th thalamus
TR transmission
Tu olfactory tubercle
VP ventral pallium
3V third ventricle
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Organotypic cultures
For the migration assays, we prepared organotypic cul-

tures of forebrain slices following a previously described

procedure (Soria and Valdeolmillos, 2002; slightly modi-

fied according to Legaz, 2006). Upon extraction, embryos

were placed in a standard ice-cold, oxygenated culture

medium resembling cerebrospinal fluid (containing 124

mM NaCl, 5 mM KCl, 1.2 mM KH2PO4, 1.3 mM

MgSO4�7H2O, 26 mM CHNaO3, 2.4 mM CaCl2�2H2O, and

10 mM D(þ)-glucose; Soria and Valdeolmillos, 2002), in

which brains were dissected out. The brains were sec-

tioned at 300 lm in the frontal or horizontal plane using a

vibratome (Leica VT 1000S), and the slices were mounted

onto porous culture plate inserts (Millicell-CM, 0.4 lm

pore diameter; 30 mm insert diameter; Millipore, Mol-

sheim, France; Soria and Valdeolmillos, 2002) and placed

in culture medium (DMEM F-12; Gibco, Grand Island, NY;

supplemented with 5% fetal bovine serum, 0.1 mM gluta-

mine, 6.5 mg/ml D-glucose, 1% supplement N2, and 1%

penicilline; Soria and Valdeolmillos, 2002; Legaz, 2006).

Slices were allowed to recover in a CO2 incubator (5%

CO2; 37�C) for 1 hour before application of the tracer

dye. After that, tungsten particles coated with the fluores-

cent dye CMFDA (Cell Tracker green 5-chloromethylfluor-

escein diacetate; Invitrogen-Molecular Probes, Paisley,

United Kingdom; excitation peak 490 nm, emission peak

514 nm; Alifragis et al., 2002) or CMTMR (Cell Tracker or-

ange 4-chloromethyl benzoyl amino tetramethyl rhoda-

mine; excitation peak 546 nm, emission peak 574 nm;

Molecular Probes, Eugene, OR; Alifragis et al., 2002) were

applied to the ventricular/subventricular zone of the ven-

tral pallium (VP), the medial ganglionic eminence (in par-

ticular, its caudoventral subdivision, previously named or

included as part of the anterior peduncular area; Puelles

et al., 2000; Garcı́a-López et al., 2008), the preoptic sub-

division, or the supraoptoparaventricular hypothalamic do-

main. The slices were then transferred to culture medium

(Neurobasal; Gibco; supplemented with 5% fetal bovine

serum, 0.1 mM, glutamine, 6.5 mg/ml D-glucose, 1%

supplement B27; Gibco; and 1% penicillin; Soria and

Valdeolmillos, 2002; Legaz, 2006) and incubated in a CO2

incubator (5%, 37�C) for 48 hours. After incubation, the

slices were fixed with phosphate-buffered 4% paraformal-

dehyde (pH 7.4) for 8 min and then rinsed and stored in

phosphate buffer (0.1 M, pH 7.4) containing 0.1% sodium

azide until microscopic observation. The labeling was ana-

lyzed and images were captured with a confocal scanner

microscope (Leica TCS SP2 or Olympus FV500).

Immunohistochemistry and
immunofluorescence

To understand better the results of the migration

assays, some embryonic brains were sectioned in fron-

tal or horizontal planes and processed for immunohis-

tochemistry to detect calbindin (rabbit anticalbindin) or

radial glial fibers (mouse anti-RC2). Moreover, selected

slices from the migration experiments were processed

(directly or after resectioning at 40–50 lm thick) for

immunofluorescence to detect calbindin. See Table 1

and section below for details on the primary antibod-

ies. The primary antibodies were diluted in PBS con-

taining 0.3% Triton X-100, and the tissue was incu-

bated for 2–3 days at 4�C, under constant gentle

agitation.

After this incubation and standard washes in PBS-Tri-

ton, the sections were incubated in a secondary antise-

rum for either 1 hour (for immunohistochemistry) or 2

hours (for immunofluorescence) at room temperature.

For immunohistochemistry, the secondary antisera used

were either biotinylated goat anti-rabbit (for calbindin) or

biotinylated goat anti-mouse (for RC2). Both secondary

antisera were purchased from Vector (Burlingame, CA)

and were diluted at 1:200. After washing, the sections

were incubated in the avidin-biotin complex (ABC kit; Vec-

tor; 0,003% dilution) for 1 hour at room temperature. The

immunolabeling was revealed by 0.05% diaminobenzidine

(DAB; Sigma-Aldrich, Steinheim, Germany) in 0.05 M Tris

(pH 7.6), containing 0.03% H2O2. For immunofluores-

cence, we used Alexa-conjugated donkey anti-rabbit sec-

ondary antiserum (Alexa 488 for CMTMR experiments or

Alexa 568 for CMFDA experiments; Molecular Probes).

After incubation, the sections were rinsed and stored (at

TABLE 1.

Primary Antibodies

Antibody Antigen recognized Immunogen

Manufacturer, species, mono- vs.

polyclonal, catalog or lot No. Dilution

Anticalbindin Calbindin D-28k Recombinant rat
calbindin D-28k

Swant (Bellinzona, Switzerland), rabbit polyclonal IgG,
catalog No. CB-38a, lot Nos. 9.03 and 18F

1:2,000

RC2 295-kDa intermediate
filament-associated
protein of radial glial
cell cytoskeleton (Ifaprc2)

Cell suspension of
rat fetal brain
(E14–E17)

Developmental Hybridoma Bank, (University of Iowa),
mouse monoclonal IgM

1:100
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4�C, in the darkness) until analysis with a confocal micro-

scope. To check the specificity of our secondary antisera,

some sections were processed omitting the primary

antibody.

Antibody characterization
See Table 1 for a list of all primary antibodies used.

The calbindin D-28k antibody recognized a single band of

28 kD m.w. on Western blots of rat brain (manufacturer’s

data sheet) and stained a pattern of cellular morphology

and distribution in the mouse brain that is identical to pre-

vious reports on localization of the mRNA of the same

protein using in situ hibridization histochemistry (Sequier

et al., 1990).

The RC2 antibody recognized a band of 295 kD m.w.

on Western blots of mouse brain, spinal cord, and skeletal

muscle, and ultrastructure analysis revealed that the anti-

body stained an epitope of the cytoskeleton on radial glial

cells in the mouse brain (Chanas-Sacré et al., 2000). This

antibody produces a staining pattern of radial glial cells in

the mouse brain identical to that reported previously

(Misson et al., 1988; Toresson et al., 1999; Chanas-Sacré

et al., 2000; Soma et al., 2009).

In situ hybridization
For a better understanding of the results of the migra-

tion assays, frontal or horizontal embryonic brain sections

were processed for in situ hybridization using digoxige-

nin-labeled riboprobes, following a procedure previously

described (Medina et al., 2004; Garcı́a-López et al., 2008;

Abellán and Medina, 2008, 2009). The riboprobes were

synthesized from cDNAs of the following mouse genes:

Lhx5 (plasmid obtained from Dr. Westphal’s laboratory;

Zhao et al., 1999; bp 1–2226; Genbank accession No.

U61155.1), Lhx6 (Grigoriu et al., 1998; 410 bp fragment,

bp 699–1110; Genbank accession No. NM_008500; pri-

mary identifier: BC065077.1), Lhx9 [Rétaux et al., 1999;

bp 1–1016 (full length); Genbank accession No.

AF134761], and Sonic hedgehog (Shh; A.P. McMahon;

Shimamura and Rubenstein, 1997; bp 1–2727; Genbank

accession No. NM_009170).

We used PCR to obtain the DNA template employed for

synthesizing the riboprobe. We synthesized the antisense

digoxigenin-labeled riboprobes by using Roche Diagnos-

tics (Mannheim, Germany) protocols for the genes men-

tioned above. Before hybridization, the sections were

treated with proteinase K (10 lg/ml; Roche Diagnostics)

in PBS containing 0.1% Tween-20 (PBT 1�) for 1 minute.

After that, sections were abundantly washed and post-

fixed with phosphate-buffered 4% paraformaldehyde con-

taining 0.06% glutaraldehyde for 20 minutes. The sections

were washed again, prehybridized in hybridization buffer

(HB) for 2 hours at 58�C, and then hybridized in HB con-

taining the ribprobe overnight at 58�C (0.5–1 lg/ml,

depending on the probe and embryo size). The hybridiza-

tion buffer contained 50% deionized formamide, 1.3�
standard saline citrate (SSC; pH 5), 5 mM ethylenediami-

netetraacetic acid (EDTA; pH 8.0; Sigma-Aldrich), 1 mg/

ml yeast tRNA (Sigma-Aldrich), 0.2% Tween-20, and 100

lg/ml heparin (Sigma-Aldrich), completed with water

(free of RNAase and DNAase; Sigma-Aldrich). After

hybridization, the sections were washed with a mix 1:1 of

MABT 1� (1.2% maleic acid, 0.8% NaOH, 0.84% NaCl and

0.1% Tween-20) and HB at 58�C during 20 minutes and

washed abundantly at room temperature with MABT 1�
(about 2 hours). After this, the sections were blocked

with a solution containing blocking reagent (Roche),

MABT 1� and sheep serum (Sigma) for 4 hours at room

temperature, then incubated in an antibody against digox-

igenin (alkaline phosphatase-coupled antidigoxigenin,

diluted 1:3,500; Roche Diagnostics) overnight at 4�C and

later were washed with MABT 1� and finally revealed

with BM purple (Roche Diagnostics). Sections were then

mounted on glycerol gelatin (Sigma).

Digital photographs and figures
Digital photographs from hybridized and immuno-

stained sections were taken on a Leica microscope (DMR

HC) equipped with a Zeiss Axiovision digital camera,

whereas serial images from fluorescent material were

taken using the confocal microscope (Leica TCS SP2 or

Olympus FV500). Selected digital images were adjusted

for brightness/contrast in Adobe Photoshop, and figures

were mounted and labeled in FreeHand 10.

Identification of cell masses and
nomenclature

For identification of forebrain cell masses during devel-

opment, we used an atlas of developing mouse (Jacobo-

witz and Abbot, 1997) and rat (Paxinos et al., 1994; Fos-

ter, 1998) brain as well as our own publications on the

subject (especially Legaz et al., 2005b; Garcı́a-López

et al., 2008; Abellán et al., 2010). For BST and amygdalar

subdivisions, we followed the brain atlas by Paxinos and

colleagues (Paxinos et al., 1999, and Paxinos and Frank-

lin, 2004; which follow the scheme of Alheid et al., 1995).

RESULTS

The ventral pallium produces cells for the
basal amygdalar complex and cortical areas
and also for the medial amygdala

Our results from migration assays in telencephalic slice

cultures of E13.5–E15.5 mice indicate that the ventral

pallium (VP) produces abundant cells that invade the piri-

form cortex, basal amygdalar complex, and cortical
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amygdalar areas (Figs. 1, 2). This agrees with previous

reports based on gene expression patterns (Puelles et al.,

2000; Medina et al., 2004; Garcı́a-López et al., 2008), in

utero electroporation (Soma et al., 2009), and genetic

fate mapping of Dbx1-lineage neurons (Hirata et al.,

2009; Waclaw et al., 2010). Our results are shown in

three selected cases in which the cell tracker CMFDA

was applied to the ventral pallium (panoramic views in

Figs. 1B,G, 2A). In two cases, CMFDA application involved

the subventricular zone, ventral migratory stream, and

part of the ventral pallial mantle (MB070D and MD097A

in Figs. 1C, 2C, respectively); in one case, CMFDA

involved the ventral migratory stream and part of the ven-

tral pallial mantle (MB055A in Fig. 1K). None of these

cases involved the subpallium. The location of the cell

tracker was inferred from the comparison with the tran-

scription factor Lhx9 (considered a good ventral pallial

marker; Tole et al., 2005; Garcı́a-López et al., 2008) and

calbindin (Figs. 1A,F,K, 2C). Two of these cases are repre-

sented in schematic drawings in Figure 2E,F. One novel

finding of our study is that a few of the ventral pallium-

derived cells of the piriform cortex, basal amygdalar

Figure 1. A–L0: Digital images from two different organotypic cultures of telencephalic frontal slices of mouse embryo (MB070D and

MB055A), in which the fluorescent cell tracker CMFDA (green) was centered in the ventral pallium (VP), without involving the subpallium.

The results were compared with Lhx9 mRNA expression (A,F) and radial glial fiber distribution (RC2, J), and the slices were immunolabeled

to detect calbindin (CB; shown in magenta; see K,L,L0). L,L0: Detail of CMFDA-labeled cells in the anterior cortical amygdalar area (ACo). In

L,L0, the thin arrow points to a CMFDA cell that is not double-labeled for CB, and the thick arrow points to a double-labeled cell, whereas

the double-headed arrow points to a CB cell that is not labeled for CMFDA. Note a few CMFDA-labeled cells in the medial amygdala (Me,

MeA; C,E,H; arrows). See text for more details. For abbreviations see list. Scale bars ¼ 0.4 mm in A,F; 0.5 mm in B (applies to B,G); 0.2

mm in C (applies to C,H,K); 0.05 mm in I (applies to D,E,I,L,L0); 0.1 mm in J.

Multiple embryonic origins of the medial extended amygdala
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complex, and cortical amygdalar areas contain calbindin,

as shown by double labeling using immunofluorescence

(Figs. 1L,L0, 2D).

In addition to this, herein we provide experimental evi-

dence of another novel finding: that the ventral pallium

also produces cells for the medial amygdala. Notably, in

all cases of ventral pallial labeling, a few labeled cells

were also detected in the medial amygdala (Figs. 1C,H,I,

2C,E,F). The location of the medial amygdala was con-

firmed by comparison with calbindin or Lhx9 (Figs.

1A,F,K, 2C). When the cell tracker was placed in relatively

more rostral parts of the ventral pallium, labeled cells

were observed in the anterior medial amygdala (MeA; Fig.

1H). In contrast, when the cell tracker involved more cau-

dal aspects of the ventral pallium, labeled cells were

observed in the posterior medial amygdala (for example,

Figs. 1C, 2B). In the latter cases, a few cells were

observed in both dorsal and ventral subdivisions of the

posterior medial amygdala (MePD, MePV; Figs. 1C, 2B),

although there was a trend for labeled cells to locate

superficially in MePV (Fig. 2B).

Comparison to the disposition of radial glial fibers sug-

gested that cells that populate the basal amygdalar com-

plex and cortical amygdalar areas following application of

Figure 2. A—D: Digital images from one organotypic culture of a telencephalic frontal slice of mouse embryo (MB097A), in which the fluo-

rescent cell tracker CMFDA (green) was centered in the caudal ventral pallium (VP). The slice was immunolabeled to detect calbindin (CB;

shown in magenta; see C,D). Abundant CMFDA-labeled cells were observed in the piriform cortex (Pir) and pallial amygdala. D shows a

detail of CMFDA-labeled cells in the pallial amygdala, some of which are double labeled for CB (arrows). A few CMFDA-labeled cells were

also present in the medial amygdala (Me, B). E,F: Schematic drawings of the results obtained in two migration assays in which CMFDA

was applied to the ventral pallium. See text for details. For abbreviations see list. Scale bars ¼ 0.5 mm in A; 0.2 mm in B,C; 0.1 mm in

D.
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the cell tracker in the ventral pallium primarily migrate

radially (Fig. 1J). In contrast, cells that populate the

medial amygdala in these experiments appear to follow a

tangential migration.

The caudoventral part of the pallidal
subdivision is a preferential source of cells
for specific nuclei of the medial extended
amygdala

Previous data have identified a distinct domain in the

caudoventral aspect of the pallidal subdivision that was

suggested to produce abundant neurons expressing Lhx6,

calbindin, and the neuropeptides somatostatin and NPY

for the medial extended amygdala (Garcı́a-López et al.,

2008), but experimental evidence for this claim was lack-

ing. This domain was referred to as the anterior peduncular

area (Garcı́a-López et al., 2008) and is part of a larger

region previously called the anterior entopeduncular area

or AEP (Puelles et al., 2000; Marı́n and Rubenstein, 2001).

To avoid confusion with these terms, here we refer to this

domain as the caudoventral pallidal subdivision or caudo-

ventral medial ganglionic eminence (MGEcv), which is in

line with its pallidal-like molecular features and its position

(Flames et al., 2007; Garcı́a-López et al., 2008). In contrast

to the preoptic subdivision, the MGEcv does not express

Sonic hedgehog in the ventricular zone (Flames et al.,

2007; Garcı́a-López et al., 2008; see next section). Here

we tried to analyze whether MGEcv produces cells for the

medial extended amygdala by using in vitro migration

assays. Our results provide novel experimental evidence

indicating that this is the case, as shown in six selected

cases in Figures 3–5 (four of them are represented in

schematic drawings in Fig. 5F–I). Figures 3 and 4 show

three cases in which the cell tracker CMFDA was applied

in the MGEcv in frontal telencephalic slices (E13.5–E15.5

mice), at different rostrocaudal levels. The location of the

cell tracker application site was checked by comparison

with calbindin and Lhx6, both enriched in the MGEcv do-

main (Figs. 3A–C,H, 4B,C). A large amount of labeled cells

extended toward the surface, overlapping a stream of cal-

bindin-immunopositive neurons that extends laterally from

the periventricular sector [where the medial bed nucleus

of the stria terminalis (BSTM) forms], along the sublenticu-

lar part of the medial extended amygdala (below the

globus pallidus; Fig. 3D,F,H, double-arrow, K) and, more

caudally, reaching the anterior medial amygdala (Fig. 4B–

D). Comparison with radial glial fibers indicated that cells

along this pathway follow a radial migration (Fig. 3G). In

agreement with this, the leading process of most of these

labeled cells was parallel to the radial dimension and ori-

ented toward the pial surface.

In addition, numerous labeled cells also invaded, pre-

sumably by tangential migration, dorsal aspects of the

pallidum (including the globus pallidus and lateral bed nu-

cleus of the stria terminalis), the striatum, and the pallium

(including the cerebral cortex, the piriform cortex, the

claustral complex, and the pallial amygdala; Figs. 3F,H–L,

4B,D). The leading processes of these labeled cells were

either orthogonal to the radial dimension (Fig. 3I,J) or had

different orientations (Fig. 3I,L). Double labeling indicated

that some of the MGEcv-derived cells in the dorsal pal-

lidum (at the level of the lateral bed nucleus of the stria

terminalis; Fig. 3I–I00), olfactory tubercle, and pallium

were immunopositive for calbindin (Fig. 3J–J00), and may

at least partially represent interneurons. Thus, the MGEcv

appears to be a distinct source of cells that migrate tan-

gentially to other parts of the pallidum, the striatum, and

the pallium/cortex, and at least part of the latter appear

to represent calbindin-positive interneurons. In addition,

the MGEcv also appears to produce a few labeled cells

that migrate tangentially to the preoptic area (Fig. 3K,M).

The migration assays using frontal slices did not allow

us to determine whether MGEcv also produces cells for

the posterior medial amygdala, because this part of the

complex is located caudally to the MGEcv ventricular zone.

To overcome this difficulty, we prepared organotypic cul-

tures of horizontal forebrain slices, because this plane was

previously observed to be good for visualization of a Lhx6-

expressing and calbindin-positive cell corridor extending

from the MGEcv ventricular zone into the posterior medial

amygdala. Figures 4 and 5 include three cases of horizon-

tal slice cultures in which the cell tracker was applied to

(or involved) the MGEcv. The location site of the tracker

was checked by comparison with Lhx6 or calbindin (Figs.

4E,F, 5A,B). In these cases, numerous labeled cells

extended from the cell tracker application site in MGEcv

(rostromedially) into the caudolateral telencephalon, invad-

ing the posterodorsal part of the medial amygdala (Figs.

4H–J, 5B–C0). This corridor of labeled cells overlapped a

calbindin-positive cell corridor showing the same disposi-

tion, extending from the rostromedial, periventricular

MGEcv into the posterodorsal medial amygdala. Double

labeling showed that most of the MGEcv-derived cells

along this cell corridor were immunopositive for calbindin

(Fig. 5D,E). In these experiments, a number of labeled cells

abandoned the main corridor to enter the globus pallidus,

different parts of the striatal division, the pallial amygdala,

and the piriform cortex (Figs. 4H–J, 5C,C0,F–I).

The commissural preoptic area produces
some septal and preoptic cell populations
but also produces some cells for the medial
extended amygdala

The preoptic area of the subpallium has been shown to

produce neurons for the medial amygdala (Hirata et al.,

2009), but it is unclear what specific preoptic subdivision

Multiple embryonic origins of the medial extended amygdala
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Figure 3. A–M: Digital images from two different organotypic cultures of telencephalic frontal slices of mouse embryo (MB046A and

MB070E), in which the fluoresencent cell tracker CMFDA (green) was applied in the caudoventral part of the medial ganglionic eminence

(MGEcv). The results were compared with expression of Lhx6 mRNA (A) or calbindin protein (CB; B,C). In addition, selected slices were

immunolabeled to detect CB (shown in magenta; see H,I0–J0 0). I–I0 0 and J–J0 0 are details from the boxed areas in H, in which double-labeled

cells are pointed with an arrow. See text for details. For abbreviations see list. Scale bars ¼ 0.4 mm in A (applies to A–C); 0.5 mm in D,E;

0.2 mm in F (applies to F,H); 0.2 mm in G,K; 0.02 mm in I (applies to I–J0 0); 0.1 mm in L (applies to L,M).
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Figure 4. A–J: Digital images from three different organotypic cultures of telencephalic frontal (MB100E) or horizontal (MB078B and

MB078A) slices of mouse embryo, in which the fluoresencent cell tracker CMFDA (green) was applied in the caudoventral part of the

medial ganglionic eminence (MGEcv) The results were compared with expression of Lhx6 mRNA (see F) or calbindin protein (CB; E). In

addition, selected slices were immunolabeled to detect CB (shown in magenta; see B–D). Abundant CMFDA-labeled cells were observed

to invade the medial extended amygdala (EAme), overlapping a similar corridor of CB-positive cells (B,C,E). See text for more details. For

abbreviations see list. Scale bars ¼ 0.5 mm in A; 0.2 mm in B (applies to B,C); 0.1 mm in D; 0.4 mm in E; 1 mm in F; 0.5 mm in G

(applies to G,I); 0.2 mm in H (applies to H,J).
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Figure 5. A–E: Digital images from one organotypic culture of a telencephalic horizontal slice of mouse embryo (MB101F), in which the

fluoresencent cell tracker CMFDA (green light emission) was applied in the caudoventral part of the medial ganglionic eminence (MGEcv).

The results were compared with expression of Lhx6 mRNA (see Fig. 4F) and the slice was immunolabeled to detect calbindin protein (CB;

shown in magenta; see B,D,E). Abundant CMFDA-labeled cells were observed to invade the medial extended amygdala (EAme), overlapping

a similar corridor of CB-positive cells (A,B,D). F–I: Schematic drawings of four slice cultures (three frontal and one horizontal), in which

CMFDA was applied to the MGEcv. See text for more details. For abbreviations see list. Scale bars ¼ 0.5 mm in A (applies to A,B); 0.2

mm in C; 0.1 mm in C0,D; 0.05 mm in E.
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produces these cells, and whether preoptic-derived cells

also invade other parts of the medial extended amygdala.

Here we tried to analyze this by in vitro migration assays.

Our results are shown in seven selected cases in which

the fluorescent cell tracker CMFDA was applied to the

commissural (POC) and/or the basal (POB) preoptic sub-

divisions of E13.5–E15.5 mice (Figs. 6, 7). The location of

the cell tracker was deduced by comparison with Shh (a

Figure 6. A–P: Digital images from three different organotypic cultures of telencephalic frontal slices of mouse embryo (MB068A,

MB023B, and MB053B), in which the fluoresencent cell tracker CMFDA (green) was applied in the commissural preoptic area (POC) or the

basal preoptic area (POB). The results were compared with the expression of Sonic hedgehog mRNA (Shh; see E,I) or calbindin protein

(CB; M). In addition, selected slices were immunolabeled to detect CB (shown in magenta; see C,D,G,H). See text for details. For abbrevia-

tions see list. Scale bars ¼ 0.5 mm in A (applies to A,J,N); 0.2 mm in B (applies to B–D,K,O); 0.4 mm in E (applies to E,I,M); 0.05 mm in F

(applies to F–H,P); 0.1 mm in L.
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Figure 7. A–N: Digital images from four different organotypic cultures of telencephalic frontal or horizontal slices of mouse embryo (fron-

tal slices: MB084A, MB043E, and MB059B; horizontal: MB111F), in which the fluoresencent cell tracker CMFDA (green) was applied in the

commissural preoptic area (POC). The results were compared with calbindin (CB; A). In addition, selected slices were immunolabeled to

detect CB (shown in magenta; see G,J–M). See text for details. For abbreviations see list. Scale bars ¼ 0.4 mm in A; 0.5 mm in B (applies

to B,E); 0.2 mm in C (applies to C,D,F,I,J); 0.1 mm in G (applies to G,H); 0.05 mm in K; 0.5 mm in L; 0.1 mm inv M,N.
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good preoptic marker; Flames et al., 2007; Garcı́a-López

et al., 2008) or calbindin (Figs. 6C–E,I,M, 7A,J,L). Our

results provide novel evidence indicating that the POC is

the major source of preoptic cells for the medial

extended amygdala and other areas of the basal telen-

cephalon, including the septum (Figs. 6, 7). When the cell

tracker was restricted to the POB, only few labeled cells

were observed outside the ventromedial preoptic region,

and extremely few of these cells invaded the caudoven-

tral medial ganglionic eminence (Fig. 6A–H; some of

these cells were calbindin positive). In contrast, when the

cell tracker involved the POC, in addition to cells invading

the radial preoptic domain (Figs. 6J–L, 7F; see radial glial

fiber disposition in Fig. 3G), abundant cells were observed

to invade tangentially the medial bed nucleus of the stria

terminalis and other areas of the basal telencephalon

(Figs. 6L,N–P, 7C,F), including the area along the poste-

rior limb of the anterior commissure (Fig. 7B–D). In addi-

tion, some POC-derived cells appeared to migrate tangen-

tially into the striatum (Fig. 7F,G) and the ventromedial

septum (Fig. 7F,H), including the presumptive subfornical

organ (Fig. 7I–K). None of these labeled cells was found

to be calbindin immunopositive (Fig. 7G,K). In frontal sli-

ces involving the POC, the medial amygdalar nucleus

could not be observed. To overcome this problem, we car-

ried out migration assays in horizontal slices of embryonic

forebrain (Fig. 7L–N). In these experiments, when the cell

tracker involved the POC, labeled cells were observed to

invade the medial amygdalar nucleus and other aspects

of the medial extended amygdala (Fig. 7M,N). In these

experiments, POC-derived cells did not invade the poster-

odorsal subdivision of the medial amygdala.

The supraoptoparaventricular hypothalamic
domain is also a source of cells for the
medial extended amygdala

Our migration assays also show that the supraoptopar-

aventricular domain of the alar hypothalamus (SPV) pro-

duces some cells for the medial extended amygdala,

including the medial bed nucleus of the stria terminalis

and the medial amygdalar nucleus (Figs. 8, 9). This agrees

with previous reports based on gene expression (Bardet

et al., 2008; Abellán et al., 2010) and fate-map analysis

(Garcı́a-Moreno et al., 2010). Figures 8 and 9 show sev-

eral cases in which the cell tracker was applied to rostral

or caudal levels of the SPV (schematic drawings of three

cases are shown in Fig. 9G–I). The location of the cell

tracker was checked by comparison with Lhx5 (Fig. 8A

for rostral SPV; Fig. 8I for more caudal levels of SPV), and

the location of the labeled cells was also deduced by

comparing with calbindin immunostaining (Figs. 8F–H,

9C,D–D00,E). In these cases, numerous labeled cells were

observed to extend toward the surface (Figs. 8C,J,K, 9B),

following the radial dimension as deduced by comparison

with radial glial fibers (Fig. 9F). The labeled cells located

along the radial dimension likely produce the paraventric-

ular nuclear complex (PVN) and the supraoptic nucleus

(SON) of the hypothalamus, as previously shown based

on data from Otp knockout (Wang and Lufkin, 2000). In

addition, abundant labeled cells followed a tangential

migration into the MGEcv area of the basal telencephalon,

invading part of the medial extended amygdala, such as

part of the medial bed nucleus of the stria terminalis and

the medial amygdala (Figs. 8C–H,K,M,N, 9C). A novel

finding of our study is that some of these SPV-derived

cells were calbindin immunopositive (Fig. 9D–D00). In addi-

tion, we also provide novel experimental evidence for a

tangential migration of a few SPV-derived cells into the

subparaventricular domain of the alar hypothalamus

(SPa; Figs. 8K,L, 9B,H,I).

DISCUSSION

Pallial, subpallial, and hypothalamic
embryonic domains contribute cells to the
medial extended amygdala

Our results from in vitro migration assays show that

the medial extended amygdala includes different cell sub-

populations that originate in the ventral pallium (VP), cau-

doventral pallidum (MGEcv), commissural preoptic area

(POC), and suparoptoparaventricular hypothalamic do-

main (SPV; Fig. 10). Although this was suggested previ-

ously based on gene expression patterns (Garcı́a-López

et al., 2008; see also Puelles et al., 2000; Puelles and

Rubenstein, 2003; Bardet et al., 2008; Abellán et al.,

2010; for SPV contribution), the experimental evidence

for the VP, MGEcv, and POC contributions was lacking

(VP, MGEcv) or was imprecise (preoptic area). Therefore,

this is the first comprenhensive experimental study in

which the neurons of the medial extended amygdala,

including both the medial amygdalar nucleus and the

medial bed nucleus of the stria terminalis, have been

shown to originate from multiple sources in the pallium,

subpallium, and hypothalamus. We discuss the details of

each contribution to the medial extended amygdala under

separate subheadings below.

Ventral pallium
An important finding of our study is that VP produces

some cells for the anterior and posterior parts of the

medial amygdala. This was suggested previously based

on Lhx9 expression (Garcı́a-López et al., 2008), but exper-

imental demostration was lacking. It is unlikely that the

presence of labeled cells in the medial amygdala in our

VP experiments is due to contamination of the lateral

Multiple embryonic origins of the medial extended amygdala

The Journal of Comparative Neurology | Research in Systems Neuroscience 1517



Figure 8. A–N: Digital images from three different organotypic cultures of forebrain frontal slices of mouse embryo (MB045C, MB087D,

and MB070A), in which the fluoresencent cell tracker CMFDA (green) was applied to or involved the rostral, intermediate, or caudal parts

of the supraoptoparaventricular domain of the alar hypothalamus (SPV). The results were compared with expression of Lhx5 mRNA (a

genetic marker of SPV; see A,I) and the slices were immunolabeled to detect calbindin (CB; shown in magenta; see F–H). See text for

details. For abbreviations see list. Scale bars ¼ 0.4 mm in A; 0.5 mm in B; 0.2 mm in C (applies to C,F); 0.1 mm in D (applies to D,E,G);

0.2 mm in H,K; 1 mm in I; 0.5 mm in J; 0.05 mm in L; 0.1 mm in M (applies to M,N).
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Figure 9. A–F: Digital images from one organotypic culture of a forebrain frontal slice of mouse embryo (MB032B), in which the fluores-

cent cell tracker CMFDA (green) was applied to the intermediate part of the supraoptoparaventricular domain of the alar hypothalamus

(SPV). The results were compared with expression of calbindin (CB; see E) and radial glial fiber disposition (RC2; F), and the slice was

immunolabeled to detect CB (see C,D–D0 0; shown in magenta). SPV surface is indicated with a double-headed arrow in B,F. Some of the

CMFDA-labeled cells in the BSTM and other parts of EAme were calbindin positive (arrows in D–D0 0). G–I: Schematic drawings of three dif-

ferent experiments, in which CMFDA was applied to the SPV at rostral, intermediate, or caudal levels. See text for more details. For abbre-

viations see list. Scale bars ¼ 0.5 mm in A; 0.2 mm in B (applies to B,C); 0.1 mm in D (applies to D–D0 0); 0.4 mm in E; 0.2 mm in F.
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Figure 10. A–E: Schematic drawings of frontal sections through the embryonic forebrain, showing the major embryonic divisions (in differ-

ent colors) involved in the formation of the amygdala, and their contribution of cells (colored circles) to the different mature amygdalar

nuclei/areas. The schemes are based primarily on data from the present migration assay study (focussed on the medial extended amyg-

dala) but also include data on the amygdala published recently by other authors (for example, Hirata et al., 2009, for the preoptic and VP

derivatives; Waclaw et al., 2010, for LGE and VP derivatives; and Garcı́a-Moreno et al., 2010, for SPV derivatives). Note that in the

schemes we are not including dorsal MGE derivatives (such as part of the cells of the globus pallidus), because we are focussed on the

amygdala. See text for details. For abbreviations see list.
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ganglionic emience, because, in these experiments, we

observed abundant labeled cells in known ventral pallial

derivatives such as the piriform cortex and pallial amyg-

dala, but the striatal mantle remained either nearly or

completely free of labeling. In the cases in which the

striatum was totally devoid of labeled cells, we still could

see a few cells in the medial amygdala. On the other

hand, a minor migration of neurons from pallium to sub-

pallium has been previously observed in mouse (via

genetic fate mapping of a subset of Emx1-lineage pallial

cells that invades the striatum; Cocas et al., 2009) and

chicken (via expression of pallial marker genes; Abellán

and Medina, 2009). In the posterior medial amygdala, VP-

derived cells show a trend to locate in a superficial band,

a domain previously observed to express several pallial

marker genes, such Lhx9 (Garcı́a-López et al., 2008) and

Tbr1 (Medina et al., 2004). As with other pallial-derived

neurons, it is expected that VP-derived cells of the medial

amygdala are glutamatergic. In agreement with this, the

transcription factor Tbr1 (as noted above, expressed in

the superficial domain of the medial amygdala where VP-

derived cells accumulate) is involved in the differentiation

of cortical/pallial glutamatergic neurons (Hevner et al.,

2001). Moreover, some of the projections of the medial

amygdala are known to be excitatory and, likely, glutama-

tergic (Choi et al., 2005).

Caudoventral pallidum
A previous study reported the existence of abundant

neurons of the Nkx2.1 lineage in the medial amygdala (Xu

et al., 2008), but this finding did not allow distinguishing

whether these cells came from the MGE or the preoptic

area, because both subpallial subdivisions express

Nkx2.1 during development (Marı́n et al., 2000; Puelles

et al., 2000; Flames et al., 2007; Garcı́a-López et al.,

2008). Our study provides inequivocal experimental evi-

dence that the caudoventral MGE (previously called or

included as part of the anterior peduncular area, or as

part of the fifth MGE subdivision; Flames et al., 2007; Gar-

cı́a-López et al., 2008) is a major source of neurons for

the medial extended amygdala, including the medial bed

nucleus of the stria terminalis (BSTM) and the anterior

and posterodorsal parts of the medial amygdala. Other

subdivisions of MGE only appear to contribute few cells

(if any) to the medial extended amygdala (not shown).

Moreover, our study indicates that the MGEcv-derived

cells constitute a cell corridor along the medial extended

amygdala (extending from the BSTM to the anterior and

posterodorsal medial amygdala), rich in expression of the

transcription factor Lhx6 and in calbindin-positive neu-

rons. The Lhx6-expressing neurons of this cell corridor

are interconnected and show inhibitory projections to

hypothalamic centers involved in reproduction control

(Choi et al., 2005; for review see Garcı́a-López et al.,

2008). Altogether, it appears that neurons with the same

embryonic origin in the medial extended amygdala share

many molecular, connectivity, and functional features.

This highlights the relevance of embryonic studies for

understanding the functional organization of the brain.

Commissural preoptic area
A recent genetic and experimental fate map has shown

that the preoptic area produces a subpopulation of neu-

rons of the medial amygdala (Hirata et al., 2009). However,

it was unclear what specific subdivision of the preoptic

area produces cells for the medial amygdala and whether

the preoptic area also produces cells for other parts of the

medial extended amygdala. Our migration assay data indi-

cate that the POC appears to be the major source of pre-

optic neurons for the medial extended amygdala, because

POB produce only extremely few cells for the basal telen-

cephalon. This agrees with a previous suggestion based on

Shh expression (Garcı́a-López et al., 2008). Moreover, our

experimental results showed that POC-derived cells invade

both medial and lateral parts of the medial extended

amygdala (such as the BSTM, the sublenticular extended

amygdala, and part of the medial amygdalar nucleus) and

other parts of the basal telencephalon (including the stria-

tum and septum). By using genetic fate map, Hirata and

colleagues (2009) reported that the Dbx1-lineage neurons

of the medial amygdala are all GABAergic and have a pre-

optic origin. Moreover, according to these authors, most

Dbx1-lineage neurons of the medial amygdala are nitrergic

(Hirata et al., 2009), which is a subtype of projection neu-

ron of the medial amygdala (Tanaka et al., 1997). Insofar

as the POB does not seem to contribute many cells to the

basal telencephalon, the Dbx1-lineage neurons of the

medial amygdala reported by Hirata et al. (2009) may origi-

nate specifically or primarily in the POC.

Supraoptoparaventricular hypothalamic domain
Our data show that the hypothalamic SPV produces

cells for the medial extended amygdala, including the

BSTM and the medial amygdala. This agrees with previous

suggestions based on expression of the transcription fac-

tors Otp (Bardet et al., 2008) and Lhx5 (Abellán et al.,

2010), and recent fate map demonstration via in utero

tracing injections and analysis of Otp knockout mice (Gar-

cı́a-Moreno et al., 2010). In contrast to the latter study,

our study showed that some SPV-derived neurons of the

medial extended amygdala are calbindin positive. Based

on correlation with the vesicular glutamate transporter 2,

SPV-derived cells of the medial extended amygdala

appear to be glutamatergic (Abellán et al., 2010; Garcı́a-

Moreno et al., 2010) and contribute to the excitatory pro-

jections of the medial amygdala. The SPV radial domain is
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rich in vasopressin (AVP)- and oxytocin (OT)-containing

neurons (Wang and Lufkin, 2000), and some AVP contain-

ing neurons are also observed in the BSTM and medial

amygdala of some mammals, such as rat and mouse (De

Vries and Buijs, 1983; Caffé et al, 1987; Wang and De

Vries, 1995; Wang et al., 1997; Wang and Lufkin, 2000).

It appears that the abundance of AVP-containing neurons

in the medial amygdala and their projections to the sep-

tum, which have been correlated with parental care and

monogamous behavior (Wang et al., 1994), are highly

variable among mammalian species (Wang et al., 1997).

If these cells were shown to derive from SPV, it would be

important to investigate what developmental mecha-

nisms are behind their differential presence in the medial

amygdala of different mammals.

Finally, one novel finding of our study is that SPV also

produces cells that migrate tangentially to the subpara-

ventricular area. Given that the transcription factor Otp

(expressed in SPV-derived neurons) is essential for the

development of dopaminergic neurons of the hypothala-

mus (Ryu et al., 2007), and the periventricular location of

the SPV-derived cells observed in the SPa (present

study), it is possible that these cells belong to the A14 do-

paminergic cell group.

The principal neurons that conform the
medial extended amygdala follow radial or
tangential migration pathways

Our results show that MGEcv is a major source of neu-

rons of the medial extended amygdala, although at least

three other telencephalic and extratelencephalic embry-

onic subdivisions also contribute neurons to this struc-

ture. This raises many questions regarding the develop-

mental mechanisms that lead these different cells to

migrate and intermingle or lie close together in the medial

amygdala and on the evolutionary origin of these different

subpopulations. One important aspect to evaluate is

whether the neurons from each embryonic source

undergo radial or tangential migration to reach the medial

extended amygdala, because evolutionary variations in

the extent of such migrations may produce the same cells

to be located in distinct topographic positions in different

species. Here we have tried to understand what type of

migration is followed by the cells that make up the medial

extended amygdala of the mouse by comparison with the

disposition of radial glial fibers in E12.5–E14.5 embryos.

This comparison suggests that MGEcv-derived neurons of

the medial extended amygdala follow a primarily radial

migration. In contrast, neurons derived from VP, POC,

and SPV appear to reach the medial extended amygdala

by way of tangential migrations.

Another important observation of our study is that prin-

cipal (projection) neurons migrate to the medial extended

amygdala by both radial and tangential migrations. Thus,

Lhx6-expressing neurons of the medial amygdala, which

appear to arrive from MGEcv by radial migration (present

data), show GABAergic projections to hypothalamic cen-

ters involved in reproduction control (Choi et al., 2005).

On the other hand, nitrergic neurons of the medial amyg-

dala, shown to arrive from the preoptic subdivision (Hirata

et al., 2009) possibly by tangential migration, are known

to project to the paraventricular hypothalamic nucleus

(Tanaka et al., 1997), which controls neuroendocrine

functions by way of the hypothalamohypophyseal axis. In

addition, glutamatergic neurons of the medial amygdala,

which appear to arrive from VP and SPV by tangential

migration (present data and Garcı́a-Moreno et al., 2010),

were shown to project to hypothalamic centers involved

in defense control (Choi et al., 2005). Recently, the princi-

pal neurons of the globus pallidus were also shown to

reach the nucleus by both radial and tangential migration

processes (Nóbrega-Pereira et al., 2010). Therefore, tan-

gential migration in the telencephalon is not only re-

stricted to interneurons but also used by subpopulations

of principal neurons (as shown for the medial extended

amygdala and globus pallidus).

The caudoventral pallidum is the
preferential, but not the only, source of the
calbindin-positive neurons of the medial
extended amygdala

Our double-labeling results indicate that the majority of

the MGEcv-derived cells that form part of the medial

extended amygdala are calbindin positive. However,

although a preferential source, MGEcv is not the only

source of the calbindin-positive cells of the medial

extended amygdala. Our results indicate that the ventral

pallium and especially SPV also produce some calbindin-

positive neurons of the medial extended amygdala. This is

particularly evident for the BSTM, which includes two dis-

tinct calbindin-rich subdivisions, one primarily derived

from MGEcv and another one primarily (if not entirely)

derived from the SPV (Figs. 9E, 10C). Although calbindin

neurons of the medial extended amygdala derived from

MGEcv are likely GABAergic (as expected of most subpal-

lium-derived neurons), calbindin cells derived from the VP

or the SPV are likely glutamatergic.

Calbindin cells in the pallial amygdala and
piriform cortex include both interneurons
and principal neurons

Our results indicate that MGEcv is a source of numer-

ous cells that migrate tangentially to the pallium, having
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as a preferential destiny its ventrolateral part, including

the piriform cortex, the claustral complex, and the pallial

amygdala. Some of these MGEcv-derived cells of the

ventrolateral pallium are calbindin positive and likely

represent interneurons, as shown previously for other

MGE-derived cells of the cerebral cortex and other parts

of the pallium (Lavdas et al., 1999; Marin et al., 2000;

Pleasure et al., 2000; Marin and Rubenstein, 2001;

Anderson et al., 2001; Nery et al., 2002; Legaz et al.,

2005a). However, our results also indicate that some

calbindin-positive neurons of the piriform cortex and pal-

lial amygdala originate in the ventral (or ventrolateral)

pallium. This is in agreement with data indicating that

about 25% of the calbindin neurons of the basal amyg-

dalar complex of the rat do not contain GABA and show

a pyramidal-like morphology (Kemppainen and Pitkänen,

2000). Calbindin-positive pyramidal-like neurons have

also been observed in the mouse basal amygdalar com-

plex (Legaz et al., 2005b). These non-GABAergic, calbin-

din-positive neurons of the pallial amygala likely derive

from the ventrolateral pallium and may represent a sub-

type of principal glutamatergic neuron. Therefore, calbin-

din cannot be considered a general marker of pallial/

cortical interneurons, because this is not so in the ven-

trolateral pallium.

LITERATURE CITED
Abellán A, Medina L. 2008. Expression of cLhx6 and cLhx7/8

suggests a pallido-pedunculo-preoptic origin for the lateral
and medial parts of the avian bed nucleus of the stria ter-
minalis. Brain Res Bull 75:299–304.

Abellán A, Medina L. 2009. Subdivisions and derivatives of
the chicken subpallium based on expression of LIM and
other regulatory genes and markers of neuron subpopula-
tions during development. J Comp Neurol 515:465–501.
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Genetic and Experimental Evidence Supports the
Continuum of the Central Extended Amygdala and
a Mutiple Embryonic Origin of Its Principal Neurons

Munisamy Bupesh, Antonio Abellán, and Loreta Medina*

Laboratory of Brain Development and Evolution, Department of Experimental Medicine, Faculty of Medicine, University of Lleida,

Institut of Biomedical Research of Lleida (IRBLLEIDA), 25008 Lleida Spain

ABSTRACT
The central extended amygdala is the major output

center for telencephalic control of ingestion, fear

responses, stress, and anxiety. In spite of the abundant

data supporting the similarity in neurochemistry, con-

nections, and function along the extended amygdala,

embryological support for this continuum is lacking. By

using a combination of in vitro migration assays, in situ

hybridization, and immunostaining, here we show that

its major components, including central amygdala and

lateral bed nucleus of the stria terminalis (BST), are

mosaics formed by different proportions of dorsal lat-

eral ganglionic eminence (LGE)-, ventral LGE-, and

medial ganglionic eminence (MGE)-derived principal

neurons. The dorsal LGE produces Pax6-expressing neu-

rons that primarily populate lateral parts of the central

extended amygdala, including the capsular and part of

lateral central amygdala, but also produces a few cells

for the lateral BST. Based on correlation with preproen-

kephalin, many of these cells are likely enkephalinergic.

The ventral LGE produces Islet1-expressing neurons

that populate primarily the central and medial parts of

the central amygdala but also produces numerous neu-

rons for the lateral BST. Correlation with corticotropin-

releasing factor suggests that these neurons express

this neuropeptide. The MGE produces the majority of

neurons of the lateral BST, but its ventrocaudal subdivi-

sion also produces an important subpopulation of pro-

jection neurons containing somatostatin for medial

aspects of the central amygdala. Thus, distinct principal

neurons originate in different embryonic domains, but

the same domains contribute neurons to most subdivi-

sions of the central extended amygdala, which may

explain the similarity in neurochemistry and connec-

tions along the corridor. J. Comp. Neurol. 519:3507–

3531, 2011.

VC 2011 Wiley-Liss, Inc.

INDEXING TERMS: lateral ganglionic eminence; medial ganglionic eminence; Pax6; Islet1; enkephalin; CRF;

somatostatin; calbindin; tyrosine hydroxylase; cell migrations

The extended amygdala is a cell corridor or continuum

located in the basal telencephalon that is involved in con-

trol of basic behaviors essential for survival, and its dys-

function appears to be related to some neuropsychiatric

disorders (Alheid and Heimer, 1988; Alheid et al., 1995;

Heimer, 2003). Although initially proposed by Johnston

(1923), the extended amygdala was redefined by de

Olmos, Alheid, and Heimer (de Olmos et al., 1985, 2004;

Alheid and Heimer, 1988; Alheid et al., 1995), and distin-

guished from other basal telencephalic cell groups of the

‘‘substantia innominata’’ on the basis of its distinct neuro-

chemistry and connectivity patterns. The latter authors

proposed the existence of two subdivisions of the

extended amygdala: 1) the central extended amygdala,

related to the central amygdala and lateral bed nucleus of

the stria terminalis (BST), involved in control of ingestion

and fear responses, and 2) the medial extended amyg-

dala, related to the medial amygdala and medial BST,

involved in control of reproduction and/or defense (de

Olmos et al., 1985, 2004; Alheid and Heimer, 1988;

Alheid et al., 1995; see also Swanson, 2000; Heimer,

2003; Choi et al., 2005; Wilensky et al., 2006; Walker and

Davis, 2008; Petrovich et al., 2009). In spite of the
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abundant data on the neurochemistry, connections, and

function of the extended amygdala of adult rodents, in-

formation on its development is scarce. Thus, embryo-

logical support for the existence of the two cell corri-

dors, or for explaining the striking similarity in

neurochemistry and connections along each of the cor-

ridor cells of the extended amygdala, is absent. Recent

genetic and fate mapping data indicate that an impor-

tant part of the cell continuum of the medial extended

amygdala, characterized by Lhx6 expression, share an

identical embryonic origin in a ventrocaudal part of the

medial ganglionic eminence (MGEvc; Garcı́a-López

et al., 2008; Bupesh et al., 2011). This part of the con-

tinuum is rich in calbindin-immunoreactive cells (Gar-

cı́a-López et al., 2008; Bupesh et al., 2011), receives

odor information related to reproduction, and projects

to hypothalamic centers involved in reproduction

control (Choi et al., 2005). However, it has also become

clear that the medial extended amygdala contains multi-

ple neuron subpopulations that originate in distinct pro-

genitor domains of the pallium and subpallium and out-

side the telencephalon (Puelles et al., 2000; Garcı́a-López

et al., 2008; Hirata et al., 2009; Soma et al., 2009; Gar-

cı́a-Moreno et al., 2010; Bupesh et al., 2011). Thus,

instead of a single cell continuum, the medial extended

amygdala may consist of several parallel (and perhaps

partially intermingled) cell corridors, each one related to

a different origin and possibly a different function (Garcı́a-

Abbreviations

AAd anterior amygdala, dorsal part
AAv ventral part of the anterior amygdala
ACo anterior cortical amygdalar area
BC basal amygdalar complex
BST bed nucleus of the stria terminalis
BSTia intraamygdaloid part of the BST
BSTL lateral BST
BSTLd dorsal part of BSTL
BSTLp posterior part of BSTL
BSTLv ventral part of BSTL
BSTM medial BST
Ce central amygdala
CeC capsular central amygdala
CeCvm ventromedial part of CeC
CeL lateral central amygdala
CeL (c) central part of CeL
CeL (l) lateral part of CeL
CeL (m) medial part of CeL
CeM medial central amygdala
Co cortical amygdalar area
CPu caudoputamen complex
DP dorsal pallium
EA extended amygdala
EAce central extended amygdala
EAme medial extended amygdala
ec external capsule
EMT prethalamic eminence
En endopiriform nucleus
GP globus pallidus
ic internal capsule
IPAC interstitial nucleus of the posterior limb of the anterior

commissure
ITC interstitial amygdalar cells
LGE lateral ganglionic eminence
LGEd dorsal part of LGE
LGEv ventral part of LGE
lot lateral olfactory tract
MGE medial ganglionic eminence
MGEd dorsal part of MGE
MGEvc ventrocaudal part of MGE
Me medial amygdala
MeP posterior medial amygdala
MP medial pallium
NCx neocortex
nsp nigrostriatal projection
p3 prosomere 3
ot optic tract
PA pallial amygdala
pac posterior limb of the anterior commissure
Pir piriform cortex
PVN paraventricular hypothalamic nucleus
st stria terminalis
PTh prethalamus
Th thalamus
TR transmission
Tu olfactory tubercle
ve Ventricle
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López et al., 2008; Abellán and Medina, 2008, 2009).

Regarding the central extended amygdala, some data

indicate an origin in MGE for the lateral BST (Swanson

and Petrovich, 1989; Puelles et al., 2000; Xu et al., 2008;

Garcı́a-López et al., 2008), and an origin in the lateral gan-

glionic eminence (LGE) for the central amygdala and other

striatal amygdalar cell groups, such as the intercalated

cells (Puelles et al., 2000; Medina et al., 2004; Garcı́a-

López et al., 2008; Kaoru et al., 2010; Waclaw et al.,

2010). In this panorama, the existence of a cell continuum

for the central extended amygdala is difficult to support on

an embryological basis, because current data appear to

support the existence of only a ‘‘striatopallidal’’ type func-

tional organization (as defined by Alheid and Heimer, 1988;

and Swanson, 2000). However, based on Lmo4 expression

in mouse, a LIM-only gene typical in the striatum, it was

suggested that some cells of the lateral BST may originate

in LGE (Garcı́a-López et al., 2008). This was also proposed

for the chicken lateral BST based on expression of Pax6, a

transcription factor expressed in postmitotic cells derived

from dorsal LGE (Abellán and Medina, 2009). It is unclear

whether the lateral BST of the mouse includes Pax6-

expressing cells of dorsal LGE origin, although it appears

that such cells are found in the central amygdala (Puelles

et al., 2000). In addition, it appears that many neurons of

the central amygdala in mouse derive from Islet1-express-

ing progenitors of the ventral LGE (Waclaw et al., 2010),

although it is unclear what exact subdivisions of the mature

central amygdala contain dorsal LGE (Pax6 lineage)-derived

or ventral LGE (Islet1 lineage)-derived cells. Also, it is

unknown whether cells from the ventral LGE (Islet1)

domain populate the lateral BST. Moreover, some of the

somatostatin-containing projections neurons of the central

amygdala have been proposed to originate in MGEvc (Gar-

cı́a-López et al., 2008; Real et al., 2009). If these proposals

are true, this would mean that the central extended amyg-

dala continuum proposed by Olmos, Alheid, Heimer and

collaborators may indeed have embryological support and

consists primarily of a mixture of striatal-like and pallidal-

like cells. However, as noted above, many crucial aspects

of central extended amygdala development remain

unknown. Therefore, the aim of this study has been to ana-

lyze these questions of central extended amygdala devel-

opment using the mouse as a model. Our results provide

embryonic support for the central extended amygdala con-

tinuum and for the similarity of neurochemistry and con-

nections of cells in this whole area.

MATERIALS AND METHODS

Mouse (Swiss) embryos from embryonic day 13.5

(E13.5) until day 18.5 (E18.5) and neonates (P0) were

used in the present study. All animals were treated

according to the regulations and laws of the European

Union (86/609/EEC) and the Spanish Government (Royal

Decree 1021/2005) for care and handling of animals in

research. The protocols used were approved by the Com-

mittee for handling and care of research animals of the

University of Lleida. The mouse embryos were obtained

from pregnant females, and their brains were processed

for in situ hybridization, for immunohistochemistry, or for

preparing organotypic cultures for migration assays.

In situ hybridization
Frontal or horizontal embryonic brain sections of

E13.5–E18.5 mice were processed for in situ hybridiza-

tion using digoxigenin-labeled riboprobes, following a pro-

cedure previously described (Medina et al., 2004; Garcı́a-

López et al., 2008; Abellán and Medina, 2008, 2009). The

riboprobes were synthesized from cDNAs of mouse Pax6

(bp 1–260; Genbank accession no: NM_013627), mouse

Islet1 (bp 1–459; Genbank accession no: W42403;

Research Genetics Inc.; plasmid kindly provided by Dr.

Elisa Marti), and rat preproenkephalin (ppENK; bp 1–938;

Genbank accession no: Y07503; cDNA kindly provided by

Dr. G. Drolet; Yoshikawa et al., 1984; Poulin et al., 2006;

the hybridization pattern observed in the mouse telen-

cephalon here is identical to that reported in the rat by

Yoshikawa et al., 1984, and Poulin et al., 2006, 2008).

We used PCR to obtain the DNA template employed for

synthesizing the riboprobe. We synthesized the antisense

digoxigenin-labeled riboprobes using Roche Diagnostics’s

(Mannheim, Germany) protocols for the genes mentioned

above. Before hybridization, the sections were treated with

proteinase K (10 lg/ml; Roche Diagnostics) in PBS

containing 0.1% Tween-20 (1� PBT) for 1 minute. After

that, sections were abundantly washed and postfixed with

phosphate-buffered 4% paraformaldehyde containing

0.06% glutaraldehyde for 20 minutes. The sections were

washed again, prehybridized in hybridization buffer (HB)

for 2 hours at 58�C, and then hybridized in HB containing

the ribprobe overnight at 58�C (0.5–1 lg/ml, depending

on the probe and embryo size). The hybridization buffer

contained 50% deionized formamide, 1.3� standard saline

citrate (SSC; pH 5), 5 mM ethylenediaminetetraacetic

acid (EDTA; pH 8.0; Sigma-Aldrich, Steinheim, Germany),

1 mg/ml yeast tRNA (Sigma-Aldrich), 0.2% Tween-20,

100 lg/ml heparin (Sigma-Aldrich), completed with water

(free of RNAase and DNAase; Sigma-Aldrich). After hybrid-

ization, the sections were washed with a mix 1:1 of 1�
MABT (1.2% maleic acid, 0.8% NaOH, 0.84% NaCl, and

0.1% Tween-20) and HB at 58�C for 20 minutes and

washed abundantly at room temperature with 1� MABT

(about 2 hours). After this, the sections were blocked with

a solution containing blocking reagent (Roche Diagnos-

tics), 1� MABT, and sheep serum (Sigma) for 4 hours at

Embryonic origin of central extended amygdala
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room temperature, then incubated in an antibody against

digoxigenin (alkaline-phosphatase coupled antidigoxigenin;

diluted 1:3,500; Roche Diagnostics) overnight at 4�C, later
washed with 1�MABT, and finally revealed with BM purple

(Roche Diagnostics). Sections were then mounted on

glycerol gelatin (Sigma).

Organotypic cultures
For the migration assays, we prepared organotypic cul-

tures of forebrain slices from E13.5 to E16.5 mice follow-

ing a previously described procedure (Soria and Valdeol-

millos, 2002; slightly modified according to Legaz, 2006).

Upon extraction, embryos were placed in a standard ice-

cold, oxygenated culture medium artificially resembling

cerebrospinal fluid (containing 124 mM NaCl, 5 mM KCl,

1.2 mM KH2PO4, 1.3 mM MgSO4 � 7H2O, 26 mM CHNaO3,

2.4 mM CaCl2 � 2H2O, and 10 mM D(þ)-glucose; Soria and

Valdeolmillos, 2002), in which brains were dissected out.

The brains were sectioned at 300 lm in the frontal or hori-

zontal plane using a vibratome (Leica VT 1000S), and the

slices were mounted onto porous culture plate inserts

(Millicell-CM, 0.4 lm pore diameter; 30 mm insert diame-

ter; Millipore, Molsheim, France; Soria and Valdeolmillos,

2002) and placed in culture medium DMEM F-12 (Gibco,

Grand Island, NY; supplemented with 5% fetal bovine se-

rum, 0.1 mM glutamine, 6.5 mg/ml D-glucose, 1% supple-

ment N2, and 1% penicillin; Soria and Valdeolmillos, 2002;

Legaz, 2006). Slices were allowed to recover in a CO2 incu-

bator (5% CO2; 37
�C) for 1 hour before application of the

tracer dye. After that, tungsten particles coated with the

fluorescent dye CMFDA (Cell Tracker Green 5-chlorome-

thylfluorescein diacetate; Invitrogen-Molecular Probes,

Paisley, United Kingdom; excitation peak 490 nm; emission

peak 514 nm; Alifragis et al., 2002) were applied to the

ventricular/subventricular zone of either the LGE

(at intermediate or caudal levels) or the MGE (in particular,

its caudoventral subdivision, previously named or included

as part of the anterior peduncular area [AEP]; Puelles et al.,

2000; Garcı́a-López et al., 2008). The slices were then

transferred to culture medium Neurobasal (Gibco; supple-

mented with 5% fetal bovine serum, 0.1 mM, glutamine, 6.5

mg/ml D-glucose, 1% supplement B27 [Gibco], and 1% pen-

icillin; Soria and Valdeolmillos, 2002; Legaz, 2006) and

incubated in a CO2 incubator (5%; 37
�C) for 24–48 hours.

After incubation, the slices were fixed with phosphate-buf-

fered 4% paraformaldehyde (pH 7.4) for 8 minutes, and

then rinsed and stored in phosphate buffer (0.1 M, pH 7.4)

containing 0.1% sodium azide until microscopic observa-

tion. The labeling was analyzed and images were captured

with a confocal scanning microscope (Olympus FV500).

Immunohistochemistry and
immunofluorescence

Some embryonic brains were sectioned in frontal or

horizontal planes and processed for immunohistochem-

istry to detect tyrosine hydroxylase (TH; rabbit antityro-

sine hydroxylase; Millipore, Temecula, CA) to help in the

identification of the central extended amygdala (Fallon

et al., 1978; Alheid et al., 1995), and somatostatin

(SOM; goat antisomatostatin; Santa Cruz Biotechnology,

Santa Cruz, CA) to analyze in detail the location of SOM-

immunoreactive cells in the mature central extended

amygdala. Moreover, selected slices from the migration

experiments were processed (directly or, more often, af-

ter resectioned at 40–50 lm thick) for immunofluores-

cence to detect calbindin (CB; rabbit anticalbindin;

TABLE 1.

Primary Antibodies

Antibody

Antigen

recognized Immunogen

Manufacturer, species,

mono- vs. polyclonal,

catalog or lot No. Dilution

Anticalbindin Calbindin D-28k Recombinant rat calbindin D-28k Swant (Bellinzona, Switzerland); rabbit
polyclonal IgG; catalog No. CB-38a,
lot No. 9.03 and 18F

1:2,000

Anti-Islet1 Islet1/Islet2 C-terminal residues 178–349
of rat Islet1

Developmental Hybridoma Bank,
(Univ. of Iowa, Iowa); mouse
monoclonal IgG2b; catalog
No. 39.4D5

1:200

Anti-Pax6 Pax6 Recombinant protein containing amino
acids 1–223 of chick Pax6, made
in E. coli

Developmental Hybridoma Bank,
(Univ. of Iowa, Iowa); mouse
monoclonal IgG1; catalog No. Pax6

1:200

Antisomatostatin Somatostatin Synthetic peptide
LELQRSANSNPAMAPRERK
mapping amino acids 84–102 of
human SOM

Santa Cruz Biotechnology, Santa
Cruz, CA; goat polyclonal; catalog
No. SC-7819; lot No. L0209

1:1,000

Antityrosine
hydroxylase

Tyrosine
hydroxylase

Denatured tyrosine hydroxylase
from rat pheochromocytoma

Millipore, Temecula, CA; rabbit polyclonal;
catalog No. AB152; lot No. NG1723896

1:1,000
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Swant, Bellinzona, Switzerland), Pax6 (mouse anti-Pax6,

Developmental Hybridoma Bank, University of Iowa), Is-

let1 (mouse anti-Islet1; Developmental Hybridoma Bank,

University of Iowa), or SOM (goat antisomatostatin;

Santa Cruz Biotechnology). See Table 1 and section

below for details on the primary antibodies. The primary

antibodies were diluted in PBS containing 0.3% Triton X-

100, and the tissue was incubated for 2–3 days at 4�C
under constant and gentle agitation. To block nonspe-

cific binding of the secondary antisera, 10% normal goat

serum (Sigma) and/or 10% normal horse serum (Sigma)

was added to the solution containing the Pax6 and Islet1

primary antibodies.

After this incubation and standard washes in PBS-

Triton, the sections were incubated in a secondary antise-

rum for either 1 hour (for immunohistochemistry) or

2 hours (for immunofluorescence) at room temperature.

For immunohistochemistry, the secondary antisera used

were either biotinylated goat anti-rabbit (for CB and TH) or

biotinylated rabbit anti-goat (for SOM). Both secondary

antisera were purchased from Vector (Burlingame, CA)

and were diluted at 1:200. After washing, the sections

were incubated in the avidin-biotin complex (ABC kit; Vec-

tor; 0,003% dilution) for 1 hour at room temperature. The

immunolabeling was revealed by 0.05% diaminobenzidine

(DAB; Sigma-Aldrich) in 0.05 M Tris (pH 7.6), containing

0.03% H2O2. For immunofluorescence, we used the follow-

ing secondary antisera: donkey anti-rabbit (for CB), donkey

anti-mouse (for Pax6 and Islet1), and donkey anti-goat (for

SOM), all conjugated to Alexa 568 (Molecular Probes) and

diluted 1:500. After incubation, the sections were rinsed

and stored (at 4�C, in the darkness) until analysis with a

confocal microscope. To check the specificity of our sec-

ondary antisera, some sections were processed omitting

the primary antibody. After this, no labeling was observed.

Antibody characterization
See Table 1 for a list of all primary antibodies used.

The rabbit anticalbindin D-28k antibody recognized a sin-

gle band of 28 kD m.w. on Western blots of rat brain

(manufacturer’s data sheet) and stained a pattern of cel-

lular morphology and distribution in the mouse brain iden-

tical to that in previous reports on localization of the

Figure 1. A–D: Digital images of frontal sections through the embryonic mouse telencephalon at E13.5–E14.5 showing the expression of

Pax6 mRNA in the amygdalar primordium (in situ hybridization). Note the stream of Pax6-expressing cells that appears to originate in the dor-

sal LGE and extends radially into the surface. At caudal levels, these cells invade the central amygdala (Ce; B,D). The arrows in B and C point

to another stream of Pax6-expressing cells, which appear to originate in the prethalamic eminence (EMT) and invade parts of the amygdala.

For abbreviations see list. Scale bar ¼ 0.4 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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mRNA of the same protein via in situ hibridization histo-

chemistry (Sequier et al., 1990).

The mouse anti-Islet1 antibody was raised against the

C-terminal residues 178–349 of rat Islet-1, produces a

comparable staining pattern in rat and chicken brain, and

recognizes both Islet1 and Islet2 (Thor et al., 1991; Var-

ela-Echavarrı́a et al., 1996; Abellán and Medina, 2009). In

the chicken, staining with this antiserum is colocalized

with the mRNA distribution of Islet-1 protein by in situ

hibridization histochemistry (Varela-Echavarrı́a et al.,

1996). The staining pattern obtained with this antibody in

the developing mouse forebrain (Elshatory and Gan,

2008; present results) is identical to that obtained with in

situ hybridization (Stenman et al., 2003a; present results:

compare Fig. 3 and Fig. 7).

The mouse anti-Pax6 antibody was raised against a

recombinant protein containing amino acids 1–223 of

chick Pax6, made in Escherichia coli (Kawakami et al.,

1997). The staining pattern obtained with this antibody in

the developing mouse neural tube (Cameron et al., 2009),

including the forebrain (present results), is identical to

that obtained with in situ hybridization (Ericson et al.,

1997; Stoykova et al., 2000; Puelles et al., 2000; present

results: compare Fig. 1 and Fig. 10).

The goat antisomatostatin antibody was raised against

the synthetic peptide LELQRSANSNPAMAPRERK map-

ping amino acids 84–102 of human SOM (Santa Cruz Bio-

technology). Its specificity has been checked by Western

blotting in mouse brain homogenates, producing a single

band of the expected molecular size corresponding to the

synthetic peptide (Fig. 1 in Real et al., 2009). With this

antibody we obtained a staining pattern in the forebrain

identical to that reported previously with the same or dif-

ferent antibodies against SOM (Garcı́a-López et al., 2008;

Real et al., 2009).

The rabbit antityrosine hydroxylase antibody was raised

against denatured TH from rat pheochromocytoma, and by

Western blotting it recognizes a band of approximately 62

kDa on PC12 lysates, which corresponds to the enzyme TH

(manufacturer’s data sheet). In the developing mouse

brain, it produces a staining pattern identical to that

described in previous reports in mouse, rat, and other

mammals (Smeets and Reiner, 1994; Jacobowitz and

Abbot, 1997), and the distribution of immunoreactive peri-

karya seen with this antibody is identical to that observed

via in situ hybridization in the mouse brain (Marı́n et al.,

2005; unpublished data from our laboratory).

Digital photographs and figures
Digital photographs from hybridized and immuno-

stained sections were taken with a Leica microscope

(DMR HC) equipped with a Zeiss Axiovision digital cam-

era, and serial images from fluorescent material were

taken with the confocal microscope (Olympus FV500).

Selected digital images were adjusted for brightness and

contrast in Adobe PhotoShop, and figures were mounted

and labeled in FreeHand 10.

Identification of cell masses and
nomenclature

For identification of forebrain cell masses during devel-

opment, we used atlases of developing mouse (Jacobo-

witz and Abbot, 1997) and rat (Paxinos et al., 1994; Fos-

ter, 1998) brain as well as our own publications on the

subject (especially Legaz et al., 2005b; Garcı́a-López

et al., 2008; Abellán et al., 2010). For BST and amygdalar

subdivisions, we followed the brain atlas by Paxinos and

colleagues (Paxinos et al., 1999; Paxinos and Franklin,

2004), which follow the scheme of Alheid et al. (1995).

RESULTS

Characterization of major cell
subpopulations and subdivisions of the
developing mouse central extended
amygdala based on Pax6, Islet1, enkephalin,
SOM, and TH

To understand the developmental origin and final distri-

bution of distinct cell subpopulations within the central

extended amygdala, we first analyzed the expression of

the transcription factors Pax6 and Islet1 by in situ hybrid-

ization throughout development (from E13.5 to prenatal

stages and birth; Figs. 1–3), which allowed distinction of

cells derived from dorsal LGE and ventral LGE, respec-

tively (Puelles et al., 2000; Stenman et al., 2003a;

Waclaw et al., 2010). This was compared with the distri-

bution of cells expressing the neuropeptides enkephalin

(preproenkephalin or ppENK; by in situ hybridization) or

SOM (by immunohistochemistry) at middle (E16.5) and

prenatal (E17.5, E18.5; Fig. 2) stages, which label distinct

subpopulations of neurons in the central extended amyg-

dala of adult rodents (Moga and Gray, 1985; Moga et al.,

1989; Poulin et al., 2006, 2008). Moreover, SOM-contain-

ing cells of the central amygdala were proposed to origi-

nate in MGEvc (Garcı́a-López et al., 2008; Real et al.,

2009). To help in the localization of the central extended

amygdala, we compared our results with Pax6, Islet1,

enkephalin, and SOM with the immunohistochemical

expression of the rate-limiting catecholamine enzyme TH,

which is present at high levels in fibers and varicosities of

the central extended amygdala in adult rodents, allowing

its distinction from other parts of the extended amygdala

(Fallon et al., 1978; Alheid et al., 1995; Paxinos and

Franklin, 2004). As shown in Figure 2, TH-immunoreactive

innervation was abundant in the central extended

Bupesh et al.

3512 The Journal of Comparative Neurology |Research in Systems Neuroscience



amygdala at E17.5, including the lateral BST, the intersti-

tial nucleus of the posterior limb of the anterior commis-

sure (IPAC), the anterior amygdala (in particular its dorsal

part), and the central amygdala (Ce; Fig. 2E,G,J). A part

(but not all) of the intercalated cells of the amygdala (ITC)

also showed dense innervation by TH-immunoreactive

fibers and varicosities at E17.5.

Figure 2. A–D: Digital images of frontal sections through the developing mouse telencephalon at prenatal embryonic stages (E17.5) or at

birth (P0), showing the expression of Pax6 mRNA in the central extended amygdala. E–L: Frontal sections through the telencephalon of

mouse E16.5–E17.5, showing the expression of the enzyme tyrosine hydroxylase (TH; by immunohistochemistry), preproenkephalin mRNA

(ppENK, by in situ hybridization), and the neuropeptide somatostatin (SOM; by immunohistochemistry) in levels of the central extended amyg-

dala similar to those shown for Pax6. Note the similarity in the distribution of ppENK- and Pax6-expressing cells in the central amygdala, both

enriched in the capsular/lateral parts of the central amygdala. In contrast, somatostatin cells are more abundant in the medial part of the

central amygdala (medial and part of the lateral subnuclei). The arrow in C points to Pax6-expressing cells in the medial amygdala. For abbre-

viations see list. Scale bar ¼ 0.5 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Pax6
This transcription factor has previously been noted to

be expressed in the ventricular zone of both the pallium

and the LGE (Stoykova et al., 2000; Puelles et al., 2000;

Toresson et al., 2000; Flames et al., 2007) but not in the

MGE or more ventral parts of the subpallium (Fig. 1A,B).

These results indicated that this marker is excellent for

the distinction of the dorsal LGE and its derived cells in

the striatum, central amygdala, and olfactory bulb, which,

in contrast to those of ventral LGE, maintain postmitotic

expression of Pax6 (Puelles et al., 2000; Flames et al.,

Figure 3. Digital images of frontal sections through the embryonic mouse telencephalon at E16.5–E18.5 showing the expression of Islet1

mRNA (in situ hybridization) in the central extended amygdala. In the central amygdala, the expression is high in the medial part (encom-

passing the medial subnucleus or CeM, and the adjacent part of the lateral subnucleus or CeL). Note the expresion in the lateral BST

(BSTL). See text for more details. For abbreviations see list. Scale bar ¼ 0.4 mm. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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2007). However, the exact distribution of Pax6-express-

ing cells in the central amygdala subdivisions was

unclear, and it was unknown whether Pax6-lineage cells

invade other parts of the central extended amygdala con-

tinuum. Our study provides novel and relevant details on

the expression of Pax6 in the central extended amygdala

from E13.5 to prenatal stages. At E13.5–E14.5, a stream

of postmitotic cells expressing Pax6 extended radially

from the ventricular/subventricular zone of dorsal LGE

into the mantle, reaching the surface at the olfactory tu-

bercle region, just ventral to the piriform cortex (Fig.

1A,B). This radial stream of Pax6-expressing cells was

observed from rostral to caudal levels. At caudal levels,

abundant Pax6-expressing cells were observed along the

lateral margin of the developing striatum and central

extended amygdala (adjacent to the palliosubpallial

boundary), being concentrated in the dorsal anterior

amygdala (AAd) and central amygdala (Ce) primordia

(Fig. 1B,C). A few cells were also observed to separate

from dorsal LGE and invade tangentially the pallidal

region medial to the globus pallidus, where the lateral

BST develops (not shown). Curiously, at E13.5–E14.5,

another stream of Pax6-expressing cells reached the

amygdala, apparently originating in the prethalamic emi-

nence (EMT, arrows in Fig. 1B,C). At E13.5–E14.5, abun-

dant Pax6-expressing cells were also observed in part of

the medial amygdala, but their exact embryonic origin

was unclear, perhaps in dorsal LGE, in EMT, or in both

(Fig. 1B,D). In addition, some postmitotic Pax6-expressing

cells were observed in the pallium.

At prenatal stages (E17.5–E18.5) and at birth (P0), the

central extended amygdala already showed a relatively

mature organization in terms of subdivisions, cell types,

and main connections (such as innervation by TH-immu-

noreactive fibers), and the distribution of Pax6-expressing

cells in the different subdivisions was more clear (Fig. 2).

Pax6-expressing cells were present in the lateral BST,

interstitial nucleus of the anterior commissure (IPAC,

mostly its lateral part), dorsal anterior amygdala (AAd),

intercalated amygdalar cells (ITC, including paracapsular

cells and main masses), and central amygdala (Fig. 2A–

D). However, differences in the abundance of Pax6-

expressing cells in distinct central extended amygdala

subdivisions were observed. Pax6-expressing cells were

very abundant and densely packed in IPAC, AAd, and ITC

(Fig. 2A–C). In the central amygdala, Pax6-expressing

cells also were very abundant and densely packed in the

capsular subdivision (CeC, except for its ventromedial

part; Fig. 2B). In addition, a moderately abundant subpo-

pulation of Pax6 cells was present in the lateral subdivi-

sion (CeL, mainly its lateralmost zone), but the medial

subdivision (CeM) and the ventromedial aspect of the

CeC contained only very few, scattered Pax6 cells (Fig.

2B,C). On the other hand, the lateral BST contained a

small group of Pax6-expressing cells, which appear to

locate in the dorsal and posterior subnuclei (which corre-

spond to the oval and rhomboid subnuclei, respectively,

of the anterolateral BST complex of Swanson and collabo-

rators; Dong et al., 2001a; Fig. 2D). With regard to the

medial amygdala, the number of Pax6-expressing cells

present in this structure at prenatal stages was relativey

low, and these cells were mostly concentrated (showing

at times cell aggregates) in the lateral aspects of the pos-

terior medial amygdala (arrow in Fig. 2C).

Islet1
During early and intermediate embryonic stages of de-

velopment, this transcription factor is known to be

expressed by the proliferating cells of the subventricular

zone of ventral LGE and by its derivatives in the striatal

mantle (including principal neurons of the caudate-puta-

men; Stenman et al., 2003a,b) and the central amygdala

(Waclaw et al., 2010). However, the exact subdivisions of

the central amygdalar nucleus that are occupied by Islet1-

lineage cells remained unclear, as did whether these cells

occupy other parts of the central extended amygdala. Our

data on Islet1 mRNA expression during prenatal stages

showed that the distribution of Islet1-expressing in the

central amygdala is not even (Fig. 3). At E16.5–E18.5

mice, Islet1-expressing cells were concentrated in the

medial and at least part of the lateral subdivisions,

whereas the capsular subdivision (very rich in Pax6-

expressing cells, as noted above) was very poor in and pri-

marily remained free of Islet1 cells (Fig. 3B,E,F). Moreover,

at E15.5–E16.5, a stream of Islet1-expressing cells

appeared to extend from the ventral LGE into the lateral

BST primordium, just medial to the internal capsule

(Fig. 3A). At prenatal stages (E18.5), numerous Islet1-

expressing cells were concentrated in the dorsal and pos-

terior subnuclei of lateral BST (which correspond to the

oval and rhomboid subnuclei, respectively, of the anterolat-

eral BST complex of Swanson and colleagues; Dong et al.,

2001a), although some cells were also present in the

ventral subnucleus (including the fusiform and subcommis-

sural subnuclei of the anterolateral BST complex of Swan-

son and colleagues; Dong et al., 2001a; Fig. 3C,D).

ppENK
An important subpopulation of enkephalinergic neu-

rons is known to be present in the central extended

amygdala of adult rodents (Moga and Gray, 1985; Moga

et al., 1989; Poulin et al., 2006, 2008). To understand

its location with respect to that of the Pax6- or Islet1-

expressing cells, we studied its distribution at middle

(E16.5) and prenatal (E17.5, E18.5) stages of mouse

using in situ hybridization. Interestingly, the distribution
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of ppENK-expressing neurons in the central extended

amygdala at these stages greatly resembled that of

Pax6-expressing cells, although ppENK-expressing cells

were more numerous. In the central amygdala, ppENK-

expressing cells were very abundant and densely

packed in the capsular subdivision (CeC, excepting its

ventromedial part), and many cells were also present in

the lateral subdivision (CeL, mainly its lateralmost zone;

Fig. 2H,K). Densely packed ppENK-expressing cells

were also observed in other parts of the central

extended amygdala, including the intercalated cells, the

interstitial nucleus of the posterior limb of the anterior

commissure, a part of the substantia innominata (la-

beled EAce in the figures), and dorsal and posterior

parts of the lateral BST (Fig. 2F,H,K). In most of these

nuclei, the abundance of ppENK-expressing cells at pre-

natal stages was similar to that of Pax6-expressing

cells. The only exception was the lateral BST, where

ppENK-expressing cells were far more abundant than

Pax6-expressing cells.

SOM
This neuropeptide is present in a subpopulation of pro-

jection neurons of the central extended amygdala of adult

rodents (Moga and Gray, 1985; Moga et al., 1989), and

previous developmental studies suggested that SOM-con-

taining (SOMþ) cells of the central amygdalar nucleus

may immigrate from the MGEvc (Garcı́a-López et al.,

2008; Real et al., 2009). However, the exact location of

these cells with respect to Pax6- and Islet1-expressing

cells of the central amygdala was unknown. Our data on

immunohistochemistry indicate that, at middle and pre-

natal stages, SOMþ cells of the mouse central amygdala

appear to include two groups: 1) a prominent group of

large cells (likely projection neurons), associated with an

intensely SOMþ neuropile, located in the Pax6-poor sec-

tor of the central amygdala, encompassing the medial

subnucleus (CeM) and the adjacent part of the lateral

subnucleus (CeL-medial zone), and 2) a minor group of

scattered SOMþ cells (likely interneurons), associated

with the Pax6-rich sector and SOM-poor neuropile of the

central amygdala, which encompasses the capsular sub-

nucleus (CeC) and the adjacent part of the lateral subnu-

cleus (CeL-lateral zone; Fig. 2I,L).

Cell migration from mouse LGE to the
central extended amygdala

Although genetic fate mapping of Islet1 progenitors

has shown that ventral LGE is a specific source of neu-

rons for the central amygdala (Waclaw et al., 2010), ex-

perimental/genetic fate mapping from dorsal LGE into

the amygdala was lacking. Moreover, it was unknown

whether dorsal LGE and ventral LGE also produce cells

for the lateral BST or other parts of the central extended

amygdala continuum. To investigate these uncertainties,

we carried out migration assays of telencephalic slices

at E13.5–E16.5 and labeled the ventricular and/or sub-

ventricular zone of either dorsal or ventral LGE progeni-

tor subdomains at intermediate or caudal levels, using

the fluorescent cell tracker CMFDA. Our results from

migration assays indicated that both LGE subdomains

give rise to abundant cells that migrate radially into the

striatal mantle, also invading lateral parts of the central

extended amygdala (Figs. 4–7). Whereas the ventral LGE

produced cells that invaded primarily medial aspects of

the caudate-putamen (Figs. 4, 5), the dorsal LGE pro-

duced cells that invaded radially dorsal and lateral

aspects of the striatum, reaching the olfactory tubercle

and, more caudally, the IPAC and the anterior amygdala

(Figs. 6, 7). At caudal levels, the ventral LGE-derived

cells preferentially invaded lateral-medial aspects of the

central amygdala (Fig. 5), and the dorsal LGE produced

cells that invaded primarily the capsular-lateral aspects

of the central amygdala (Figs. 6, 7). The location of the

central amygdala was precisely verified by immunofluo-

rescence for Islet1 (Fig. 5C,D), Pax6 (Fig. 7B), or CB (Fig.

6B,C; CB is a very useful landmark for distinct amygdalar

subdivisions in adult and developing rodents; McDonald,

1997; Kemppainen and Pitkänen, 2000; Legaz et al.,

2005b). Importantly, by immunofluorescence, cells in

the central amygdala and other parts of the mantle

derived from ventral LGE were often double labeled for

Islet1, but never for Pax6 (Fig. 5E–E00). On the contrary,

cells in the central amygdala and other parts of the man-

tle derived from dorsal LGE were often double labeled

for Pax6, but never for Islet1 (Fig. 7C–C00). Some of the

cells in the central amygdala derived from both dorsal

LGE and ventral LGE were double labeled with CB (Fig.

6D–D00).
Notably, in addition to radial migrations, both dorsal

LGE and ventral LGE also produced abundant cells that

migrated tangentially into ventral aspects of the striatum,

and some of these cells appeared to reach pallidal terri-

tories, including the globus pallidus and other pallidal

areas, which could be confirmed by comparison with Is-

let1, Pax6, and CB (Figs. 4B–D; 5B,D,E0, 6E,F, 7D,E). Of
relevance for our study, some cells derived from both

ventral LGE and dorsal LGE were observed to invade the

lateral BST (Figs. 4B–D, 6E,F), which is considered the

pallidal part of the central extended amygdala (Swanson

and Petrovich, 1998; Puelles et al., 2000; Xu et al.,

2008; Garcı́a-López et al., 2008). Similarly to those of

the central amygdala, some cells of the lateral BST

derived from ventral LGE were double labeled for Islet1,

but never for Pax6 (Fig. 4E–E0). On the contrary, some
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Figure 4. A–E00: Digital images from one representative organotypic culture of a telencephalic frontal slice of mouse embryo (MB150A), at

an intermediate telencephalic level, in which the fluorescent cell tracker CMFDA (green) was centered in the ventral LGE. The slice was

resectioned and immunolabeled to detect Islet1 (C–E00, shown in magenta). In addition to cells migrating to the striatal mantle (CPu),

some cells were observed to migrate tangentially to more ventral, pallidal regions, and invaded the lateral BST (BSTL). Like those in the

striatum, ventral LGE-derived cells of the lateral BST were often double labeled for Islet1 (arrows in E–E00). Scale bars ¼ 0.5 mm in A

(applies to A,C); 0.2 mm in B (applies to B,D); 0.1 mm in E (applies to E–E00).
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cells of the lateral BST derived from dorsal LGE were

double labeled for Pax6, but never for Islet1 (Fig. 7D,E).

Some of the cells in the lateral BST derived from either

dorsal LGE or ventral LGE were double labeled with CB

(Fig. 6G). A few cells from dorsal LGE also reached the

medial BST (Fig. 6F) and, at caudal levels, the intraamyg-

daloid BST (Fig. 6A,B). No cells derived from dorsal LGE

or ventral LGE were observed to invade the medial

amygdala (Fig. 6A,B).

Figure 5. A–E00: Digital images from one representative organotypic culture of a telencephalic frontal slice of mouse embryo (MB150E), at a

caudal telencephalic level, in which the fluorescent cell tracker CMFDA (green) was involving the ventral LGE. The slice was resectioned and

immunolabeled to detect Islet1 (C–E00, shown in magenta). Many cells migrated into the striatal mantle (CPu) and the medial part of the cen-

tral amygdala (CeM), overlapping the Islet1-expressing zone. In addition, some cells were observed to migrate tangentially to more ventral,

pallidal regions and to invade the globus pallidus (GP) and more medial pallidal regions. In all of these places, cells were often double labeled

for Islet1 (arrows in E–E00). Scale bars ¼ 0.5 mm in A (applies to A,C); 0.2 mm in B (applies to B,D); 0.1 mm in E (applies to E–E00).
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Cell migration from mouse MGE to the
central extended amygdala

Although the central amygdala derives primarily from

the LGE (as noted above), it has been suggested that it

also may contain a subpopulation of principal neurons

containing SOM that originates in the ventrocaudal MGE

or MGEvc (Garcı́a-López et al., 2008; Real et al., 2009).

To investigate this possibility, we carried out migration

assays of telencephalic slices at E13.5–E16.5 and la-

beled the ventricular and/or subventricular zone of

MGEvc with the fluorescent cell tracker CMFDA,

Figure 6. Digital images from two representative organotypic cultures of telencephalic frontal (MB129B, A–D00) or oblique horizontal

(MB114B, E–G) slices of mouse embryo, in which the fluorescent cell tracker CMFDA (green) either was centered in dorsal LGE or was

involving dorsal LGE and part of ventral LGE. The slices were immunolabeled to detect calbindin (CB; B–D00,F,G; shown in magenta), for

helping in the identification of cell groups. Numerous cells migrated into the striatal mantle (CPu), the central amygdala (Ce), and other

lateral parts of the central extended amygdala (EAce). In addition, some cells were observed to migrate tangentially to more ventral, pal-

lidal regions and to invade the lateral BST (BSTL). Some cells in the central amygdala and other parts of the continuum were double la-

beled for calbindin (arrows in D–D00,G). See text for more details. For abbreviations see list. Scale bars ¼ 0.2 mm in A (applies to A,B);

0.5 mm in C; 0.1 mm in D (applies to D–D00); 0.2 mm in E (applies to E,F); 0.1 mm in G.
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followed by immunofluorescence for SOM. To follow

MGEvc cells into the amygdala, we labeled MGEvc pro-

genitor domain either in frontal slices at caudal levels

(Fig. 8) or in horizontal slices (Figs. 9, 10). After these

experiments, numerous MGEvc-derived cells were

observed in the medial extended amygdala (Fig.

8A,B,D,E, 9C,D, 10B,C), as expected (Bupesh et al.,

2011). In addition, abundant cells were observed to

Figure 7. A–E0: Digital images from two representative organotypic cultures of telencephalic frontal slices of mouse embryo (MB152B and

MB160B), at a caudal telencephalic level, in which the fluorescent cell tracker CMFDA (green) was centered in the dorsal LGE. The slices

were resectioned and immunolabeled to detect Pax6 (A–D, magenta). Many cells migrated into the capsular/lateral part of the central

amygdala (CeC/L), overlapping in this location Pax6-expressing cells (B; detail of the square area in C–C00). Some of the cells in CeC/L

were double labeled for Pax6 (arrows in C–C00). In addition, a few cells were observed to migrate tangentially to more ventral, pallidal

regions (medial to the globus pallidus) and appeared to invade posterior parts of the BST (D,E). Some of these cells were labeled for Pax6

(arrows in D,E). Scale bars ¼ ¼ 0.5 mm in A,E0; 0.2 mm in B; 0.1 mm in C (applies to C–C00); 0.2 mm in D (applies to D,E).
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migrate tangentially to striatal and pallial territories

(Figs. 8B,E, 9D, 10C), many of which likely constitute

specific interneuron subtypes (Bupesh et al., 2011).

Moreover, an important group of MGEvc-derived cells

was observed to invade tangentially the central

extended amygdala (Figs. 8B, 9C,D, 10C), including the

SOM-rich part of the lateromedial part of the central

amygdala (Figs. 9B, 10B,C). Immunofluorescence for

SOM showed that many of these MGEvc-derived cells

located in the central amygdala were double labeled

(Figs. 8C–C00,F,F0, 10D–D00). On the other hand, some

MGEvc-derived cells also invaded via tangential

Figure 8. A–F00: Digital images from two representative organotypic cultures of telencephalic frontal slices of mouse embryo (MB123C in

A–C00; and MB 131A, in D–F0), in which the fluorescent cell tracker CMFDA (green) was centered in the ventrocaudal MGE (MGEvc). The

slices were resectioned and immunolabeled to detect somatostatin (SOM; B–C00,F, magenta). Many cells migrated into the medial part of

the central amygdala (CeM), overlapping in this location many SOM-expressing cells (B; details of the boxed area are shown in C–C00).
Some of the cells in CeM were double labeled for somatostatin (arrows in C–C00, and in F,F00). Scale bars ¼ 0.5 mm in A (applies to A,D);

0.2 mm in B (applies to B,E); 0.1 mm in C (applies to C–C00,F,F0).
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migration dorsal parts of the pallidum, including the

globus pallidus and the lateral BST (Fig. 9C,D).

DISCUSSION

The central extended amygdala is the major output

center for telencephalic control of ingestion, fear

responses, and anxiety (Alheid et al., 1995; Heimer,

2003; Walker and Davis, 2008). By using a combination

of migration assays, in situ hybridization, and immunohis-

tochemistry/immunofluorescence, we have shown that

its major components, the central amygdala and lateral

BST, are mosaics formed by different proportions of dor-

sal LGE-, ventral LGE-, and MGE-derived neurons (this

excludes the interneurons), as follows (Fig. 11, Table 2):

1) the capsular part of the central amygdala (excepting

its ventromedial aspect) is formed primarily by Pax6-

expressing cells derived from dorsal LGE and is generally

poor in or free of Islet1-expressing cells derived from

ventral LGE and SOMþ cells derived from MGEvc; 2) the

lateral part of the central amygdala contains moderately

important subpopulations of Pax6-expressing cells

derived from dorsal LGE (mostly in its lateralmost zone),

Islet1-expressing cells derived from ventral LGE (mostly

in its central and medial zones), and SOMþ cells derived

from MGEvc (mostly in its medial zone); 3) the medial

part of the central amygdala contains only a minor subpo-

pulation of Pax6-expressing cells derived from dorsal LGE

Figure 9. A,B: Digital images of horizontal sections through the telencephalon at the level of the central amygdala, which have been im-

munostained for either calbindin (CB; A) or somatostatin (SOM; B). The medial part of the central amygdala is rich in SOMþ cells and

fibers, which appear to originate from the ventrocaudal part of MGE (MGEvc). C,D: Digital images from a representative organotypic cul-

ture of a telencephalic horizontal slice of mouse embryo (MB115A), at a level roughly comparable to that shown in A,B, in which the fluo-

resencent cell tracker CMFDA (green) was centered in the ventrocaudal MGE (MGEvc). Many cells migrate through the medial extended

amygdala corridor (as previously reported; Bupesh et al., 2011). In addition, some cells migrated tangentially and invaded the central

amygdala, the striatum, and several pallial areas. A few cells also invaded the lateral BST and the globus pallidus. Scale bars ¼ 0.4 mm n

A (applies to A,B); 0.5 mm in C; 0.2 mm in D.
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but includes major subpopulations of Islet1-expressing

cells derived from ventral LGE and SOMþ cells derived

from MGEvc; and 4) the lateral BST, in addition to Nkx2.1-

expressing neurons derived from MGE (Puelles et al.,

2000; Xu et al., 2008; Garcı́a-López et al., 2008), includes

subpopulations of Pax6- and Islet1-expressing cells,

which derive from either dorsal LGE or ventral LGE,

respectively. Moreover, the strong correlation between

Pax6 and ppENK in the central extended amygdala during

development suggests that the dorsal LGE-derived cells

that populate this continuum are mostly enkephalinergic.

Nervertheless, ppENK-expressing cells are more abun-

dant than Pax6-expressing cells (especially in the lateral

BST), so it is likely that some of the enkephalinergic cells

of the continuum (at least part of those in lateral BST)

originate elsewhere. Finally, another novel finding of our

study is that the medial amygdala includes a minor sub-

population of Pax6-expressing neurons, which does not

originate in dorsal LGE but instead may immigrate from

the prethalamic eminence. We discuss these results in

separate sections below.

Distinct principal neurons of the central
amygdala originate in dorsal LGE, ventral
LGE, and MGEvc

A recent genetic fate mapping study using cre/LoxP

transgenic mice has shown that projection neurons

of the central amygdala derive, at least in part, from

Islet1-expressing progenitors of ventral LGE (Waclaw et al.,

2010), but it was unclear what specific subdivisions were

populated by these cells. In addition, previous studies in

mouse and chicken suggested that Pax6-expressing cells

from dorsal LGE invade the central amygdala (Puelles

et al., 2000; Tole et al., 2005; Abellán and Medina, 2009),

but experimental demonstration was lacking. Our results

on migration assays combined with immunofluorescence

for Islet1 or Pax6 corroborate those of Waclaw et al.

Figure 10. A–D00: Digital images from a representative organotypic culture of a telencephalic horizontal slice of mouse embryo (MB132C),

in which the fluorescent cell tracker CMFDA (green) was centered in the ventrocaudal MGE (MGEvc). The slice was immunolabeled to

detect somatostatin (SOM; magenta). Many cells migrated into the medial part of the central amygdala (CeM), overlapping in this location

many SOM-expressing cells. Many of the cells in CeM were double labeled for somatostatin (arrows in D–D00). Scale bars ¼ 0.5 mm in A;

0.2 mm in B (applies to B,C); 0.1 mm in D (applies to D–D00).
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(2010) on ventral LGE and provide a novel experimental

demonstration supporting the proposal of Puelles and

other authors on dorsal LGE as an additional source of

neurons for the central amygdala. Moreover, our results

provide novel details on the distribution of dorsal LGE- vs.

ventral LGE-derived cells in the central amygdala (Fig. 11).

Dorsal LGE-derived cells express Pax6 and preferentially

invade the capsular and lateralmost zone of the lateral sub-

nuclei of the central amygdala, whereas ventral LGE-

derived cells express Islet1 and populate primarily the cen-

tromedial zones of the lateral subnucleus and the medial

subnucleus of the central amygdala. The strong correlation

between Pax6 and ppENK in the capsular/lateral subnuclei

of the central amygdala (present results; for ppENK, see

also Poulin et al., 2006, 2008) suggests that most if not all

enkephalinergic neurons of the central amygdala originate

in dorsal LGE (Table 2). ppENK-expressing cells are very

abundant in the capsular-lateral part of the central amyg-

dala (present results in mouse, in agreementt with those in

the rat by Poulin et al., 2006, 2008), so it is likely that they

represent projection neurons and are involved in the out-

put from these subdivisions to the substantia innominata,

lateral BST, and lateral hypothalamus (Dong et al., 2001a;

Petrovich et al., 2001; see also Poulin et al., 2008). In fact,

a large part of the enkephalinergic innervation of the lateral

BST has been shown to originate in the central amygdala

(Rao et al., 1987). Therefore, projection neurons of the

central amygdala derive at least from two distinct progeni-

tor zones: ventral LGE (as indicated by Waclaw et al.,

2010) and dorsal LGE (as proposed here). In addition to

specific transcription factors and neuropeptides (see more

on neuropeptides below), our data indicate that both

Figure 11. Schematic drawings of frontal sections of the embryonic telencephalon at early and prenatal stages, showing the major subdi-

visions of LGE and MGE and their contribution to the formation of the different parts of the central amygdala and BST. The question mark

in C indicates a ventromedial part of the capsular central amygdala, which is rich in TH immunoreactivity but appears to contain only few

cells expressing Pax6, ppENK, Islet1, or somatostatin (as noted in Figs. 2, 3). See text for other details. For abbreviations see list.
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dorsal LGE and ventral LGE also produce CB-containing

neurons for the central amygdala. According to previous

studies in the rat, CB-immunoreactive cells are present in

all subdivisions of the central amygdala, although they are

particularly abundant in a dorsal part of the capsular cen-

tral amygdala and in the medial one-third of the lateral cen-

tral amygdala (also called the intermediate central amyg-

dala) and may include projection neurons (McDonald,

1997; Kemppainen and Pitkäanen, 2000). Nevertheless,

some CB cells in the central amygdala likely represent

interneurons originating in the MGE (Bupesh et al., 2011).

In addition, we provide novel experimental data com-

bined with immunofluorescence data indicating that

MGEvc also produces many SOM-containing neurons of

the medial (SOM-rich) part of the central amygdala (Fig.

11, Table 2), confirming similar suggestions previously

made by Garcı́a-López et al. (2008) and Real et al.

(2009). The MGE (including its MGEvc subdivision, previ-

ously included as part of the AEP) is known to produce

distinct classes of interneurons for the striatum and pal-

lium/cortex, such as those described for the striatal and

pallial parts of the amygdala (the central amygdala and

basal amygdalar complex, respectively), which contain

distinct calcium-binding proteins such as CB and/or neu-

ropeptides such as SOM (Lavdas et al., 1999; Anderson

et al., 2001; Marı́n and Rubenstein, 2001; Nery et al.,

2002; Xu et al., 2004, 2008; Legaz et al., 2005a,b;

Garcı́a-López et al., 2008; Real et al., 2009; Bupesh et al.,

2011). However, the SOMþ cells of the medial aspect of

the central amygdala, shown here to immigrate from

MGEvc, possess a remarkably large perikaryon and do

not resemble the typical peptidergic interneurons found

in other parts of the amygdala (such as the interneurons

cocontaining SOM and neuropeptide Y; McDonald, 1989)

but rather resemble a subtype of projection neuron

described in the central amygdala (Higgins and

Schwaber, 1983; Moga and Gray, 1985; McDonald, 1987;

discussion in Garcı́a-López et al., 2008; and Real et al.,

2009). Other centers of the telencephalon, such as the

globus pallidus and the medial amygdala, include distinct

subpopulations of projections neurons that originate

in different progenitor domains, reaching their final

destination either by radial or tangential migration

(Nóbrega-Pereira et al., 2010; Bupesh et al., 2011). This

appears to be part of a general mechanism of central

nervous system development, by way of which different

neuronal subtypes can be produced in molecularly dis-

tinct progenitor domains and/or at different times in the

same domain (Briscoe and Ericson, 2001; Marı́n and

Rubenstein, 2001; Flames et al., 2007). In initial formula-

tions regarding the telencephalon, it was thought that, as

a general rule, principal neurons of any given center reach

the final destination by radial migration, whereas inter-

neurons often reach the center by tangential migration

(Marı́n and Rubenstein, 2001). As noted above, recent

data indicate that this proposed rule is not so general, at

least in telencephalon, inasmuch as distinct principal

neurons in the globus pallidus (Nobrega-Pereira et al.,

2010) and the extended amygdala (Bupesh et al., 2011;

present data) appear to reach their final destination by ra-

dial and tangential migrations. Thus, at least in the telen-

cephalon, the latter situation is more common that previ-

ously thought.

Like those of the striatum proper, projection neurons

of the central amygdala and other striatal-like amygdalar

nuclei (such as the intercalated cells) are GABAergic and

cocontain one or more neuropeptides, such as enkepha-

lin, corticotropin-releasing factor (CRF), SOM, neuroten-

sin, substance P, and dynorphin (Moga and Gray, 1985;

Rao et al., 1987; Shimada et al., 1989; Paré and Smith,

1994; Alheid et al., 1995; Swanson and Petrovich, 1998;

Poulin et al., 2008; Reyes et al., 2008; Panguluri et al.,

2009). These principal neurons can be grouped into three

major subtypes, which show a trend to locate in separate

domains of the central amygdala (Shimada et al., 1989;

Poulin et al., 2006, 2008; Marchant et al., 2007),

TABLE 2.

Derivatives of Dorsal LGE, Ventral LGE, and MGE1 in the Central Amygdala

Progenitor

domain

Transcription factor

expressed by

derived cells

Subdivisions populated

by derived cells

Possible phenotype

of derived neurons

LGE (dorsal) Pax6 CeC ENKþ

CeL (l) Some CBþ

LGE (ventral) Islet1 CeL (c) CRFþ (some co contain
NT and/or DYN), mainly in CeL (c)

CeL (m) CBþ, mainly in CeL (m)
CeM

MGE (ventrocaudal) Nkx2.1, Lhx6 CeM SOMþ (some cocontain substance P)
CeL (m)

1Refers only to projection neurons, because MGE is also known to produce interneurons for the central amygdala (containing calbindin and/or

some neuropeptides).
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although considerable overlap exists (Cassell et al.,

1986). These three major neuron subtypes are enkephali-

nergic (ENKþ) cells (Rao et al., 1987; Poulin et al., 2006,

2008), neurons containing CRF (CRFþ) that cocontain

neurotensin and/or dynorphin (Shimada et al., 1989;

Marchant et al., 2007), and neurons that contain SOM

(SOMþ) and substance P (Shimada et al., 1989). Note

that these are the major subtypes, but there are minor

subpopulations containing only one of the neuropeptides

mentioned above. It appears that ENKþ neurons are

enriched in the capsular central amygdala and the lateral

one-third of the lateral central amygdala (Poulin et al.,

2006, 2008; present results); CRFþ neurons cocontaining

neurotensin and/or dynorphin are concentrated primarily

in the central portion of the lateral central amygdala

(Marchant et al., 2007); and SOMþ neurons locate pri-

marily in the medial central amygdala and the adjacent

medial one-third of the lateral central amygdala (Shimada

et al., 1989; present results). Based on their differential

distribution and the developmental data presented here,

it appears that SOMþ cells derive from MGEvc (Table 2).

Moreover, based on the high correlation between Pax6

and ppENK, it is likely that ENKþ cells of the central

amygdala originate mostly in the dorsal LGE (Table 2).

Finally, based on the correlation between CRF/dynorphin

and Islet1 (but not Pax6, ppENK, or SOM), it is likely that

CRFþ cells originate in ventral LGE (Table 2). Thus, three

distinct progenitor domains of the subpallium may pro-

duce the three major principal neurons of the central

amygdala.

The three major neuron subtypes of the central amyg-

dala mentioned above appear to play different roles in

fear responses and anxiety, suggesting a relationship

between embryonic origin and cellular function. Thus,

neurons of the medial subnucleus of the central amygdala

(including SOMþ/substance Pþ cells) project to lateral

hypothalamic and brainstem centers (central gray, para-

brachial nucleus, dorsal vagal complex) that mediate fear

behavior (Gray and Magnuson, 1992) and are particularly

involved in short-term fear responses or phasic fear

(defined as ‘‘a generally adaptive state of apprehension

that begins rapidly and dissipates quickly once the threat

is removed’’; Walker and Davis, 2008; Davis et al., 2010).

In contrast, the lateral subnucleus of the central amyg-

dala, in particular its CRFþ cells, which give rise to de-

scending projections to the same lateral hypothalamic

and brainstem centers targetted by the medial subnu-

cleus (Gray and Magnuson, 1992; Gray, 1993), are

involved in initiating a slower developing but sustained

(long-lasting) fear response, akin to anxiety (produced by

‘‘less specific and less predictable threats, or by those

that are physically or psychologically more distant’’;

Walker and Davis, 2008; Davis et al., 2010). Both CRFþ

cells and SOMþ cells of the central amygdala projecting

to the lateral hypothalamus and brainstem also appear to

play a role in taste processing and control of ingestion

behavior (Panguluri et al., 2008). The fact that the same

circuits control fear responses and ingestion is not sur-

prising, because fear, stress, and anxiety are linked to

suppression of eating and anorexia nervosa (Petrovich

et al., 2009, and references therein). On the other hand,

it appears that ENKþ neurons of the central amygdala do

not project directly to the brainstem (Moga and Gray,

1985; Gray and Magnuson, 1987, 1992) but appear to be

involved in projections to the lateral BST, being responsi-

ble of part of the enkephalinergic innervation in this cen-

ter (Rao et al., 1987). Central amygdalar ENKþ projec-

tions may modulate directly or indirectly the role of BSTL

in stress and anxiety-like behaviors (Walker et al., 2009;

Kung et al., 2010), although they also appear to play a

role in the context-specific behavioral effects of psychos-

timulants (Day et al., 2001). Moreover, because ENKþ

cells are so abundant in the capsular subnucleus of the

central amygdala (Poulin et al., 2008, present results), it

is likely that these cells are involved in other known pro-

jections of this subdivision, such as the intranuclear pro-

jections to the medial subdivision of the central amygdala

(Petrovich and Swanson, 1997; Jolkkonen and Pitkänen,

1998) and the projections to the lateral hypothalamus

(Petrovich et al., 2001). The capsular and medial parts of

the central amygdala show a light projection to the parvo-

cellular/autonomic part of the paraventricular hypothala-

mic nucleus (Gray et al., 1989; Petrovich et al., 2001).

This part of the nucleus contains cells that are both inner-

vated by ENKþ axons (perhaps including axon terminals

from ENKþ cells of the central amygdala and lateral BST)

and activated by noxious (stressful) stimulation (Pretel

and Piekut, 1991) and contains ENKþ neurons that pro-

ject to a zone of the parabrachial nucleus different from

that targeted by the central amygdala (Moga et al.,

1989). This part of the parabrachial nucleus may include

nociceptive neurons, reported to be activated by noxious

stimuli and to project to the central amygdala, being part

of a pathway involved in emotional responses to noxious

events (Bernand and Besson, 1988). Thus, there appears

to be a distinct ENK-related descending pathway from the

central extended amygdala, which may modulate specific

aspects of stress and anxiety in relation to nociception

(such as stress-induced analgesia; see Poulin et al.,

2006, and references therein). In addition, the central

amygdala plays an important role in associative learning,

including aversive learning (Petrovich et al., 2009) and

conditional fear (Paré et al., 2004; Wilensky et al., 2006;

Jimenez and Maren, 2009; Ciocchi et al., 2010), and it

appears that ENK levels in neurons of the central
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amygdala are involved in the modulation of learned fear

responses (Petrovich et al., 2000).

The IPAC, the AAd, and the ITC derive
primarily from dorsal LGE but include cells
from MGE

Previous data based on expression of Dlx5 compared

with either pallial (such as Tbr1) or pallidal (such as

Nkx2.1, Lhx6) marker transcription factors indicated that

the IPAC, the AAd, and the ITC derive from LGE and, to-

gether with the central amygdala, are part of the ‘‘striatal

amygdala’’ (Medina et al., 2004; Garcı́a-López et al.,

2008). In agreement with their subpallial origin, the IPAC,

AAd, and ITC are rich in GABAergic neurons and poor in

glutamatergic cells (Paré and Smith, 1994; Alheid et al.,

1995; Swanson, 2000; Poulin et al., 2008). Our results on

migration assays and Pax6 expression confirm the striatal

nature of these cell groups and indicate that, in particular,

most cells of the IPAC, AAd, and ITC derive from dorsal

LGE. Similarly to the cells of the central amygdala that

derive from dorsal LGE (see previous section), most neu-

rons of IPAC (its lateral part) and ITC are enkephalinergic,

and these may include projection neurons (present

results; Poulin et al., 2008). Nevertheless, IPAC and ITC

also receive a subpopulation of neurons from MGEvc

(Garcı́a-López et al., 2008; present results based on

migration assays), but it is unclear whether these cells

are only interneurons (Bupesh et al., 2011) or also include

projection neurons. Some of these MGE-derived cells in

the IPAC were immunoreactive for SOM, thus resembling

the situation found in the medial part of the central amyg-

dala. Our data agree with results from recent studies

showing that ITC (including the main intercalated masses

and the paracapsular cells) derive from dorsal LGE, based

on expression of several transcription factors, such as

Foxp2, Meis2, and Pax6 (Kaoru et al., 2010; Waclaw

et al., 2010), and on results from Sp8 and Gsx2 condi-

tional inactivation (Waclaw et al., 2010). Together with

the central amygdala and lateral BST, the ITC, IPAC (in

particular, its medial subdivision), and part of the sub-

stantia innominata are considered part of the central

extended amygdala system, showing chemoarchitecture,

connections, and function similar to those of other parts

of the continuum (Alheid et al., 1995, 1999; Shammah-

Lagnado et al., 1999, 2001; Paré et al., 2004). Among

these groups, the ITC are the best studied, because their

GABAergic cells constitute an interface that appears to

gate the connections between the basal amygdalar com-

plex and the medial part of the central amygdala (Paré

et al., 2004), and their contribution is essential for extinc-

tion of conditioned fear responses (Jüngling et al., 2008;

Likhtik et al., 2008).

The lateral BST contains neurons from
MGE but also from both dorsal LGE and
ventral LGE

Different developmental studies based on expression

of the transcription factors Nkx2.1 and Lhx6 (Puelles

et al., 2000; Garcı́a-López et al., 2008) and genetic fate

map of Nkx2.1 progenitor cells in the telencephalon (Xu

et al., 2008) have indicated that the BST derives primarily

from MGE. This supports previous claims suggesting that

the BST, including lateral BST and medial BST, represents

the pallidal part of the extended amygdala (Swanson,

2000) or at least contains a pallidal-like part (Alheid and

Heimer, 1988; Alheid et al., 1995). However, recent data

based on migration assays and expression of transcrip-

tion factors and other regulatory genes indicate that this

simple scheme has to be modified, because the medial

BST, similarly to the medial amygdala, also includes neu-

ron subpopulations derived from the preoptic area and

the alar hypothalamus (Garcı́a-López et al., 2008; Bupesh

et al., 2011). In addition, it is likely that these cell groups

belonging to the medial extended amygdala also include

some cells derived from the prethalamic eminence, as

proposed by Puelles and colleagues (2000). Our present

data on Pax6 combined with migration assays suggest

that this may be the case. As noted in Results, in addition

to the stream of Pax6-expressing cells derived from dor-

sal LGE, we detected another stream of Pax6 cells reach-

ing the amygdala that appears to extend from and origi-

nate in the prethalamic eminence. These Pax6 cells

appear to invade and constitute a small neuron subpopu-

lation in the medial amygdala (as seen in prenatal stages)

and do not appear to originate in dorsal LGE, insofar as

our migration assays discarded this possibility. A contri-

bution of Pax6-expressing cells from the prethalamic emi-

nence to the extended amygdala is also present in the

chicken (Abellán and Medina, 2009).

With regard to the lateral BST, previous data based on

Pax6 expression in the chicken suggested that, in addi-

tion to MGE-derived cells, it may include a subpopulation

of cells derived from the dorsal LGE (Abellán and Medina,

2009). A similar suggestion was made for the mouse

based on expression of Lmo4, an LIM-only gene typically

expressed in the striatal mantle but not the pallidum dur-

ing development (Garcı́a-López et al., 2008). Alheid and

colleagues (Alheid and Heimer, 1988; Alheid et al., 1995)

also suggested, based on cell morphology and connec-

tions, that the lateral BST may include a striatal-like neu-

ron subpopulation or subdivision. Our data on migration

assays and Pax6 confirmed that dorsal LGE produces a

small subset of cells for the lateral BST in the mouse,

some of which express Pax6 (some also express CB). In

addition, our results on migration assays and Islet1
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indicate that ventral LGE also produces many cells for the

lateral BST, which accounts for at least part of the Islet1-

expressing cells seen in this nucleus (which are numerous

in the dorsal and posterior subnuclei and scarce in the

ventral subnucleus). Thus, the lateral BST includes neu-

rons from the same progenitor domains as the central

amygdala, i.e., dorsal LGE, ventral LGE, and MGE. More-

over, our migration assays indicate that lateral BST may

include cells from both dorsal and ventrocaudal parts of

MGE (see also Garcı́a-López et al., 2008; and Bupesh

et al., 2011). As noted above, a similar situation of multi-

ple origins in LGE and several MGE subdomains has been

reported recently for the principal neurons of the globus

pallidus (Nobrega-Pereira et al., 2010). The lateral BST

also includes subpopulations of projection neurons simi-

lar to those described for the central amygdala: neurons

coexpressing CRF and neurotensin in the dorsal subnu-

cleus and neurons expressing SOM and substance P in

the ventral and posterior subnuclei (Gray and Magnuson,

1987, 1992; Shimada et al., 1989; the posterior subnu-

cleus also contains neurons containing neurotensin

alone: Moga et al., 1989). These neurons of lateral BST

are contacted by axons from ‘‘homologous’’ cells of the

central amygdala and appear to project to the same tar-

gets in the lateral hypothalamus and brainstem as those

(Gray and Magnuson, 1987, 1992; see above). It appears

that the central amygdala (primarily its medial part) and

lateral BST projections play complementary roles for con-

trol of either phasic or sustained fear, respectively

(Walker and Davis, 2008; Walker et al., 2009; Davis et al.,

2010). Similarly to those of the central amygdala, CRFþ

cells of the lateral BST may originate in ventral LGE,

whereas those expressing SOM may derive from MGEvc,

but additional studies are needed to investigate this pos-

sibility. On the other hand, like the central amygdala, the

lateral BST contains neurons expressing enkephalin (Gray

and Magnuson, 1987, 1992; Poulin et al., 2008; present

results), but these neurons do not appear to project to

the brainstem (Gray and Magnuson, 1987, 1992; Moga

et al., 1989), although they are involved in the reciprocal

projections from lateral BST to the central amygdala (Pou-

lin et al., 2006) and perhaps in the projections to the

hypothalamus (Dong et al., 2001b). As noted above,

based on the high correlation between Pax6 and ppENK,

most enkephalinergic neurons of the central amygdala,

IPAC, and ITC appear to derive from dorsal LGE, and this

may be true for at least some of those of the lateral BST.

However, the number of ppENK-expressing cells in the

lateral BST is far larger that that of Pax6-expressing cells.

Therefore, many ppENK-expressing cells of the lateral

BST likely have a different origin.

The central extended amygdala continuum
The concept of the extended amygdala was rescued

and redefined by de Olmos, Alheid, and Heimer, who sub-

divided it into two separate cell corridors that differ in

neurochemistry and connections, the central extended

amygdala and the medial extended amygdala (de Olmos

et al., 1985, 2004; Alheid and Heimer, 1988; Alheid et al.,

1995; Heimer, 2003). As noted above, the central

extended amygdala includes the ITC, central amygdala,

IPAC, part of the substantia innominata, and lateral BST

and is essential for control of ingestion and for fear,

stress, and anxiety responses. Numerous publications

show the similarity in the neurochemistry and connec-

tions of the cells along this cell corridor (some of them

are mentioned in previous sections). However, develop-

mental data of the nuclei forming the central extended

amygdala were scarce until recently, and they have pro-

vided information on the distinct embryonic origin of dif-

ferent parts of the corridor, either in LGE (ITC, central

amygdala; Puelles et al., 2000; Medina et al., 2004; Kaoru

et al., 2010; Waclaw et al., 2010) or in MGE (lateral BST;

Puelles et al., 2000; Xu et al., 2004; Garcı́a-López et al.,

2008). Moreover, according to those data, striatal parts

of the amygdala, such as ITC and central amygdala,

appeared to derive primarily from separate dorsal or ven-

tral sectors of LGE, respectively (Kaoru et al., 2010;

Waclaw et al., 2010). Therefore, these data did not sup-

port a uniformity along the cell corridor in terms of embry-

onic origin and could not explain the similarity of their

cells regarding neurochemistry and connectivity. Here we

provide novel results that helps to resolve this puzzle.

Thus, the nuclei that form the central extended amygdala,

particularly the central amygdala and the lateral BST, are

formed by different proportions of neurons derived from

dorsal LGE, ventral LGE, or MGE. Based on the data dis-

cussed in previous sections, it appears that many cells

derived from dorsal LGE are enkephalinergic and popu-

late primarily the ITC, the capsular central amygdala, the

lateral one-third of the lateral central amygdala, and the

IPAC, and a few also appear to reach the lateral BST. On

the other hand, cells derived from ventral LGE may

include CRFþ neurons (often cocontaining neurotensin

and/or dynorphin) and locate primarily in the central part

of the lateral central amygdala and the dorsal and (less

often) posterior subnuclei of the lateral BST (for location

of CRF-, neurotensin-, and/or dynorphin-containing neu-

rons see Moga et al., 1989, and Marchant et al. 2007).

Finally, cells derived from MGEvc appear to contain

SOMþ and substance P and locate primarily in the medial

part of the central amygdala and in the ventral and poste-

rior subnuclei of the lateral BST (present results; for lat-

eral BST see Moga et al., 1989). MGE-derived SOMþ cells
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also invade other parts of the central extended amygdala,

such as the IPAC. Based on the data presented above,

there appears to be a trend for cells with the same neuro-

chemical profile to be connected with ‘‘homologous’’ cells

along the corridor and for homologous cells to project to

similar targets in the hypothalamus/brainstem (see refer-

ences in previous sections). Thus, our data provide em-

bryonic support for the existence of the central amygdala

corridor and for the similarity in terms of neurochemistry

and connections. Our data also indicate that distinct cells

of the corridor originate in separate progenitor domains.

Finally, our data also support, at least partially, the sug-

gestion that capsular/lateral parts of the central amyg-

dala are primarily striatal-like, whereas the medial part of

the central amygdala and the lateral BST are primarily pal-

lidal-like but also include some striatal-like cells (Alheid

and Heimer, 1988). Although these subdivisions contain

a mixture of LGE- and MGE-derived cells, most cells of

the capsular/lateral parts of the central amygdala

derived from LGE, whereas many or most neurons in the

medial part of the central amygdala and lateral BST

appear to derived from MGE.

LITERATURE CITED
Abellán A, Medina L. 2008. Expression of cLhx6 and cLhx7/8

suggests a pallidopedunculopreoptic origin for the lateral
and medial parts of the avian bed nucleus of the stria ter-
minalis. Brain Res Bull 75:299–304.

Abellán A, Medina L. 2009. Subdivisions and derivatives of
the chicken subpallium based on expression of LIM and
other regulatory genes and markers of neuron subpopula-
tions during development. J Comp Neurol 515:465–501.
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Discussion 

 

As early as 1925, Holmgren proposed that the amygdala of mammals included some 

nuclei and areas derived from the pallium (the basal amygdalar complex and cortical 

areas), and some nuclei derived from the subpallium (the centromedial amygdala). At 

about the same time, Johnston (1923) proposed the existence of a cell continuum in the 

basal telencephalon of mammals, extending from the subpallial amygdala to the bed 

nucleus of the stria terminalis, and including additional olfactory-related cell groups. 

These early proposals have been corroborated and refined in the last decades thanks to 

novel data obtained by the use of modern techniques for fate mapping, for analyzing 

gene product expression (mRNA or protein), and for carrying out tract-tracing studies 

(for example, Alheid and Heimer, 1988; Alheid et al., 1995; Swanson and Petrovich, 

1998; Puelles et al., 2000). Modern developmental data have been crucial for a better 

understanding of the amygdala. The proposal of Holmgren (1925) on the pallial and 

subpallial parts of the amygdala has been supported by expression of the mRNA of 

different transcription factors typical of either the pallium (Tbr1, Emx1) or the 

subpallium (Dlx2, Dlx5, Nkx2.1, Lhx6) during development (Puelles et al., 2000; 

Medina et al., 2004; García-López et al., 2008), and by genetic or experimental fate 

mapping (Gorski et al., 2002; Stühmer et al., 2002; Xu et al., 2008; Soma et al., 2009; 

Hirata et al., 2009; Waclaw et al., 2010). These data also agree with (and helped to 

explain) the high abundance of GABAergic or glutamatergic neurons in either the 

subpallium or pallium, respectively (Swanson and Petrovich, 1998; Swanson, 2000). 

These data also gave support to the proposal that the centromedial amygdala and BST 

are subpallial, but additionally raised some new questions and concerns. For example, 

the medial amygdala was intriguing because it appears to express both pallial and 

subpallial transcription factors, and some data suggested it may contain cells of 

extratelencephalic origin (Puelles et al., 2000; Medina et al., 2004; García-López et al., 

2008). Moreover, since the pallium and subpallium contain several subdivisions, many 

researchers further detailed the amygdalar derivatives of these subdomains (for 

example, García-López et al., 2008). This raised additional questions and concerns. For 

example, do the caudoventral MGE and the commissural preoptic subdivisions produce 

different parts of the medial amygdala? Is there any embryological support for 

continuum of the medial extended amygdala and/or for the central extended amygdala? 

The results collected for this Thesis provide an answer to these questions.  
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Regarding the medial amygdala (Chapter 2), the results include experimental fate 

mapping data showing that it includes cell subpopulations from multiple origins, 

including the ventral pallium, the caudoventral MGE (MGEcv), the commissural 

preoptic area (POC) and the SPV hypothalamic domain (Bupesh et al., 2011a). It 

appears that the medial BST also includes distinct subpopulations of cells from at least 

MGEcv, POC and SPV (Bupesh et al., 2011a). Moreover, some data indicate that there 

is a trend for cells of the medial amygdala and medial BST with the same origin to be 

interconnected and to project to similar hypothalamic targets (for example, Lhx6-

expressing cells of both the posterodorsal medial amygdala and the posteromedial part 

of BSTM, which derive from MGEcv; see discussion below). This suggests that the so-

called medial extended amygdala may consist of several cell corridors (or subcorridors), 

each related to a distinct embryonic origin (see Chapter 2 and discussion below).  

 

Regarding the central extended amygdala (Chapter 3), the results provide experimental 

fate mapping support for at least a triple origin of the neurons of the central amygdala 

and lateral BST, which derive from dorsal LGE, ventral LGE and MGE (Bupesh et al., 

2011b). Moreover, it appears that cells of each specific origin of the central amygdala 

show a different phenotype and show a trend to be interconnected with cells of the same 

phenotype (and perhaps the same origin) in the lateral BST. Thus, this suggests that the 

central extended amygdala may consist of several cell corridors (or subcorridors), each 

related to a distinct embryonic origin. This is discussed in more detail below (see also 

Chapter 3). 

 

1. Pallial, subpallial and hypothalamic contribution of neurons to the medial 

extended amygdala 

 

As explained in the second Chapter of this Thesis (also Bupesh et al., 2011a), our 

results provide experimental support for a multiple origin of the cells of the medial 

extended amygdala, which derive at least from the following four embryonic 

subdivisions: the ventral pallium (VP), two subdivisions of the subpallium called the 

caudoventral MGE (MGEcv) and the commissural preoptic area (POC), and the 

supraopto-paraventricular domain of the hypothalamus (SPV). Each distinct 

contribution will be discussed in a separate section below. Before that, it is worth noting 
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that these different embryonic domains that contribute cells to the medial extended 

amygdala appear to produce different subpopulations of projection neurons, which 

reach the nuclear complex by either radial or tangential migration (based on comparison 

with radial glial fibers). In contrast to previous thoughts, this appears to be a common 

situation at least in the basal telencephalon, since it has also been observed in the globus 

pallidus (Nóbrega-Pereira et al., 2010) and the central amygdala (present Thesis). In the 

chicken and the frog Xenopus, the medial extended amygdala also appears to include 

subpopulations derived from VP, MGE and SPV (Brox et al., 2004; Moreno and 

González, 2006; Bardet et al., 2008; Abellán and Medina, 2008, 2009; Abellán et al., 

2009, 2010; Moreno et al., 2010). The chicken medial extended amygdala (medial 

amygdalar nucleus and BSTM) also includes POC derived cells (Abellán and Medina, 

2008, 2009). However, it is unclear whether in Xenopus the medial nucleus of the 

amygdala includes a POC-derived subpopulation (Domínguez et al., 2010; Medina et 

al., 2011). 

 

 

1.1. Contribution of neurons from MGEcv to the medial extended amygdala. 

 

In this study, we have experimentally shown that the caudoventral subdivision of the 

medial ganglionic eminence (MGEcv), previously called or included as part of the 

anterior peduncular area, or as part of the fifth MGE subdivision (Flames et al., 2007; 

García-López et al., 2008; this has also been referred as diagonal domain by Bardet et 

al., 2010), is a major source of neurons for the medial extended amygdala, including the 

medial bed nucleus of the stria terminalis (BSTM) and the anterior (MeA) and 

posterodorsal (MePD) parts of the medial amygdala. This agrees with a previous 

proposal based on expression of Lhx6 and calbindin, which are enriched in MGEcv and 

its derivatives (García-López et al., 2008). This also agrees with a previous study based 

on the genetic fate mapping of Nkx2.1 lineage cells, which has shown that the subpallial 

proliferative zone expressing the transcription factor Nkx2.1 during development 

(including MGE and the preoptic area) produce numerous cells for the medial amygdala 

(Xu et al 2008). However, this genetic fate mapping did not provide details on the exact 

subdivisions of the medial amygdala that receive Nkx2.1 lineage cells, and could not 

distinguished the exact origin of the cells within the large Nkx2.1 expressing subpallial 

domain. Some data based on combinatorial gene expression patterns during 
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development indicate that the Nkx2.1-expressing domain of the subpallium include at 

least five distinct MGE (pallidal) progenitor subdomains (pMGE 1-5) and two preoptic 

progenitor subdomains (PO1 or POC; and PO2 or POB) (Flames et al., 2007; García-

López et al., 2008). Thus, our in vitro fate mapping study provides novel details on the 

exact origin and exact destiny of cells in the medial extended amygdala. Comparison 

with Lhx6 indicates that the MGEcv domain (roughly corresponding to caudal pMGE5 

of Flames et al., 2007) is the source of most neurons of the MeA and MePD, and the 

principal subnucleus of BSTM (BSTMpm). Additionally, double labeling data indicate 

that most of these neurons contain calbindin. These cells appear to constitute a corridor 

of neurons that originate in MGEcv, express Lhx6 and calbindin, and extend from the 

MePD and MeA (caudolaterally) to the BSTM (rostromedially), as proposed by García-

López et al. (2008). This cell corridor would constitute only one part of the medial 

extended amygdala of Alheid, Heimer, de Olmos and collaborators (Alheid and Heimer, 

1988; Alheid et al., 1995; de Olmos et al., 2004). Interestingly, it appears that Lhx6-

expressing cells of the MePD are GABAergic and are preferentially connected with the 

BSTM subdivision of the same origin (BSTMpm, which also derives from MGEcv and 

is rich in Lhx6 expression), and both project to the same hypothalamic targets that are 

involved in reproduction control (Choi et al., 2005; see further discussion in García-

López et al., 2008, and in Chapter 2 of this Thesis). Therefore, this MGEcv-related 

(Lhx6-expressing) cell corridor of the medial extended amygdala appears to specifically 

control sexual behavior. As noted below, the medial extended amygdala also contains 

other neuron subpopulations with different origins (POC, VP, SPV), and future studies 

need to evaluate the existence of additional cell corridors related to these different 

embryonic origins.  

 

1.2. Contribution of neurons from the commisural preoptic area to the medial 

extended amygdala. 

 

The preoptic area (and in particular its commissural subdivision or POC) can be 

distinguished from MGE by expression of the signaling protein Shh in the ventricular 

zone and some of its derived cells, and based on Shh expression (in combination with 

other regulatory genes) it was proposed that POC produced part of the medial amygdala 

(MePV, and some cells of MeA) and part of BSTM (García-López et al., 2008). The 

results from this Thesis, obtained using in vitro fate mapping experiments, demonstrate 
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that POC is truly a source of neurons for part of BSTM and part of the medial 

amygdala. These results agree with recent data on Dbx1-Cre based genetic fate 

mapping, which show that the medial amygdala contain subpopulations of Dbx1-lineage 

cells, part of which (those that are GABAergic) originate in Dbx1-expressing progenitor 

cells of the preoptic area (Hirata et al., 2009). Our results also agree with another 

genetic fatemap of Shh-lineage cells in the medial amygdala, showing that these cells 

preferentialy populate MePV, but not MePD which is mostly populated by Nkx2.1 

lineage cells (Carney et al., 2010). This complementary pattern of Nkx2.1-lineage 

versus Shh-lineage cells in the dorsal and ventral subdivisions of the posterior medial 

amygdala (Carney et al., 2010) completely agrees with the proposal of Garcia-López et 

al. (2008) and our data. However, our data are more specific on the exact origin of the 

neurons, since indicate that Nkx2.1-lineage cells of MePD specifically originate in 

MGEcv, while Shh-lineage cells originate from POC (POB does not appear to 

contribute cells to the medial amygdala). Moreover, while MGEcv (Nkx2.1/Lhx6 

lineage) and POC (Shh-lineage) cells are segregated in the posterior amygdala, our fate 

mapping data indicate that they are intermingled in the anterior amygdala. This also 

agrees with the suggestion of García-López et al. (2008). Interestingly, this is correlated 

with the type of olfactory input, from the main olfactory bulb or the accessory olfactory 

bulb, that these different subdivisions of the medial amygdala receive. Both types of 

olfactory information segregate in the posterior amygdala (vomeronasal input to MePD, 

main olfactory input to MePV), while they intermingle in the anterior amygdala (Choi 

et al., 2005; Pro-Sistiaga et al., 2007). 

 

Furthermore, our result showed that the POC also produces cells for other parts of the 

medial extended amygdala, such as the BSTM, and for other parts of the basal 

telencephalon (see details in Chapter 2). However, it is unclear whether Shh-lineage 

cells (POC origin) of the medial extended amygdala constitute a distinct cell corridor in 

which cells are interconnected and project to similar targets. Surely, this deserves 

further investigation. Some data of double labeling of cells from genetic fate mapping 

of the preoptic area indicate that many preoptic cells of the medial amygdala are 

GABAergic and nitrergic (Hirata et al., 2009; Carney et al., 2010).  Altogether, this is a 

new starting point for future studies on the exact connections of these cells and their 

function.   

 



 100 

 

1.3. Ventral pallial contribution of neurons to the medial amygdala. 

 

In addition to subpallial marker genes, the medial amygdala was observed to express 

pallial marker genes such as Tbr1 and Lhx9 (Medina et al., 2004; García-López et al., 

2008).  Based on the expression pattern of Lhx9 during development, it was suggested 

that the ventral pallium is a specific source of cells for some subnuclei of the medial 

amygdala, including the MeA (where cells appeared to mix with those derived from 

MGEcv and POC) and the superficial part of MePV (where cells primarily segregated 

from those from POC and MGEcv) (García-López et al., 2008). However, experimental 

proof for this proposal was lacking. Here, we have shown experimentally by migration 

assays that VP truly contributes cells not only to typical ventral pallial derivatives 

(namely piriform cortex, basal amygdalar complex and cortical amygdalar areas), but 

also produces some cells that populate the anterior and posterior subdivisions of the 

medial amygdala. The VP derived cells tend to settle at a superficial band of the MePV, 

overlapping a similar superficial band of Lhx9 and Tbr1 expression. In contrast to the 

subpallial neurons of the medial amygdala (derived from MGEcv or POC), which are 

GABAergic (as noted above), cells of the medial amygdala derived from the ventral 

pallium are likely glutamatergic. However, the exact connections of this subpopulation 

of neurons are unknown and deserve investigation. Some studies have shown that some 

of the descending projections from the medial amygdala to the hypothalamus (such as 

those related to defense/aggressive behavior) are excitatory (Choi et al., 2005). These 

projections may originate in VP-derived cells of the medial amygdala, but – as 

explained below – may also relate to SPV-derived cells of this nucleus.  

 

1.4. Contribution of neurons from the supraopto-paraventricular domain of the 

alar hypothalamus (SPV) to the medial extended amygdala. 

 

Using the gene expression data on the transcription factors Otp and Lhx5, it was 

proposed that the supraopto-paraventricular domain of the alar hypothalamus (SPV) 

produces a subpopulation of cells for the medial extended amygdala, including the 

medial bed nucleus of the stria terminalis and the anterior medial amygdala (Otp: Bardet 

et al., 2008; Moreno et al., 2010; Lhx5: Abellán et al., 2010). This has been 

corroborated recently using genetic and in vivo experimental fatemap in the mouse 
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(García-Moreno et al., 2010). Our results on in vitro migration assays agree with these 

studies and provide further details on the route and destiny of the migrated cells, as well 

as on their phenotype. Based on correlation with the glutamatergic marker VGLUT2, 

SPV-derived cells are likely glutamatergic  (Abellán et al., 2010; García-Moreno et al., 

2010). Our data indicate that many SPV-derived neurons in the BSTM and medial 

amygdala also are immunoreactive for calbindin. In the BSTM, these cells appear to 

form a medial and caudal subdivision of the nucleus, which appears to correspond to the 

extratelencephalic, posterior part of the BST proposed by Puelles et al. (2000). Since the 

SPV domain is a source of vasopressin and oxytocin containing neurons of the 

paraventricular and supraoptic hypothalamic nuclei (Michaud et al., 1998; Wang and 

Lufkin, 2000), it is possible that it also contributes this type of cells to the medial 

extended amygdala. The presence of this type of neurons in the medial extended 

amygdala is highly variable between different mammals, and they have been involved 

in several aspects of social behavior (Cushing and Kramer, 2005). Neurons of this 

system are responsive to gonadal steroids and appear to be related to sex differencies in 

some social behaviors and functions (de Vries and Miller, 1998). It is therefore highly 

relevant to investigate their putative embryonic origin in SPV, analyze the molecular 

mechanisms behind their diverse invasion of the medial extended amygdala in different 

species, and the relation of this to species differences in some social behaviors (such as 

parental care or monogamous behavior). In addition to this, it would be important to 

analyze whether SPV-derived neurons of the medial extended amygdala show a trend to 

be connected with cells of the same origin within the corridor and project to the same 

targets. This trend has been reported for MGEcv-derived (Lhx6) cells (see above), and 

if also confirmed for SPV-, POC- and VP-derived cells it would indicate the existence 

of at least four distinct cells corridors in the medial extended amygdala, each related to a 

distinct embryonic origin, which cells are partially intermingled, but show distinct 

phenotype and connections. 

 

 

2. Multiple origins of the neurons of the central extended amygdala. 

 

As explained in the third Chapter of the Thesis (also Bupesh et al., 2011b), our results 

provide experimental evidence for at least a triple origin of the principal neurons of the 

central extended amygdala. Using in vitro fatemap analysis, combined with 
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immunohistochemistry and immunofluorescence, and compared with gene expression 

data from our laboratory, we have shown that the major components of the central 

extended amygdala, central amygdala and lateral BST, are mosaics formed by different 

proportions of dorsal LGE-, ventral LGE- and MGE-derived neurons. This will be 

discussed in separate sections below. 

 

Based on similarity of neurochemistry and connections, it was proposed that the central 

extended amygdala constitutes a cell corridor that extends from the central amygdala 

and other striatal-like amygdalar cell groups to the BSTL (Alheid and Heimer, 1988; 

Alheid et al., 1995; de Olmos, 1999; Heimer 2003). Our results indicate that this 

continuum, from the central amygdala to the BSTL, is formed by different proportions 

of neurons from dorsal LGE, ventral LGE and MGE, which may explain the similarity 

of these cells in terms of neurochemistry and connections along the corridor. In the 

chicken and the frog Xenopus, the central extended amygdala includes LGE and MGE 

cell subpopulations (Abellán and Medina, 2009; Moreno and González, 2006), but more 

investigation is required to know the degree of similarity with the development of the 

central extended amygdala in the mouse. For example, the dorsal LGE contributes 

Pax6-expressing cells to the central extended amygdala in the mouse (present results) 

the chicken (Abellán and Medina, 2009) and the turtle (Moreno et al., 2010), but a 

similar contribution may be absent in Xenopus (Moreno et al., 2008b; Moreno et al., 

2009). On the other hand, the ventral LGE produces Islet1-expressing cells for the 

central amygdala in the mouse (Waclaw et al., 2010; present results) and Xenopus 

(Moreno et al., 2008a; Moreno et al., 2009), but more studies are needed to know 

whether this is so in sauropsids (birds and reptiles). 

 

2.1. Contribution of neurons from dorsal LGE, ventral LGE and MGE to the 

lateral parts of the central extended amygdala. 

 

According to Alheid, Heimer, de Olmos and collaborators, the central extended 

amygdala includes the intercalated amygdalar cells (ITC), the central amygdala, the 

interstitial nucleus of the posterior limb of the anterior commissure (IPAC), part of the 

substantia innominata, and the lateral BST, and is essential for control of ingestion and 

for fear, stress and anxiety responses (Alheid et al., 1995; de Olmos et al., 2004; Heimer 

2003; Walker and Davis 2008; for function see also Swanson, 2000).  Developmental 
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data of the nuclei conforming the central extended amygdala were scarce until recently. 

Based on expression of Pax6 and Dlx5, it was proposed that the central amygdala and at 

least part of the ITC are LGE derivatives (Puelles et al., 2000; Medina et al., 2004). 

More recently, based on expression of Pax6 and Foxp2, which are distinctly expressed 

in dorsal LGE derivatives, the ITC was proposed to specifically derive from the dorsal 

LGE subdivision (Kaoru et al., 2010), while based on expression of Islet1 and genetic 

fate mapping of Isletl-lineage cells, many neurons of the central amygdala, including 

projection neurons, were shown to derive specifically from ventral LGE (Waclaw et al., 

2010). However, as noted above, the central amygdala also includes Pax6-expressing 

cells in mouse and chicken, suggesting that at least some neurons of this nucleus derive 

from dorsal LGE (Puelles et al., 2000; Abellán and Medina, 2009). Our results help to 

clarify what specific parts or cell subpopulations of the central amygdala derive from 

either dorsal LGE or ventral LGE. Our data on in vitro fate mapping combined with 

immunofluorescence for Pax6 show that dorsal LGE produces the majority of Pax6-

immunoreactive (Pax6+) neurons of the capsular central amygdala (CeC) and many 

neurons (Pax6+) of the lateral central amygdala (CeL). On the other hand, our data on in 

vitro fate mapping combined with immunofluorescence for Islet1 show that ventral 

LGE primarily produces Islet1-immunoreactive (Islet1+) neurons for the medial and 

part of the lateral subnuclei of the central amygdala.  

 

Based on comparison of these fate mapping and Pax6 data with the mRNA expression 

of Pax6 and pre-proenkephalin (see Chapter 3 for mouse, and Poulin et al., 2006, 2008, 

for rat), it appears that many cells derived from dorsal LGE are enkephalinergic 

neurons, which constitute a subpopulation of projection neurons of the central amygdala 

(Rao et al., 1987).  It also appears that these cells primarily populate the ITC, the 

capsular central amygdala, the lateral third of the lateral central amygdala, and the 

IPAC. On the other hand, based on comparison of our fate mapping and Islet1 data with 

the distribution of cells containing corticotropin-releasing factor (CRF+) (Marchant et 

al., 2007), it appears that cells derived from ventral LGE may include CRF+ projection 

neurons (often co-containing neurotensin and/or dynorphin), which primarily locate in 

the central part of the lateral central amygdala (Moga and Gray, 1985; Gray and 

Magnuson, 1992; Gray, 1993; Marchant et al., 2007). Thus, it appears that dorsal LGE 

and ventral LGE produce two distinct projection neurons of the central amygdala.  
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In addition, previous data also suggested that the medial part of the central amygdala 

includes another subpopulation of projection neurons, containing the neuropeptide 

somatostatin (SOM+) (Shimada et al., 1989), which immigrate from MGEcv (García-

López et al., 2008; Real et al., 2009). Our data on in vitro migration assays combined 

with immunofluorescence for somatostatin show that this is so. The cells derived from 

MGEvc that invade the medial part of the central amygdala (medial subnucleus and the 

medialmost part of the lateral subnucleus) are SOM+. These cells appear to represent 

the SOM+ projection neurons (co-containing substance P) of the central amygdala 

described in some studies (see Shimada et al., 1989; Gray and Magnuson, 1992, and 

more references in Chapter 3).  

 

Therefore, it appears that different projection neurons of the central amygdala originate 

in three different embryonic subdivisions. Moreover, as explained in the next section, 

these different neurons of the central amygdala appear to project to cells of the BSTL 

having a similar phenotype (Gray et al., 1987; Moga et al., 1989).  

 

2.2. Contribution of neurons from dorsal LGE, ventral LGE and MGE to the 

BSTL and general remarks on the central extended amygdala continuum. 

 

While the central amygdala was once thought to only derive from LGE, based on 

expression of Nkx2.1 and other transcription factors, the lateral BSTL was though to be 

a pallidal (MGE) (Puelles et al., 2000; Xu et al., 2008; García-López et al., 2008). 

Therefore, these data did not support a uniformity along the cell corridor of the central 

extended amygdala in terms of embryonic origin, and could not explain the similarity of 

their cells regarding neurochemistry and connectivity.  

 

However, our in vitro fate mapping data combined with immunofluorescence  indicate 

that the BSTL does receive neurons from the same three progenitor domains that 

produce the neurons of the central amygdala, dorsal LGE, ventral LGE, and MGE. 

Nevertheless, these three domains contribute cells to the BSTL in different proportions 

that they do to the central amygdala. Most neurons of BSTL appear to derive from 

MGE, including cells from dorsal MGE and from MGEcv (results of Chapter 2 and 3 of 

this Thesis), thus supporting the general “pallidal” nature of this nucleus (Puelles et al., 

2000; Xu et al., 2008; García-López et al., 2008). In addition, here we show that many 
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Islet1+ neurons of BSTL immigrate from the ventral LGE, while a few Pax6+ neurons 

do so from dorsal LGE. Since the BSTL contains the same three types of projection 

neurons described in the central amygdala, ENK+, CRF+, and SOM+ (Moga et al., 

1989; Poulin et al., 2008), it is tempting to suggest that at least some of them may have 

a similar embryonic origin to those of the central amygdala. However, this requires 

further investigation. Interestingly, there appears to be a trend for cells of the same 

neurochemical profile to be connected with “homologous” cells (cells with the same 

phenotype) along the corridor, and for homologous cells to project to similar targets in 

the hypothalamus/brainstem (Moga et al., 1989; Poulin et al., 2008, and other references 

in Chapter 3). 

 

In conclusion, our data indicate that the nuclei that conform the central extended 

amygdala, particularly the central amygdala and the lateral BST, are formed by different 

proportions of neurons derived from either dorsal LGE, ventral LGE or MGE. Thus, our 

data provide embryonic support for the existence of the central extended amygdala 

corridor and for their similarity in terms of neurochemistry and connections. Our data 

also indicate that distinct projection neurons of the corridor originate in separate 

progenitor domains, and open new venues for further investigation on the existence of 

separate subcorridors within the general continuum of the central extended amygdala. 
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Conclusions 

 

1. The results obtained by in vitro fate mapping assays provide experimental evidence 

for the multiple embryonic origins of the neurons of the medial extended amygdala, 

which are produced in at least three telencephalic and one extratelencephalic domains. 

Correlations with other studies and with radial glia indicate that many of these cells are 

projection neurons, which reach the medial extended amygdala by either radial or 

tangential migrations. 

 

2. Two distinct subdivisions of the telencephalic subpallium contribute neurons to the 

medial extended amygdala: the caudoventral part of the medial ganglionic eminence 

(MGEcv) and the commissural preoptic area (POC). Cells from both domains populate 

the medial amygdala and the medial bed nucleus of the stria terminalis (BSTM).  The 

distribution of migrated cells derived from MGEcv correlate well with expression Lhx6 

along the radial dimension of this subdivision, while those derived from POC correlate 

well with expression of Shh. While MGEcv- and POC-derived cells intermingle in the 

anterior part of the medial amygdala, they show a trend to segregate to dorsal or ventral 

parts, respectively, of the posterior part of the medial amygdala.  

 

3. The ventral pallium (VP) of the telencephalon produces some cells that invade the 

anterior and posterior parts of the medial amygdala by tangential migration. In the 

posterior medial amygdala, VP-derived cells show a trend to occupy a superficial 

position, overlapping with a band of Lhx9 expression that appears to extend from VP.  

 

4. The supraopto-paraventricular domain (SPV) of the alar hypothalamus also produces 

cells for the medial extended amygdala, including the BSTM and the medial amygdala. 

The SPV-derived cells invade the medial amygdala by tangential migration, and 

correlate well with expression of Lhx5 that appears to extend from SPV. The SPV also 

produces cells that migrate tangentialy into the subparaventricular domain of the alar 

hypothalamus (Spa). 

 

      5. Double labeling with calbindin shows that many MGEcv-derived cells of the medial 

extended amygdala are calbindin immunoreactive, and likely GABAergic (as expected 

from the results of other studies). However, our data also indicate that calbindin 
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immunoreactive cells of the amygdala are also produced in the ventral pallium and the 

hypothalamic SPV, and in these two cases calbindin cells are likely glutamatergic. 

Therefore, calbindin cells of the medial extended amygdala appear to include both 

GABAergic and glutamatergic neurons.  

 

6. Our in vitro migration assays show that the central extended amygdala, including the 

central amygdala and the lateral bed nucleus of the stria terminalis (BSTL), are mosaics 

formed by different proportions of dorsal LGE-, ventral LGE- and MGE-derived 

neurons. 

 

7. The dorsal LGE produces Pax6-expressing neurons that primarily populate lateral 

parts of the central extended amygdala, including the capsular and part of the lateral 

central amygdala, but also produces a few cells for the lateral BST. Correlation between 

Pax6 and the mRNA of pre-proenkephalin suggests that dorsal LGE-derived cells of the 

central amygdala are enkephalinergic. 

 

8. The ventral LGE produces Islet1-expressing neurons that primarily populate the 

central and medial parts of the central amygdala, but also produces numerous neurons 

for the lateral BST. 

 

9. Double-labeling with calbindin indicate that both dorsal LGE and ventral LGE 

produce calbindin-containing neurons for the central amygdala.  

 

10. The MGE produces the majority of neurons of the lateral BST and many 

interneurons for the striatal (central) and pallial amygdala, but our migration assays 

combined with immunofluorescence show that its ventrocaudal subdivision (MGEcv) 

also produces an important subpopulation of projection neurons containing somatostatin 

for medial aspects of the central amygdala. 

 

11. Regarding other nuclei of the central extended amygdala, most neurons of the 

intercalated cells (ITC), the dorsal anterior amygdala (AAd) and the interstitial nucleus 

of the anterior commissure (IPAC) express Pax6 and pre-proenkephalin, and appear to 

derive from dorsal LGE. However, ITC and IPAC also include a subpopulation of 
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somatostatin immunoreactive neurons that derive from MGEcv. It is not clear if these 

MGEcv-derived cells are only interneurons or also include projection neurons. 

 

12. The medial extended amygdala, including BSTM and medial amygdala, also include 

a subpopulation of cells that express Pax6. Our migration data indicate that these cells 

do not originate in LGE, and may derive from the prethalamic eminence.   
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