
Chapter 12

Cadherins in Neural Development

Lewis L. Brayshaw and Stephen R. Price

Abstract Cadherins play many diverse roles in the development of the nervous

system of vertebrates. Far from being simple adhesion molecules, they also orches-

trate cell generation, cell movements, and cell morphogenesis. Cadherins also

regulate specificity of cell-to-cell interactions during neuronal circuit formation

and function. Cadherin expression during neural development is also dynamic and

highly regulated. At each phase of embryo development, cadherins emerge as key

molecular determinants of neural function through their many diverse binding

partners. Additionally, they play important roles in the plasticity of the nervous

system, a key feature believed to underpin the ability of the brain to function. Many

neurodevelopmental disorders also have cadherin disfunction at their heart indicat-

ing that cadherin-based therapies may emerge as future treatments for these dev-

astating conditions.
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12.1 Introduction

The nervous system of vertebrates is a functioning structure of awe-inspiring

complexity. Many billions of neurons connect and communicate with one another

via many trillions of structures known as synapses. Synapses are dynamic and can

be strengthened or weakened, created or destroyed depending on the needs of the

given neuronal circuit for information storage or processing. But these circuits are

not born fully formed. During embryo development many thousands of different

specialised subtypes of cells are generated which have to migrate to where they will

assemble into a circuit. Concomitantly, neurons elaborate an axonal process that

will grow towards and make contact with the other neurons in the circuit which may

be some distance away from the neuron cell body. Cadherins are found expressed
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differentially in most areas of the developing nervous system and have been shown

to play key roles in the assembly and functional plasticity of neuronal circuits. For

neurons, cadherins are more than just cell adhesion proteins; they are essential to

the formation and function of the entire brain. As the cadherin family consists of

over 100 different subtypes, a whole textbook could be written on the role of

cadherins in neural development alone. Consequently, we have decided to focus

our attention on the roles of members of the classical cadherin family in vertebrate

nervous system development. We discuss current understanding of cadherin func-

tion in neural development by first discussing their role in neural tissue morpho-

genesis. We then discuss cadherin function in the formation of individual

postmitotic neurons with their characteristic morphology and finally their role in

coordinating cell-to-cell assemblies which, when they go wrong, could underpin

neurodevelopmental disorders. This latter field of endeavour is still in its infancy

and much work remains to uncover the many varied roles that cadherins play in the

lifetime of the nervous system.

12.2 Cadherins in Neural Tissue Morphogenesis

Tissue morphogenesis during neural development requires coordinated changes in

cell shape, adhesion, and movement. As tissue morphogenesis involves the collec-

tive movement of cells together, cadherins have an obvious function in maintaining

cell–cell adhesions throughout gross changes in embryo structure. However, this

function is far from trivial, as the expression of multiple cadherin subtypes must be

tightly regulated in time and space, and the dynamic assembly and disassembly of

cadherin-mediated interaction accurately orchestrated in order to permit change

without loss of tissue integrity. In this section, the involvement of cadherins in

several processes of early embryo and neural tissue morphogenesis is outlined, and

the role of cadherins in processes beyond simply cell adhesion is discussed.

12.2.1 Gastrulation

Cadherins play a central role in one of the earliest of morphogenetic processes in

embryos, gastrulation. Gastrulation involves large-scale cell movements to reorga-

nize the embryo from the blastula, a simple single-layered sphere of cells, into a

trilayered structure known as the gastrula (Fig. 12.1a; Solnica-Krezel and Sepich

2012; Ozair et al. 2013). The endoderm, mesoderm, and ectoderm are the primary

germ layers formed during gastrulation and will, amongst other tissues, give rise to

the digestive system, muscles, and nervous system, respectively. Cadherins have

been shown to be crucial mediators of cell–cell adhesions during the morphogenetic

movements of gastrulation in vertebrates (Tepass et al. 2000; Nakaya and Sheng

2008; Nishimura and Takeichi 2009). In zebrafish, E-cadherin facilitates adhesion
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between the enveloping layer and deep cells, two cellular domains in the zebrafish

blastula, and inhibition of E-cadherin expression significantly disrupts gastrulation

processes such as epiboly movement and the thinning and spreading of the ecto-

derm (Babb and Marrs 2004; Shimizu et al. 2005; Lepage and Bruce 2010).

Similarly, in Xenopus embryos C-cadherin adhesions are crucial for gastrulation

movements as expression of dominant-negative C-cadherin results in failure to

close the blastopore and impaired involution (Lee and Gumbiner 1995). Whereas

cadherin-mediated adhesions are important for maintaining structural integrity of

the tissue and facilitating collective cell migration, adhesions must also be

downregulated in order to permit movement and changes in the tissue by promoting

epithelial-to-mesenchymal transition (EMT). For example, C-cadherin must be

downregulated by mesoderm-inducing factor activin in order to permit convergent

extension in Xenopus embryos, which is the anterior–posterior extension of the

embryo as cells move towards and intercalate at the dorsal midline (Zhong

et al. 1999). In zebrafish and mice, FGF signalling promotes EMT during

Fig. 12.1 Cadherin roles in neural tissue morphogenesis. Cadherin cell–cell adhesions are

important in maintaining tissue integrity of morphogenic structures, such as the gastrula (a).

Dynamic regulation of cadherins is required for gross cellular rearrangements such as neurulation,

where E-cadherin is replaced by N-cadherin in the invaginating neural plate (b). Cadherin subtype

switching facilitates EMT during neural crest cell migration by permitting key changes in a cell’s
adhesive interactions and phenotype (c)
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gastrulation by Snail-mediated transcriptional downregulation of E-cadherin, and

the mesoderm in mice deficient in Snail activity are unable to lose epithelial

morphology and apicobasal cell polarity (Ciruna and Rossant 2001; Carver

et al. 2001). Furthermore, disassembly of cadherin adhesions must occur rapidly

in order to correlate with the gross movements of gastrulation, therefore cadherins

are also regulated at the protein level. For example, EPB4.1 L5, p38 interacting

protein and p38-MAP kinase all downregulate E-cadherin during EMT in gastru-

lation (Hirano et al. 2008; Zohn et al. 2006).

12.2.2 Neurulation

Cadherin subtypes display a distinct spatiotemporal expression pattern throughout

many morphogenetic processes in neural development (Hirano et al. 2012). During

neurulation, the formation of the neural tube, E-cadherin expression is replaced

with N-cadherin as well as other classical cadherin subtypes in the dorsal neural

ectoderm (Fig. 12.1b; Hatta and Takeichi 1986). However, the purpose of this

cadherin subtype switching and its correlation to the morphogenetic movements

during neurulation is under debate. In N-cadherin mutant zebrafish, key cellular

rearrangements such as convergent extension and intercalation are impaired during

neurulation (Hong and Brewster 2006). However, in N-cadherin knockout mice,

neural tube formation and closure occur normally with only some slight

malformations in the tissue organization (Radice et al. 1997). Furthermore, close

analysis of cadherin expression patterns during early morphogenesis in chick

embryos revealed that the kinetics of E-to-N switching do not appear to be

synchronised with the movements of neurulation (Dady et al. 2012). Instead,

based on the fact that the transcriptional regulators involved are distinct from

those in epithelial-to-mesenchymal transition (EMT), it is suggested that the switch

from E-cadherin to N-cadherin during neurulation is more a reflection of the

segregation of the neuroectoderm into its three main populations: ectoderm, neural

crest, and neural tube (Dady et al. 2012). This is an interesting example where the

loss of E-cadherin and gain of N-cadherin do not result in EMT, unlike during

tumourigenesis and cancer metastasis (Hazan et al. 2004).

12.2.3 Neural Crest Cell Migration

Epithelial-to-mesenchymal transition (EMT) is an extraordinary process in which

cells undergo changes in cell shape and adhesion to transform from an epithelial

phenotype into a migratory one (Thiery et al. 2009). EMT is required for multiple

tissue morphogenic movements in neural development and cadherins play a major

role in facilitating EMT, as cadherin subtype switching is required for key changes

in a cell’s adhesive interactions and phenotype (Theveneau and Mayor 2012).
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Neural crest cells (NCCs) are a neural stem cell population located at the neural

plate border that give rise to craniofacial structures, smooth muscles, cells of the

cardiac system, and most of the neurons and glial of the peripheral nervous system

(Dupin et al. 2006; Hall 2008). In a process called delamination, NCCs undergo

EMT and detach from neighbouring neuroepithelial cells in the neural plate in order

to migrate to various destinations in the embryo and differentiate (Fig. 12.1c;

Thiery et al. 2009; Theveneau and Mayor 2012). During EMT, NCCs typically

undergo a switch in cadherin expression, downregulating N-cadherin and

upregulating Type II cadherins 6/7/11 (Nakagawa and Takeichi 1995; Vallin

et al. 1998). At the initiation of EMT, N-cadherin expression is downregulated

posttranslationally by the activation of metalloprotease ADAM10 by BMP/Wnt

signalling in NCCs (Hall and Erickson 2003). Cleavage of N-cadherin aids NCC

delamination firstly by loosening cell–cell adhesions, and secondly by the cytosolic

cleavage-product of N-cadherin inducing transcription of cyclin-D1, which results

in the activation of β-catenin signalling, an important promoter of NCC EMT

(Shoval et al. 2007). Prior to delamination, premigratory NCCs express cadherin-

6 (formally cadherin-6B in chick) and the expression of this cadherin is believed to

play a role in segregating this population from other cells in the neuroepithelium,

which do not express cadherin-6 (Coles et al. 2007; Theveneau and Mayor 2012).

Following emigration from the neural tube, all populations of NCCs lack cadherin-

6 expression. However, differences in the timing of downregulation suggest that

cadherin-6 adhesions mediate different functions in the delamination of cranial and

trunk NCC populations (Clay and Halloran 2014). As cranial NCCs undergo EMT,

their cadherin-6 levels are rapidly reduced transcriptionally by Snail2 and posttran-

slationally via proteolytic cleavage by ADAM10, ADAM9, and γ-secretase
(Taneyhill et al. 2007; Schiffmacher et al. 2014). Furthermore, evidence shows

that this loss of cadherin-6 adhesion is critical for the transformation of cranial

NCCs to the migratory state. In ovo knockout of cadherin-6 in chick embryos

increases cranial NCC emigration from the neural plate and in vitro results support

the conclusion that loss of cadherin-6 adhesions play a critical role in regulating the

timing of cranial NCC delamination (Coles 2007; Schiffmacher et al. 2014). Trunk

NCCs, on the other hand, maintain cadherin-6 expression throughout EMT and

downregulation is only observed in chick and zebrafish embryos following delam-

ination (Clay and Halloran 2014; Park and Gumbiner 2010). Furthermore, the

current evidence actually points towards a pro-EMT role for cadherin-6 adhesions

in trunk NCCs (Taneyhill and Schiffmacher 2013). Cadherin-6–mediated bone

morphogenetic signalling has been shown to promote de-epithelialisation in chick

trunk NCCs and in vivo live-cell imaging of zebrafish reveals a novel role for

cadherin-6 in promoting apical detachment of NCCs by regulating F-actin dynam-

ics (Park and Gumbiner 2010; Park and Gumbiner 2012; Clay and Halloran 2014).

The involvement of cadherins in NCC development is complex, but the benefits of

our understanding are great due to the number of NCC-related developmental

disorders, neurocristopathies, and due to the remarkable similarity between the

mechanisms used to regulate cadherin adhesions in NCCs and tumour cells during

EMT (Theveneau 2012; Mayor and Theveneau 2013).
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12.2.4 Retinal Morphogenesis

Retinal morphogenesis is a highly complex process in neural development that

results in the astonishing organ that is the eye. Cadherin-mediated adhesions have

been demonstrated to be important for retinal development in mice, chick, and

zebrafish and in particular are crucial for appropriate patterning of the retina

(Matsunaga et al. 1988b; Rungger-Brändle et al. 2010; Chen et al. 2012). Expres-

sion patterns of N-cadherin and R-cadherin are regulated by pax6 in the retina and

zebrafish cadherin-mutants have severe disorders in retinal lamination (Rungger-

Brändle et al. 2010). Additionally, cadherin adhesions have been shown to be

important for optic fissure closure in both zebrafish and mice (Masai 2003, Chen

2012). Optic fissure closure is an important epithelial fusion event in eye develop-

ment, and occurs when the growing edges of the optic cup at the optic fissure

margins come together and fuse in order to form a continuous optic cup (Chow and

Lang 2001). Cadherins are believed to play an important role in coordinating cell

morphology changes in the optic fissure margins to ensure proper alignment and

closure (Chen 2012). Furthermore, cadherin-defective mice develop coloboma, a

congenital disease leading to childhood blindness. Therefore, there is hope that a

better understanding of cadherin functions in optic fissure closure will help to pin

down the cellular mechanisms responsible for coloboma development in humans

(Chang et al. 2006).

12.2.5 Summary

There has been significant progress in elucidating the complex cadherin expression

patterns seen throughout tissue morphogenesis, and the development of live-cell

microscopy techniques to follow cadherin dynamics in vivo has been invaluable.

However, in understanding the roles of cadherin in a tissue morphogenetic process,

having an accurate spatiotemporal map of cadherin expression is just the first step.

It is clear that the resulting effect of a specific cadherin’s expression is strongly

dependent on cellular context and cadherins can carry out multiple roles during

neural development. Thus, as well as identifying the downstream effects of

cadherin expression, it is equally important to elucidate the integration of upstream

signals which regulate cadherin functions in a given morphogenetic process.

Although challenging, obtaining an appreciation of the precise and various func-

tions of cadherins in tissue morphogenesis will be crucial in advancing our knowl-

edge of related neurodevelopmental disorders and cancer pathogenesis.
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12.3 Cadherins in Neural Progenitor Cell Maintenance

and Differentiation

During neural development, neural progenitor cells (NPCs) give rise to all of the

neuronal cells that will populate the entire adult nervous system (Temple 2001). In

this process called neurogenesis, it is essential that these self-renewing progenitor

cells are sustained as well as undergo differentiation at the appropriate time and

place in the embryo (G€otz and Huttner 2005; Doe 2008). Cadherin molecules play a

central role in this balance of NPC maintenance and differentiation, as many

processes hinge on the appropriate assembly and disassembly of cadherin-mediated

adhesions (Halbleib and Nelson 2006). For the maintenance of NPCs, cadherins

have functions in organization, regulation of NPC proliferation, and preservation of

NPC identity. Consequently, dynamic downregulation of cadherin-mediated adhe-

sions is also necessary for NPC differentiation and migration during neurogenesis.

This section provides an overview of cadherin roles in NPC maintenance and

differentiation, and discusses how regulation of adhesion, signalling, and cell

polarity is vital in eliciting these roles.

12.3.1 Cadherins in Organising the NPC Microenvironment

The appropriate structure and organization of the NPC microenvironment, known

as the ventricular zone, is both essential to the maintenance of NPCs and to the

process of neurogenesis (Fig. 12.2). This includes the controlled residence of NPCs,

as removal of NPCs from the ventricular zone results in their exit from the cell cycle

and terminal differentiation (Temple 2001). Cadherins facilitate many of the

adhesions that are critical to the positioning of NPCs and maintenance of the

NPC microenvironment. Early in development, cadherins in adherens junctions

physically link neuroepithelial progenitors to each other and to the ventricular

surface of the neuroepithelium (Chenn et al. 1998). Unlike in adult stem cell

microenvironments, the neuroepithelium is made up entirely of precursor cells

with no supporting cells present, thus the cell–cell adhesions mediated by cadherins

are essential to maintaining the integrity of the NPC microenvironment (Takahashi

et al. 1993). Further in development, as radial glial cells become the predominant

NPC, cadherin adhesions also play an important role in organising radial glial cells

and providing the architecture for neurogenesis. N-cadherin is responsible for the

anchoring of radial glial cells to the ventricular surface of the developing cortex and

loss of N-cadherin results in the failure of radial glial cells to extend processes from

the apical surface to the basal lamina of the cortical layer, which provide the

migrational track for newly formed neuronal cells during neurogenesis (Kadowaki

et al. 2007). As well as being necessary for the formation of these processes,

N-cadherin is also required for neuronal attachment to radial glial processes during

migration (Shikanai et al. 2011). Therefore, deregulation of cadherin molecules has

12 Cadherins in Neural Development 321



dire consequence for neurogenesis and results in improper population and layering

of the cerebral cortex (Marı́n et al. 2010; Kadowaki et al. 2007).

12.3.2 Cadherins in NPC Proliferation

Even subtle changes to NPC populations can result in dire developmental conse-

quences. Insufficient proliferation can result in microcephaly, abnormally reduced

Fig. 12.2 Neurogenesis and the organisation of the developing cortex. Radial glial neural

progenitor cells reside in the ventricular zone and extend processes to the basal lamina which

form the migrational track for nascent neurons. Cadherin adhesions are important in providing the

architecture for neurogenesis, attaching radial glial cells to each other and to the apical surface as

well as facilitating neuronal attachment to radial glial processes
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brain size (Gilmore and Walsh 2013), whereas uncontrolled growth of NPCs has

been linked to brain tumours such as astrocytomas (Perego et al. 2002) and

medulloblastomas (Swartling et al. 2012). Cadherin adhesions within adherens

junctions have been demonstrated to play an important role in the regulation of

NPC proliferation during development. For example, mislocalisation of N-cadherin

in the developing cortex and spinal cord results in hyperproliferation of NPCs and

the formation of tumour-like rosettes (Teng et al. 2005).

The classic link between cadherin adhesion and cell proliferation has always

been β-catenin. β-catenin connects cadherin molecules to the cell’s actin cytoskel-

eton and is a central signalling molecule in the Wnt-pathway, which is responsible

for NPC growth and cell cycling (Chenn and Walsh 2003; Junghans et al. 2005). It

is believed that cadherin adhesion sequesters β-catenin to the cell membrane,

inhibiting its activity and thus cell proliferation pathways (Nelson and Nusse

2004). Some evidence for this mechanism in NPCs has been found in vitro,

however, there is a growing body of in vivo evidence supporting a positive

regulatory role of cadherin adhesion on β-catenin signalling and subsequent prolif-

eration in neural progenitor cells (Noles and Chenn 2007; Zhang et al. 2010; Zhang

et al. 2013). Most recently, N-cadherin was shown to be necessary for proper

proliferation and cell cycling of NPCs in developing mice cortex by activating

β-catenin signalling in a Wnt-mediated manner (Zhang et al. 2013). Furthermore,

these findings also revealed N-cadherin positively regulates AKT activity, an

inhibitor of NPC exit from the VZ and apoptosis, demonstrating an additional

mechanism by which cadherin regulates NPC proliferation during development.

It is clear that further understanding of the complex relationship between

cadherins and β-catenin in the context of NPC proliferation is required. Although,

what is generally accepted is that it is the cell autonomous changes in β-catenin
signalling and not changes in cadherin cell adhesion which primarily regulate NPC

proliferation (Farkas and Huttner 2008). There is some suggestion, however, for a

possible non-cell autonomous role for cadherins in controlling precursor behaviour

in neural development. Earlier studies have shown a N-cadherin–dependent

increase in β-catenin transcriptional activation when neural precursors are cultured

at high density, suggesting a possible cell–cell contact (‘outside–in’) regulation
mechanism (Zhang et al. 2010). However, recent attempts to test this non-cell

autonomous regulation of cadherin adhesion on β-catenin and NPC proliferation

in vitro were inconclusive (Zhang et al. 2013). Additional investigation will be

required to evaluate a role for cadherins in transducing extracellular signals and will

help to further understand the interplay of cadherin adhesion and signalling func-

tions in regulating the proliferation of NPCs during development.
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12.3.3 Cadherins in the Maintenance of NPC Identity

In order to give rise to the millions of cells in the nervous system, NPCs must be

maintained in the undifferentiated, continuously dividing state during neural devel-

opment. Premature differentiation of NPCs and loss of their stem cell-like identity

will result in the depletion of the progenitor pool and underdevelopment of the

nervous system (Zhu et al. 2006; Hatakeyama et al. 2004). Central to the identity of

NPCs is the maintenance of their epithelial apicobasal cell polarity. This is dem-

onstrated by the disruption of cell polarity complexes in NPCs, which leads to loss

of neuroepithelial markers and premature differentiation (Cappello et al. 2006;

Costa et al. 2008). Cadherins in adherens junctions facilitate apicobasal polarity

by positioning important determinants and adhering processes of radial glial and

neuroepithelial cells to the ventricular surface and basal lamina (G€otz and Huttner

2005; Martin-Belmonte and Perez-Moreno 2011). Indeed, multiple groups have

demonstrated that the disruption of cadherin adhesions leads to the loss of

apicobasal polarity in NPCs and subsequent premature differentiation (Zhadanov

et al. 1999; Kadowaki et al. 2007; Lein et al. 2006). Cadherins also function to

maintain the undifferentiated NPC population by influencing outcomes of individ-

ual mitotic divisions; promoting self-renewing divisions, and inhibiting terminally

differentiating divisions which would deplete the progenitor pool (G€otz and Huttner
2005; Noles and Chenn 2007). Additionally, cadherins have also been shown to

maintain NPC identity by facilitating communication between NPCs and differen-

tiating cells in an ‘outside–in’ regulation mechanism (Hatakeyama et al. 2014). In

vitro and in vivo evidence in chick and mice embryos demonstrates that cadherin-

mediated adhesions in adherens junctions of the apical end-feet of differentiating

cells keep Notch signalling active in neighbouring NPCs, preventing premature

differentiation in a non-cell autonomous manner. It is often believed that adherens

junctions simply mediate physical contact between cells, but discoveries such as the

one above have led to a growing appreciation for cadherin-mediated adherens

junctions as sites for intercellular signalling, which have important roles in regu-

lating spatiotemporal maintenance and differentiation of NPCs.

12.3.4 Cadherins in NPC Differentiation and Migration
of Differentiated Cells

Cadherin adhesions are crucial in maintaining the self-renewing NPC population,

and consequently dynamic disassembly of their adhesive contacts is important for

the eventual differentiation of NPCs and detachment from the ventricular zone

(Doe 2008). However, the loss of cadherin adhesions must be tightly regulated in

order not to disrupt the careful balance between NPC maintenance and differenti-

ation, as aberrant disruption of cadherin adhesions has dire consequences for the

NPC population. Although loss of cadherin adhesions does not appear to affect the

324 L.L. Brayshaw and S.R. Price



ability of differentiated cells to arise in N-cadherin–deficient mice, it is becoming

clear that the precise regulation of cadherin adhesions is important for the success-

ful formation of differentiated cells during neural development (Kadowaki

et al. 2007; Kostetskii et al. 2001). At the end of the neurogenic period, retinal

ganglion cells undergo changes in cell polarity and adhesive contacts in order to

differentiate into the required cell types (G€otz and Huttner 2005). Some RGCs

downregulate adherens junctions and lose apical contacts to differentiate into

multipolar parenchymal astrocytes, whereas others maintain adherens junctions

and retract basal processes to form the ependymal lining of ventricles (Rakic

2003; Schmid et al. 2003). Downregulation of N-cadherin is also required for apical

abscission, the process where differentiated NPCs detach and migrate away from

the ventricular surface during neurogenesis. High-resolution live-cell imaging in

chick neural tubes reveals disassembly of cadherin adhesions is essential for the

retraction of apical processes during apical abscission, likely by loosening cell–cell

junctions and actin–myosin tension (Das and Storey 2014). Recent work has

focused on understanding the signalling networks which regulate cadherin adhe-

sions in order to control the balance between NPC self-renewal and differentiation.

Numb and Numb-like, regulators of Notch signalling, are required for the mainte-

nance of adherens junctions in cortical progenitor cells in mice and consequently

dictate NPC cell fate and polarity in a cadherin-dependent manner (Rasin

et al. 2007). Additionally, a transcription factor network involving Sox2 and two

Forkhead proteins (Foxp2 and Foxp4) has been identified, which regulates the

expression of N-cadherin in order to control the balance of NPC self-renewal and

differentiation in the developing neuroepithelium (Rousso et al. 2013). Foxp2 and

Foxp4 are potent suppressors of N-cadherin expression, and disruption of the Foxp

proteins inhibits NPC differentiation and migration from the VZ in the spinal cords

of chicks and mice (Rousso et al. 2013). Sox2 acts in opposition to activate

N-cadherin expression, and together with the Foxp proteins it helps to establish

the level of cadherin expression in the developing nervous system in order to

regulate NPC self-renewal and differentiation. Further work such as those outlined

above will give us a complete understanding of the genetic circuits that dictate

cadherin expression, and how the embryo is able to regulate the behaviour of NPCs

spatiotemporally with exquisite precision.

12.3.5 Summary

Cadherins sit at the centre of the balance between NPC maintenance and differen-

tiation during neural development. In vitro investigations and invaluable embryo

models have revealed the diverse functions of cadherin molecules in maintaining

NPCs and the pathways involved in their regulation for mediating neurogenesis. In

the future, there is hope to elucidate fully the network of interactions dictating

cadherin adhesions and this will set the foundation for advancements in treating
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neural developmental diseases and utilising stem cell technology to its full

potential.

12.4 Cadherins in Neuronal Form and Function

Once generated from a progenitor cell population, postmitotic cells of the nervous

system still undergo many phases of development to become integral parts of neural

circuits. This includes their taking on the characteristic neuronal morphology of

having a single axon and an elaboration of dendrites, the growth and patterning of

those processes, assembly of the neuronal soma into their mature position, and

formation of synapses between axons and dendrites of neurons within the circuit.

12.4.1 Cadherins in Axon Formation

A key first step in postmitotic neuronal development is to break symmetry of a

new-born cell to generate the characteristic neuronal polarity of a long thin axon

emanating from the neuronal cell body (Fig. 12.3; Dotti et al. 1988). This asym-

metry is generated around the time of the differentiation of the neuron where the

localisation of the centrosome predicts the location of the first neurite process that

Fig. 12.3 Neuron structure and cadherin function. Neurons consist of a cell soma with a single

axon and multiple dendrites. Each of these structures branches to varying degrees. Dendritic spines

are found on excitatory neurons. Many different neuronal morphologies can be observed in the

central nervous system. Two examples are shown here
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will become the axon (de Anda et al. 2005, 2008; Bradke and Dotti 2000; Powell

et al. 1997). Clusters of cadherins, most notably N-cadherin and E-cadherin are

required for the positioning of the centrosome (Gärtner et al. 2012a, b, 2014a, b;

Pollarolo et al 2011). Interestingly, in vitro studies suggest that this asymmetry of

cadherins is cell autonomous, in other words an intrinsic function of the cell and

thus not related to the binding of the cadherin to an extracellular substrate. It may be

that cadherin clustering from the plane of progenitor division in the last mitosis that

generates the postmitotic neuron may define the neurite precursor of the axon. In

Xenopus retinal ganglion cells, expression of an N-cadherin construct lacking its

extracellular region inhibits axon elongation (Riehl et al. 1996). It is thought that

cytoplasmic interactions of the cadherin with members of the armadillo family of

catenins, β-catenin, or p120 regulate cytosolic levels of the catenins. Each catenin

has different roles in activating or inactivating members of the Rho GTPase family

that may be critical for the cell autonomous regulation of axon elongation (Hirano

and Takeichi 2012; Gärtner et al. 2014a, b).

For excitatory cells of the cerebral cortex, the definition of the axon is predictive

of the orientation of the first dendrite processes. The centrosome moves around

from the axon to the opposite side of the neuron and a dendrite is elaborated

(Kadowaki et al. 2007; de Anda et al. 2010; Bellion et al. 2005; Gregory and

Edmondson 1988; Higginbotham and Gleeson 2007; Solecki et al. 2004; Tanaka

et al. 2004; Zmuda and Rivas 1998). This orientation then subsequently predicts the

direction of migration of the cortical neuron along radial glial cell processes

towards the pial surface of the developing brain. Thus, for excitatory cortical

neurons, the asymmetry of axon and dendrite formation and direction of initial

migration are hardwired and depend on cadherin localisation within the new-born

neuron.

12.4.2 Cadherins in Axon Patterning

The contact and subsequent formation of synapses with other cells requires the axon

to grow towards its synaptic target and for dendrites to elaborate ready for the axon–

dendrite contact which will generate the beginnings of a neuronal circuit. Cadherin

function is also implicated in aspects of axon growth and branching (Bixby

et al. 1988; Matsunaga et al. 1988a; Tomaselli et al. 1988; Masai et al. 2003;

Riehl et al. 1996; Tanabe et al. 2006; Andrews and Mastick 2003; Barnes

et al. 2010; Borchers et al. 2001; Oblander et al. 2007, Oblander and Brady-

Kalnay 2010; Redies and Takeichi 1993) as well as in the function and plasticity

of synapses and the specificity of neuronal circuit formation.

Within cranial motor neurons, temporal differential cadherin expression has

been shown to regulate axon outgrowth or branching (Barnes et al. 2010). For

example, cadherin-7 is expressed in the motor neurons early in their development

and cadherin-7 interactions are important for the growth of the axon from the

neuron cell body. In contrast, cadherin-6b, which is expressed later in motor neuron
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development, is important for regulating the branching of the cranial motor neu-

rons. This later branching is important for the subsequent arborisation of the motor

axons when they reach their muscle target. Of note is that both cadherin-7 and

cadherin-6b actions seem to require binding to substrate cadherins. In other words,

in contrast to the cell autonomous role for cadherins in the initial specification of the

axon, subsequent phases of axon development require extracellular cadherin–

cadherin interactions. Also of note is that the effect of cadherin-6b on branching

requires the PI3Kinase/AKT pathway. Both β-catenin and γ-catenin can bind to the
PI3Kinase and so it seems likely that the effect of the cadherin is, intracellularly,

through catenin binding.

These data suggest the differential actions of cadherin-7 and cadherin-6b on

different aspects of cranial motor axonogenesis presumably through cadherin action

at different times. As a family, classical cadherins have also been shown to be

differentially expressed throughout the developing nervous system (Hirano and

Takeich 2012; Matsunaga et al. 2013; Bekirov et al. 2008; Tsuchiya et al. 2006;

Redies et al. 1993; Inuzuka et al. 1991; Takeichi et al. 1990). There are two likely

ways that these expression patterns could operate in nervous system development.

In one scheme, different functions of the cadherins could operate in different

neurons, necessitating differential expression. In a related scheme, different com-

binations of cadherin expression could further refine the actions of the cadherins,

particularly through specificity of cadherin function within a defined subset of

neurons.

A recent example of the first scheme shows that differential expression of

cadherin-8 and cadherin-9 in mouse retinal bipolar cells controls connectivity in

different types of direction-selective visual circuits (Duan et al. 2014). Cadherin-

8 and cadherin-9 are expressed in different classes of bipolar cells and each

cadherin directs specificity of axonal lamina targeting in the inner plexiform layer

of the retina. In the absence of either cadherin, the retinal cells’ axonal arbours
target both the correct and incorrect lamina. The inappropriate targeting of these

axons disrupted the visual responses of the neurons with the synapses formed being

highly attenuated in their synaptic transmission. This suggests that differential

cadherin function in the retina targets axonal arborisation in the correct lamina

and is important for the function of synapses. Interestingly, the functions of

cadherin-8 and cadherin-9 appear to act heterophilically as introduction of either

cadherin sparsely into each respective mutant mouse was sufficient to rescue the

lamina targeting of the retinal bipolar cells. Should each cadherin be acting through

cadherin–cadherin interactions then the presumption must be that they act through

binding to additional cadherins. Cadherin-6 has been shown to be expressed in the

retina and it may be that heterophilic cadherin interactions are mediated by that

family member (Kay et al. 2011).
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12.4.3 Cadherins in Neuronal Clustering

Differential expression of multiple cadherins within neuronal subsets has also been

described (Liu et al. 2004). For example, within spinal and cranial motor neurons up

to four different cadherins are expressed in defined functional groupings of motor

neurons (Price et al. 2002; Demireva et al. 2011; Bello et al. 2012; Astick

et al. 2014). Within the spinal cord, the motor neurons that project axons to an

individual muscle in the limb cluster in groupings known as motor neuron pools.

Different motor pools segregate from one another with little mixing of neurons of

different pools. In order to form these pools, motor neurons pass through a migra-

tory phase followed by a pool coalescence phase (Fig. 12.4). Each motor neuron

pool expresses a different combination of cadherins and this combinatorial expres-

sion is instructive for the clustering of the motor neurons into pools. For example,

the adductor motor neuron pool expresses cadherins-6b, -8, -13 and -20 (also called

MN-cadherin) whereas the femorotibialis motor pool expresses cadherin-6b, -8,

and -13 (Fig. 12.4c). Expression of cadherin-20 in the femorotibialis motor neurons

results in their mixing with the adductor motor neurons. Additionally, removal of

cadherin-20 function by expression of a dominant negative also causes mixing of

Fig. 12.4 Motor neuron pool formation. Motor neurons pass through an early migratory phase (a)

which coincides with a pan-motor neuron expression of cadherins. Following this, motor pool

coalescence occurs (b). Differential cadherin expression is found in motor neuron pools and is

instructive in motor pool coalescence (c). The refinement of cadherin expression occurs through

neurotrophic factor expression in the limb which is read out by motor neurons, presumably via

their axons (d)
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the femorotibialis and adductor motor neurons. Expression of other cadherins not

predicted to equalise expression between the two motor pools had no effect on pool

segregation. These data argue that the specificity of motor pool segregation and

motor neuron coalescence is driven by the specific nature of the combination of

cadherins expressed in the motor neurons. A similar combinatorial code also

operates in the segregation of cranial motor nuclei. Again, each cluster of cranial

motor neurons expresses a different combination of cadherins and this drives

specificity of coalescence and segregation of the motor neurons during develop-

ment. Interestingly, with the notable exception of cadherin-13, all of the cadherins

that drive motor pool segregation are members of the type II subfamily of

cadherins. Furthermore, with the exception of cadherin-5, all type II cadherins are

expressed differentially in motor neurons. This suggests that possibility that com-

binatorial type II cadherin expression is a major driver of specificity of cell-to-cell

recognition within the developing nervous system. Combinatorial expression of cell

adhesion molecules is an attractive and rather elegant mechanism for generating

diversity to drive specificity of intercellular interactions. With relatively few

different family members a large number of different combinations can be

achieved. For example, with just 6 family members 462 different combinations

are possible. However, the molecular nature of the display of different combina-

tions of cadherins in an individual cell is currently not known. Additionally,

considerable heterophilic interactions between different type II cadherin family

members have been observed (Ahrens et al. 2002; Shimoyama et al. 2000;

Katsamba et al. 2009). For example, cadherin-8 can bind to cadherin-9 and

cadherin-11 can also bind to cadherin-8. A note of caution needs to be raised

with analysis of these binding specificities. Classically, cadherin interaction spec-

ificity is assayed under conditions of a single cadherin being expressed in a single

cell with that cell being challenged to interact with other cells expressing the same

or different individual cadherins. How specificity of cadherin interaction manifests

itself when multiple cadherins are expressed within a given cell has not been

studied.

Cadherin expression is also highly dynamic during motor neuron development.

During spinal motor pool and cranial motor nucleus formation, the motor neurons

pass through a phase that appears to have no differential cadherin expression. In

other words, initially, motor neurons seem to express the same combination of

cadherins with this expression being refined during the period of cell sorting. For

spinal motor neurons, this cadherin refinement depends on a limb-derived source of

the neurotrophic factor GDNF (Fig. 12.4d; Livet et al. 2002). In the GDNF

knockout mutant mouse or in the absence of its cognate receptor, GFRα1, normally

expressed within motor neurons, motor pool coalescence is perturbed (Haase

et al. 2002). Cadherin expression is also perturbed in these mutant mice consistent

with the role for cadherin expression in driving pool coalescence. The GDNF

signals to motor neurons to express members of the ETS family of transcription

factors in a pool-specific manner and it is this ETS expression that appears to drive

the refinement of cadherin expression in the motor neurons. Interestingly, this

GDNF signal is permissive for ETS and cadherin expression as the receptor is
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expressed in a pool-specific manner prior to the motor axons encountering the

GDNF source in the limb.

The initial, pan-motor neuron, expression of cadherins plays a role in the

migration of newly born motor neurons from the ventricular zone into the ventral

horn of the developing spinal cord (Bello et al. 2012). This migration occurs on

spinal radial glia, that act as guides for the motor neurons as they migrate. The

cadherin expression in motor neurons during their migration might act to anchor the

migration machinery within the cell providing traction for retrograde flow of actin

to be used to force cell movement.

12.5 Cadherins in Synapses

One of the defining, and last, parts of neural development is the formation of

functional synapses between postmitotic neurons. One could argue that this aspect

of development continues throughout life as synaptic plasticity, the strengthening

or weakening of synapses in response to circuit activity is a key feature of the

functioning of the nervous system. Additionally, the genetic basis of many mental

disorders can be traced to proteins whose function is predominantly in synapse

function. Cadherins are implicated in many of the processes of synapse formation

and plasticity (Arikkath and Reichardt 2008; Brigidi and Bamji 2011; Suzuki and

Takeichi 2008; Tai et al. 2008; Takeichi 2007) and cadherin perturbations also

underlie many psychiatric disorders.

12.5.1 Cadherins in Synapse Formation and Function

Synapses are small structures formed by axonal contact with the dendrites or soma

of another neuron. They have a so-called presynaptic part, termed the active zone,

which contains synaptic vesicles loaded with a neurotransmitter and a postsynaptic

part that contains the receptors for the neurotransmitter. The receptors are anchored

to the so-called postsynaptic density. For excitatory neurons, synapses are localised

on a specialised dendritic structure known as a spine. Classical cadherins span the

pre- and postsynaptic structures and are located at the outer edges of the active zone

in mature synapses (Fannon and Colman 1996; Uchida et al. 1996). For example,

N-cadherin and its associated catenins are found at synaptic junctions (Uchida

et al. 1996). Their expression along with that of neuroligin has been shown to

cooperate to regulate synapse formation (Aiga et al. 2011). Additionally, cadherins-

11 and -13 can regulate the formation of both inhibitory and excitatory synapses

(Paradis et al. 2007). General blockade of cadherin function using a blocking

antibody results in smaller synapses with impaired function (Bozdagi et al. 2004,

2010). One of the major roles for cadherins, however, appears to be in dendritic

spine morphogenesis. Cadherins are required for the formation of spines. Inhibition
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of cadherin function results in abnormal shapes of spines, such as their length and

spine loss (Abe et al 2004; Mysore et al. 2007; Togashi et al 2002). These functions

of cadherins require the cytoplasmic binding partners of cadherins such as αN-
catenin and p120 catenin. p120 catenin is also important in the maturation of

dendritic spines and this requires the Rho family of GTPases (Elia et al. 2006).

Cadherins are also involved in the more general structure of synapses. For example,

cadherins recruit PSD95 and synapsin to spines (Togashi et al. 2002) and bind to an

AMPA receptor thus regulating its localisation in the synapse (Dunah et al. 2005;

Nuriya and Huganir 2006; Saglietti et al. 2007). Spines are highly dynamic struc-

tures, this presumably being important for strengthening or weakening of synapses

in response to neuronal activity. A major mechanism of synapse strengthening is a

process called long term potentiation (LTP) whereby, following prolonged stimu-

lation, a given input elicits a larger synaptic output (Bliss and Lomo 1973). LTP is

associated with enlargement of spines which requires N-cadherin protein. The

dynamic interplay between structural and functional plasticity at spines is also

illustrated in the changes to the strength of cadherin adhesion related to the

activity-dependent concentration of calcium ions at the synaptic cleft (Tai

et al. 2008). Cadherin activation can also influence intracellular levels of calcium

ions (Bixby et al. 1994; Chadborn et al. 2002; Marrs et al. 2009; Sheng et al. 2013).

These phenomena could indicate that cadherins could act as activity sensors at the

synapse and thus be intimate players in regulating the scaling of synaptic responses

to prolonged activity (Thalhammer and Cingolani 2014). In addition to the bio-

physical changes to cadherin function at synapses, the recruitment and retention of

cadherins at the synapse is also regulated by activity. Cadherins can be cleaved by

proteases, for example, N-cadherin is processed by both ADAM10 and

PS1/γ-secretase in a manner that depends on NMDA receptor activity (Monea

et al. 2006; Reiss et al. 2005; Uemura et al. 2006; Malinverno et al. 2010). Inter-

estingly, one of the cytoplasmic fragments of N-cadherin generated by proteolysis

(N-cad/CTF2) induces the destruction of CREB-binding proteins. CREB-

dependent gene expression is critical to synapse plasticity offering a transcriptional

link between activity-dependent cadherin function and longer term changes to

synapses (Marambaud et al. 2003; Uemura et al. 2006; Alberini 2009; Lonze and

Ginty 2002). NMDA Receptor activation also reduces the rate of endocytosis of

N-cadherin at the synapse (Tai et al. 2007). Thus, multiple mechanisms of activity-

dependent changes to cadherin function feed into changes in synapse function.

12.5.2 Cadherins in Neural Disorders

Synaptic disfunction is believed to play a role in some disorders of the nervous

system. A growing body of evidence suggests that at least some of the phenotypes

found in these disorders may have a genetic basis linked to cadherin loci (Bhalla

et al. 2008; Rose et al. 1995; Singh et al. 2010; Wang et al. 2009). Mutations in

cadherin genes have been found in a wide spectrum of different disorders including
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autism spectrum disorders (Crepel et al. 2014), schizophrenia and bipolar disorder,

and addiction-related disorders. For example, cadherin-13 has been linked to autism

spectrum disorder, attention-deficit and hyperactivity disorder, schizophrenia, and

addiction disorders (Børglum et al. 2014; Chapman et al. 2011; Johnson et al. 2006;

Lasky-Su et al. 2008; Lesch et al. 2008; Treutlein et al. 2009). Members of the

catenin family of cadherin-interacting proteins are also linked to neural disorders

with αN-catenin and δ-catenin mutations found in schizophrenia and severe intel-

lectual disability (Chu and Liu 2010; Medina et al. 2000). Exactly how cadherin/

catenin mutations are involved in these disorders is not currently clear. It seems

likely that synaptic functions of cadherins underpin their role in neural disorders but

other functions of cadherins in circuit formation in general may also play a role

(Gleeson 2001).

12.6 Summary

Cadherins play key roles throughout the development of the nervous system. The

expression of cadherins is highly dynamic and regulated at both the transcriptional

and posttranslational level. Far from being relatively simple homophilic molecular

adhesives, the multiple binding partners of cadherins indicate that they play an

important part in orchestrating many aspects of neural development both in the

embryo as well as throughout life. There is still much to learn about the roles of

cadherins in disorders of the nervous system. Additionally, it seems clear that we

have only begun to scratch the surface of the diversity of functions that cadherins

play in neural development.
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