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1. SUMMARY 

The brain is a complex organ that develops on the basis of various morphogenetic 

processes. The capability of cells to bind specifically and strongly to other cells is a key 

function in the evolution of multicellular organisms. This binding between cells is based 

on the mechanism of cell-cell adhesion, in which members of the cadherin superfamily 

are involved. Cadherins are multifunctional adhesion molecules and represent Ca2+-

dependent glycoproteins with more than 100 members. They play a critical role during 

the development of the vertebrate nervous system. By their predominantly homophilic 

binding, cadherins are involved in many morphogenetic processes during neuronal 

development, e.g., in cell proliferation, migration, axon guidance, neurite outgrowth, 

development of neural circuits and synaptogenesis. Previous studies of the Redies group 

have shown that cadherins are molecular markers for the layers of the cerebral cortex 

(Krishna-K et al., 2009). 

 Cell migration is an important mechanism en route to a mature nervous system. 

Reelin, an extracellular glycoprotein, plays a role in the radial migration of nerve cells. 

Mutations within the Reelin gene lead to disturbances of neuronal migration, e.g., in the 

cerebral cortex, the hippocampus and the cerebellum. Therefore, the Reeler mutant 

mouse is a suitable model to study corticogenesis. In the present thesis, I analyzed the 

effect of the Reeler mutation on the expression of cadherins in the cerebral cortex and 

the amygdala, a functional and morphogenetically highly complex area that mediates 

emotions and behaviour. 

 By in situ hybridization, the expression of 13 cadherins was examined in three 

neocortical regions (primary somatosensory cortex, motor cortex, cingulate cortex) at 

three different points of development (E18, P5, adult) and in one allocortical region, the 

adult hippocampus. The cerebral cortex of wild-type mice shows layer-specific cadherin 

expression profiles, with each layer expressing more than one cadherin. This result 

supports the notion that cadherins provide a combinatorial code of potentially adhesive 

cues for cortical layers and regions.

 The expression patterns of cadherins in the Reeler mutant mouse reveal that 

layering is disturbed in the different regions of cerebral cortex and partly replaced by 

roundish aggregates (patches) of cells that express the same cadherin. However, the  

appearance of individual cadherins in the different cortical regions is not changed in the 
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mutant. These results are surprising because it is generally believed that layering is 

inverted in the cerebral cortex of the Reeler mutant mouse. 

 I performed similar investigations in the amygdala. The development and 

functional connections of this complex telencephalic brain region are not completely 

understood to date. By analyzing 13 cadherins in the amygdala of wild-type mice, it was 

possible to define several novel subdivisions within the amygdala that were unknown 

from previous morphological studies. Because Reelin is also expressed in cortical 

regions of the amygdala (Remedios et al., 2007), I asked whether the mutation of the 

Reelin gene has an effect on the morphology of this brain area. My results show strong 

alterations in morphology of the cortical amygdaloid areas whereas deep pallial areas 

and subpallial nuclei are not affected by the Reeler mutation. 

 The disorganization and the structural deficits of the cerebral cortex and the 

amygdala in the Reeler mutant brain may coincide with changes in the establishment of 

neural circuits. In this context, I discuss the possible involvement of Reelin in several 

neurodevelopmental psychotic disorders, e.g. schizophrenia, bipolar disorder and 

autism.
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2. ZUSAMMENFASSUNG 

Das Gehirn ist ein komplexes Organ, an dessen Entwicklung verschiedene 

morphogenetische Prozesse beteiligt sind. Die Fähigkeit einzelner Zellen, spezifisch 

und stark an andere Zellen zu binden, ist eine Schlüsselfunktion in der Evolution 

multizellulärer Organismen. Diesen Bindungen zwischen Zellen liegt der Mechanismus 

der Zell-Zell-Adhäsion zu Grunde, in dem die Molekülfamilie der Cadherine involviert 

ist. Cadherine sind multifunktionelle Adhäsionsmoleküle und stellen Ca2+-abhängige,

transmembrane Glycoproteine mit über 100 Subtypen dar. Sie spielen eine 

entscheidende Rolle in der Entwicklung des Nervensystems von Vertebraten. Durch 

ihre überwiegend homophilen Bindungen sind sie an vielen morphogenetischen 

Prozessen während der neuronalen Entwicklung beteiligt, wie z.B. an Zellproliferation,

Migration, Axonlenkung, Neuritenwachstum, Bildung neuronaler Schaltkreise und 

Synaptogenese. Frühere Studien der Arbeitsgruppe Redies zeigten, dass Cadherine als 

Schichtenmarker im cerebralen Cortex dienen können (Krishna-K et al., 2009). 

Die Zellmigration ist ein wichtiger Entwicklungsmechanismus auf dem Weg zu 

einem ausgereiften Nervensystem. Reelin, ein extrazelluläres Glykoprotein, ist 

maßgeblich an der radialen Migration von Nervenzellen beteiligt. Mutationen des 

Reelin-Gens führen zu Störungen der neuronalen Migration, beispielsweise im 

cerebralen Cortex, im Hippocampus und im Cerebellum. Die Reeler-Mausmutante dient 

daher als Modell für das Studium der Corticogenese. In der vorliegenden Arbeit 

untersuchte ich, in wie weit die Reeler-Mutation Einfluss auf die Expression von 

Cadherinen im cerebralen Cortex hat. Dieselbe Frage stellte ich für die Amygdala, 

einem funktionell und morphogenetisch hoch komplexen Kerngebiet, das an der 

Ausbildung von Emotionen und sozialem Verhalten beteiligt ist. 

Die Expressionsanalyse von 13 Cadherinen mit Hilfe der In-situ-Hybridisierung

wurde in drei neocorticalen Arealen (primärer somatosensorischer Cortex, motorischer 

Cortex und cingulärer Cortex) zu drei verschiedenen Entwicklungszeitpunkten (E18, 

P5, adult) sowie in einer allocorticalen Region, dem adulten Hippocampus, untersucht. 

Der cerebrale Cortex der Wildtypmaus weist ein schichtspezifisches Expressionsmuster 

der Cadherine auf. Jede corticale Schicht zeigt dabei eine Expression mehrerer 

Cadherine. Diese überlappende Expression ist mit der Hypothese vereinbar, dass 



2. Zusammenfassung                                                                                                         4 

Cadherine einen kombinatorischen adhäsiven Code für die corticalen Schichten und 

Areale liefern. 

Die Verteilungsmuster der Cadherine in der Reeler-Maus zeigen, dass in den 

verschiedenen Regionen des cerebralen Cortex die Schichtung aufgehoben ist und 

teilweise durch rundliche Aggregate von Zellen (Patches), die das gleiche Cadherin 

exprimieren, ersetzt ist. Das spezifische Vorkommen einzelner Cadherine in den 

verschiedenen corticalen Regionen ist jedoch nicht verändert. Die Ergebnisse dieser 

Arbeit sind insofern überraschend, als man bisher davon ausging, dass die Schichtung 

des cerebralen Cortexes in der Reeler-Mutante invertiert ist.  

 Ähnliche Untersuchungen führte ich in der Amygdala durch. Die Amygdala ist 

ein komplexes Kerngebiet des Telencephalons, deren Entwicklung und funktionelle 

Verbindungen bis heute noch nicht vollständig verstanden sind. Die Analyse von 13 

Cadherinen in der Amygdala der Wildtyp-Maus erlaubte es mir, mehrere neue 

Unterbereiche innerhalb der Amygdala zu definieren, die bislang von morphologischen 

Studien her nicht bekannt waren. Da Reelin auch in den corticalen Gebieten der 

Amygdala exprimiert ist (Remedios et al., 2007), untersuchte ich, ob die Mutation des 

Reelin-Gens in diesem Hirnareal ebenfalls mit einer Störung der Morphologie 

einhergeht. Meine Ergebnisse zeigen, dass die morphologische Organisation der 

corticalen amygdaloiden Gebiete in der Reeler-Mutante stark verändert ist, während 

tiefe palliale Strukturen und subpalliale Kerne nicht betroffen sind. 

 Die Veränderungen der morphologischen Organisation sowohl des cerebralen 

Cortex als auch der Amygdala in der Reeler-Mutante führen möglicherweise auch zu 

Veränderungen in der Ausbildung neuraler Schaltkreise. In diesem Zusammenhang wird 

die Rolle von Reelin in einigen entwicklungsabhängigen, psychischen Erkrankungen, 

wie z. B. der Schizophrenie, den bipolaren Störungen und dem Autismus diskutiert. 
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3. INTRODUCTION

 

3.1 Basics and principles of brain development

The mammalian brain is perhaps one of the most complex objects in our universe. It is 

composed of billions of cells and trillions of connections that process information and 

mediate behavior. These connections develop in several steps, beginning with the 

decision of few early embryonic cells to become neural progenitors. 

The vertebrate nervous system is a derivative of the ectoderm, one of the three 

germ layers of the gastrula-stage embryo that forms during early cleavage stages. 

Following gastrulation, the ectoderm gives rise to different tissues, depending on the 

position along the mediolateral and anteroposterior axes of the embryo. Along the 

dorsal midline, the ectoderm thickens to form the neural plate. During a complex 

morphogenetic process called neurulation, the neural plate folds onto itself to form a 

tube-like structure, the neural tube. The neural tube gives rise to nearly all the neurons 

and glia of the central nervous system (CNS). Cells at the junction between the tube and 

the ectoderm form the neural crest. The neural crest is the source of most of the neurons 

and glia of the peripheral nervous system (Kandel et al., 2000; Squire et al., 2003; Sanes 

et al., 2006). 

 In the vertebrate embryo, the caudal part of the neural tube gives rise to the 

spinal cord, while the rostral end enlarges to form the three primary brain vesicles: the 

prosencephalon (or forebrain), the mesencephalon (or midbrain) and the 

rhombencephalon (or hindbrain). The three primary brain vesicles become further 

subdivided into five vesicles. The prosencephalon gives rise to both the telencephalon 

(major mature derivatives are: neocortex, basal ganglia, hippocampal formation, 

amygdala and olfactory bulb) and the diencephalon (gives rise to the thalamus, the 

hypothalamus, the retina, the optic nerve and the optic tract). The mesencephalon 

remains a single vesicle and does not expand. The rhombencephalon divides into the 

metencephalon and the myelencephalon. These two vesicles form the pons/cerebellum 

and the medulla oblongata, respectively (Kandel et al., 2000; Squire et al., 2003; Sanes 

et al., 2006). 

 

3.1.1 Corticogenesis

The most elaborate part of the human CNS is the cerebral cortex, part of the 

telencephalon. Here, afferent (sensory) information is processed and integrated, and 
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passed on to efferent (motor) systems. Based on differences in its laminar structure, the 

murine cortex, like that of all mammals, can be subdivided into neocortex and 

allocortex. The allocortex is the phylogenetically older cortex; it encompasses those 

regions that show a highly variable laminar structure and comprises both the paleo- and 

the archicortex (Vogt and Vogt, 1919). The term neocortex (Vogt and Vogt, 1919) 

comprises the phylogenetically younger cortical regions, which in general show a 

lamination into six layers (isocortex). These layers are generated in an inside-out 

fashion, with early-born neurons located in the deep layers and late-born neurons 

located in the superficial layers (Angevine and Sidman, 1961; Rakic and Caviness, 

1995; Takahashi et al., 1999). To generate this inside-out pattern, cortical cells migrate 

radially by somal translocation followed by tangential locomotion (Rakic, 1972; 

Nadarajah et al., 2001). The first step of neocortical development is the formation of the 

preplate above the ventricular zone (the principal germinal center of the brain) around 

embryonic day 10 in the mouse (E10; Fig. 3.1). The preplate is composed of the earliest 

generated neurons, including the Cajal-Retzius cells and the subplate neurons (Marin-

Padilla, 1998). In the second step (E13-E18), cortical plate neurons are generated in the 

ventricular zone and these neurons invade the preplate. Migrating neurons move past 

the subplate, splitting this layer away from the preplate. Therefore, the preplate is split 

into a superficial marginal zone, in which the Cajal-Retzius cells remain adjacent to the 

pial surface, and a deep subplate. Later-born neurons are generated in the ventricular 

zone and migrate radially; they pass through the developing intermediate zone, which 

consists of pioneer axons, and then move past the subplate and earlier generated neurons 

of the cortical plate. The systematic migration of later-generated neurons past their 

predecessors results in the inside-out pattern of cortical layering. In adulthood, a six-

layered neocortex is thus formed superficial to the deep white matter comprising the 

axonal tracts (Fig. 3.1; Angevine and Sidman, 1961; Rakic, 1974; Kubo and Nakajima, 

2003). 
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Figure 3.1. Development of the neocortex. 

I-VI, cortical layers; CP, cortical plate; IZ, 

intermediate zone; MZ, marginal zone; PP, 

preplate; PS, pial surface; SP, subplate; VZ, 

ventricular zone; WM, white matter. 

Adapted from Kubo and Nakajima, 2003. 

 

3.1.2 The hippocampal region 

The hippocampal region is a prominent component of the allocortex. It comprises two 

structures, the hippocampal formation (Fig. 3.2A) and the parahippocampal region (Fig. 

3.2B). The hippocampal formation consists of three cytoarchitectonically distinct 

regions: the dentate gyrus, the hippocampus proper (also called Ammon´s horn), which 

is subdivided into three fields (CA1, CA2 and CA3), and the subiculum. All three areas 

of the hippocampal formation share the characteristic three-layered appearance of 

allocortex. The parahippocampal region includes the entorhinal cortex, the 

parasubiculum and the presubiculum. The entorhinal cortex contains six layers that, 

with the exception of layer I, are substantially different from those found in the 

neocortex. There are four cellular layers (layers II, III, V and VI) and two acellular or 

plexiform layers (layers I and IV). 

There are three characteristic gradients of formation within the hippocampal 

region. First, deep cells are generated before superficial cells. Second, cells closer to the 

rhinal fissure are formed before those lying farther away (“rhinal-to-dentate” gradient). 

The entorhinal cortex starts to develop first, next is the subiculum, then field CA3 of 

Ammon’s horn, and finally, the dentate gyrus. Two structures are exceptions to this 

gradient. The para- and presubiculum form significantly later than the subiculum, and 

CA1 forms significantly later than adjacent CA3 cells; this late neurogenesis may be 

related to prominent thalamic input to both structures (Angevine, 1965; Bayer, 1980). 

Third, later forming cells are flanked by superficial and deep cells (“sandwich 

gradient”) that form earlier in the entorhinal cortex (where layer III cells originate after 

layers II and IV), in the Ammon’s horn (where pyramidal cells originate after large cells 

in the stratum oriens, stratum radiatum, and stratum lacunosum-moleculare), and in the 

dentate gyrus, where granule cells originate after large cells in the hilus and molecular 

layer (Bayer, 1980). 
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Figure 3.2. A neuroanatomical overview of the adult mouse hippocampal region (Nissl 

[thionin] stain of a horizontal section). The Ammon´s horn of the hippocampus proper, the 

dentate gyrus and the subiculum form the hippocampal formation (A). The parahippocampal 

region consists of the entorhinal cortex, the parasubiculum and the presubiculum (B). I-VI, 

cortical layers; alv, alveus of the hippocampus; CA, cornu ammonis (Ammon´s horn); fi, 

fimbria of the hippocampus; GD, dentate gyrus; hf, hippocampal fissure; Hil, hilus; LV, lateral 

ventricle; MEnt, medial entorhinal cortex; PaS, parasubiculum; PRh, perirhinal cortex; PrS, 

presubiculum; sub, subiculum; thio, thionin. 

 
3.1.3 The amygdaloid complex 

The amygdala, part of the telencephalon, is a key mediator of emotional and social 

behavior (Alheid et al., 2000; Davis, 2000; LeDoux, 2000). Furthermore, the amygdala 

controls instinctive reflexes, like defense, ingestion and reproduction (Davis, 2000; 

LeDoux, 2000; de Olmos et al., 2004). The amygdala lies in the depth of the 

anteromedial temporal lobe ventral to the lentiform nucleus. To grasp the complex 

function of the amygdala, it is important to understand both its morphological divisions 

and their neural connectivity. The amygdala has a highly intricate organization and 

development. It consists of several amygdaloid nuclei and cortical areas (see Chapter 5, 

Results, pages 32 - 79), which are formed as the results of a complex migration of 

neural precursor cells. Current models of amygdaloid complex development postulate 

that amygdalar structures originate around the pallial-subpallial boundary (Puelles et al., 

2000; Nery et al., 2002). Several components of the amygdala are pallial and subpallial 

derivatives and belong to distinct functional systems (Puelles et al., 2000; Tole et al., 

2005; Remedios et al., 2007; Garcia-Lopez et al., 2008). This complexity is the basis for 

the elaborate function of the amygdala. 
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3.1.4 From embryonic divisions to functional modularity 

Embryonic modularity and functional modularity are two principles of brain 

organization. Embryonic modules are histogenetic fields, in which pattern formation 

takes place during development. Embryonic modules finally give rise to brain nuclei 

and cortical layers. Defined subsets of these gray matter structures become connected 

by fiber tracts to form the neural circuits, which represent the information-processing 

modules of the brain. Many of the genes that are involved in the formation of the 

embryonic divisions of the brain have been identified. They belong to several families 

of transcription factors or gene regulatory proteins, that are expressed in restricted 

neuroepithelial regions (e.g. Hox, Dlx, Pax, Otx, Gbx, Emx, Wnt, Sox, and Nkx genes; 

Puelles and Rubenstein, 1993; Shimamura et al., 1995; Lumsden et al., 1996; 

Rubenstein et al., 1998). This initial patterning of the embryonic brain must be 

translated into expression patterns of genes that are involved in the various processes of 

brain morphogenesis, circuit formation and synaptogenesis (Redies and Puelles, 2001). 

Factors, which regulate these processes, include molecules that mediate cell-cell and 

cell-substrate adhesion (e.g., integrins and members of the Ig superfamily; Stoeckli and 

Landmesser, 1998; Kaprielian et al., 2000), diffusible molecules that set up molecular 

gradients for cell and axon migration (e.g., netrins, slit; Brose and Tessir-Lavigne, 

2000), and molecules that mediate attraction and repulsion between the neural cells and 

their processes (e.g., ephrins, Eph receptors, neuropilin; O´Leary and Wilkinson, 1999; 

Marin et al., 2001). I will focus on a family of cell-cell adhesion molecules, the 

cadherins, which provide a combinatorial adhesive code for both embryonic divisions 

and functional neural circuits in the vertebrate brain (Redies, 2000). 

 

3.2 Cadherins – From molecules to neural networks

The ability of cells to form specific and strong connections among each other is one of 

the key functions during the evolution of multicellular organisms. This ability is based 

on the mechanism of cell adhesion. Cells aggregate with the help of integral membrane 

proteins, the cell adhesion molecules (CAMs), and specific cell populations accumulate 

to form specific types of tissue. Cell adhesion is mediated by two different systems 

(Takeichi, 1977; Takeichi, 1988): a calcium-dependent cell adhesion system (CADS) 

with cadherins, selectins and integrins, and a calcium-independent adhesion system 

(CIDS) that is regulated by members of the immunoglobulin superfamily (Petruzzelli et 

al., 1999).  
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Cadherins play a crucial role in cell-cell adhesion during the differentiation and 

morphogenesis of the developing nervous system and other tissues. Initially, cadherins 

were named after the tissue, in which they were first identified. It is now clear that most 

cadherins are expressed widely and not limited to a single tissue or organ. For example, 

N-cadherin (N-Cdh), which was first discovered in neural tissue, is also found in diverse 

epithelia and mesenchymal cells; E-cadherin (E-Cdh), which was initially discovered in 

various epithelia, has also been localized to non-epithelial tissues (Takeichi, 1988; 

Redies, 2000); and R-cadherin (R-Cdh), which was isolated in the retina, is also 

expressed strongly in the brain and other organs (Obst-Pernberg et al., 2001). So far, 

more than 100 members of the cadherin superfamily were confirmed from vertebrates 

and invertebrate species (e.g., Drosophila melanogaster and Caenorhabditis elegans). 

These members were classified into several subfamilies (Fig. 3.3): classic cadherins, 

desmosomal cadherins, Flamingo cadherins, fat-like cadherins and protocadherins 

(Hirano et al., 2003; Redies et al., 2005; Halbleib and Nelson, 2006; Takeichi, 2007; 

Hulpiau and van Roy, 2011).  

 
Figure 3.3. Overview of the cadherin superfamily. The domain structure of representative 

members of the cadherin family of vertebrates is shown. In most cases, the cytoplasmic domains 

are completely different from each other. This suggests that members of different cadherin 

subfamilies participate in distinct signalling pathways and protein interactions. Adapted from 

Halbleib and Nelson, 2006. 

 

Cadherins are cell surface gycoproteins with a transmembrane domain, an extracellular 

domain and a highly conserved cytoplasmic region. The main characteristics of this 

protein family are about 110 amino acids-long cadherin repeats in the extracellular 

domain (Overduin et al., 1995; Shapiro et al., 1995) that comprise Ca2+-binding motifs. 

The cytoplasmic domain interacts with the actin cytoskeleton. This linkage is regulated 

by cadherin-binding proteins, e.g. the catenins (Hirano et al. 1992). Cadherins mediate 
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cell-cell adhesion via homophilic binding, which means that cadherins preferentially 

bind to the same cadherin subtype (Nose et al., 1988). For example, E-Cdh interacts 

with E-Cdh, whereas N-Cdh interacts with N-Cdh (Hirano et al., 2003). This binding 

specificity is thought to provide a molecular basis for the sorting of cells and/or their 

processes during morphogenesis (Takeichi, 1995; Redies and Takeichi, 1996; Redies, 

2000; Hirano et al., 2003).  

The present thesis project mainly focuses on classic cadherins (Cdhs) and 

protocadherins (Pcdhs). Classic cadherins are composed of five conserved extracellular 

domains, of which the fifth domain shows lower sequence identity between different 

cadherins than the other domains. On the basis of characteristic amino acid sequences in 

the cytoplasmic domain, classic cadherins can be further divided into type I and type II 

classic cadherins. Type I classic cadherins have been named according to the organ or 

tissue, in which they were first identified (see above). Type II classic cadherins, which 

differ from type I cadherins in specific amino acids sequences, were numbered 

according to the order of their discovery (Hirano et al., 2003). So far, type II cadherins 

include Cdh5 (VE-Cdh), Cdh6, Cdh7, Cdh8, Cdh9, Cdh10, Cdh11, Cdh12, Cdh14/18, 

Cdh19 and Cdh20; these genes were identified in human, mouse, rat, chicken, or 

Xenopus. 

The first members of the protocadherin (Pcdh) family were identified in the 

early 1990s via PCR with degenerative primers, when scientists were searching for new 

cadherin-like molecules (Suzuki et al., 1991; Sano et al., 1993). Since then, diverse 

subgroups of Pcdhs were identified, e.g. the -, -, and -protocadherin subgroups that 

are located on three gene clusters on the human chromosome 5q31 ("clustered" Pcdhs). 

Other subgroups are the Flamingo (CELSR) cadherins and the fat protocadherins (Fig. 

3.4; Hulpiau and van Roy, 2009). In a phylogenetic study of all murine and human 

protocadherin subgroups (Redies et al., 2005; Vanhalst et al., 2005), Frans van Roy, 

Christoph Redies and their collaborators identified a new subfamily, the -

protocadherins (Fig. 3.4). This subgroup includes nine members and can be further 

subdivided into two subgroups ( 1-Pcdhs and 2-Pcdhs), based on structural 

differences. The 1-protocadherins (Pcdh1, Pcdh7, Pcdh9, and Pcdh11) are the only 

protocadherins with seven extracellular cadherin-domains (Nollet et al., 2000; Hirano et 

al., 2003; Vanhalst et al., 2005). In addition to the conserved cytoplasmic motifs (CM) 1 

and CM2 (Wolverton and Lalande, 2001), the cytoplasmic domain of 1-protocadherins 

contains the small and highly conserved CM3 motif (Redies et al., 2005; Vanhalst et al., 
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2005) that is necessary for the interaction with protein phosphatase 1  (PP1 ; 

Wolverton and Lalande, 2001).  

 

 
 

Figure 3.4. Schematic overview of the protocadherin classification. Four subgroups are 

distinguishable: Flamingo protocadherins, Fat protocadherins, clustered protocadherins, and -

protocadherins. Representative cadherin members are listed in parentheses (from Redies et al., 

2005). 

 

Members of the second subgroup, the 2-Pcdhs, are Pcdh8, Pcdh10, Pcdh17, Pcdh18 

and Pcdh19. The cytoplasmic domain of 2-Pcdhs consists of CM1 and CM2 motifs 

that are more highly conserved than in 1-Pcdhs (Wolverton and Lalande, 2001; 

Vanhalst et al., 2005; Fig. 3.5). Furthermore, 2-Pcdhs have six extracellular domains 

instead of seven. 

As adhesion molecules, the principal function of cadherins is to mediate cell-cell 

adhesion. Moreover, cadherins have been implicated in a number of signalling pathways 

(Hirano et al., 2003), in cell proliferation, differentiation, and migration (Winklbauer et 

al., 1992; Goichberg and Geiger, 1998; Nakagawa and Takeichi, 1998), in axonal 

outgrowth, fasciculation, and pathfinding (Treubert-Zimmermann et al., 2002), as well 

as in synaptogenesis and synaptic plasticity (Fannon and Colman, 1996; Tanaka et al., 

2000; Suzuki et al., 2007; Takeichi, 2007). In the CNS, cadherin-mediated adhesive 

specificity has been proposed to provide a molecular code for early embryonic 

regionalization as well as for the development and maintenance of functional structures 

(Redies, 2000; Redies et al., 2003; Hertel et al., 2008; Krishna et al., 2009). Abnormal 

alteration of cadherin function results in malformation and tumor genesis (Takeichi, 
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1995; Peinado et al., 2004). For example, N-Cdh is of critical importance as an adhesive 

molecule in early development. N-Cdh-deficient mouse embryos die around embryonic 

day 10.5 with multiple defects, including malformed somites, an undulated neural tube 

and severe heart defects (Luo et al., 2001).  

 

 
Figure 3.5. Multiple amino acid alignment of selected parts of the cytoplasmic domains of all 

nine -protocadherins. Overall, the CM1 motif is less conserved than the CM2 motif. The highly 

conserved CM3 domain is absent in 2-protocadherins. Hs, Homo sapiens; Mm, Mus musculus. 

From Vanhalst et al., 2005. 

 

3.3 The Reeler mutant mouse

The molecular signals that regulate the interaction between migrating cells and their 

environment have been studied during the last decades (for a review, see Marin and 

Rubenstein, 2003). One pathway regulating radial migration involves the extracellular 

matrix protein Reelin (Dulabon et al., 2000; Tissir and Goffinet, 2003; Fig. 3.6), a 

glycoprotein with a relative molecular mass of 400 kD. The Reelin protein comprises 

3461 amino acids and possesses a serine protease activity. It contains a signal peptide 

followed by a F-spondin-like region at the N-terminus, a hinge region upstream of eight 

Reelin repeats (R), and ends with a highly basic C-terminus of 33 amino acids that is 

required for secretion. The protein is cleaved at two cleavage sites extracellularly. The 

first cleavage by a metalloprotease is located at the N-terminal site between R2 and R3, 

and the second cleavage is located at C-terminus between R6 and R7 (Lambert de 

Rouvroit et al., 1999; Jossin et al., 2007). This generates three major fragments in vivo: 

an N-terminal fragment (~180 kDa, corresponding to the N-terminal region up to R2), a 

central fragment (~120 kDa, corresponding to R3 to R6) and a C-terminal fragment 

(~100kDa, corresponding to R7 and the C-terminus; Lambert de Rouvroit et al., 1999; 

Jossin et al., 2004, 2007). An epitope known as the CR-50 is localized near the N-
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terminus and is composed of 230-346 amino acids. This epitope is essential for Reelin-

Reelin electrostatic interactions that result in a soluble string-like homopolymer, 

composed of up to 40 or more regularly repeated monomers. Mutated Reelin that lacks 

the CR-50 epitope fails to form homopolymers, and is, thereby, unable to transduce the 

Reelin signal (Ogawa et al., 1995; Utsunomiya-Tate et al., 2000). Each Reelin repeat is 

composed of 350-390 amino acids and contains two sub-repeats separated by an 

epidermal growth factor (EGF)-like motif of 30 amino acids. The presence of amino-

acid sequences similar to those conserved in several ECM proteins, such as tenascin, 

laminin and in cell adhesion molecules, suggests a function of Reelin in neuronal 

process extension and in determining the destination of migrating neurons (Hirotsune et 

al., 1995; Frotscher, 1997).  

 

 

Figure 3.6. A scheme of the Reelin 

structure. The N-terminus of Reelin has 

25% identity with that of F-spondin. Eight 

Reelin repeats are following. Each Reelin 

repeat contains two related subrepeats A 

and B, separated by an EGF-like motif. 

Adapted from Kubo and Nakajima, 2003.

 

Receptors for Reelin are apolipoprotein E receptor 2 (ApoER2), very-low-densitiy 

lipoprotein receptor (VLDLR) and 3 1 integrin protein (D´Arcangelo et al., 1999; 

Hiesberger et al., 1999; Dulabon et al., 2000). Reelin binding to its receptors causes 

dimerization/oligomerization of the adapter protein disabled-1 (Dab1; Strasser et al., 

2004) and activates members of the Src-tyrosine kinase family/Fyn-kinase leading to 

phosphorylation of Dab1 (Cooper and Howell, 1999). This initiates a signaling system 

in the effector cells. Interaction between Dab1 with various kinases (e.g. PI3K, 

PKB/Akt, GSK3 , Cdk5) leads to important processes including cell migration 

(Suetsugu et al., 2004), synaptic and dendritic spine plasticity (Rodriguez et al., 2000), 

neurotransmission (Keshvara et al., 2001; Beffert et al., 2002; Arnaud et al., 2003a,b), 

cell survival and growth (Beffert et al., 2002, Ohkubo et al., 2007), as well as cognition 

and memory processing (Fatemi, 2005; Jossin and Goffinet, 2007; Ohkubo et al., 2007). 
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Mutations in the Reelin gene cause a disruption in neuronal migration, for 

example in the cerebral cortex, hippocampus and cerebellum (for reviews, see Lambert 

de Rouvroit and Goffinet, 1998; Rice and Curran, 2001; D´Arcangelo, 2006; Fatemi, 

2008). In the neocortex of the Reeler mutant, the initial formation of the preplate 

proceeds normally. Cortical neurons that are generated in the ventricular zone, however, 

fail to invade the preplate. Consequently, the subplate remains adjacent to the marginal 

zone and a “superplate” is formed (Caviness, 1982). As a result, cortical layers are 

inverted (Caviness and Sidman, 1973; Kubo and Nakajima, 2003; Tissir and Goffinet, 

2003; Fig. 3.7). However, Caviness (1982) noted an increased scatter of cells in an 

overall reversed lamination. Pinto Lord et al. (1979) described a mixed population of 

projection neurons with aberrant neurite orientations. Some researchers even claimed 

that cortical layering is disturbed in the Reeler mutant (Hamburgh, 1963; for a review 

see, Katsuyama and Terashima, 2009) or replaced, at least in part, by a patchy type of 

gray matter architecture (Ichinohe et al., 2008). 

 

 

Figure 3.7. A simplified current view of the 

malformation of the Reeler cortex. In wild-                 

type cortex, the first cohort of cortical plate                             

                                               

neurons (gray) positions itself between the 

Cajal-Retzius cells (black) that produce 

Reelin (stipples) and the subplate layer. In 

Reeler mutants, the first cohort of cortical 

plate neurons fails to migrate past the 

subplate and instead accumulates in a 

disorganized fashion in the superplate. cp, 

cortical plate; iz, intermediate zone; mz, 

marginal zone; sp, subplate; spp, 

superplate; vz, ventricular zone. Adapted 

from Rice and Curran, 2001. 

 

The homozygous Reeler mutant mouse, the model in which the gene for Reelin 

is mutated (Goffinet, 1979, 1984), exhibits a special phenotype characterized by ataxia. 

Beside the described defects in the cerebral cortex of the forebrain (see above), the 

Reeler cerebellum is hypoplastic (Magdaleno et al., 2002) and the Purkinje cell number 

is reduced (Hadj-Sahraoui et al., 1996). Additionally, neuronal microtubule function is 

dysregulated (Hiesberger et al., 1999).  
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Different models of Reelin action have been proposed to explain the Reeler 

phenotype by direct effects on migrating neuroblasts and their final positioning. For 

example, Reelin may act as a stop signal (Curran and D´Arcangelo, 1998; Dulabon et 

al., 2000, Chai et al., 2009), a chemoattractant (Gilmore and Herrup, 2000), or a 

detachment signal for migrating neurons (Hack et al., 2002; Sanada et al., 2004), or it 

may influence neuronal migration by altering adhesive properties (Hoffarth et al., 1995). 

One current model suggests that Reelin could either increase or arrest motility, 

depending on the concentration of Reelin (D´Arcangelo, 2006; Jossin et al., 2007). At 

low levels, in the developing cortical plate, it promotes the extension of a leading edge 

and the radial migration of neurons. At high levels, on the pial surface, Reelin prompts 

cells to stop migration, detach from radial fibers and associate into layers. How a deficit 

in any of these mechanisms can cause a loss of layer formation in the Reeler mutant 

remains obscure at present. 

 

3.4 Aims of the study

Cadherin expression by functional brain divisions persists in the adult brain and, 

therefore, cadherins can be used as markers for the functional organization of the mature 

brain (Hertel et al., 2008; Krishna-K. et al., 2009; Kim et al., 2010). In cerebral cortex, 

some cadherins have already been used as markers for cortical regions in genetically 

altered mice (Cdh6, Cdh8, Cdh11, Miyashita-Lin et al., 1999; Nakagawa et al., 1999; 

Rubenstein et al., 1999; Bishop et al., 2000). Here, I use cadherin markers to investigate 

the functional differentiation in the Reeler mutant mouse in two telencephalic regions, 

the cerebral cortex and the amygdaloid complex.  

 To determine in detail how the layer-specific expression of cadherins is 

perturbed in different regions of the Reeler cortex, I studied the effect of the Reeler 

mutation in three neocortical regions (cingulate cortex, motor cortex and primary 

somatosensory cortex) and the allocortical hippocampal region by comparing the 

expression of thirteen different classic cadherins and -protocadherins in the Reeler 

mutant mouse and wild-type littermates, both in the mature cerebral cortex and during 

corticogenesis (at embryonic day 18 [E18] and at postnatal day 5 [P5]). My results show 

that the cortical layer-specific expression of cadherins is almost completely abolished 

and replaced by a patchy type of gray matter organization in the Reeler mutant mouse. 

In addition, in the postnatal (P5) and adult amygdaloid complex in the Reeler 

mutant mouse, the combinatorial study of multiple (proto-)cadherins allows the 
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distinction of molecular subdivisions within the amygdala that go beyond the previously 

known morphological divisions. Reelin is expressed in cortical areas of the amygdala, 

but not in deep nuclei (Remedios et al., 2007). My results provide evidence that the 

cortical pallial parts of the amygdaloid complex are disorganized in the Reeler mutant 

but the deep pallial and subpallial nuclei seem to be largely unaffected. 
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4. MATERIALS AND METHODS 

A complete list of the materials used is attached to Appendix (pages xi to xxii). 

4.1 Animals

The mice used in this study were homozygous Reeler mice (reln) and their wild-type 

(wt) littermates from the B6C3Fe a/a-Reln strain (Jackson Laboratories, Bar Harbor, 

ME, USA; stock number: 000235). The animals were obtained from a colony 

maintained at the animal facilities of the University Hospital Jena. Heterozygous mice 

were intercrossed to obtain wild-type mice. Efforts were made to minimize animal 

suffering and to use only the number of animals necessary to produce reliable scientific 

data.

4.2 Dissection of embryonic, postnatal and adult mouse brains

All experimental procedures were in accordance with current versions of institutional 

regulations and national laws on the use of animals in research. 

Embryonic stages: Pregnant adult mice were deeply anesthetized with 

chloroform and quickly decapitated with a large scissor. With the aid of forceps and 

scissors, the abdominal cavity was opened and the uterus was dissected. Immediately, 

the uterus was stored on ice. In a Petri dish under a stereo microscope, each embryo was 

removed from its amniotic cavity and separated from its placenta. Embryos were 

quickly decapitated and the brains were removed. Brains were fixed in 4% 

formaldehyde in HBSS solution overnight on ice on a rocking platform. Fixed brains 

were incubated for three hours in 12% w/v sucrose solution followed by three hours in 

15% w/v sucrose solution and overnight in 18% w/v sucrose solution. Afterwards, 

specimens were embedded in Tissue Tec O.C.T. compound, frozen in liquid nitrogen, 

and stored at -80°C. 

Postnatal stages: Postnatal mice (P5 to P7; P0 was defined as day of birth) were 

deep anesthetized on ice and quickly decapitated. The following dissection was carried 

out on ice. In a Petri dish under a stereo microscope, the skin and remaining muscles of 

the neck were removed with forceps and scissors. The skull was opened by a midsagittal 

cut and removed via forceps. Thereby, the dorsal aspect of the brain was visible. A 

spatula was positioned ventral to the bulbs and the brain was carefully turned caudally. 

Thus the brain was removed from the head. Dissected brains were fixed in 4% 
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formaldehyde in HBSS solution overnight on ice on a rocking platform. Fixed brains 

were incubated for several hours (see above) each in a graded series of sucrose solutions 

(12%, 15%, and 18% w/v). Afterwards, specimens were embedded in Tissue Tec 

O.C.T. compound, frozen in liquid nitrogen, and stored at -80°C. 

Adult stage: Adult mice were deeply anesthetized with chloroform and quickly 

decapitated. The same dissection procedure was used as at postnatal stages (see above). 

Dissected brains from adult mice were immediatly frozen by immersion in 2-methyl 

butane chilled with dry ice to about -40°C and stored at -80°C until sectioning.  

4.3. Preparation of cryostat sections

Specimens of freshly frozen brains were removed from the -80°C freezer and 

equilibrated in the cooling chamber of the cryostat for at least 30 minutes. For 

sectioning, frozen brains were mounted onto the cutting stage of a refrigerated 

microtome by Tissue Tec O.C.T. compound. Series of coronal and horizontal sections 

(20 μm slice thickness) of the whole forebrain were cut at a specimen temperature of     

-12°C and a knife temperature of -13°C. For each brain, alternating series of sections 

were necessary. Sections were thawed directly onto SuperFrost plus glass slides. After 

cutting, slices were allowed to dry for at least 1 hour at 37°C on a prewarmed slide 

stretching table. Slides were stored at -80°C.

4.4 Molecular biological techniques

4.4.1 Genotype identification of the Reeler mutant mice 

4.4.1.1 Isolation of total DNA

A piece of tail (0.5cm to 1.0cm in length) was cut from each individual mouse. Each 

piece was placed individually into a 1.5ml microcentrifuge tube followed by the 

addition of 180μl lysis buffer ATL (DNeasy Blood and Tissue Kit, Qiagen GmbH, 

Germany). 10μl proteinase K (DNeasy Blood and Tissue Kit) was added to the lysis 

buffer. Each mixture was vortexed and incubated in a rocking thermomixer at 56°C 

overnight. On the next day, the mixture was vortexed for 15 seconds to disperse the 

sample until the tissue was completely lysed. After vortexing, 200μl of buffer AL 

(DNeasy Blood and Tissue Kit) was added to the sample, vortexed thoroughly and then 

200μl of 100% ethanol were added to the mixture. The complex was mixed vigorously 

by vortexing. A white DNA precipitate may form on addition of ethanol. It was 

essential to apply all of the precipitate to the DNeasy Mini Spin Columns (DNeasy 
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Blood and Tissue Kit). The complete mixture was pipetted into a DNeasy Mini Spin 

Column placed in a 2ml collection tube (DNeasy Blood and Tissue Kit) and centrifuged 

at    6000 x g for 1 minute. The flow-through and the collection tubes were discarded. 

The spin column was placed in a new 2ml collection tube. 500μl wash buffer AW1 

(DNeasy Blood and Tissue Kit) were added to each sample, followed by a 

centrifugation step for 1 minute at 6000 x g to remove remaining contaminants. The 

flow-through and the collection tubes were discarded. Each spin column was placed in a 

new 2ml collection tube and mixed with 500μl AW2 wash buffer (DNeasy Blood and 

Tissue Kit). The samples were centrifuged for 3 minutes at 13,800rpm. The flow-

through and the collection tubes were discarded. After the spin, the DNeasy columns 

were transferred into a new 1.5ml collection tube. 200μl of elution buffer AE (DNeasy 

Blood and Tissue Kit) was directly pipetted onto the membrane. To allow the DNA to 

be adsorbed to the membrane, spin columns were incubated for 1 minute at room 

temperature. Then the DNA was eluted by centrifuging the spin columns for 1 minute at 

8,000rpm. The spin column was discarded and the tube was put on ice for the following 

quantification. 

4.4.1.2 Quantification of total DNA 

DNA yield was determined by measuring the concentration of DNA in the eluate by its 

absobance at 260nm (A260) and 280nm (A280) in a spectrophotometer. An absorbance of 

1 unit at 260nm corresponds to 50μg of DNA per ml. The ratio between the values 

taken at 260nm and 280nm (A260/A280) provides an estimate of the purity of DNA 

with respect to contaminats that absorb UV. Pure DNA has an A260/A280 ratio of 1.8 -

2.0.

The DNA quantification was carried out as followed: At first, 75μl of AE buffer 

(DNeasy Blood and Tissue Kit) were used to calibrate the photometer before measuring 

each sample. Second, 5μl of each DNA sample solution were diluted in 70μl buffer AE 

(1/15 dilution). Third, each diluted sample was transferred into a 100μl cuvette. Finally, 

each DNA sample was measured. 

4.4.1.3 Touch-down real-time PCR analysis  

Three primers were used for PCR and amplification of probes. Primer 1 (rev-wt), a wild 

type-specific upstream primer, binds to a sequence of 79 base pairs downstream of the 

breakpoint. This sequence is absent in the Reeler genome. Primer 2 (rev-Reeler), a 
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second upstream primer, binds to a sequence which is located 176 base pairs 

downstream of the breakpoint. This sequence is presumbly located much farther away 

in the wildtype genome. Primer 3 (for-wt), the downstream primer, binds to a sequence 

187 base pairs upstream of the breakpoint. Thus, PCR amplification of the wildtype 

Reelin gene results in a 266 base pair PCR fragment, whereas amplification of the 

mutant Reelin gene results in a 363 base pair fragment. In heterozygous mice, both PCR 

fragments are amplified. 

Sequence of primers: 

for-wt:  5´- AGA GCC TAG AGG TTA GGG ACA CAA CTC TTC -3´  

rev-wt:  5´- CTG CTA CAC AGT TGA CAT ACC TTA ATC TAC -3´ 

rev-Reeler: 5`- TAA GGG AGT CCT GGT CTC TTT CTG TCT TTA -3´ 

Per tube: 

Reagent Final concentration 

REDTaq® ReadyMixTM PCR Reaction Mix 0.5x v/v 

Primer 1 (rev-wt) 0.4pg/μl

Primer 2 (rev-Reeler) 0.4pg/μl

Primer 3 (for-wt) 0.6pg/μl

Template DNA 10ng/μl

The amplifications were performed in a Biometra Cycler with the following cycling 

scheme: 

2 minutes at 95°C (initial denaturation) 

45 seconds at 94°C (denaturation) 

45 seconds at 64°C  53°C (touch-down, annealing)   

45 seconds at 72°C (extension)    33 cycles 

10 minutes at 72°C (final extension) 

store at 4°C until further use 

4.4.1.4 Electrophoresis analysis of PCR-amplified DNA fragments 

20μl of each PCR sample together with 3μl Mid Range DNA Ladder as DNA size 

marker were loaded on a 2% agarose gel containing 0.005% ethidium bromide. 

Electrophoresis was performed in an electrophoresis chamber containing 1 x TAE 

running buffer at 100V for 45 minutes. Then the gel was transferred to an ultraviolet 
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light station and photographed with a digital camera. An example of a genotype result is 

shown in Figure 4.1. 

Figure 4.1. Example of genotype 

identification of the B6C3Fea/a-Reln 

strain using PCR. The wild-type sample 

shows a 266 base pair band. The 

heterozygous sample consists of a 266 

base pair fragment and a 366 base pair 

fragment. The Reeler sample results in a 

366 base pair band. The control sample 

is a negative control that contains all 

PCR reagents except of DNA. 

4.4.2 cRNA Probe Synthesis 

4.4.2.1 Transformation of competent E. coli cells  

Transformation is the process, by which plasmid DNA is introduced into a bacterial host 

cell. A 25μl aliquot of frozen competent E.coli Top 10F´ cells (Topo TA Cloning Kit, 

Invitrogen GmbH, Germany) was thawed on ice. 1μl plasmid DNA was transferred to 

the cell suspension, carefully mixed and kept on ice for 30 minutes. The 

microcentrifuge tube containing the sample was transferred to a 42°C heating block for 

30 seconds (heat shock), followed by immediate storing on ice. 250μl SOC medium was 

added to the cells and incubated for 60 minutes at 37°C on a rocking heating block. The 

cells were plated out in 50μl, 80μl and 140μl aliquots on LB-agar plates containing 

50μg/μl ampicillin antibiotic. The selective plates were incubated overnight at 37°C 

until bacterial colonies developed. 

4.4.2.2 Preparation of starter cultures and glycerol stocks 

A starter culture was prepared by inoculating a single colony from the freshly grown 

selective plates into 5ml LB medium containing 50μg/μl ampicillin. The starter cultures 

were grown overnight at 37°C with vigorous shaking (~300 rpm). 130μl sterilized 

glycerol (100% solution) was added to a 2ml screw-cap vial and 870μl of the starter 
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culture were added. The vials were mixed, carefully frozen in liquid nitrogen and stored 

at -80°C. The rest of the starter culture was harvested by centrifugation at 6,000 x g for 

15 minutes at 4°C. The supernatant was removed. The bacterial cells were now ready 

for the lysis procedure to purify plasmid DNA. 

4.4.2.3 Plasmid DNA purification 

The bacterial cell pellets were resuspended in 250μl buffer P1 (QIAprep Spin Miniprep 

Kit, Qiagen GmbH, Germany). 250μl buffer P2 (lysis buffer; QIAprep Spin Miniprep 

Kit) was added and the sample was mixed thoroughly by inverting the tube for several 

times. For precipitation, 350μl buffer N3 (neutralization buffer; QIAprep Spin Miniprep 

Kit) was added and immediately mixed to avoid localized precipitation. The sample was 

centrifuged for 10 minutes at 13,000 rpm resulting in a white pellet. The supernatant 

was pipetted onto a spin column (QIAprep Spin Miniprep Kit) and centrifuged for 1 

minute at full speed. The flow-through was discarded and the column was washed by 

adding 750μl buffer PE (QIAprep Spin Miniprep Kit). After an additional centrifugation 

for 1 minute, the flow-through was discarded. A second centrifugation for 1 minute was 

necessary to remove residual wash buffer. For eluation, the spin column was placed in a 

new 1.5ml microcentrifuge tube, 50μl buffer EB (QIAprep Spin Miniprep Kit) were 

added, incubated for 1 minute and the tube was centrifuged for 1 minute. The eluate 

contained the purified plasmid DNA. 

4.4.2.4 DNA quantification by spectrophotometry 

Plasmid DNA concentration was determined by measuring the absorbance at 260nm 

and 280nm in a spectrophotometer using a cuvette (see 4.4.1.2). The purified plasmid 

DNA samples were diluted 1:75 in EB buffer (QIAprep Spin Miniprep Kit). 

4.4.2.5 Linearization of purified plasmid DNA 

For RNA probe synthesis, the circled plasmid DNA has to be linearized using restriction 

endonucleases. Supercoiled plasmid DNA generally requires more than 1unit/μg to be 

digested completely. The digestions were carried out in a volume of 50μl. The reaction 

components (5μg purified DNA, 1x buffer, 1x BSA, appropriate restriction enzyme, 

pure water) were pipetted into a tube and mixed thoroughly. For digestion, the samples 

were incubated for 2 hours at 37°C in a heating block. 
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4.4.2.6 Alcohol precipitation and purification of linearized DNA 

Precipitation is commonly used for concentrating, desalting and recovering nucleic 

acids. Precipitation is mediated by high concentrations of salt and the addition of 

ethanol. To each 50μl linearization sample, 100μl TE-buffer, 15μl 3M sodium acetate 

and 375μl ice-cold ethanol (100%) were added. Precipitation took place overnight at       

-80°C. The sample was centrifuged at 16,000 x g at 4°C for 20 minutes. The supernatant 

was discarded. The pellet was washed with 500μl ice-cold 70% ethanol and centrifuged 

at 4°C for 20 minutes at 16,000 x g. The supernatant was discarded and the pellet was 

allowed to dry. Dry pellet was eluted in 25μl TE buffer. 

4.4.2.7 Quantification and electrophoresis analysis of DNA 

Measuring of DNA concentration by spectrophotometry was carried out after the 

protocol given in 4.4.1.2. DNA was diluted 1:75 in TE buffer. 2μl of 6x DNA loading 

dye were added to 1μl DNA and 7μl pure water and mixed by pipetting. The DNA 

samples and 2μl of DNA size marker (MassRulerTM DNA ladder; Fermentas) were 

loaded on a 1% agarose gel containing 0.005% ethidium bromide, and electrophoresed 

with 1x TAE running buffer at 80V for 45 minutes. Then, the gel was illuminated by 

ultraviolet light and DNA bands were photographed with a digital camera. 

4.4.2.8 Synthesis of sense and antisense cRNA probes 

Labeled antisense and sense cRNA probes were synthesized in vitro by using the 

plasmids listed in Table 1. Nonradioactive cRNA probes were produced for every 

cadherin and protocadherin with the digoxigenin (DIG) RNA Labeling Kit or the 

Fluorescein (Fluo) RNA Labeling Kit (Roche Diagnostics, Mannheim, Germany) 

according to the manufacturer’s instructions. The linearized plasmids were transcribed 

with T7 or SP6 RNA polymerase (New England Biolabs, Ipswich, MA) or T3 RNA 

polymerase (Roche Diagnostics), followed by labeling with digoxigenin or fluorescein, 

to generate sense and antisense probes.

For the standard labeling assay the following reagents were added to a 

microcentrifuge tube on ice, mixed gently and centrifuged briefly: 

Reagent Volume 

Linearized plasmid DNA 1μg/μl

10x Transcription buffer 2μl
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10x BSA 2μl

RNA Inhibitor 0.5μl

10x Labeling mix (DIG or Fluo) 2μl

RNA Polymerase (SP6, T7 or T3) 2μl

Pure water ad 20μl total volume 

The samples were incubated for 2 hours at 37°C (T7, T3) or 40°C (SP6). After 

incubation, 1μl DNase was added to digest the template DNA. The samples were 

incubated for 15 minutes at 37°C. The reaction was stopped by adding 0.5μl of 0.5M 

EDTA. The probes were stored on ice. 

Table 4.1. Plasmids used to obtain cRNA probes 

Gene Name of Plasmid Position

of

Sequence

Gene Bank 

Accession

Number 

Reference

Cdh4 pBSMR4 55-2794 D14888 Matsunami et al., 

1993

Cdh6 pBSII1.0B-mCdh6 202-1229 D82029 Inoue et al., 1997 

Cdh7 TOPOII-mCdh7 182-1998 AK137369 Katayama et al., 2005 

Cdh8 mcad8-12  504-1583 X95600 Korematsu and 

Redies, 1997a

Cdh11 BSSK11 452-2840 D31963 Kimura et al., 1995 

Cux-2 pBC SK Cux2 5´ 737-1895 U45665 Zimmer et al., 2004 

Quaggin et al., 1996 

ER81 BSK-mouse er81 668-3168 NM018781 Arber et al., 2000

Pcdh1 pGEMte-mPcdh1 1195-2781 NM029357 Vanhalst et al., 2005 

Pcdh7 pGEMte-mPcdh7 1947-3575 NM018764 Vanhalst et al., 2005 

Pcdh8 TOPOII-mPcdh8  201-1901 NM001042726 Vanhalst et al., 2005 

Pcdh9 pGEMte-mPcdh9  961-2258 NM001081377 Vanhalst et al., 2005

Pcdh10 mOLe11 full lenght U88549 Hirano et al., 1999 

Pcdh11 pGEMte-mPcdh11  1581-2867 NM001081385 Vanhalst et al., 2005

Pcdh17 TOPOII-mPcdh17 985-3015 NM001013753 Visel et al., 2007 

Pcdh19 TOPOII-mPcdh19 1827-4722 NM001105245 Gaitan and Bouchard, 

2006
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Tbr-1 Tbr-1 (IS6A) 689-949 NM009322 Bulfone et al., 1995 

4.4.2.9 Purification of sense and antisense cRNA probes 

Probes were purified by using Quick Spin Columns (Roche Diagnostics). A column was 

removed from the storage container and gently inverted for several times to resuspend 

the medium. The top cap of the column was removed followed by removal of the 

bottom tip. The buffer was allowed to drain by gravity and discarded. The column was 

placed in a microcentrifuge tube and centrifuged at 1,100 x g for 2 minutes. The eluted 

buffer and the tube were discarded. The column was kept in an upright position in a 

second tube and the RNA sample was applied to the center of the column bed. After 

centrifugation for 4 minutes at 1,100 x g at 4°C, the tube contained the purified RNA 

probe. The column was discarded. 

4.4.2.10 Quantification and electrophoretic analysis of RNA probes 

The concentration of RNA probes was quantified by spectrophotometry. RNA was 

eluted 1:75 in DEPC-treated water. Correct probe size and the overall quality of the 

RNA preparation were verified by formaldehyde agarose gel electrophoresis. At first, 

the gel was prepared by dissolving 0.6g agarose in 45ml DEPC-treated water. 5ml 10x 

MOPS running buffer, 0.9ml 37% formaldehyd and 0.005% ethidium bromide were 

added. The gel was poured and assembled in a tank. 1x MOPS running buffer was 

added to cover the gel. The gel was equilibrated for 30 minutes. In the meantime, the 

RNA probe samples were prepared. 2μl RNA probe, 2μl formaldehyd loading dye and 

6μl DEPC-treated water were denatured by heating for 5 minutes at 65°C. 

Subsequently, the gel was loaded with the samples and 3μl RNA size marker (High 

Range RNA Ladder; Fermentas). Electrophoresis was carried out at 100V for 45 

minutes. Then, the gel was transferred to an ultraviolet light station and RNA bands 

were photographed with a digital camera.  

4.4.2.11 Northern blot analysis

Northern blot analysis was used as the standard method for detection and quantification

of cRNA probes. After separation of the RNA samples by size via denaturing agarose 

gel electrophoresis (see 4.4.2.10), the labeled RNA probes were transferred to a nylon 

membrane, cross-linked and visualized. 
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The gel was washed three times for 10 minutes in DEPC-treated water to remove 

the formaldehyde. Then, the gel was equilibrated in 2x SSC buffer for 20 minutes. Filter 

paper and a nylon membrane were cut to roughly fit the dimensions of the gel and wet 

with 20x SSC buffer. On the top of 10 stacks of filter paper, the membrane was 

positioned within a blotting machine. A glass pipet was used to remove any air bubbles 

between the membrane and the filter paper. The gel was placed on the membrane and 

again any bubbles between gel and membrane were removed. Another wet filter paper 

stack was placed on top of the gel and bubbles were removed. The stack was covered 

with the gel casting tray and the transfer was carried out by applying 200mA for 60 

minutes. For cross-linking, the membrane was exposed to UV light for 1 minute. 

Subsequently, the membrane was washed for 2 minutes in washing buffer, equilibrated 

in 1x blocking buffer for 30 minutes and then incubated with anti-digoxigenin or anti-

fluorescein antibody solution (1:5,000) for 30 minutes. The membrane was washed 

twice in washing buffer for 15 minutes and then RNA probes were visualized by 

incubation with a solution containing 0.03% nitroblue tetrazolium salt (Fermentas, St. 

Leon-Rot, Germany) and 0.02% 5-bromo-4-chloro-3-indolyl phosphate, p-toluidine salt 

(Fermentas) as substrates. The developing process was stopped by washing the 

membrane with pure water. The membrane was dried and shrink-wrapped. 

4.5 In situ hybridization procedures

4.5.1 In situ hybridization 

The in situ hybridization technique is a method to detect specific nucleic acids at their 

origin (in situ), i.e. in morphologically preserved chromosomes, cells or tissues.  

To prevent binding of probe to the coverslips, the coverslips were siliconized. 

Coverslips were incubated in a 0.2M HCl solution for 20 minutes followed by rinsing in 

100% ethanol. The coverslips were air-dried and then baked for 6 hours at 180°C to 

destroy RNase. The chilled coverslips were dipped in a silicon solution (SERVA) and 

again baked for 2 hours at 120°C.

For wild-type and mutant mice, series of consecutive sections were hybridized in 

situ with antisense or sense RNA probes for Cdh4, Cdh6, Cdh7, Cdh8, Cdh11, Pcdh1, 

Pcdh7, Pcdh8, Pcdh9, Pcdh10, Pcdh11, Pcdh17, Pcdh19, ER81, Tbr-1, or Cux-2 (see 

Table 1).

Sections were removed from the -80°C freezer and dried on a 37°C heating plate 

for 1 hour. Then, sections were fixed in 4% formaldehyde/PBS for 30 minutes at 4°C, 
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washed twice for 5 minutes in 1x PBS and pretreated with 1μg/ml proteinase K (Sigma-

Aldrich, Steinheim, Germany) for 5 minutes at room temperature to permeabilize the 

tissue. After an additional washing step in 1x PBS for 5 minutes, the sections were fixed 

again in 4% formaldehyde in 1x PBS for 30 minutes at 4°C. Then slices were rinsed in 

DEPC-treated water and pretreated in 0.25% acetic anhydride/PBS at room temperature 

for 20 minutes. This acetylation step neutralizes the positive ions and thus avoids 

unspecific binding of the probes. Sections were washed twice in 1x PBS for 5 minutes 

and hybridized overnight at 70°C (Tbr-1 probes at 63°C) with 0.5-1μg/ml cRNA probe 

in hybridization solution. For hybridization, sections were covered with siliconized 

coverslips and stored in a humid chamber in a prewarmed water bath. After 

posthybridization washings (5x SSC for 10 minutes to remove the coverslips, 5x SSC 

for 30 minutes at 60°C, and 50% formamide/2x SSC at 60°C for 60 minutes), unbound 

cRNA was removed by incubation of the sections with 20μg/ml RNase A in 1x NTE 

buffer for 30 minutes at 37°C. Sections were then washed again in 50% formamide/2x 

SSC solution at 60°C for 40 minutes, followed by washing in 2x SSC for 30 minutes at 

60°C and 0.1x SSC buffer for 30 minutes at room temperature. After washing the 

sections twice in 1x PBS and pretreating with blocking solution for 30 minutes, slices 

were incubated with alkaline phosphatase-coupled anti-digoxigenin Fab fragments 

(Roche Applied Science) diluted in blocking solution at 4°C overnight. For 

visualization of the labeled mRNA, sections were washed three times in 1x TBS buffer 

for 20 minutes, pretreated in Buffer 3 for 10 minutes and incubated with a solution 

containing 0.03% nitroblue tetrazolium salt (Fermentas, St. Leon-Rot, Germany) and 

0.02% 5-bromo-4-chloro-3-indolyl phosphate, p-toluidine salt (Fermentas) as substrates. 

After enough colored precipitate had formed, the reaction was stopped with water and 

slices were washed in Buffer 4 for 5 minutes. For dehydration and differentiation, 

sections were passed in an ascending ethanol series (70% ethanol for 10 minutes, 96% 

ethanol for 2 minutes, and 100% ethanol for 1 minute), cleared in xylenes, and mounted 

in Entellan (Merck, Darmstadt, Germany). 

4.5.2 Double-labeling in situ hybridization

For double-labeling in situ hybridization, the above protocol (4.5.1) was modified in the 

pre- and posthybridization steps.

After fixation in 4% formaldehyde/PBS for 10 minutes at 4°C, sections were 

washed twice in 1x PBT for 5 minutes and pretreated with 1μg/ml proteinase K for 5 
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minutes at room temperature. Then sections were washed twice in 1x PBT for 5 minutes 

and post-fixed in 4% formaldehyde/PBS for 5 minutes at 4°C. After an additional 

washing step for 5 minutes in 1x PBT, sections were incubated in 0.25% acetic 

anhydride in 0.1M triethanolamine at room temperature for 10 minutes. Sections were 

washed twice in 1x PBT for 5 minutes, rinsed in DEPC-treated water and air-dried for 

30 minutes. Slices were hybridized with a mixture of both digoxigenin- and fluorescein-

labeled cRNA probes at a concentration of about 1μg/ml each overnight at 70°C in 

hybridization solution and covered by siliconized coverslips in a humid chamber. 

Sections were then washed with 5x SSC to remove the coverslips and incubated in 50% 

formamide/1x SSC at 60°C for 30 minutes. To remove unbound cRNA, 20μg/ml RNase 

A in 1x NTE buffer was used for 30 minutes at 37°C. Slices were then washed in 2x 

SSC and twice in 0.2x SSC each for 20 minutes at 60°C. After washing in 1x maleic 

acid buffer supplemented by 0.1% Tween-20 (MABT) for 5 minutes at room 

temperature, sections were blocked with 5% heat-inactivated sheep serum (Sigma-

Aldrich) and 2% blocking reagent (Roche Applied Science) in 1x MABT buffer for 1 

hour at room temperature. Sections were incubated for 4 hours with alkaline 

phosphatase-coupled anti-digoxigenin Fab fragments (Roche Applied Science) at room 

temperature, to detect digoxigenin-labeled mRNA, followed by three washing steps in 

1x MABT for 5 minutes each. Sections were washed in Buffer 3 for 10 minutes and 

incubated with a solution containing 0.03% nitroblue tetrazolium salt (Fermentas) and 

0.03% 5-bromo-4-chloro-3-indolyl phosphate, p-toluidine salt (Fermentas) as substrates. 

Subsequently, sections were washed twice in 1x PBS for 5 minutes and fixed in 4% 

formaldehyde/PBS. After washing in 1x MABT for 5 minutes, slices were blocked 

again in 5% heat-inactivated sheep serum and 2% blocking reagent in 1x MABT and 

incubated overnight with alkaline phosphatase-coupled anti-fluorescein Fab fragments 

(Roche Applied Science) at 4°C. To visualize the fluorescein-labeled mRNA, sections 

were incubated with a solution containing 0.1mg/ml Fast Red chromogen (Roche 

Applied Science), 0.025mg/ml naphthol substrate (Roche Applied Science) and 

0.02mg/ml levamisole (Roche Applied Science). After developing, slices were rinsed in 

1x NTM, washed twice in 1x PBS and stained with 1μl/ml Hoechst 34580 (nuclear dye) 

in 1x TBS for visualization of nuclei for 5 minutes at 4°C. Then slices were rinsed in 

water and mounted in Mowiol. 
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4.6 Immunohistochemistry

4.6.1 Diaminobenzidine immunohistochemistry 

Sections were postfixed in an ice-cold solution of 4% formaldehyde/HBSS for 20 

minutes and then washed in 1x TBS. To block endogenous peroxidase activity, sections 

were treated with 0.3% H2O2 in methanol for 30 minutes. After three additional washing 

steps for 5 minutes in 1x TBS, non-specific binding of antibodies was blocked by 

incubating the sections with 5% skim milk in 1x TBS (“blocking solution”) for 30 

minutes. Rat monoclonal antibody against anti-neural cell adhesion molecule L1 was 

appropriately diluted (1:1000) in blocking solution. The primary antibody was applied 

overnight at 4°C, followed by three washings in 1x TBS and incubation of the sections 

with biotinylated goat anti-rat secondary antibody, dissolved in blocking solution 

(1:300) for 30 minutes at room temperature. Sections were washed three times in 1x 

TBS for 5 minutes and incubated with the avidin-biotin horseradish peroxidase complex 

(Vectastain Elite ABC Kit), dissolved in blocking solution for 30 minutes at room 

temperature. To visualize antibodies, sections were washed in 1x TBS for 5 minutes and 

treated with a solution of 0.03% 3,3-diaminobenzidine tetrahydrochloride, 0.04% nickel 

chloride, and 0.01% hydrogen peroxide in 1x TBS as substrate. After enough color 

precipitate had formed, the sections were dehydrated in an ascending ethanol series (10 

minutes in 70% ethanol, 2 minutes in 96% ethanol, 1 minute in 100% ethanol), cleared 

in xylenes, and mounted in Entellan (Merck, Darmstadt, Germany). 

4.6.2 Nissl staining 

To allocate the staining patterns of the in situ hybridization and the 

immunohistochemistry results to neuroanatomical structures, one adjacent slice of each 

series of sections was stained with thionin. This staining is specific for DNA and 

ribosomal RNA (Nissl substance) and therefore visualizes neuronal perikarya. 

 Slices were removed from the -80°C freezer and dried at 50°C for 1 hour. 

Sections were fixed for 10 minutes in 4% formaldehyde in 1x HBS at 4°C. After 10 

minutes washing in H2O and 10 minutes degreasing in 70% ethanol, sections were 

equilibrated twice in H2O for 5 minutes. Then sections were incubated in 0.1% thionin 

solution for a minimum of 10 seconds or a maximum of 1 minute under microscopic 

control. After rinsing in H2O to remove excessive thionin, slices were dehydrated and 

differentiated in an ascending ethanol series (5 minutes in 50% ethanol, 10 minutes in 
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70% in ethanol, 10 minutes in 95% ethanol, 10 minutes in 100% ethanol, 5 minutes in 

isopropanol), cleared in xylenes and mounted in Entellan. 

4.7 Photomicrograph production

Digital photomicrographs of the sections were taken either with a light transmission 

microscope (BX40, Olympus, Hamburg, Germany) and a digital camera (DP70, 

Olympus) or under a confocal laser scanning microscope (SP5, Leica Microsystems, 

Wetzlar, Germany). Images were adjusted in contrast and brightness for optimal display 

of the staining patterns by using the Photoshop software (Adobe Systems, Mountain 

View, CA). To produce the merged images, the staining patterns were pseudo-color 

coded. The NBT/BCIP in situ hybridization signal was digitized and converted to green 

color by a computer. 

For the identification of the different areas of the brain, atlases of the adult 

mouse and rat brain were consulted (Paxinos and Franklin, 2001; Paxinos and Watson, 

1998). The nomenclature and the abbreviations were used according to the atlas by 

Paxinos and Watson (1998). 
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5. RESULTS 

The Results chapter is divided in two parts. First, the expression patterns of cadherins 

are described for the cerebral cortex of wild-type and Reeler mutant mice. The focus is 

on the primary somatosensory, motor and cingulate cortex. This part has already been 

published (Hertel and Redies, 2011). Here, additionally, a comparison of the neocortical 

findings with expression patterns of the cadherins in the hippocampal region, a 

phylogenetic old cortical area, is carried out. Some representative examples of cadherin 

stainings for this area in wild-type and Reeler mutants are shown. Second, cadherin 

expression within the amygdala in wild-type and Reeler mice is described. The 

heterogeneity and the complexity of the amygdala can, at least in part, be explained by 

its multiple developmental origins in the ventrolateral pallium and the subpallium 

(Puelles et al., 2000; Puelles and Rubenstein, 2003; Medina et al., 2004). The 

combinatory expression mapping of the members of the cadherin superfamily allows the 

distinction of multiple molecular subdivisions. The results from this mapping study may 

provide a basis for understanding the functional organization of the amydgala. They 

also serve to identify altered brain histogenesis in the Reeler mutant mice. 

5.1 Cerebral cortex

An overview of the expression patterns of 13 cadherins in the primary somatosensory 

cortex (S1) of the adult mouse is provided in Figure 5.1. As previously shown for the 

ferret visual cortex (Krishna-K. et al., 2009), each layer of the cerebral cortex in the 

adult mouse is characterized by the expression of a subset of cadherins. Vice versa, 

expression of each cadherin is more or less restricted to specific cortical layers. Cdh11 

(Fig. 5.1F) and Pcdh10 (Fig. 5.1K) exhibit a ubiquitous expression pattern in all layers. 

Pcdh19 and Pcdh11 are expressed in layers II, V and VI (Fig. 5.1L, N). Cdh7 is 

expressed in a subpopulation of scattered cells in all layers (Fig. 5.1D), whereas Cdh4 

(Fig. 5.1B) and Pcdh8 message (Fig. 5.1I) is found in most cells of layer II but only in 

subpopulations of cells in the other layers. A characteristic feature of SI in rodents is the 

barrel field in layer IV, which shows strong signal for several cadherins (Gil et al., 

2002). For example, Figure 5.1F, G shows that the barrel septa are marked by the 

expression of Cdh11 and Pcdh1. Therefore, cadherins can be used as markers for the 

different layers and regions of the cerebral cortex (see also Krishna-K et al., 2009) and 
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are helpful for studying corticogenesis. In the Reeler mutant, a model for cortical 

development, the extent to which cortical layering is altered, remains unclear. 

Figure 5.1. Expression mapping of multiple cadherins in the adult mouse primary 

somatosensory cortex. Cadherin-specific cRNA probes were used by in situ hybridization. The 

cadherin probes are indicated at the bottom of each panel. To facilitate neuroanatomical 

orientation, cortical layers are indicated for a thionin stain of an adjacent section to the right of 

each panel. A thionin stain of an adjacent section is shown also in panel A. Scale bar in A = 

100μm (applies to A-N). 

In general, this layer-specific expression pattern is largely abrogated in the 

cerebral cortex of the Reeler mutant mouse; instead, cells that express a given cadherin 

are rather ubiquitously distributed across the radial dimension. In the following sections, 

I will describe the expression patterns of the classic cadherins and the -protocadherins

in detail for three neocortical areas (primary somatosensory, motor and cingulate) in 

wild-type mice and compare them to Reeler mutant mice.  

To confirm that the Reeler mutant mice studied here display a cerebral cortical 

phenotype that is comparable to that of earlier studies, the expression of three well-

established layer-specific markers was mapped (Figs. 5.2, 5.3). The expression patterns 

obtained are identical to results published previously for ER81 (compare to Suppl. Fig. 

S1A in Hack et al., 2007; Fig. 2 in Dekimoto et al., 2010), Tbr-1 (compare to Fig. 6 in 

Hevner et al., 2003; Fig. 2 in Dekimoto et al., 2010) and Cux-2 (compare to Suppl. Fig. 

S1B in Hack et al., 2007; Fig. 5B, D in Ferrere et al., 2006).

Results of the cadherin expression patterns for the mature brain are depicted in 

Figures 5.4 and 5.5 and are summarized in a schematic diagram in Figure 5.6. Figures 

5.7-5.10 show results for postnatal day 5 (P5) and Figure 5.11 for embryonic day 18 
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(E18). In the figures, cadherin signals are shown side-by-side for wild-type mice (wt) 

and Reeler mice (reln). 

Figure 5.2. Expression mapping of cadherins and well-established layer markers in mature 

primary somatosensory cortex of wild-type (A-F) and Reeler (A’-F’) mice in a series of 

adjacent frontal sections. Results of in situ hybridization were obtained with mRNA probes for 

Cdh4 (A, A’), Cux-2 (B, B’), Cdh8 (C, C’), ER81 (D, D’), Pcdh19 (E, E’) and Tbr-1 (F, F’). 

Scale bar in F’ = 500μm (applies to A-F’).

Figure 5.3. Expression mapping of 

cadherins and well-established layer 

markers in mature cingulate cortex and 

motor cortex of wild-type (A-F) and Reeler 

(A’-F’) mice in a series of adjacent frontal 

sections. Results of in situ hybridization 

were obtained with mRNA probes for Cdh4 

(A, A’), Cux-2 (B, B’), Cdh8 (C, C’), ER81 

(D, D’), Pcdh8 (E, E’) and Tbr-1 (F, F’).

Scale bar in F’ = 500μm (applies to A-F’).



5. Results     35  

5.1.1 Layer-specific expression in wild-type primary somatosensory cortex contrasts 

with scattered expression in Reeler cortex of adult mice 

The primary somatosensory cortex (SI) consists of the six layers typical of neocortex. In 

wild-type littermates, each layer of the adult cortex displays cadherin expression, except 

for layer I, which lacks neuronal perikarya in the mature brain. Most cadherins are 

expressed in layers II and III, for example Cdh6 (Fig. 5.4C), Cdh8 (Fig. 5.4E), and 

Pcdh8 (Fig. 5.4F). Although the border between layers II and III is poorly demarcated in 

Nissl stains (Fig. 5.4A), layer II can be discerned by its more prominent expression of 

Cdh4 and Pcdh19 (Fig. 5.4B, I). The barrel field in layer IV is positive for Cdh8 

(arrowheads in Fig. 5.4E) in the adult SI and for Pcdh9 (arrowheads in Fig. 5.7G) in the 

P5 SI. The signal is more prominent in the septa than in the barrels for these cadherins. 

Figure 5.4. Expression mapping of cadherins in the adult primary somatosensory cortex of 

wild-type mice (wt; A-I) and of homozygous Reeler mice (reln; A'-I') in series of adjacent 

sections. Results were obtained with mRNA probes for Cdh4 (B and B’), Cdh6 (C and C’), 

Cdh7 (D and D’), Cdh8 (E and E’), Pcdh8 (F and F’), Pcdh11 (G and G’), Pcdh17 (H and H’)

and Pcdh19 (I and I’). To facilitate the identification of cortical layers, a thionin (Nissl) stain of 

an adjacent section is shown for wild-type (A) and homozygous Reeler mice (A’), including a 
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schematic diagram of the layers of wild-type primary somatosensory cortex in A. The 

arrowheads in E point to the Cdh8-positive septa between the barrels in layer IV. Arrowheads in 

H point to Pcdh17-positive perikarya adjacent to the white matter. Scale bar in A’ = 500μm 

(applies to A-I’). 

The deep part of layer IV is positive for Pcdh19 (Fig. 5.4I). Most of the investigated -

protocadherins are expressed in layer V, except for Pcdh19. Pcdh8 (Fig. 5.4F) is only 

expressed in neurons of the superficial part. Few perikarya of the deeper part of layer V 

are positive for Pcdh11 (Fig. 5.4G) and Pcdh17 (Fig. 5.4H). Cdh7 (Fig. 5.4D) is the 

only classic cadherin that is expressed in layer V. Cadherin expression in layer VI is 

similar to that in layer V. All the -protocadherins are expressed in this layer. Neurons 

in the deep part of layer VI express Pcdh19 (Fig. 5.4I). Perikarya directly adjacent to the 

white matter (WM in Fig. 5.4A) show moderate signal for Cdh6 (Fig. 5.4C) and strong 

signal for Pcdh11 (Fig. 5.4G) and Pcdh17 (arrowheads in Fig. 5.4H).  

In homozygous adult Reeler mice, cadherin-expressing cells do not form layers 

in SI (Fig. 5.4A’-I'). For example, Cdh4 (Fig. 5.4B’), Cdh7 (Fig. 5.4D’), Pcdh8 (Fig. 

5.4F’) and Pcdh19 (Fig. 5.4I’), which are restricted to particular layers in the wild-type 

mice, are scattered between white matter and the pial surface. Only Pcdh11 shows a 

preferential distribution of positive cells in the upper cortical layers (Fig. 5.4G’). Most 

cadherins are not expressed in perikarya directly beneath the pial surface, except for 

Cdh6, Pcdh11, Pcdh17 and Pcdh19 (Fig. 5.4C’, G’, H’, I’), which are expressed in deep 

layer VI in wild-type mice (see above). 

5.1.2 Expression in motor and cingulate cortex of the mature brain 

The motor cortex and the cingulate cortex also show a layer-specific expression profile 

in wild-type mice (Fig. 5.5B-K). In both cortical areas, the expression profiles roughly 

resemble those observed in SI. For example, Pcdh8 (Fig. 5.5G) and Pcdh19 (Fig. 5.5K) 

are markers for layer II neurons. Neurons in layers IV and V are positive for Cdh8 (Fig. 

5.5F). Subsets of perikarya in layer V show signal for Cdh6 (Fig. 5.5D), Cdh7 (Fig. 

5.5E) and Pcdh8 (Fig. 5.5G), respectively. The deep parts of layers IV and VI show 

signal for Pcdh19 (Fig. 5.5K). Mainly in the deep part of layer V, Pcdh17 expression is 

detectable in both areas (Fig. 5.5J). Cdh4 (Fig. 5.5C) is expressed in layer VI.

A closer inspection reveals differences in the expression profiles between motor 

and cingulate cortex. For example, Cdh4 and Cdh8 display a mediolateral gradient of
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Figure 5.5. Adjacent frontal sections through adult cingulate and motor cortex are shown for 

wild-type (wt; C-K) and Reeler (reln; C’-K’) mice. Results are shown for in situ hybridization 

with mRNA probes for Cdh4 (C and C’), Cdh6 (D and D’), Cdh7 (E and E’), Cdh8 (F and F’),

Pcdh8 (G and G’), Pcdh9 (H and H’), Pcdh11 (I and I’), Pcdh17 (J and J’) and Pcdh19 (K and 
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K’). A schematic overview of the anatomical structures present at this section level is given for 

wild-type in A. To identify the different anatomical parts and the cortical layers, a thionin stain 

of an adjacent section is shown for wild-type and for Reeler mice in B and B’ respectively. The 

asterisk in E indicates an artefact. Scale bar in K’ = 500μm (applies to B-K’). 

expression in layer V and layers II-IV, respectively (Fig. 5.5C, F). Cdh6 signal is weak 

in layer II perikarya of cingulate cortex but stronger in both layers II and III in the 

motor cortex (Fig. 5.5D). Pcdh17 shows signal in layer II and III of cingulate cortex but 

not of motor cortex (Fig. 5.5J). For Pcdh19, there is a mediolateral expression gradient 

in layers II, IV and VI (Fig. 5.5K). 

Like in SI, cadherin-expressing cells are distributed across the entire radial 

dimension in motor and cingulate cortex of adult Reeler mice. Expression gradients that 

are similar to the ones described above for wild-type mice are also observed in the 

mutants (Fig. 5.5C’, D’, F’, J’, K’).

The schematic summary diagram (Fig. 5.6) of the various cadherin expression 

patterns in wild-type and Reeler adult dorsolateral cortex confirms that the layer-

specific cadherin expression profiles observed in wild-type cortex are replaced by 

cadherin expression that is scattered across the radial dimension in the Reeler cortex. 

5.1.3 Expression patterns in the developing cerebral cortex 

To study whether the radial dispersion of cadherin-expressing cells in Reeler mice 

occurs after cortical layers have formed or during corticogenesis, the cortical expression 

of the same cadherins was next analyzed at a postnatal stage (P5; Figs. 5.7-5.10), when 

cortical layer formation has just been completed in wild-type mice, and at an embryonic 

stage (E18; Fig. 5.11), when layer formation is still incomplete. 

Postnatal day 5. Figures 5.7 and 5.8 show cadherin expression in SI, cingulate 

cortex and motor cortex of wild-type and Reeler mice. In general, the layer-specific 

expression profiles of all cadherins are conserved between P5 and the adult stage in all 

three cortical areas, with the exception of Pcdh8 (Fig. 5.7F) and Pcdh19 (Figs. 5.7I; 

5.8H). Pcdh8 expression in the P5 wild-type somatosensory cortex is denser in layers 

II/III (Fig. 5.7F) compared to the scattered expression pattern in adult (Figs. 5.4F, 5.6C). 

In the mutant SI cortex, Pcdh8-positive perikarya are more numerous at P5 (Fig. 5.7F’) 

than in the adult (Figs. 5.4F’, 5.6C). Finally, layer IV in motor cortex shows strong 

expression for Pcdh19 at P5 (Fig. 5.8H). A distribution of these Pcdh19-positive  
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Figure 5.6. Summary diagram for the cadherin expression patterns of the mature cortex in wild-

type and Reeler mutant mice. Each scheme shows the expression patterns for three cadherins in 

different colors. A. Cdh4, Cdh7 and Pcdh11. B. Cdh8, Cdh6 and Pcdh9. C. Pcdh19, Pcdh8 and 

Pcdh17. For color-coding, see right edge of each scheme. Every colored dot stands for a stained 

perikaryon.
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Figure 5.7. Expression mapping of cadherins in the primary somatosensory cortex of wild-type 

mice (wt; A-I) and of homozygous Reeler mice (reln; A'-I') in series of adjacent sections at P5. 

Results were obtained with mRNA probes for Cdh4 (B and B’), Cdh6 (C and C’), Cdh7 (D and 

D’), Cdh8 (E and E’), Pcdh8 (F and F’), Pcdh9 (G and G’), Pcdh17 (H and H’) and Pcdh19 (I

and I’). To facilitate the identification of cortical layers, a thionin (Nissl) stain of an adjacent 

section is shown for wild-type (A) and homozygous Reeler mice (A’). In G, the arrowheads 

indicate the septa between the barrels. Scale bar in I’ = 250μm (applies to A-I’). 
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Figure 5.8. Expression mapping of cadherins in the cingulated and motor cortex of wild-type 

mice (wt; B-H) and of homozygous Reeler mice (reln; B'-H') in series of adjacent sections at 

P5. Results were obtained with mRNA probes for Cdh4 (B and B’), Cdh6 (C and C’), Cdh7 (D

and D’), Cdh8 (E and E’), Pcdh8 (F and F’), Pcdh17 (G and G’) and Pcdh19 (H and H’). To 

facilitate the identification of cortical layers, a thionin (Nissl) stain of an adjacent section is 

shown for wild-type (A) and homozygous Reeler mice (A’). Scale bar in A = 250μm (applies to 

A-H’). 
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Figure 5.9. Comparison of layered (wild-

type, wt) and patchy (Reeler, reln) cadherin 

expression to immunohistochemistry for the 

anti-neural cell adhesion molecule L1 at P5. 

Adjacent frontal sections were hybridized 

in situ with probes for Cdh6 (A, D) and 

Pcdh8 (G, J) and compared to adjacent 

sections stained with L1 antibody (B, E, H, 

K). Combined results of this analysis are 

shown in pseudocolor-coded overlays (C,

F, I, L). Colors represent cadherin staining 

(red) or L1 staining (green). Scale bars, 

500μm in C (applies to A-C and G-I), and 

250μm in L (applies to D-F and J-L).

perikarya in layers II and IV, as observed in the adult (Fig. 5.5K), is not found 

postnatally. For Pcdh8 and Pcdh9, positive cells show stronger signal and/or are more 

numerous at particular radial positions in P5 Reeler cortex compared to adult mutant 

cortex. However, this stratification is not compatible with an inversion of cortical layers 

at P5. Pcdh8 is strongly expressed in layers II/III of wild-type SI cortex at P5, and in the 

superficial half of cortex in Reeler mice (Fig. 5.7F, F'). Pcdh9 is more prominently 

expressed in the deeper strata of SI cortex both in wild-type mice and in Reeler mice 

(Fig. 5.7G, G'). 

Patch-like gray matter architecture in Reeler cerebral cortex. In SI cortex, 

neurons positive for some cadherins are not evenly distributed but form patchy 

aggregates of various sizes. In the figures, this is most evident for Cdh6 at P5 and in the 

adult (Figs. 5.4C’; 5.7C’), for Pcdh8 at P5 (Fig. 5.7F’) and for Pcdh19 at P5 (Fig. 5.7I’). 

Similar patches of cadherin-positive cells are found in the motor and cingulate cortex of
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Reeler mice, for example for Pcdh8 at P5 (Fig. 5.8F’) and in the adult (Fig. 5.5G’). To 

check whether the patches or the spaces between the patches can be attributed to fiber 

fascicles, we compared cadherin expression profiles with immunostaining results for a 

marker of fiber fascicles (L1; Fig. 5.9; Godfraind et al., 1988; Chung et al., 1991). L1 

immunostaining is especially prominent in layer IV, which receives thalamic afferents 

(Fig. 5.9B, H). Cdh6 shows strong expression in layer III and in the deeper part of layer 

IV in wild-type cortex (Fig. 5.9A, C). In Reeler cortex, there are Cdh6-positive patches 

that express L1, and Cdh6-positive patches that do not express L1 (Fig. 5.9D-F). The 

Pcdh8 staining is complementary to the L1 immunostaining in both wild-type cortex 

and Reeler cortex (Fig. 5.9G-L). In wild-type, layers II/III and V are Pcdh8-positive 

(Fig. 5.9G, I) while L1 labels mainly layer IV and VI (Fig. 5.9H, I). In Reeler mice, 

patches positive for Pcdh8 are not co-localized with the L1 immunostaining (Fig. 5.9J-

L).

To visualize the spatial relationship between the cadherin expression patterns, 

double-label in situ hybridization was performed (Fig. 5.10). Interestingly, the pair 

Cdh6/Cdh8, which exhibits a roughly complementary distribution pattern in wild-type 

cortex, shows a complementary expression profile also in mutant cortical aggregates 

(Fig. 5.10A-F). Pcdh8 and Pcdh19 display complementary staining patterns in wild-type 

SI, also in layer V (Fig. 5.10G-I). Likewise in the Reeler cortex, there are no 

overlapping patches (Fig. 5.10J-L). Regionalization in the cingulate and motor cortex is 

not affected in Reeler cortex for Cdh6/Cdh8 (Fig. 5.10M-R). Complementarity of 

expression and regional expression gradients are also preserved for Pcdh8/Pcdh19 in 

homozygous cingulate cortex (Fig. 5.10S-X). The minor differences in the expression 

patterns between conventional and fluorescent double-labeling results are likely caused 

by the lower sensitivity of the fluorescent double-labeling procedure (e.g., compare 

Pcdh19 expression in upper cortical layers; Figs. 5.7I, 5.10H). 

Embryonic day 18. Figure 5.11 displays cadherin expression patterns in the 

developing cortex at E18. Cdh4 is expressed in the ventricular and subventricular zone 

in wild-type and Reeler mice (Fig. 5.11B, B’). Noteworthy, Cdh4 demarcates the border 

between cortex and the caudoputamen in wild-type and Reeler mice (arrowheads in Fig. 

5.11B, B’). Cdh6 (Fig. 5.11C, C’), Cdh8 (Fig. 5.11D, D’) and Pcdh8 (Fig. 5.11E, E’) 

are also expressed in the cortical plate. The compact expression pattern of Cdh6 in wild-

type mice (Fig. 5.11C) is disrupted in the Reeler cortical plate (Fig. 5.11C’) at positions 

where fiber fascicles traverse the cortical plate. Similar results are obtained for Cdh8 
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(Fig. 5.11D’) and Pcdh8 (Fig. 5.11E’). For Pcdh8, staining intensity is more prominent 

in Reeler than in wild-type mice (Fig. 5.11 E, E’). 

Figure 5.10. Layer-specific cadherin expression in P5 wild-type (wt) somatosensory and 

cingulate cortex compared to patchy cadherin expression in P5 Reeler (reln) cortex. Frontal

sections were hybridized with probes for Cdh6 (A, D, M, P), Cdh8 (B, E, N, Q), Pcdh8 (G, J, 

S, V) and Pcdh19 (H, K, T, W). Two pairs of cadherins (Cdh6/Cdh8 [A-F and M-R] and 

Pcdh8/Pcdh19 [G-L and S-X]) were analyzed. Combined results of this analysis are 

summarized in pseudocolor-coded overlays (C, F, I, L, O, R, U and X). Colors represent 

cadherin staining. The dashed lines indicate the cortical surface in M to X. The asterisks in P-R 

indicate artefacts. Scale bar, 250μm in A (applies to A-X). 
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Figure 5.11. Expression mapping of 

cadherins in the neocortical anlage of wild-

type (A-E) and Reeler (A’-E’) mice in 

series of adjacent sections at embryonic day 

18. Results were obtained with mRNA 

probes for Cdh4 (B and B’), Cdh6 (C and

C’), Cdh8 (D and D’) and Pcdh8 (E and 

E’). To facilitate the identification of layers, 

a thionin (Nissl) stain of an adjacent section 

is shown for wild-type (A) and 

homozygous Reeler mice (A’). Arrowheads 

in B and B’ point to the border between the 

cortex and the caudoputamen. The asterisk 

in C’ indicates an artefact. Scale bar in E’ = 

500μm (applies to A-E’). 

5.1.4 Expression patterns in the phylogenetically older allocortex 

The hippocampal region is a phylogenetically older cortical area that is characterized by 

its laminated organization in wild-type mice. To compare the neocortical findings with 

cadherin expression in this allocortical area, the expression patterns of 13 different 

cadherins in the hippocampal region were examined by in situ hybridization in adult 

wild-type mice and Reeler mice. All the cadherins investigated exhibit a differential, 

locally restricted expression pattern in wild-type mice. Figure 5.12 shows representative 

examples of expression patterns of cadherins for the hippocampal region. This work 

was carried out in collaboration with my colleague, Dr. G. Stoya, with the following 

contributions by myself: allocation of the mice (wild type and mutant), assistance in the 

in situ hybridization procedure and in the analysis of the results, photomicrograph 

production and preparation of Figure 5.12.

The dentate gyrus shows moderate to strong expression for Cdh11 (Fig. 5.12B), 

Pcdh17 (Fig. 5.12C) and Pcdh19 (Fig. 5.12D). A spatially restricted expression pattern 
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can be observed in the hippocampus. Cdh11 shows a strong signal in all the three fields 

of the Ammon´s horn (CA1-3; Fig. 5.12B), whereas Pcdh17 and Pcdh19 are expressed 

in a gradient-like fashion. Pcdh17 shows a moderate signal in the distal CA1 region and 

in the CA3 region (Fig. 5.12C), and strong signal in the CA2 region (arrowheads in Fig. 

5.12C). Pcdh19 exhibits a strong expression in the CA1 and CA2 regions and moderate 

signal in the distal CA3 region (Fig. 5.12D). The subiculum displays a gradient of 

cadherin expression. Cdh11 shows moderate signal in the apical part of the subiculum 

that becomes stronger in the basal part (Fig. 5.12B). Pcdh17 and Pcdh19 are expressed 

moderately by the proximal subiculum (Fig. 5.12C, D). These expression patterns may 

reflect the topographical organization of the subicular connections. The distal CA1 

region is connected with the proximal subiculum. Pcdh17 (Fig. 5.12C) and Cdh4 (data 

not shown), both positive within these regions, are examples for this transverse 

topography. The periallocortical regions show differential expression patterns also. The 

superficial cortical layers II and III of the presubiculum, the parasubiculum and the 

entorhinal cortex exhibit moderate to weak expression for Cdh11, Pcdh17 and Pcdh19 

(Fig. 5.12B, C, D). However, perikarya of the deep layers V and VI of the entorhinal 

cortex express strongly Cdh11 (arrowheads in Fig. 5.12B) and Pcdh19 (arrowheads in 

Fig. 5.12D), whereas Pcdh17 shows only weak expression (Fig. 5.12C). 

In the Reeler mutant, the cortical layers of the hippocampal formation are 

disorganized (Fig. 5.12A’). In parallel, a disruption of the cadherin expression can be 

seen. The strong expression of Cdh11 in the CA1 region is split into two seperate layers 

(Fig. 5.12B’). Pcdh17-positive perikarya in the CA2 region show a two-layered 

appearance (arrowheads in Fig. 5.12C’). The borders of the subiculum are hard to 

define, but the gradient-like expression of Pcdh19 (weak/distal to moderate/proximal) 

seems to be unaffected (Fig. 5.12D’). Like in neocortical regions, the cells of the 

periallocortical region do not form layers in the Reeler mutant. Perikarya positive for 

Cdh11 (Fig. 5.12B’), Pcdh17 (Fig. 5.12C’) and Pcdh19 (Fif. 5.12D’) are scattered 

throughout the entire radial dimension. Only deep layers V and VI seem to be inverted. 

Cdh11 (arrowheads in Fig. 5.12B’) and Pcdh19 (arrowheads in Fig. 5.12D’) that are 

expressed in deep layers in wild-type mice, show expression directly beneath the pial 

surface. These findings are compatible to the results in neocortex (see above).  

In summary, every area of the hippocampal region shows expression for several 

cadherins. These expression profiles are altered in the radial dimension in the Reeler 

mutants, resulting in a dispersion of cadherin-expressing cells. Layer formation differs 
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in the allocortex and disappears in the periallocortex. Regionalized cadherin expression 

(in the CA regions, subiculum etc.) is preserved in the Reeler mutant.

Figure 5.12. Cadherin expression in the adult hippocampal region of wild-type (A-D) and 

Reeler (A’-D’) mice in a series of adjacent sections. Results were obtained with mRNA probes 

for Cdh11 (B and B’), Pcdh17 (C and C’) and Pcdh19 (D and D’). To facilitate the 
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identification of the different areas within the hippocampal region, a thionin (Nissl) stain of an 

adjacent section is shown for wild-type (A) and homozygous Reeler mice (A’). Arrowheads in 

B and D point to positive perikarya in the deep layer of wild-type entorhinal cortex. Positive 

cells are found subpially in the Reeler mutant (arrowheads in B’ and D’). The arrowheads in C 

and C’ indicate the CA2 region. The asterisk in A indicates an artefact. Scale bar in D’ = 500μm 

(applies to A-D’). 

5.2 Amygdala 

The expression patterns of five classic cadherins and eight protocadherins in the 

postnatal and adult amygdala of wild-type mice were analyzed. The results for the 

postnatal animals (P5) are presented in Table 5.1 and Figures 5.13-5.25. In each Figure, 

the expression of a specific (proto-) cadherin is shown in frontal sections at six different 

rostrocaudal levels through the amygdala. Whenever possible, a similar section level 

(namely L1-L6, with L1 being the most rostral level) is shown for each (proto-) 

cadherin. Next, examples of the expression in the amygdala of adult animals (Figs. 5.26 

and 5.27) are presented to show the continuity in the cadherin staining, followed by a 

comparison of the expression profiles of specific pairs of (proto-) cadherins for double-

labeled sections (Fig. 5.28). Each (proto-) cadherin shows a specific expression pattern 

that will be described in the following paragraphs. The combinatory expression of the 

thirteen (proto-) cadherins in the amygdala allows the distinction of multiple molecular 

subdivisions that appear related to distinct cell subpopulations. 

 Additionally, the (proto-) cadherins are used as markers to analyze the amygdala 

of the Reeler mutant mouse (Figs. 5.29 and 5.30). This study reveals that cortical 

amygdaloid areas are affected by the loss of Reelin. Cortical amygdaloid areas fail to 

migrate to their destination point. However, deep pallial and subpallial nuclei appear to 

be unaffected by the mutation. 



5. Results     49  

Table 5.1. Expression profiles of cadherins in the murine wild-type amygdala at P5 
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Legend for Table 5.1. The following abbreviations are used in the table: -, no expression; +/-, 

expression in scattered perikarya; +, low expression; ++, moderate expression; +++, high 

expression; *, regional differences within the nucleus or area 

5.2.1 Cadherin-4

As shown in Figure 5.13 and summarized in Table 5.1, Cdh4 is highly expressed in the 

amygdala in general, being particularly strong in a subset of specific areas and nuclei. 

Anterior, central, medial, and intercalated cell groups of the amygdala. The 

expression of Cdh4 is particularly strong in abundant cells of the intercalated masses 

and the medial amygdala (Fig. 5.13B-E). In the medial amygdala, the expression is 

prominent in the anterior and posteroventral nuclei (MeA, Fig. 5.13B, C; MePV, Fig. 

5.13D). Nevertheless, the labelling is not uniformly distributed throughout the nuclei, 

but it is more abundant in the cortical part of MeA (usually named anteroventral 

amygdaloid nucleus or MeAV), and in the deeper and central part of MePV. Weak to 

moderate expression is also observed in the anterior and central amygdala (Fig. 5.13D). 

In the central amygdala, the expression is generally moderate with patches of strong 

expression in the medial part; it is less intense in the capsular part (Fig. 5.13C). 

Basal amygdalar complex. The lateral, basolateral and basomedial nuclei of the 

amygdala show moderate to strong expression of Cdh4. The expression in the lateral 

nucleus changes from rostral to caudal levels: it shows patches of strong expression at 

rostral levels and, in particular, at caudal levels (Fig. 5.13C, E); however, at 

intermediate levels, the expression is moderate in the dorsolateral and ventromedial 

parts, and strong in the ventrolateral part (LaVL, Fig. 5.13D). The expression in the 

basolateral (BL) and basomedial (BM) nuclei also shows variations, with patches of 

strong expression in the anterior and posterior parts (BLA, BMA, Fig. 5.13B, C; BLP, 

BMP, Fig. 5.13D-F). 

Cortical amygdalar areas. Cdh4 is strongly expressed in abundant cells of the 

nucleus of the lateral olfactory tract (LOT, Fig. 5.13A) and in the posterolateral cortical 

amygdalar area (PLCo, Fig. 5.13F). The expression in the cortical areas is patchy. There 

also is weak to moderate expression in subpopulations of cells in the anterior and 

posteromedial cortical amygdalar areas (ACo, Fig. 5.13A-C; PLCo, Fig. 5.13F), and in 

the nucleus of the accessory olfactory tract (BAOT, Fig. 5.13B). 
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Figure 5.13. Expression mapping of cadherin-4 (Cdh4) in the wild-type amygdaloid complex in 

a series of adjacent frontal sections at postnatal day 5. Six different levels (L1-L6) are shown in 

a rostral-to-caudal sequence. Results were obtained by in situ hybridization with an mRNA 

probe for Cdh4. Scale bar in B = 500μm (applies to A-F). 
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Figure 5.14. Expression mapping of cadherin-6 (Cdh6) in the wild-type amygdaloid complex in 

a series of adjacent frontal sections at postnatal day 5. Six different levels (l1-L6) are shown in a 

rostral-to-caudal sequence. Results were obtained by in situ hybridization with an mRNA probe 

for Cdh6. The asterisk in F indicates an artefact. Scale bar in B = 500μm (applies to A-F). 
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5.2.2 Cadherin-6

In contrast to the previous classic cadherin, Cdh6 shows only moderate expression by 

scattered subpopulations of cells in specific amygdalar nuclei and areas (Fig. 5.14; 

Table 5.1).

Anterior, central, medial, and intercalated cell groups of the amygdala.

Scattered cells showing Cdh6 expresssion are present in the lateral/capsular part of the 

central amygdala, in the intercalated masses and in the anterior amygdala (CeC, AAD, 

AAV, IM, Fig. 5.14A, B). A few Cdh6-expressing cells are also scattered in the anterior 

medial amygdala (MeA, Fig. 5.14B), but they are extremely rare in the posterior medial 

amygdala (MeP, Fig. 5.14D).

Basal amygdalar complex. The lateral and basomedial amygdalar nuclei contain 

a number of cells showing moderate Cdh6 expression at all rostrocaudal levels (La, BM, 

Fig. 5.14B-E). In contrast, the basolateral nucleus is free of Cdh6 expression. 

Cortical amygdalar areas. The anterior and posteromedial cortical amygdalar 

areas contain scattered cells expressing Cdh6 (ACo, PMCo, Fig. 5.14A, B, E). In 

contrast, the nucleus of the lateral olfactory tract (LOT) and the posterolateral cortical 

amygdalar area (PLCo) do not show Cdh6 expression in any of their layers (Fig. 5.14A, 

D).

5.2.3 Cadherin-7

Cdh7 is strongly expressed in numerous cells of specific amygdalar nuclei and areas, 

but its expression becomes even stronger and much more abundant at caudal levels of 

the basal amygdalar complex (Fig. 5.15; Table 5.1). 

Anterior, central, medial, and intercalated cell groups of the amygdala. The 

anterior and central amygdala contain cells expressing Cdh7; signal is stronger and 

positive cells are more numerous in the rostral and medial parts of central amygdala 

(Ce, CeM, Fig. 5.15B-D) and in the ventral part of the anterior amygdala (AAV, Fig. 

5.15A). Cdh7 expression also occurs in a large subpopulation of cells in the anterior and 

posteroventral parts of the medial amygdala (MeA, MePV, Fig. 5.15C, D).

Basal amygdalar complex. At rostral and intermediate levels, the basal 

amygdalar complex shows Cdh7 expression in a large subpopulation of cells of the 

lateral nucleus, anterior basomedial nucleus and posterior basolateral nucleus (La, 

BMA, BLP, Fig. 5.15C, D). More caudally, signal becomes strong to very strong and 
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Figure 5.15. Expression mapping of cadherin-7 (Cdh7) in the wild-type amygdaloid complex in 

a series of adjacent frontal sections at postnatal day 5. Six different levels (L1-L6) are shown in 

a rostral-to-caudal sequence. Results were obtained by in situ hybridization with an mRNA 

probe for Cdh7. The asterisks in B and F indicate artefacts. Scale bar in B = 500μm (applies to 

A-F).
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abundant, being present in most (if not all) cells of the most posterior parts of the three 

nuclei (Fig. 5.15E, F). Cdh7 signal in the basal complex is not uniformly distributed, but 

shows some patches of stronger expression.

Cortical amygdalar areas. Cdh7 is expressed in a number of cells of the anterior 

cortical amygdalar area (ACo, Fig. 5.15B), and in a lateral part of the posterolateral 

cortical amygdalar area (PLCo, Fig. 5.15E, F). Extremely few (if any) Cdh7-positive 

cells were observed in the nucleus of the lateral olfactory tract (LOT, Fig. 5.15A) or in 

the posteromedial cortical amygdalar area (PMCo, Fig. 5.15F). 

5.2.4 Cadherin-8 

Cdh8 signal is prominent in specific subnuclei of the basal amygdalar complex, while 

only minor cell subpopulations are positive in other amygdalar areas and nuclei (Fig. 

5.16; Table 5.1). 

Anterior, central, medial, and intercalated cell groups of the amygdala. Cdh8 is 

moderately expressed in a subpopulation of cells in the anterior and medial amygdala 

(AAV, MeA, Fig. 5.16A, B). In the medial amygdala, Cdh8-positive cells are uniformly 

distributed in the anterior part (MeA, Fig. 5.16B), but tend to be located superficially in 

the posteroventral part (MePV, Fig. 5.16C). In contrast, the central and intercalated 

masses of the amygdala show only weak Cdh8 expression by extremely few, scattered 

cells (Ce, Fig. 5.16B-D).

Basal amygdalar complex. A high number of cells that show strong expression 

of Cdh8 is observed mainly in the lateral amygdalar nucleus at rostral levels (La, Fig. 

5.16B-D), and in the basolateral amygdalar nucleus at all levels (BLA, BLV, BLP, Fig. 

5.16B-F). The expression in La, BLA and BLP is patchy, showing areas of strong 

expession adjacent to other areas with moderate expression (Fig. 5.16B-F). In contrast, 

the posterior parts of the lateral nucleus show very weak or no expression of Cdh8 (Fig. 

5.16E, F). The basomedial amygdalar nucleus contains only a few scattered cells 

positive for Cdh8 in its anterior part (BMA, Fig. 5.16C), but appears to be free of 

expression at caudal levels (BMP, Fig. 5.16F).

Cortical amygdalar areas. Subpopulations of Cdh8-expressing cells are 

observed in layers 1 and 3 of the nucleus of the lateral olfactory tract (LOT, Fig. 5.16A), 

in the anterior pole of the anterior cortical amygdalar area (ACo, Fig. 5.16A) and in the 

posteromedial cortical amygdalar area (PMCo, Fig. 5.16F). In contrast, only very few
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Figure 5.16. Expression mapping of cadherin-8 (Cdh8) in the wild-type amygdaloid complex in 

a series of adjacent frontal sections at postnatal day 5. Six different levels (L1-L6) are shown in 

a rostral-to-caudal sequence. Results were obtained by in situ hybridization with an mRNA 

probe for Cdh8. The asterisk in F indicate artefacts. Scale bar in B = 500μm (applies to A-F). 
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Figure 5.17. Expression mapping of cadherin-11 (Cdh11) in the wild-type amygdaloid complex 

in a series of adjacent frontal sections at postnatal day 5. Six different levels (L1-L6) are shown 

in a rostral-to-caudal sequence. Results were obtained by in situ hybridization with an mRNA 

probe for Cdh11. Scale bar in B = 500μm (applies to A-F).
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Cdh8-positive cells are observed at the medial edge of the posterolateral cortical 

amygdalar area (PLCo, Fig. 5.16F). 

5.2.5 Cadherin-11

Cdh11 exhibits strong to very strong expression in most of the amygdalar complex (Fig. 

5.17; Table 5.1). 

Anterior, central, medial, and intercalated cell groups of the amygdala.

Expression levels for Cdh11 are moderate in most cells of the anterior, central and 

intercalated masses of the amygdala (AA, Ce, IM, Fig. 5.17A-D). In the medial 

amygdala, the expression of Cdh11 is moderate to strong and displays a non-uniform 

pattern: in the anterior nucleus, the superficial part of the cortical subnucleus (AAV) 

shows stronger Cdh11 expression (MeA, Fig. 5.17B), whereas in the posterodorsal 

nucleus, there are cell patches that are more strongly positive for Cdh11 (MePD, Fig. 

5.17D).

Basal amygdalar complex. The entire complex shows strong to very strong 

signal for Cdh11 in most (if not all) of its cells (Fig. 5.17B-E). This is particularly 

evident at rostral and intermediate levels of the basolateral nucleus (BLA, BLV, BLP, 

Fig. 5.17B-E). At some levels of the basolateral and basomedial nuclei, the expression 

is patchy (Fig. 5.17B, D, E).

Cortical amygdalar areas. Cdh11 expression is strong to very strong in most 

cells of layers 2-3 of the nucleus of the lateral olfactory tract (LOT2, LOT3, Fig. 

5.17A). Strong signal with a patchy distribution was observed in layer 2 of the 

posterolateral cortical amygdalar area (PLCo, Fig. 5.17E, F). The rest of the amygdalar 

cortical areas generally show moderate Cdh11 expression, with patches of stronger 

expression (ACo, PMCo, Fig. 5.17A, B, E, F). 

5.2.6 Protocadherin-1

This protocadherin shows a moderate to strong, patchy expression in many nuclei and 

areas of the amygdala (Fig. 5.18, Table 5.1). 

Anterior, central, medial, and intercalated cell groups of the amygdala. Signal 

for Pcdh1 is generally moderate with patches of stronger expression in the anterior (AA, 

Fig. 5.18A), central (Ce, Fig. 5.18B-D), medial (MeA, MePD, MePV, Fig. 5.18B-E) 

and intercalated masses (IM, Fig. 5.18B) of the amygdala.
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Figure 5.18. Expression mapping of protocadherin-1 (Pcdh1) in the wild-type amygdaloid 

complex in a series of adjacent frontal sections at postnatal day 5. Six different levels (L1-L6) 

are shown in a rostral-to-caudal sequence. Results were obtained by in situ hybridization with 

an mRNA probe for Pcdh1. Asterisks in F indicate an artefact. Scale bar in B = 500μm (applies 

to A-F). 
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Basal amygdalar complex. The lateral and basolateral amygdalar nuclei show a 

strong to very strong, patchy expression of Pcdh1 at rostral and intermediate levels (La, 

BLA, BLP, Fig. 5.18B-E). Caudally, the expression becomes moderate in general, but 

continues to show patches of stronger expression (Fig. 5.18F). In contrast, the 

expression of Pcdh1 in the basomedial nucleus is moderate from rostral to caudal levels, 

although there are patches of stronger expression at intermediate levels (BMA, BMP, 

Fig. 5.18B-F).

Cortical amygdalar areas. Pcdh1 is expressed strongly to very strongly (in some 

patches) throughout the nucleus of the lateral olfactory tract (LOT, Fig. 5.18A). In the 

anterior and posterolateral cortical amygdalar areas (ACo, PLCo, Fig. 5.18A-F), 

expression is patchy and ranges from moderate to very strong. In contrast, expression 

levels are generally low in the posteromedial cortical amygdalar area (PMCo, Fig. 

5.18E, F). 

5.2.7 Protocadherin-7

Pcdh7 shows a moderate to strong, patchy expression in specific nuclei and areas of the 

amygdala, such as in some subdivisions of the centromedial amygdala and the basal 

amygdalar complex (Fig. 5.19, Table 5.1). 

Anterior, central, medial, and intercalated cell groups of the amygdala. In the 

medial part of the central amygdala (CeM, Fig. 5.19B, C), Pcdh7 signal is prominent 

with patches of very strong expression, while it is absent or extremely weak in the 

capsular and lateral parts of the central amygdala (CeC, CeL, Fig. 5.19B, C). In the 

medial amygdala, Pcdh7 expression shows subnuclear variations also: it is moderate to 

strong (in specific patches) in the anterior and posteroventral parts (MeA, MePV, Fig. 

5.19B-D), while it is generally strong, with patches of very strong expression, in the 

posterodorsal subnucleus (MePD, Fig. 5.19D). Pcdh7 staining is moderate in the 

anterior and intercalated masses of the amygdala, which comprises scattered cells with 

stronger expression in the anterior amygdala (AAD, AAV, Fig. 5.19A). Expression is 

uniformly distributed in the intercalated masses (IM, Fig. 5.19A, B).

Basal amygdalar complex. The expression of Pcdh7 in the basal complex varies 

between nuclear and subnuclear divisions. At all rostrocaudal levels, it is very strong in 

the dorsal part of the lateral nucleus, but generally moderate in the ventral part (LaD, 

LaV, Fig. 5.19B-E). In the basolateral nucleus, Pcdh7 shows moderate expression with 

patches of strong expression in the anterior and posterior subnuclei (BLA, BLP, Fig.
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Figure 5.19. Expression mapping of protocadherin-7 (Pcdh7) in the wild-type amygdaloid 

complex in a series of adjacent frontal sections at postnatal day 5. Six different levels (L1-L6) 

are shown in a rostral-to-caudal sequence. Results were obtained by in situ hybridization with 

an mRNA probe for Pcdh7. Scale bar in B = 500μm (applies to A-F). 
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5.19B-F). In the ventral subnucleus (BLV, Fig. 5.19D), expression is generally weak. In 

the basomedial nucleus, Pcdh7 staining is patchy and ranges from moderate to very 

strong in the anterior part (BMA, Fig. 5.19B-D); it becomes moderate in the caudal 

subnucleus (BMP, Fig. 5.19E).

Cortical amygdalar areas. In general, Pcdh7 shows moderate to strong 

expression in layer 2 of the nucleus of the lateral olfactory tract (LOT2, Fig. 5.19A), 

and in the anterior and posteromedial cortical amygdalar areas (ACo, PMCo, Fig. 

5.19A, B, D-F). The expression of the posterolateral cortical amygdalar area is generally 

weak (PLCo, Fig. 5.19D, E).

5.2.8 Protocadherin-8

Similarly to the previous protocadherin, Pcdh8 exhibits moderate to strong, patchy 

expression in specific nuclei and areas of the amygdala, such as some subdivisions of 

the centromedial amygdala and the basal amygdalar complex (Fig. 5.20, Table 5.1). 

Anterior, central, medial, and intercalated cell groups of the amygdala. Pcdh8 

staining is very strong in the intercalated masses of the amygdala (I, IM, Fig. 5.20A-E), 

and in patches of the central and medial amygdala (Ce, Me, Fig. 5.20B, C). Pcdh8 

staining is especially strong in the central amygdala where it assumes a patchy 

appearance in the lateral and capsular parts (CeC, CeL, Fig. 5.20B-D). In contrast, it is 

weak to moderate in the medial part (CeM, Fig. 5.20B, C). In the medial amygdala, 

Pcdh8 expression is generally moderate in the anterior and posteroventral subnuclei 

(MeA, MePV, Fig. 5.20B-E), with some patches of stronger expression. However, 

Pcdh8 shows very strong and patchy expresion in the ventral aspect of the posterodorsal 

medial amygdala, while the expression is moderate in the rest of this subnucleus 

(MePD, Fig. 5.20C, E). The anterior amygdala, in which Pcdh8 signal is weak to 

moderate, contains scattered cells that are strongly Pcdh8 positive (AAD, AAV, Fig. 

5.20A).

Basal amygdalar complex. The lateral nucleus shows strong to very strong, 

patchy expression throughout its rostrocaudal extension (LaD, LaV, Fig. 5.20B-E). In 

contrast, the basolateral nucleus contains weakly Pcdh8-positive cells that are scattered 

in its anterior part (BLA, Fig. 5.20B-D), and moderate, patchy signal in the posterior 

subnucleus (BLP, Fig. 5.20D-F). In the basomedial nucleus, Pcdh8 expression is 

moderate to strong and patchy at all rostrocaudal levels (BMA, BMP, Fig. 5.20B-F). 
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Figure 5.20. Expression mapping of protocadherin-8 (Pcdh8) in the wild-type amygdaloid 

complex in a series of adjacent frontal sections at postnatal day 5. Six different levels (L1-L6) 

are shown in a rostral-to-caudal sequence. Results were obtained by in situ hybridization with 

an mRNA probe for Pcdh8. The asterisk in C indicates an artefact. Scale bar in B = 500μm 

(applies to A-F). 
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Figure 5.21. Expression mapping of protocadherin-9 (Pcdh9) in the wild-type amygdaloid 

complex in a series of adjacent frontal sections at postnatal day 5. Six different levels (L1-L6) 

are shown in a rostral-to-caudal sequence. Results were obtained by in situ hybridization with 

an mRNA probe for Pcdh9. Asterisks in B and F indicate artefacts. Scale bar in B = 500μm 

(applies to A-F). 
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Cortical amygdalar areas. The nucleus of the lateral olfactory tract (mainly its 

layer 2; LOT2, Fig. 5.20A) and the posterolateral cortical amygdala area (PLCo, Fig. 

5.20F) show moderate to strong, patchy staining of Pcdh8. In contrast, Pcdh8 

expression is weak to moderate in the anterior and posteromedial cortical amygdalar 

areas (ACo, PMCo, Fig. 5.20A, B, F). 

5.2.9 Protocadherin-9

Compared to the previous protocadherins, the expression of Pcdh9 in the amygdala is 

much more restricted, and only few nuclei or areas show strong expression (Fig. 5.21, 

Table 5.1). 

Anterior, central, medial, and intercalated cell groups of the amygdala. Staining 

for Pcdh9 in the anterior and central amygdala is generally weak, while it is moderate in 

the intercalated masses (AA, Ce, IM, Fig. 5.21A-D). In contrast, the medial amygdala 

contains some strongly Pcdh9-positive patches and scattered cells, mainly in the cortical 

part of the anterior nucleus (MeA, Fig. 5.21C), and in the deep and posterior parts of the 

posteroventral nucleus (MePV, Fig. 5.21E, F). 

Basal amygdalar complex. Pcdh9 is expressed strongly and in a patchy pattern in 

the ventrolateral part of the lateral amygdalar nucleus (LaVL, Fig. 5.21D, E) and in the 

posterior part of the basolateral nucleus (BLP, Fig. 5.21D-F). The rest of the basal 

amygdalar complex shows weak Pcdh9 expression. 

Cortical amygdalar areas. Pcdh9 is expressed strongly in the nucleus of the 

lateral olfactory tract (LOT, Fig. 5.21A), and weakly to moderately in the other cortical 

amygdalar areas (ACo, PLCo, PMCo, Fig. 5.21A-F). 

5.2.10 Protocadherin-10

In general, Pcdh10 is expressed weakly to moderately in most nuclei and areas of the 

amygdala, except for the nucleus of the lateral olfactory tract and some parts of the 

basal amygdalar complex, in which the expression is strong or very strong (Fig. 5.22, 

Table 5.1). 

Anterior, central, medial, and intercalated cell groups of the amygdala. Pcdh10 

expression is weak or moderate in the anterior, central and intercalated masses of the 

amygdala (AAD, AAV, IM, Ce, Fig. 5.22A-D). In the central amygdala, signal is weak 

in the capsular and lateral parts (CeC, CeL, Fig. 5.22B, C), but moderate in the medial 

part (CeM, Fig. 5.22C). In the medial amygdala, Pcdh10 expression also ranges from 
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weak to moderate: the anterior nucleus is weakly positive, except for a large patch of 

staining that is related to (or deep to) the cortical part (MeA, Fig. 5.22B, C); the 

posteroventral medial amygdalar nucleus shows weak Pcdh10 expression (MePV, Fig. 

5.22E), while the posterodorsal nucleus show moderate expression, with scattered cells 

that are more strongly positive (MePD, Fig. 5.22E). 

Basal amygdalar complex. In general, the lateral and basolateral amygdalar 

nuclei show moderate to strong Pcdh10 expression, with some variations depending on 

the subnucleus. The expression is strong and patchy in the dorsal and ventromedial parts 

of the lateral nucleus (LaD, LaVM, Fig. 5.22B-E), and in the anterior part of the 

basolateral nucleus (BLA, Fig. 5.22B-D). The basomedial nucleus is weakly to 

moderately positive (BMA, BMP, Fig. 5.22B-D, F). 

Cortical amygdalar areas. The nucleus of the lateral olfactory tract displays 

very strong Pcdh10 staining in its layer 2 (LOT2), while layers 1 and 3 are weakly to 

moderately positive, respectively (Fig. 5.22A). The cortical amygdalar areas are 

moderately stained (ACo, PLCo, PMCo, Fig. 5.22B-F).

5.2.11 Protocadherin-11

Pcdh11 signal is weak or absent in the basal complex and the central amygdala, but it is 

strong and patchy in the medial extended amygdala and many cortical areas of the 

amygdala (Fig. 5.23, Table 5.1). 

Anterior, central, medial, and intercalated cell groups of the amygdala. The 

anterodorsal, central and intercalated masses of the amygdala only show weak or 

moderate Pcdh11 expression, which is mostly restricted to scattered cells (AAD, Ce, 

IM, Fig. 5.23A-C). Staining in the central amygdala is primarily located in its medial 

part (CeM, Fig. 5.23B). In contrast, the anteroventral amygdala and the medial 

amygdala (mostly its anterior and posterodorsal parts) contain abundant patches of 

strong or very strong Pcdh11 signal (AAV, MeA, MePD, Fig. 5.23B-D). 

Basal amygdalar complex. The entire basal amygdalar complex is free of 

Pcdh11 expression throughout its rostrocaudal extent (La, BL, BM, Fig. 5.23B-F). 

Cortical amygdalar areas. The anterior, posterolateral and posteromedial 

cortical amygdalar areas show patches of strong to very strong Pcdh11 expression, but 

there are some variations from rostral to caudal levels in each area (ACo, PLCo, PMCo, 

Fig. 5.23B-F). In contrast, the nucleus of the lateral olfactory tract is free of expression 

(LOT, Fig. 5.23A). 
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Figure 5.22. Expression mapping of protocadherin-10 (Pcdh10) in the wild-type amygdaloid 

complex in a series of adjacent frontal sections at postnatal day 5. Six different levels (L1-L6) 

are shown in a rostral-to-caudal sequence. Results were obtained by in situ hybridization with 

an mRNA probe for Pcdh10. Scale bar in B = 500μm (applies to A-F). 
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Figure 5.23. Expression mapping of protocadherin-11 (Pcdh11) in the wild-type amygdaloid 

complex in a series of adjacent frontal sections at postnatal day 5. Six different levels (L1-L6) 

are shown in a rostral-to-caudal sequence. Results were obtained by in situ hybridization with 

an mRNA probe for Pcdh11. Asterisks in B indicate an artefact. Scale bar in B = 500μm 

(applies to A-F). 
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Figure 5.24. Expression mapping of protocadherin-17 (Pcdh17) in the wild-type amygdaloid 

complex in a series of adjacent frontal sections at postnatal day 5. Six different levels (L1-L6) 

are shown in a rostral-to-caudal sequence. Results were obtained by in situ hybridization with 

an mRNA probe for Pcdh17. The asterisks in B and E indicate artefacts. Scale bar in B = 500μm 

(applies to A-F). 
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Figure 5.25. Expression mapping of protocadherin-19 (Pcdh19) in the wild-type amygdaloid 

complex in a series of adjacent frontal sections at postnatal day 5. Six different levels (L1-L6) 

are shown in a rostral-to-caudal sequence. Results were obtained by in situ hybridization with 

an mRNA probe for Pcdh19. Scale bar in B = 500μm (applies to A-F). 
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5.2.12 Protocadherin-17

The expression of Pcdh17 ranges from weak or moderate at rostral amygdalar levels, to 

strong or very strong at caudal levels (Fig. 5.24, Table 5.1). 

Anterior, central, medial, and intercalated cell groups of the amygdala. Pcdh17 

expression is weak or moderate in the anterior, central and intercalated masses of the 

amygdala, although some scattered cells exhibit strong signal in the anteroventral 

amygdala (AAD, AAV, Ce, IM, Fig. 5.24A-C). The medial amygdala displays a similar 

pattern at rostral levels, but Pcdh17 expression becomes stronger and patchy in the 

caudal part of the anterior subnucleus (MeA, Fig. 5.24C, D), and in the posterior 

subnuclei of the medial amygdala (MePD, MePV, Fig. 5.24E, F). 

Basal amygdalar complex. The lateral amygdalar nucleus shows moderate 

Pcdh17 expression along its rostrocaudal extent (La, Fig. 5.24A-E). In contrast, the 

basolateral and basomedial nuclei are primarily free of signal at rostral levels (BLA, 

BMA, Fig. 5.24A-D), but the caudal parts of these nuclei present either moderate 

expression (BLP) or very strong and patchy expression (BMP, Fig. 5.24E, F). 

Cortical amygdalar areas. Pcdh17 expression is weak or moderate in the 

nucleus of the lateral olfactory tract (layer 3, LOT3) and the anterior cortical amygdalar 

area (ACo, Fig. 5.24A, B). In contrast, the posterolateral and posteromedial cortical 

amygdalar areas show strong to very strong and patchy expression of Pcdh17 (PLCo, 

PMCo, Fig. 5.24D-F). 

5.2.13 Protocadherin-19

Pcdh19 shows moderate to strong, patchy expression in many nuclei and areas of the 

amygdala (Fig. 5.25, Table 5.1). 

Anterior, central, medial, and intercalated cell groups of the amygdala. Pcdh19 

expression is moderate or strong and assumes a patchy appearance in the anterior, 

central and medial amygdala. It is very strong in the intercalated masses (AAD, AAV, 

Ce, Me, I, IM, Fig. 5.25A-E). In the central amygdala, the expression is strong with 

patches of very strong expression in the capsular and lateral parts (CeC, CeL, Fig. 

5.25B, C), in the anterior, cortical part of the medial amygdala (MeA, Fig. 5.25B), and 

at the caudal poles of the posterodorsal and posteroventral subnuclei (MePD, MePV, 

Fig. 5.25E).

Basal amygdalar complex. Pcdh19 staining is strong and patchy in the rostral 

aspect of the lateral amygdalar nucleus. At caudal levels, signal becomes moderate and 
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is uniformly distributed (La, Fig. 5.25B-E). Expression is weak to moderate in the 

basolateral and basomedial amygdalar nuclei, although some patches of stronger 

staining are observed in the posterior part of the basomedial nucleus (BL, BM, Fig. 

5.25B-E).

Cortical amygdalar areas. Pcdh19 staining is moderate in the anterior (ACo, 

Fig. 5.25A-C), posterolateral (PLCo, Fig. 5.25E) and posteromedial (PMCo, Fig. 5.25E) 

cortical amygdalar areas, although all of these regions contain strongly positive 

subpopulations of cells, which are scattered in ACo and more dense in the superficial 

layer 1 in PLCo and PMCo. Finally, the nucleus of the lateral olfactory tract shows low 

levels of Pcdh19 signal (LOT, Fig. 5.25A). 

5.2.14 Cadherin expression in the amygdala of adult animals 

To study the degree of similarity in cadherin expression between P5 brain and mature 

brain, we analyzed the expression of the thirteen cadherins and protocadherins in the 

amygdala of adult mice. Figures 5.26 and 5.27 show some examples of the expression 

profiles at a rostral and an intermediate amygdalar level. In general, the expression is 

highly conserved between P5 and the adult amygdala, with a few exceptions (Cdh8 and 

Pcdh8). Conserved expression profiles are observed, for example Cdh11, Pcdh7, Pcdh9, 

Pcdh11 and Pcdh19 in the LOT nucleus and in the anterior parts of the amygdala (Fig. 

5.26). Other examples of conserved expression are presented in Fig. 5.27 for Cdh4, 

Cdh7, Cdh8, Pcdh7, Pcdh8 and Pcdh19 in the basal amygdalar complex at intermediate 

amygdalar levels. Cdh8 expression is less well conserved; in the adult amygdala, signal 

is found in regions that are positive at P5, but in addition, it is present in layer 2 of LOT 

(Fig. 5.26A), along the entire mediolateral extension of PLCo (not shown), and in 

scattered cells of the lateral and in basomedial amygdalar nuclei at caudal levels (not 

shown). Finally, the Pcdh8 staining in the adult amygdala is also highly similar to that at 

P5, except for an apparent downregulation of expression in the lateral nucleus (Fig. 

5.27).

5.2.15 Double-labeling in situ hybridization for selected cadherin pairs 

To visualize more clearly the multiple molecular subregions within the amygdala, 

double-label in situ hybridization was performed at P5 for selected cadherin pairs. The 

partially overlapping expression profiles for representative cadherin pairs (Fig. 5.28) 

allow a more complete delineation of the amygdaloid subregions and their boundaries. 
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For example, layer 2 of the nucleus of the lateral olfactory tract is positive for Cdh4 and 

Pcdh10 (LOT, Fig. 5.28A). Cdh4 signal is strong for the cortex-amygdala transition 

zone and delineates the boundary to the anterior cortical amygdaloid nucleus (CxA, 

ACo; Fig. 5.28A). This identification is also evident in the comparison between Cdh4 

and Pcdh19: CxA and LOT2 are negative for Pcdh19 (Fig. 5.28B). The pair 

Cdh4/Pcdh8 defines the subdivisions within the central amygdalar nucleus. The 

capsular and the lateral part of the central nucleus express Cdh8, whereas only the 

medial part is positive for Cdh4 (CeM, CeC/L; Fig. 5.28C). Cdh8 is a marker for the 

basolateral amygdalar nucleus (Legaz et al., 2005, Medina et al., 2004). The pair 

Cdh8/Pcdh9 (Fig. 5.28D) defines the boundary between the basolateral nucleus and the 

lateral nucleus. Another cadherin pair to identify this boundary is Pcdh8/Pcdh19 (Fig. 

5.28E). The lateral nucleus (La, Fig. 5.28E) is positive for Pcdh8 and the anterior 

basolateral nucleus (BLA, Fig. 5.28E) shows Pcdh19 expression. Subdivisions of the 

basolateral amygdalar nucleus can be distinguished with the pair Cdh4/Pcdh10. The 

posterior part and parts of the anterior basolateral nucleus are positive for Cdh4 (BLP, 

Fig. 5.28F), while only the anterior basolateral nucleus is positive for Pcdh10 (BLA, 

Fig. 5.28F). 
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Figure 5.26. Cadherin expression in the wild-type adult mouse. In situ hybridization results 

obtained with cRNA probes for Cdh8 (A), Cdh11 (B), Pcdh7 (C), Pcdh9 (D), Pcdh11 (E) and 

Pcdh19 (F) are displayed for adjacent frontal sections through the amygdala at a rostral level. 

This level is compatible to level 1 in Figs. 5.13-5.25. Scale bar in F = 500μm (applies for A-F). 
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Figure 5.27. Cadherin expression in the wild-type adult mouse. In situ hybridization results 

obtained with cRNA probes for Cdh4 (A), Cdh7 (B), Cdh8 (C), Pcdh7 (D), Pcdh8 (E) and 

Pcdh19 (F) are displayed for adjacent frontal sections through the amygdala at a caudal level. 

This level is compatible to levels 3 and 4 in Figs. 5.13-5.25. Scale bar in F = 500μm (applies for 

A-F).
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Figure 5.28. Combinatorial expression mapping of cadherins/protocadherins allows the 

distinction of multiple amygdalar subdivisions. Frontal sections of the entire amygdaloid area 

were double hybridized in situ with cRNA probes in wild-type P5 mice. Five pairs of cadherins 

(Cdh4/Pcdh10 [A, F], Cdh4/Pcdh19 [B], Cdh4/Pcdh8 [C], Pcdh9/Cdh8 [D] and Pcdh8/Pcdh19 
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[E]) were analyzed. In the pseudocolor-coded overlays, colors represent cadherin staining. The 

asterisk in F indicates an artefact. The level in panel A, B corresponds to level 1 in Figs. 5.13-

5.25, in panel C-F to levels 3 and 4 in Figs. 5.13-5.25. Scale bar, 250μm in F (applies to A-F). 

5.2.16 Cadherin expression in the amygdala of the Reeler mutant mouse 

In this section, I studied the spatial arrangement of amygdalar regions in Reeler mutant 

mice based on the cadherin mapping results from wild-type mice. A particular focus 

was put on differences between pallial and subpallial subregions of the amygdala 

because it has been proposed that pallial brain regions are affected by the Reeler 

mutation while subpallial parts are not. 

In addition to the cadherins, I used Tbr-1 as a general pallial marker (Puelles et 

al., 2000). Pallial parts of the amygdala are the cortical areas. Therefore, Tbr-1 was a 

good additional marker to identify pallial regions within the Reeler amygdaloid 

complex, for example the nucleus of the lateral olfactory tract (LOT), which has a three 

layered appearance in wild-type mice (Fig. 5.29B). The LOT cells originate at the 

caudalmost part of the telencephalic neuroepithelium and migrate a considerable 

distance to their final, superficial destination. In the Reeler amygdaloid complex, LOT 

can be identified by its characteristic expression of Tbr-1 (Fig. 5.29C), Pcdh10 (Fig. 

5.29F) and, as a negative marker, by Pcdh19 (Fig. 5.29I). Strikingly, the LOT cells in 

the Reeler mutant form a circular aggregate at a deep position in the amygdala next to 

the basolateral complex, which is normally situated more caudally in wild-type mice 

(Fig. 5.29 C, F, I). Interestingly, the basolateral complex and other subpallial parts of 

the Reeler amygdala are located at positions similar to those in wild-type mice (Fig. 

5.30). The anterior basolateral nucleus, a subpallial derivative, is characterized by 

strong expression for ER81 in wild-type mice (BLA; Fig. 5.30, B). Cdh8 is another 

marker for the basolateral nucleus (Medina et al., 2004). In the Reeler mutant, the two 

markers indicate that the basolateral nucleus can be found at positions typical for wild-

type mice (Fig. 5.30 C, D). Moreover, Pcdh7 expression can be used to distinguish more 

strongly positive dorsal parts (LaD; Fig. 5.30 E, F) and more weakly positive ventral 

parts (LaV; Fig. 5.30 E, F) within the lateral amygdaloid nucleus (part of the deep 

pallium). Pcdh8 displays a gradient expression within LaV in wild-type (Fig. 5.30 G). A 

similar staining profile is also visible at about the same position in the Reeler mutant 

(Fig. 5.30H). The posterior part of the basomedial amygdaloid nucleus (BMP), part of 

the deep pallium, shows moderate expression for Pcdh8 in wild-type (Fig. 5.30G) and 
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Reeler (Fig. 5.30H) and seem to be unaffected in the mutant. However, the 

posteroventral part of the medial amygdaloid nucleus (MePV) that is a Pcdh8-positive 

cortical pallial part (Fig. 5.30G), is either more scattered so that expression seems less 

strong, or it is located more caudally because of the migration defects in the Reeler 

mutant (Fig. 5.30H). 

 In summary, my results provide evidence that the cortical pallial parts of the 

amygdaloid complex are disorganized in the Reeler mutant, but the deep pallial and 

subpallial nuclei seem to be unaffected.  

Figure 5.29. A comparison of gene expression patterns in the amygdala of wild-type mice and 

Reeler mutants at a rostral level. Cortical amygdaloid areas are shown. Representative results 

for in situ hybridization with mRNA probes for Tbr-1 (A, B and C), Pcdh10 (D, E and F) and 

Pcdh19 (G, H and I) are presented for adjacent frontal sections of the P5 and adult wild-type 

amygdala and the adult Reeler mutant amygdala as indicated on the top of the figure. Scale bar 

in I = 500μm (applies to A – I). 
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Figure 5.30. Comparison of gene expression patterns in the amygdala of wild-type mice and 

Reeler mutants at an intermediate level. Pallial and subpallial nuclei are shown. Representative 

results for in situ hybridization with mRNA probes for ER81 (A and B), Cdh8 (C and D), Pcdh7 

(E and F) and Pcdh8 (G and H) are presented for adjacent frontal sections of the adult wild-type 

and Reeler mutant amygdala, as indicated on top of the figure. Scale bar in H = 500μm (applies 

to A – H). 
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6. DISCUSSION 

 

In this thesis, I used cadherin expression mapping to study the histoarchitecture of the 

cerebral cortex and the amygdaloid complex in wild-type mice and Reeler mutants. By 

in situ hybridization, the expression of thirteen different cadherins in three neocortical 

regions (the cingulate cortex, the motor cortex and the primary somatosensory cortex), 

the allocortical hippocampal region and the amygdaloid complex was examined.  

In the cerebral cortical regions, each cadherin shows a layer-specific expression 

profile in wild-type mice. In contrast, the Reeler mice exhibit a widespread distribution 

of cadherin-expressing cells throughout all cortical layers. A comparison between wild 

type and Reeler mice revealed no evidence for an “outside-in” layering in Reeler mice. 

Strikingly, the area-specific expression of the cadherins is preserved in the Reeler 

cortex.  

To map the expression of the cadherins in the amygdala, the expression of 

classic cadherins and -protocadherins was studied in the postnatal (P5) and adult 

mouse amygdala. Each cadherin shows a specific expression pattern in the different 

amygdaloid subdivisions, which is highly similar between P5 and the adult mouse. 

However, at P5, neuropil is less differentiated so that cellular aggregates corresponding 

to amygdaloid subdivisions can be visualized more easily by in situ hybridization. The 

combinatory expression of the cadherins allows the distinction of multiple molecular 

subdivisions within the amygdala that go beyond the strict morphological divisions. 

Cadherins thus provide a descriptive molecular code for defining the functional 

organization of the amygdala. Additionally, the cadherins were used as markers to 

analyze the amygdala of the Reeler mutant mouse. Reelin, a molecule critical for 

neuronal migration in the neocortex, is expressed in cortical areas of the amygdala, but 

not in deep nuclei (Remedios et al., 2007). The results provide evidence that the cortical 

pallial parts of the amygdaloid complex are disorganized in the Reeler mutant, but the 

deep pallial and subpallial nuclei seem to be unaffected. 

The Discussion chapter is divided into five parts. Parts 6.1-6.3 are contained, in 

modified form, in Hertel and Redies (2011).  
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6.1 A cadherin-based code of potentially adhesive cues for cerebral cortical layers 

and the regions of the amygdala in wild-type mice

It has been proposed previously that cadherins provide an adhesive code for developing 

brain structures, neural circuits and synapses (for reviews, see Redies, 2000; Hirano et 

al. 2003; Takeichi, 2007). In the present thesis, I show that each of the thirteen 

cadherins studied exhibits a unique, spatially restricted expression pattern in the cortical 

layers (neo- and allocortex) of the adult mouse as well as in the postnatal and mature 

amygdaloid complex, although partial overlap between the cadherins is observed. Vice 

versa, each layer of cerebral cortex and each nucleus of the amygdala are characterized 

by the expression of a subset of cadherins. The cadherin-based code for specifying neo- 

and allocortical layers and amygdaloid subdivisions is probably a combinatorial one 

because each layer/area is characterized by the expression of multiple cadherins. 

Although I show results only for three neocortical regions (somatosensory, motor and 

cingulate cortex) and the allocortical hippocampal region (see also Kim et al., 2010), 

similar results were obtained for other cortical regions in the mouse (Redies and 

Takeichi, 1993; Suzuki et al., 1997; Korematsu et al., 1997b; Kim et al., 2007), in ferret 

visual cortex (Krishna-K. et al., 2009), in the cerebellum (Neudert et al., 2008; Neudert 

and Redies, 2008; Redies et al., 2010) and in other layered central nervous system 

structures, for example, in the vertebrate retina (Wöhrn et al., 1998; Faulkner-Jones et 

al., 1999a, b; Honjo et al., 2000; Etzrodt et al., 2009) and in the chicken tectum (Wöhrn 

et al., 1999). A region-specific expression of cadherins in non-layered (roundish) nerve 

cell aggregates, like that observed throughout the amygdaloid complex, has been 

described before for brain nuclei (Redies et al. 1993; Suzuki et al. 1997; Hirano et al. 

1999; Redies et al. 2000, 2005; Bekirov et al. 2002; Vanhalst et al. 2005; Kim et al. 

2007) and in patch/matrix type of gray matter architecture (Heyers et al., 2003; Hertel et 

al., 2008) of the vertebrate brain. Furthermore, it has been shown that the classic 

cadherins Cdh4, Cdh6, Cdh7, Cdh8 and Cdh11 and the -protocadherin Pcdh-10 are 

expressed at the synapse (Arndt et al., 1998; Hirano et al., 1999; Tang et al., 1998; 

Yamagata et al., 1999; Manabe et al., 2000; Wang et al., 2002). Their expression both at 

the critical (postnatal) stage of synapse formation and in the adult brain suggests that at 

least some of the investigated cadherins play roles during synapse formation as well as 

in the maintanance of synaptic connections. 

Other members of the -protocadherin subfamiliy might also play roles in the 

formation and stabilization of neural connections. For example, the 2-protocadherin 
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Pcdh18 has been shown to interact directly with the intracellular adaptor protein 

disabled-1 (Dab-1) that regulates axon outgrowth in the developing nervous system 

(Homayouni et al., 2001). Dab-1 is a downstream component of the Reelin signaling 

pathway, which controls neural positioning in the vertebrate brain (Bar et al., 2000). 

Another family of protocadherins, the -protocadherins or CNRs, interacts 

intracellularly with the tyrosine kinase Fyn, a key regulator of synaptic plasticity and 

LTP (Kohmura et al., 1998). The proposal that the CNRs are receptors for Reelin 

(Senzaki et al., 1999) has been questioned by Jossin et al. (2004). Last but not least, the 

1-protocadherins Pcdh1, Pcdh7, Pcdh9 and Pcdh11 possess an intracellular motif that 

binds to protein phosphate 1  (PP1 ; Yoshida et al., 1999; Redies et al., 2005; Vanhalst 

et al., 2005). This molecule regulates synaptic plasticity (Terry-Lorenzo et al., 2002), 

and isoform C of Pcdh7 was shown to inhibit the activitiy of PP1  (Yoshida et al., 

1999). 

6.2 Loss of layer-specific cadherin expression in Reeler cortex and cortical 

amygdaloid areas 

In the cerebral/amygdaloid cortex of Reeler mutants, the expression of each cadherin is 

not restricted to specific layers, but positive cells are more widely scattered across the 

entire cortical thickness or form clusters of cells within the mature brain and P5 brain. 

These results suggest that the disorganization of the cortical layers in Reeler mouse 

leads to a disruption of the cadherin expression. In parallel, the histoarchitecture of the 

neo- and allocortical parts are also rather homogenous (Figs. 5.4A’, 5.5B’, 5.7A’, 5.8A’, 

5.12A’). Similarly scattered expression patterns in Reeler neocortex were reported 

previously for Fez1 (Inoue et al., 2004) and for Cux2 (Ferrere et al., 2006; Figs. 5.2, 

5.3) that are markers of layer V projection neurons and layer II/III neurons, respectively, 

in wild-type cortex. Moreover, several tracing studies have demonstrated that layer V 

pyramidal neurons are scattered along the radial axis in Reeler mutant mice and rat (for 

a review, see Katsuyama and Terashima, 2009). Despite the scattering of neurons across 

the radial dimension, we obtained evidence that regionalization is not affected in Reeler 

cortex and amygdaloid areas because the regional prevalence of cells expressing 

particular cadherins is similar to that observed in wild-type mice (Figs. 5.5, 5.8, 5.10, 

5.12, 5.29, 5.30). These results confirm previous studies that showed a preservation of 

regional specificity in the Reeler cortex (Polleux et al., 1998, 2001). Also, the areal 

targeting of the superplate by thalamocortical axons in Reeler mutants is 
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indistinguishable from that in wild-type mice (Molnar et al., 1998). 

 Previous findings demonstrated that the subplate markers ER81, Foxp2 and 

Tbr-1 are found beneath the surface of the Reeler and Scrambler cortex (Hoerder-

Suabedissen et al., 2009; Dekimoto et al., 2010; for ER81 and Tbr-1, see also Figs. 5.2 

and 5.3). Our results for cadherins are compatible with this finding because cadherin 

subtypes that are expressed in the deep part of layer VI (adjacent to the white matter) in 

wild-type mice are found at subpial positions in Reeler cortex (see Fig. 5.4C, C’ for 

Cdh6; Fig. 5.4G, G’ for Pcdh11; Fig. 5.4H, H’ for Pcdh17; and Fig. 5.4I, I’ for Pcdh19). 

 The disruption of layer-specific expression of cadherins and other molecular 

markers in Reeler cortex (see above) is surprising because it is generally believed that 

Reeler cortex displays a reverse, outside-in layering (Caviness and Sideman, 1973; 

Caviness, 1982). This hypothesis is based on a [3H] thymidine birthdating study by 

Caviness (1982) who showed that early and late born neurons were unable to ascend 

through the zone occupied by the preceeding cohorts during cortical development. This 

defect is thought to result in a lamination pattern of the Reeler cortex that is inverted in 

terms of the birthdate of the cohorts of neurons. Later studies described the Reeler 

cortex as nearly inverted with not well differentiated layers (Kubo and Nakajima, 2003; 

Tissir and Goffinet, 2003). This idea was extended by the notion that early radially 

migrating neurons are not able to split the preplate due to the lack of Reelin 

(D’Arcangelo et al., 1995; Ogawa et al., 1995, D’Arcangelo et al., 1997). Our results on 

cadherin expression are compatible with an inversion of deep layer VI, but not with an 

inversion of other cortical layers. One possible explanation for this discprepancy is that 

early cortical neurons change their expression of layer-specific molecular markers after 

their displacement in Reeler cortex, as was observed for early branchiomotor neurons 

after their migration across the alar/basal plate boundary (Ju et al., 2004). However, 

cadherin expression is relatively stable throughout development in most other brain 

regions (Redies, 2000). Furthermore, Dekimoto et al. (2010) published results similar to 

mine with other molecular markers (ER81, Tbr-1, mSorLa and ROR-beta). Future 

studies will have to address some of these discrepancies by combining birthdating 

studies with the mapping of layer-specific genes. 

 A comparison of cadherin expression in developing and adult neocortex does not 

provide evidence for an initially inverted lamination that is lost later in development. 

Rather, the observed defect in layering is compatible with an abnormal migration 

pattern. The processes of radial glial cells, which are crucial for migration of early 
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cortical neurons, are significantly reduced in number and length in Reeler cortex 

(Hartfuss et al., 2003). Schaefer et al. (2008) demonstrated that Reelin contributes to the 

elongation of radial glial cells and is essential for neuronal positioning in neonatal ferret 

cortex. It is therefore conceivable that the scattered distribution pattern of cadherin-

expressing neurons results from radial glial malfunction or an abnormal interaction of 

migrating neuroblast with radial glia. The absence of layer-specific cadherin expression 

profiles in Reeler cortex coincides with a misorientation of the dendritic processes of 

cortical neurons, which point in various directions (for reviews, see Katsuyama and 

Terashima, 2009; Frotscher et al., 2009, 2010). In contrast, wild-type apical processes 

are arranged in regular arrays that are oriented with respect to the radial dimension. The 

misdirection of dendritic processes in the Reeler cortex may be a consequence of loss of 

lamination of cadherin-based adhesive cues. Supporting these ideas, N-cadherin was 

shown to play a role in layer-specific growth cone movement in chicken and Drosophila 

(Inoue and Sanes, 1997; Nern et al., 2008). Other classic cadherins (for example, Cdh4, 

Cdh6 and Cdh7) are involved in the migration of axons (Treubert-Zimmermann et al., 

2002) and in the extension of the leading axon of neuroblasts (Luo et al., 2004; 

Taniguchi et al., 2006). 

6.3 Cadherin-mediated adhesive properties and patch formation

Although cells positive for each cadherin are found throughout all neocortical layers and 

cortical amygdaloid areas that are affected in the Reeler mutant brains, there is evidence 

for type-specific cell sorting that is typical for cadherin expression: cells that express 

specific cadherins are often found in clusters. This result suggests that cadherin-

mediated adhesion and sorting of early neurons in the cortical plate and the 

pallial/subpallial origins is not completely abolished, as also indicated by previous 

studies (Ichinohe et al., 2008). Interestingly, in the neocortex there is a relation between 

the molecular marker L1, which labels afferent fiber fascicles in wild-type layer IV 

(Chung et al., 1991), and Pcdh8-expressing cell clusters. Pcdh8, which is not expressed 

in layer IV, labels L1-negative cell clusters in Reeler cortex. Pcdh19, which is expressed 

in layer IV, labels patches complementary to the Pcdh8 patches (Fig. 5.9G-L). Whether 

the cadherin-expressing cell clusters in Reeler cortex retain other properties of wild-type 

cortical layers remains to be studied in the future. 

In several nuclei/areas of the wild-type amygdala, cadherin-expressing patches 

or cell aggregates can be observed. Such clusters are observed at P5, but also in the 
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adult amygdala, and appear to represent a previously unknown feature of amygdalar 

organization. Based on data from other areas, it is possible that these amygdalar cell 

aggregates or patches relate to cells of similar embryonic origins, birth date and/or 

similar connectivity patterns. Cadherins are differentially expressed also in other brain 

structures of the chicken telencephalon and mouse basal ganglia that display patch-like 

gray matter architecture (Heyers et al., 2003; Hertel et al., 2008). The striosomes and 

the surrounding matrix in the mouse basal ganglia are an example of this type of gray 

matter architecture (Redies et al., 2002). In both structures, as well as in cerebral cortex, 

there is a relation between adhesive properties and the birthdate of neurons. 

Interestingly, in mixed cultures of cells from basal ganglia and neocortex, early-born 

neurons but not late-born neurons selectively aggregate (Krushel and van der Kooy, 

1993). This result indicates that similar adhesive mechanisms act throughout the 

telencephalon. It has been proposed that the action of Reelin in the cortical plate plays a 

crucial role in layer formation (for comprehensive reviews Rice and Curran, 2001; 

D’Arcangelo, 2006). It is therefore noteworthy that, in the absence of Reelin, cortical 

gray matter contains patchy aggregates of cells that express cadherins differentially.  

 

6.4 Do the cadherin-expressing subdivisions and regions reflect the functional 

organization within the amygdaloid complex?

The combinatory expression of the thirteen cadherins studied in the amygdala allows the 

distinction of multiple molecular subdivisions that appear to be related to cell 

populations with different connectivity patterns. In fact, it has been proposed that the 

amygdala is neither anatomically nor functionally a single unit but should be divided, 

with its parts included in various other functional systems (Swanson and Petrovich, 

1998; Pitkänen et al., 1998; Pitkänen, 2001). It is not feasible to analyze the cadherin 

profile of each amygdalar pathway with the scope of this discussion, but I will mention 

a few representative connections below.  

 Most of the cadherins exhibit regionalized expression within the different nuclei 

of the amygdala. For example, Pcdh1 shows strong expression in the medial part of the 

anterior basolateral nucleus (BLA; Fig. 5.18D), but weak staining in the lateral portion 

of this nucleus. The dorsal part of the lateral nucleus (LaD) shows strong expression for 

Pcdh7, whereas the ventral part (LaV) is more weakly stained (Fig. 5.19D). The medial 

amygdala exhibits strong Pcdh9-positive patches in the posteroventral part (MePV; Fig. 

5.21 E, F) but the posterodorsal part (MePD) shows almost no Pcdh9 expression. This 
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regionalization may reflect the functional differentiation and the establishment of 

interconnections with other amygdaloid nuclei or brain areas, as previously shown for 

other brain regions (for reviews, see Redies, 2000; Hirano et al., 2003). The input from 

other brain areas reaches the amygdala via different amygdaloid nuclei. The information 

becomes processed within these nuclei or may be delivered into one or more 

amygdaloid regions via intra-amygdaloid circuitry. Therefore, information becomes 

processed in parallel at several amygdaloid locations. The resulting behavioral response 

is the sum of the modulated signal representations. The input and output of the 

amygdala is often organized in a topographic manner. For example, different parts of 

the cerebral cortex, including the parietal cortical areas, insular cortex and temporal 

cortex, project to the different divisions of the lateral nucleus (McDonald, 1998; Shi and 

Cassell, 1999). Gustatory, visceral and somatosensory cortical areas provide input to the 

rostral portion of the dorsolateral and the medial divisions, whereas the auditory and 

visual cortical areas provide input to the caudal portion of these divisions. All these 

regions exhibit a combinatorial cadherin expression pattern. Cdh7, Pcdh8 and Pcdh19, 

for example, are expressed strongly in the different divisions of the lateral nucleus 

(Figs. 5.15E, 5.20D, and 5.25D) and are also expressed in different layers of the 

somatosensory cortex (Fig. 5.6). Moreover, Pcdh11 shows no expression in the lateral 

amygdaloid nucleus (Fig. 5.23C, D) and it is largely absent in the somatosensory 

cortical areas (Fig. 5.6A).  

Another example is the projection from the basal nucleus to the basal ganglia. 

The BLA division (magnocellular) projects to the caudolateral caudate putamen, and the 

posterior and lateral (parvicellular) divisions (BLP and BLV) project to the rostromedial 

caudate putamen (Wright et al., 1996). Cdh7 is strongly expressed in the BLP and BLV 

(Figs. 5.15D, E; 5.27B), but shows no expression in the BLA (Fig. 5.15C, D). 

Correspondingly, in the caudate putamen, Cdh7 expression is limited to the rostral part 

of the matrix, including its rostromedial portion (see Figs. 3, 5 in Hertel et al., 2008) in 

P5 and adult mice. Pcdh19, as another example, shows moderate expression in the BLA, 

but only light expression in the BLV and moderate signal in BLP (Figs. 5.25B, D, E; 

5.27F). In the caudate putamen, there is a general increase of Pcdh19 expression from 

rostral to caudal resulting in a strong expression of the entire caudal striatum, including 

the caudolateral part (see Fig. 7M-P in Hertel et al., 2008). These data suggest that the 

amygdala is a component of the cortico-striato-pallidal output circuit that is involved in 
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control of neuroendocrine and autonomic systems (Swanson, 2000; Garcia-Lopez et al., 

2008).  

The amygdaloid complex includes pallial/cortical, striatal, pallidal, peduncular 

and subpallial derivatives (Puelles et al., 2000; Medina et al., 2004; Garcia-Lopez et al., 

2008). The medial amygdala, for example, consists of a peduncular (MePD) derivative 

and a subpallial (MePV) derivative (Petrovich et al., 2001, Choi et al., 2005). The 

medial amygdala is one of the main centers projecting throughout the stria terminalis, 

and targets the ventromedial hypothalamic nucleus, among other areas. A previous 

publication using both immunohistochemistry and in situ hybridization reported the 

expression of R-cadherin (Cdh4) in the anterior commissure and the stria terminalis 

(Obst-Pernberg et al., 2001). The stria terminalis constitutes one of the major ouput 

fiber tracts with descending projections of the amygdala to the hypothalamus and 

brainstem (Alheid and Heimer, 1988; de Olmos et al., 2004). In the rat, the projections 

of the dorsal and ventral posterior parts of the medial amygdala (MePD, MePV) to the 

ventromedial hypothalamic nucleus are segregated, targeting distinct parts of the 

nucleus involved in either reproduction or defense (Choi et al., 2005). The data 

presented in my thesis indicate that the two parts of the posterior medial amygdala 

(MePD and MePV) express different combinations of cadherins: for example, MePD 

expresses high levels of Pcdh7 (Fig. 5.19D), Pcdh8 (Fig. 5.20C), Pcdh10 (Fig. 5.22E) 

and Pcdh11 (Fig. 5.23D). In contrast, MePV shows no expression for Pcdh10 (Fig. 

5.22D-F) and Pcdh11 (Fig. 5.23D). Additionally, MePV shows moderate expression of 

Pcdh7 (Fig. 5.19D) and Pcdh8 (Fig. 5.20C, D), and is strongly Pcdh9 positive (Fig. 5.21 

E, F). Cadherins are also expressed in different patterns and subdomains in the 

ventromedial hypothalamic nucleus of the mouse (Vanhalst et al., 2005), although the 

relation to the specific target areas in the medial amygdala is not clear. This point 

requires further investigations.  

Another interesting example is the point-to-point, non-overlapping projection of 

the medial amygdala as well as the medial division of the lateral nucleus and the 

parvocellular part of the basomedial nucleus to the entorhinal cortex of the hippocampal 

region (McDonald, 1998; Pikkarainen et al., 1999; Petrovich et al., 2001). These 

projections terminate in different layers (layers III and V), respectively. The amygdalar 

projection and its entorhinal target layers display, at least in part, corresponding 

cadherin expression profiles. For example, Cdh7 and Cdh11 show strong expression in 

the medial division of the lateral nucleus and in the basomedial nucleus (Figs. 5.15, 
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5.17, Table 5.1) of the amygdala. In the entorhinal cortex of the hippocampal region, the 

layers III and V show moderate to strong expression for Cdh11 (see Fig. 5.12B) and  

Cdh7 (data not shown). Similarly, Pcdh19 is moderately expressed in the basomedial 

nucleus of the amygdala and the deep layers of the entorhinal cortex (Figs. 5.12D; 5.25; 

see also Kim et al., 2010). Vice versa, Cdh6 and Pcdh11 show almost no expression in 

the medial subdivision of the lateral amygdaloid nucleus (Figs. 5.14; 5.23D, E) and also 

no expression in the upper layers II and III of the entorhinal cortex (data not shown). 

This leads me to the suggestion that cadherins possibly play a role in functional 

connectivity between the amygdala and the hippocampal region within the medial 

temporal lobe memory system.  

Cadherins have been suggested to contribute to the formation of the olfactory 

networks (Akins et al., 2007). Mitral and tufted cells of the main and accessory 

olfactory bulbs express Cdh4, Cdh6 and Cdh11 in their cell bodies and/or axons (Akins 

et al., 2007). Moreover, axons in the lateral olfactory tract express Cdh4 and Cdh11 

(Obst-Pernberg et al., 2001; Akins et al., 2007). Cdh4 and Cdh11 are strongly expressed 

in the amygdala (Figs. 5.13, 5.17), including all olfactory targets (cortical amygdalar 

areas, nucleus of the lateral olfactory tract, nucleus of the accessory olfactory tract, and 

medial amygdala; Martínez-Marcos, 2009). Therefore, it is possible that cadherins play 

also a role in the formation of olfactory projections to the amygdala. Interestingly, Cdh6 

expression appears to be restricted to subpopulations of mitral cells of the olfactory 

bulbs (Akins et al., 2007). This expression profile is correlated with the observation that 

Cdh6 is expressed only in scattered subpopulations of cells in some olfactory targets in 

the amygdala (Fig. 5.14A, B, E; for olfactory connections, see Martínez-Marcos, 2009). 

Cdh4, Cdh6 and Cdh11 expression in the mitral and tufted cells was investigated during 

embryonic development (E15) and during the first postnatal week (P0, P7) (Akins et al., 

2007). In this thesis, the expression of these cadherins was observed during the first 

postnatal week (P5) and in the adult. The above findings suggest that cadherins may 

play roles in the olfactory projection to the amygdala, by regulating axonal pathfinding, 

synaptogenesis, and later in development, synaptic stabilization and plasticity. 

In summary, the above examples suggest that cadherins might play an important 

role in the morphogenesis of the different subdivisions of the amygdala, the 

regionalization within the different nuclei, and the formation of their functional 

connectivities. Consequently, we identified a cadherin-based code for the functional 

architecture of amygdala. This code may be relevant for understanding the functional 
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organization of the amygdala as well as the subdivisions of amygdala-associated brain 

nuclei, cortical layers and neural circuits. 

6.5 Reelin-dependent migration of the caudal amygdaloid stream

An interesting proposal of the origin of the nucleus of the lateral olfactory tract (LOT) 

was published by Remedios et al. (2007). LOT has been described as a three-layered 

structure that is connected with the olfactory bulb and the piriform cortex (Luskin and 

Price, 1983; Santiago and Shammah-Lagnado, 2004). Pax6, a developmental 

transcription factor, exhibits a differential expression within the three layers of this 

nucleus. Layer 1 of LOT (LOT1) and other surrounding amygdaloid structures are 

Pax6-negative whereas LOT2 and the deep nuclei La, BL and BM express Pax6 (Tole et 

al., 2005). This differential expression corresponds to differences in the origins of these 

nuclei. Remedios and co-workers (2007) provided evidence that LOT2 originates in the 

dorsal pallium (which also generates the neocortex) at a caudalmost position within the 

telencephalic neuroepithelium. From here, cells migrate rostrally, forming the caudal 

amygdaloid stream that finally reaches LOT2. This migration requires Reelin and Cdk5, 

two molecules critical for radial glial migration in the neocortex (Ohshima et al., 1996; 

Chae et al., 1997). However, mutants in Cdk5 (an intracellular kinase) that also affect 

cortical migration, differ from the Reeler phenotype. In contrast to the situation in 

Reeler mutants, preplate splitting does occur in Cdk5 mutants (Ohshima et al., 1996; 

Chae et al., 1997), although the splitting is abnormal (Rakic et al., 2006). Layers with 

the late-born neurons have a disrupted migration in the Cdk5 mutants (Gilmore et al., 

1998). This difference may be attributed to the different modes of migration of early-

born cells and late-born cells (Nadarajah et al., 2001). The cells of the caudal 

amygdaloid stream are born at early stages and require Cdk5 for their migration. In 

contrast, in the Reeler mutant, the cells of the LOT2 seem to be misdirected. LOT2 

appears at more caudal levels than in wild type, but the positioning only, not the 

specification of the cells, seems perturbed (Fig. 5.29C, F, I). This finding can be 

explained by the expression of Dab-1, the key mediator of the Reelin signaling pathway 

(Remedios et al., 2007), in LOT2 and the anterior amygdala. However, the lateral, the 

basolateral and basomedial amygdala nuclei (lateral and ventral pallial derivatives) are 

negative for Dab-1 (Rice et al., 1998; Remedios et al., 2007). This finding suggests that 

only those components of the amygdala that derive from the dorsal pallium, especially 

cells of the caudal amygdaloid stream, are affected by the Reeler mutation. Consistent 
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with this interpretation, the deep caudal nuclei seem to be unaffected in the Reeler 

mutant (see Fig. 5.30). Interestingly, Cdk5 and its activator p35 are associated with the 

-catenin/N-Cdh(Cdh2) complex in the murine cortex (Kwon et al., 2000). It has been 

hypothesized that N-Cdh is down-regulated during migration of neuroblasts by the 

activity of p35/Cdk5 and that neuroblast migration is terminated with the 

downregulation of p35/Cdk5 by Reelin (Homayouni and Curran, 2000). These results 

provide a possible explanation of how N-Cdh-mediated adhesion of migrating neurons 

may be regulated by the Reelin signaling pathway.  

 

6.6 General conclusion and future directions 

In conclusion, the spatially restricted expression of individual cadherins in the cerebral 

cortex and the amygdala in wild-type mice suggest that cadherins might provide an 

adhesive code for the formation, differentiation and connectivity of these brain 

structures (Redies et al., 1993; Neudert and Redies, 2008). The latter suggestion 

requires more definite confirmation by neuroanatomical tracing studies. Also, the 

precise functional role of cadherins in contributing to the development of the cerebral 

cortex and the amygdala remains to be studied by genetic or other experimental 

approaches, such as loss of function and/or gain of function analyses in transgenic 

mouse models. Such future studies may possibly result in the elucidation of novel 

genetic mechanisms involved in CNS patterning. 

 In the Reeler mutant mouse, an animal model used for studying corticogenesis, 

cadherin-expressing cells are distributed widely across the radial dimension in cerebral 

cortex, and cortical pallial parts of the amygdaloid complex are disorganized. This 

disorganization may possibly coincide with changes in the establishment of neural 

circuits caused by the lack of Reelin. The multiple structural deficits in the Reeler brain 

have lead to the suggestion that the Reelin glycoprotein may be involved in several 

neurodevelopmental disorders, e.g. schizophrenia (Impagnatiello et al., 1998; Fatemi et 

al., 2000; Guidotti et al., 2000), bipolar disorder (Fatemi et al., 2000; Guidotti et al., 

2000), lissencephaly (Hong et al., 2000) and autism (Persico et al., 2001; Fatemi et al., 

2005). A human equivalent of the homozygous Reeler mutant apparently exists, but 

affected individuals are extremely rare. Affected individuals have severe lissencephaly 

and cerebellar atrophy (Hong et al., 2000; Chang et al., 2007). It is possible that the 

homozygous mutant genotype is more prevalent but that fetuses die early due to low 

viability. 
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The finding that Reelin mRNA is down-regulated in psychotic post-mortem 

brains (Impagnatiello et al., 1998; Guidotti et al., 2000) resulted in a special interest in 

the heterozygous Reeler mouse as a possible animal model for psychoses (Tueting et al., 

1999). Additionally, the heterozygous Reeler mouse shows a reduced cortical thickness, 

reduced spine density in layer III of frontal cortex and neuropil hypoplasia similar to 

that observed in schizophrenia postmortem brains (Garey et al., 1998; Selemon and 

Goldman-Rakic, 1999; Kalus et al., 2000; Liu et al., 2001). However, in schizophrenia, 

environmental factors are also known to be important variables. These aspects need to 

be considered also in any animal model for a role of Reelin in psychoses. 

Apart from schizophrenia, cadherins were shown to be involved in other 

psychiatric diseases. For example, Cdh7 has been linked to bipolar disorder (Sklar et al., 

2008; Soronen et al., 2010). Interestingly, Cdh7 is expressed in the developing eye and 

in the retina of mice and ferrets (Faulkner-Jones et al., 1999a; Etzrodt et al., 2009) and 

in the visual cortex of ferret (Krishna-K et al., 2009). The function of the visual system 

is also affected in bipolar disease that can manifest itself in disturbances of circadian 

rhythm, seasonal variation, visual attention and working memory. Further investigations 

are required to study the possible link between cadherins and psychotic disorders in 

humans in greater detail. 
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APPENDIX: MATERIALS 

Chemicals

All chemicals were ordered from the Sigma-Aldrich, Merck or Roth companies, except 

when noted otherwise. They were of analytical purity. 

Agarose (electrophoresis grade ultra pure) Invitrogen GmbH, Darmstadt 

5-bromo-4-chloro-3-indolyl  

phosphate, p-toluidine salt (BCIP)  Fermentas GmbH, St. Leon-Rot 

Blocking Reagent    Roche Diagnostics GmbH, Mannheim 

Chloroform     Sigma-Aldrich GmbH, Steinheim 

Denhardt´s solution    Sigma-Aldrich GmbH, Steinheim 

Dextran sulfate sodium salt (50x)  Sigma-Aldrich GmbH, Steinheim 

3,3-Diaminobenzidine  

tetrahydrochloride (DAB)   Sigma-Aldrich GmbH, Steinheim 

1,4-Diazabicyclo[2.2.2]octan (DABCO) Sigma-Aldrich GmbH, Steinheim 

Diethylpyrocarbonate (DEPC)  Sigma-Aldrich GmbH, Steinheim 

Dimethylformamide (DMF)   Merck KGaA, Darmstadt 

Entellan®     Merck KGaA, Darmstadt 

Fast Red Tablets    Roche Diagnostics GmbH, Mannheim 

4-(2-hydroxyethyl)-1-piperazine- 

ethanesulfonic acid (HEPES)    Roth GmbH, Karlsruhe 

Hoechst 34580    Molecular Probes, Inc., Eugene, USA 

LB Agar     Invitrogen GmbH, Darmstadt 

Mowiol 4-88     Calbiochem-Novabiochem Corporation,  

La Jolla, USA

Nitroblue tetrazolium salt (NBT)  Fermentas GmbH, St. Leon-Rot 

Paraformaldehyde (PFA)   Merck KGaA, Darmstadt 

Phenol red     Sigma-Aldrich GmbH, Steinheim 

Silicon solution    SERVA GmbH, Heidelberg 

Skim milk powder    Merck KGaA, Darmstadt 

Sucrose     Sigma-Aldrich GmbH, Steinheim 

Thionin     Merck KGaA, Darmstadt 

Tissue Tek® O.C.T.    Science Services, München 
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TritonX-100     Sigma-Aldrich GmbH, Steinheim 

Tween-20     Roth GmbH, Karlsruhe 

Antibodies

primary

Sheep anti-digoxigenin-AP,

Fab fragments, polyclonal,    

(catalog no. 11093274910)   Roche Diagnostics GmbH, Mannheim 

Sheep anti-fluorescein-AP, 

Fab fragments, polyclonal,    

(catalog no.11426338910)   Roche Diagnostics GmbH, Mannheim 

Rat anti-neural cell adhesion molecule L1, 

clone 324 (MAB5275)   Millipore, Temecula, CA, USA 

secondary

Biotinylated goat anti rat IgG (H+L), Jackson ImmunoResearch, Cambridgeshire,  

(catalog no. 112-065-167)   UK 

Kits

DNeasy® Blood & Tissue Kit   Qiagen GmbH, Hilden 

QIAprep® Spin Miniprep Kit   Qiagen GmbH, Hilden 

REDTaq® ReadyMixTM PCR Reaction Mix  Sigma-Aldrich GmbH, Steinheim 

Vectastain Elite ABC Kit Standard  Vector Laboratories Inc., Burlingame, USA 

Enzymes, antibiotics and other proteins 

Ampicillin     Invitrogen GmbH, Darmstadt 

BSA (bovine serum albumin)  New England Biolabs GmbH, Frankfurt/M. 

DNase A     Promega, Madison, WI USA 

Horse serum, normal    Vector Laboratories, Inc., Burlingame,  

USA

Proteinase K (for genotyping)  Qiagen GmbH, Hilden 

Proteinase K (for in situ hybridization) Sigma-Aldrich GmbH, Steinheim 
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Restriction endonucleases

ApaI   50,000 unit/ml  New England Biolabs GmbH, Frankfurt/M. 

HindIII  100,000 unit/ml  New England Biolabs GmbH, Frankfurt/M. 

KpnI  10,000 unit/ml  Fermentas GmbH, St. Leon-Rot 

NcoI  10,000 unit/ml  New England Biolabs GmbH, Frankfurt/M. 

NotI  10,000 unit/ml  New England Biolabs GmbH, Frankfurt/M. 

SmaI  10,000 unit/ml  Fermentas GmbH, St. Leon-Rot 

SpeI  10,000 unit/ml  New England Biolabs GmbH, Frankfurt/M. 

XhoI  20,000 unit/ml  New England Biolabs GmbH, Frankfurt/M. 

Ribonuclease A    Sigma-Aldrich GmbH, Steinheim 

RNA inhibitor RiboLockTM   Fermentas GmbH, St.Leon-Rot 

RNA polymerases 

 Sp6     Fermentas GmbH, St. Leon-Rot 

T3     Roche Diagnostics GmbH, Mannheim 

T7     Fermentas GmbH, St. Leon-Rot 

Sheep serum, normal    Merck KGaA, Darmstadt 

Taq DNA polymerase    Sigma-Aldrich GmbH, Steinheim 

Nucleic acids and nucleotides 

DIG-RNA labeling mix (10x)  Roche Diagnostics GmbH, Mannheim 

DNA ladder, MassRulerTM   Fermentas GmbH, St. Leon-Rot 

DNA ladder, Mid Range   Jena Bioscience GmbH, Jena 

Fluo-RNA labeling mix (10x)  Roche Diagnostics GmbH, Mannheim 

Oligonucleotides (Primer)   Eurofins MWG Operon, Ebersberg 

RNA ladder, High Range   Fermentas GmbH, St. Leon-Rot 

RNA, transfer, from baker´s yeast  Sigma-Aldrich GmbH, Steinheim 

Salmon testes DNA    Sigma-Aldrich GmbH, Steinheim 

Solutions and Buffers 

All solutions and buffers were prepared, except as noted otherwise, with deionized 

water (H2O) from an ultrapure water purification system (ELGA LabWater, Celle) and 

stored at room temperature. RNase-free solutions were prepared with DEPC-treated 

water under RNase-free conditions. 
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ABC-Reagent Avidin DH

Reagent B 

NaCl

Trizma base 

CaCl2

MgCl2

Skim milk powder 

2% v/v 

2% v/v 

150mM

50mM

1M

1M

5% w/v

Acetic anhydride solution (ISH) DEPC-treated water 

Triethanolamine 

37% HCl 

Acetic anhydride 

150ml

2.26ml

380μl

380μl

Acetic anhydride solution (D-ISH) Triethanolamine 

Acetic anhydride 

0.1M

375μl

Antibody solution (ISH + D-ISH) NaCl

Na2HPO4 x 2H2O

NaH2PO4 x H2O

Sheep serum, normal

10% sodium azide 

Sheep anti-DIG-AP antibody 

Sheep anti-Fluo-AP antibody 

0.13M

7mM

3mM

1% v/v 

0.2% v/v 

1:2000

1:2000

Antibody solution (primary; IHC) NaCl

Trizma base 

CaCl2

MgCl2

Skim milk powder 

Rat anti-L1 antibody 

150mM

50mM

1M

1M

5% w/v

1:1000

Antibody solution (secondary; IHC) NaCl

Trizma base 

150mM

50mM
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CaCl2

MgCl2

Skim milk powder 

Biotinylated goat anti-rat 

antibody

1M

1M

5% w/v

1:300

Antibody solution (Northern Blot) Maleic acid 

NaCl

Blocking reagent 

Maleic acid 

Sheep-anti-DIG-AP antibody 

Sheep-anti-Fluo-AP antibody 

10mM

15mM

1% w/v

100mM

1:5000

1:5000

Blocking buffer (Northern Blot) Maleic acid 

NaCl

Blocking reagent 

Maleic acid 

pH 7.5 

10mM

15mM

1% w/v

100mM

Blocking solution (ISH) NaCl

Na2HPO4 x 2H2O

NaH2PO4 x H2O

Sheep serum, normal

pH 7.4 

130mM

7mM

3mM

2% v/v

Blocking solution (D-ISH) NaCl

Na2HPO4 x 2H2O

NaH2PO4 x H2O

Sheep serum, heat inactivated 

Blocking reagent

pH 7.4 

130mM

7mM

3mM

2% v/v 

2% w/v

Blocking solution (IHC) NaCl

Trizma base 

150mM

50mM
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CaCl2

MgCl2

Skim milk powder 

1M

1M

5% w/v

Buffer 3 Trizma base

NaCl

MgCl2

pH 9.5 

100mM

100mM

50mM

Buffer 4 Trizma base 

EDTA

pH 8.0 

10mM

1mM

DAB solution NaCl

Trizma base 

CaCl2

MgCl

Skim milk powder 

DAB

NiCl2

30% H2O2

150mM

50mM

1M

1M

5% w/v

0.03% w/v

0.04% w/v

0.01% v/v 

DEPC-treated water DEPC

autoclaved

1%

Detection buffer (Northern blot) Trizma base 

NaCl

MgCl2

NBT

BCIP

100mM

100mM

50mM

0.03% w/v

0.02% w/v

HBS stock solution (10x) NaCl

KCl

1.4M

50mM
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Glucose

Na2HPO4 x 2H2O

Phenol red 

HEPES

pH 7.4 

stored at 4°C 

50mM

4mM

0.4mM

0.1M

Humid chamber solution (for 

hybridization)

Formamide 

SSC

50% v/v 

1x v/v

Hybridization solution A (ISH) Formamide 

EDTA

SSC solution 

Denhardt´s solution 

Dextran sulfate 

stored at -20°C 

50% v/v 

10mM

3x v/v

1x v/v

10% w/v

Hybridization solution A (D-ISH) Tris pH 7.5  

NaCl

EDTA

SDS

Dextran sulfate 

Denhardt’s solution 

Formamide 

stored at -20°C 

10mM

600mM

1mM

0.25% w/v

10% w/v

1x v/v

50% v/v

Hybridization solution B (ISH) Baker´s yeast t-RNA 

Salmon testis DNA 

probe

42μg/ml

42μg/ml

1μg/ml

Hybridization solution B (D-ISH) Baker´s yeast t-RNA 

Salmon testis DNA 

probe

200μg/ml

42μg/ml

1μg/ml
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Fast Red substrate solution Napthol substrate 

Fast Red chromogen 

Levamisole 

Tris-HCl, pH 8.2 

0.5mg

2mg

0.4mg

2ml

Formaldehyde in HBS Paraformaldehyde 

NaCl

KCl

Glucose

Na2HPO4 x 2H2O

Phenol red 

HEPES

MgCl2

CaCl2

pH 7.4 

4% w/v

140mM

5mM

5mM

0.4mM

0.04mM

10mM

0.1M

0.1M

Formaldehyde in PBS Paraformaldehyde 

NaCl

Na2HPO4 x 2H2O

NaH2PO4 x H2O

pH  7.4 

4% w/v

130mM

7mM

3mM

LB agar Agar in LB medium 

autoclaved, stored at 4°C 

15g/l

LB medium Tryptone/peptone

Yeast extract 

NaCl

1M NaOH 

autoclaved, stored at 4°C 

10g/l

5g/l

5g/l

1ml/l

LBAmp medium Ampicillin in LB medium 50μg/ml
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MAB stock solution (10x) Maleic acid 

NaCl

pH 7.5, stored at 4°C 

1M

2.5M

MABT solution buffer Maleic acid 

NaCl

Tween-20

0.1M

0.25M

0.1% w/v

MOPS running buffer MOPS (4-morpholino-

propanesulfonic acid) 

Sodium acetate 

EDTA

37% Formaldehyde 

20mM

5mM

1mM

2% v/v

Mowiol mounting medium Mowiol 4-88 

Glycerin

Tris-HCl

DABCO 

pH 8.5 

13.3% w/v

30% w/v

0.1M

25mg/ml

NBT/BCIP substrate solution Trizma base

NaCl

MgCl2

BCIP

NBT

100mM

100mM

50mM

0.02% w/v

0.03% w/v

NTE stock solution (5x) Trizma base 

EDTA

NaCl

pH 8.0 

50mM

5mM

2.5M

NTM buffer NaCl 100mM
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Tris pH8

MgCl2

pH 8.0 

100mM

50mM

PBS stock solution (Phosphate-

buffered saline; 10x) 

NaCl

Na2HPO4 x 2H2O

NaH2PO4 x H2O

pH 7.4 

1.3M

70mM

30mM

PBT buffer NaCl

Na2HPO4 x 2H2O

NaH2PO4 x H2O

Tween-20

pH 7.4 

0.13M

7mM

3mM

0.1% w/v

Peroxidase blocking solution Methanol

H2O2

100% v/v 

0.3% v/v 

Proteinase K buffer Trizma base 

EDTA

pH 8.0 

100mM

50mM

SOC medium Peptone

Yeast extract 

NaCl

KCl

MgCl2

1M NaOH 

after autoclaving, add Glucose 

stored at -20°C 

20g/l

5g/l

0.5g/l

2.5mM

10mM

1ml/l 

3.6g/l

SSC stock solution (saline sodium 

citrate; 20x) 

NaCl

Sodium citrate 

pH 7.0 

3M

0.3M
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Sucrose solutions Sucrose

NaCl

KCl

Glucose

Na2HPO4 x 2H2O

Phenol red 

HEPES

MgCl2

CaCl2

sterile filtered, stored at 4°C 

12% w/v; 15% 

w/v; 18% w/v

140mM

5mM

5mM

0.4mM

0.04mM

10mM

0.1M

0.1M

TAE stock solution (Tris-acetate-

EDTA; 50x) 

Trizma base 

EDTA, pH 8.0 

Glacial acetic acid 

2M

50mM

5.71% v/v

TBS stock solution (Tris-buffered 

saline; 10x) 

NaCl

Trizma base

pH 7.4 

1.5M

0.5M

TE buffer Trizma base 

EDTA

pH 8.0 

100mM

1mM

Thionin solution Thionin

Ethanol, absolute 

Sodium acetate 

Acetic acid 

0.1% w/v

10% v/v 

33mM

0.48% v/v

Washing buffer Maleic acid 

NaCl

pH 7.5 

100mM

150mM
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Equipment

Analytical balance CP 2202S   Sartorius AG, Göttingen 

Camera, digital, Olympus DP70  Olympus GmbH, Hamburg 

Centrifuge (MiniSpin®)   Eppendorf, Wesseling-Berzdorf 

Cryostat HM560 Cryo-Star   Microm GmbH, Walldorf 

Electrophoresis chamber B1A  Owl Separation Systems, Portsmouth, USA 

Electrophoresis chamber B2   Owl Separation Systems, Portsmouth, USA  

Gel documentation system BioDocAnalyze Biometra GmbH, Göttingen 

Microscope, confocal laser scanning, SP5 Leica Microsystems, Wetzlar 

Microscope, light transmission, BX40 Olympus, Hamburg 

Microscope, stereo, SV11   Carl Zeiss AG, Jena 

Microscope, stereo, Stemi 2000  Carl Zeiss AG, Jena 

Microscope, stereo, MZ FLIII  Leica Microsystems, Wetzlar 

Spectrophotometer WPA Biowave  Biometra, Göttingen 

Thermocycler T3    Biometra, Göttingen 

Ultrapure water purification system  

PURELAB Maxima    ELGA LabWater, Celle 

Consumption items 

Coverslips 24x60mm (Size 1)  Menzel GmbH, Braunschweig 

Coverslips 24x50mm (Size 1.5)  Menzel GmbH, Braunschweig 

Cuvettes (UV)     Brand GmbH, Wertheim 

Nylon membrane HybondTM-N  GE Healthcare Europe GmbH, München 

Parafilm “M” laboratory film   Pechiney Plastic Packaging, Chicago, USA 

Presicion surgical instruments  Fine Science Tools GmbH, Heidelberg 

RNase AWAY    Molecular Bio-Products, Bradford, UK 

Slices Super Frost® Plus   Menzel GmbH, Braunschweig 

Software 

Adobe Photoshop CS    Adobe Systems GmbH, München 

Microsoft Excel 2003    Microsoft GmbH, Unterschleißheim 

Microsoft Word 2002    Microsoft GmbH, Unterschleißheim 

Olympus DP Soft    Olympus GmbH, Hamburg 
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