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"If you try and take a cat apart to see 
how it works, the first thing you have 
on your hands is a non-working cat." 
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Aim and scope of this thesis 

Aim and scope of this thesis 

The evolution of complex nervous systems from simple sensory apparatuses 

in animals provides great advantages to these organisms. Not only does this facilitate 

their interactions with the outside world, but it also helps them to regulate homeostasis. 

Like all information transfer protocols, speed is a very important aspect of nerve impulse 

propagation. Neurons themselves are capable of very fast nerve conduction velocities, but 

myelination by glial cells gives a new meaning to the term conduction velocity as it cranks 

up the speed by two orders of magnitude. In the peripheral nerves of higher vertebrates, 

large calibre axons are myelinated by Schwann cells, whereas small calibre axons are 

supported by non-myelinating Schwann cells. Development and myelination of peripheral 

nerves involves the intimate association of neurons and glia, and the molecular cross-talk 

between axons and Schwann cells. Whereas several mechanisms both in the extra- and 

intracellular environments have been studied extensively, many unknowns governing the 

development and myelination of the peripheral nervous system remain. The main aim of 

this thesis is to identify and characterize such mechanisms, and the molecules involved. 

Throughout this project, we have worked with Claw paw, Lgi4, and Adam22 mutant mice. 

These animals display similar limb abnormalities, and hypomyelinated peripheral nerves. 

Combined efforts from our lab and our collaborators enabled us to characterize several 

aspects of these phenotypes, and to study the role of Lgi4 and Adam22 proteins. 

Chapter 1 of this thesis presents a general introduction on the cells of the nervous 

system, and their function. It continues with aspects of peripheral nervous system 

development related to myelination by Schwann cells, including the role of several proteins 

and the outcome of their dysfunction. Chapter 2 describes the identification of Lgi4 as a 

molecule involved in myelination. Data presented in this chapter shows that a mutation 

in the Lgi4 gene causes the Claw paw phenotype. This finding is followed by the initial 

characterization of Lgi4 protein, and its participation in myelination. Chapter 3 identifies 

the interaction between Lgi4 and Adam22, and the cellular compartments of their action. 

Chapter 4 deals with the functional implications of the Claw paw mutant form of Lgi4, and 

the differences observed in Claw paw and Lgi4 knock out mice. Finally, Chapter 5 gives a 

comprehensive discussion of the results obtained, together with some future perspectives 

and concluding remarks. 
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Introduction 

1 - INTRODUCTION 

1.1 -A brief introduction to cells and nervous system 

Life resides in a cell, and the cell defines life. Cells are considered to be the smallest 

functional and structural unit of life. Life in turn, is defined by the properties -or abilities- of 

cells [1]. Many living organisms are single cells, and are often not visible to the naked eye. 

They survive in many different environments by adapting their lifestyle to often extremely 

unfriendly habitats. 

A cell is basically a chemical factory that can reproduce [2]. Cells need a blueprint 

so that they know how to function and can pass this information on to their progeny. 

This blueprint is coded in the form of DNA. The DNA code is transcribed into RNA as an 

intermediary step, which provides a degree of control over expression. Then, the RNA is 

translated into proteins, which perform most cellular functions. The inside and outside of 

a cell are separated by a lipid membrane, which enables exchange of certain materials. 

Proteins, smaller peptides, and carbohydrates embedded or bound to this structure provide 

further support and add functionality. Furthermore, cells contain specialised regions that 

perform specific functions. For example, tail-like extensions such as flagella facilitate 

movement, or organelles like chloroplasts provide energy. Thus, a cell gathers supplies 

from the outside, and turns them into energy or uses them as raw material to survive and 

procreate. 

While some cells cope with the world on their own, others form groups and work 

together. In multicellular organisms, cells adapt to perform specific functions, such as 

secretion of enzymes to digest food. Cells with similar function form tissues and organs, and 

tissues and organs that carry out a certain aspect of life, such as digestion or reproduction, 

form systems [1, 2]. 

The nervous system gathers information from an animal's environment and body, 

and processes this information to control the animal's general behaviour [3]. Animals 

have different ways of gathering data, ranging from magnetic acuity to the pressure of 

their bladders. These data are then carried to tissues and organs which decipher and 

interpret them, deciding where to go or when to go. Depending on the complexity of the 

organism, nervous systems with different levels of organisation have evolved: From simple, 

disorganized nerve nets of hydra without any form of control centre, to a concentration 

of nerve cells in worms forming tissues (ganglia) to add a layer of centralizat'1on; from 

dispersed control centres of octopuses, with many cells lying in ganglia outside their brain, 

to the more densely packed brains of primates with billions of cells, which provide a more 

centralized control[1, 4]. Finally, the response to sensory stimuli is relayed to other parts 
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of the body to perform an action; a bird flaps its wings and migrates to the south, or a dog 

relieves itself and in the meantime marks its territory. 

In higher invertebrates and all vertebrates, the nervous system can be divided into 

two parts: central and peripheral [1 , 3, 4]. In vertebrates, the brain and the spinal cord are 

contained within an endoskeleton, and make up the central nervous system (CNS). The 

brain controls general behaviour, and contains many substructures responsible for different 

functions. The spinal cord carries information to and from the brain. It also controls some 

reflexes , and certain aspects of coordinated and rhythmic outputs. The peripheral nervous 

system (PNS) consists of the rest of the nervous system. It gathers information that will be 

interpreted by the CNS, and relays the instructions of the CNS. 

1.2 - Cells of the nervous system and their functions 

1.2.1 - Neurons 

Neurons perform the basic function 

of the nervous system by transferring and 

processing information. All neurons contain 

four essential parts: a cell body, dendrites, an 

axon, and axon terminals (Figure 1) [1 , 4]. The 

cell body contains the nucleus of the neuron, 

and many metabolic activities take place here. 

Dendrites (dendron = tree) are branch-like 

extensions of neurons, and most of the stimuli 

are received here. Sensory input such as 

mechanical, thermal, or chemical stimuli can 

be directly recognized by neurons [2, 3]. These 

induce nerve impulses (action potentials), 

wh ich are carried along the neuron (See 

Box 1 ). The axon is a thin and long cellular 

process that is responsible for the propagation 

of action potentials. Axon terminals transmit 

these signals to other neurons, as well 

as other cell types such as muscle cells. 

Neurons communicate with each other either 

chemically by secreting molecules, or directly 
Figure 1. Neuron 

Axon 

by the propagation of action potentials through 

gap junctions [5, 6]. Chemical synapses that 
Schematic representation of a neuron and its parts. 
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transmit information between neurons are usually formed by axon-dendrite interactions, 

although other types such as axon-cell body, dendrite-dendrite, are also observed [7]. 

Neurons form a large network of connections through which they communicate with each 

other. The connections neurons make, and the possibility to direct and modify the signal , 

enable them to process different stimuli and act accordingly. 

BOX 1 
Nerve impulse propagation 
Normally, the plasma membrane of neurons is polarized, with the inside being 
more negatively charged (Figure 2). This resting potential is achieved by selective 
separation of ions across the membrane. lon channels are activated upon binding of 
neurotransmitters to their receptors, or by other signals such as light or pressure. This 
results in a difference in the resting potential. The axon initial segment (AIS) contains a 
high density of voltage-gated ion channels. Excitatory and inhibitory signals converge 
here, and when a certain threshold is reached, the influx of Na• amplified by a positive 
feedback loop fires the action potential. This impulse propagates along the length of 
the axon, consecutively activating Na-channels on the next section. While the active 
Na-channels slowly inactivate, outflow of K• repolarises the membrane. The inactivated 
Na-channels enter a refractory period and cannot be reactivated during this time. Thus, 
the action potential flows unidirectionally. When the action potential reaches the axon 
terminal, it opens up voltage-dependent calcium channels. The influx of ca· causes 
synaptic vesicles to fuse with the presynaptic membrane, and neurotransmitters are 
released . They cross the synaptic cleft, and are recognized by the receptors on the post
synaptic sites. Afterwards, neurotransmitters are readily removed from the synaptic cleft 
by endocytosis or enzymatic degradation [1 -4]. 

++++++++ ++++ + 

Intracellular 
Resting potential 

Extracellular 

M K Channel 

M Na Channel 

~ Current flow 

Na+ gradient 

-------+++++++••• 

+++++++ ••••••••• • 

Depolarised 

Action potential propagation 

Figure 2. Action potential propagation 

+•+++++-- --- - - ++++ 

Repolarised I Depolarised 

Activation of Na • channels results in the depolarization of the axonal membrane and the propagation of 
action potentials. 
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1.2.2- Glia 

Glia is the term given to the non-neuronal cells of the nervous system. In 1856, 

Rudolph V1rchow published a paper in which he described a mesodermal connective tissue 

in the brain, and named it accordingly: neuroglia -nerve glue [8]. It is now known that most 

glial cell types are derived from the ectoderm [9]. And although their function is much more 

than just "glue", the name is still used to describe the cells that support and accompany 

neurons throughout their lives. 

The presence of glia in the lowest groups of invertebrates can be debated, but glial 

cells are thought to have evolved after bilaterian branching [1 0, 11]. Studies in invertebrates 

focused on certain species of worms, arthropods and molluscs. Here, glial cells have been 

found to facilitate several aspects of neuronal life, such as growth, survival, protection, 

synaptic function, and metabolic support. Their function is highly similar in the vertebrate 

nervous system. In vertebrates they are more abundant then their invertebrate counterparts 

and they have been characterised more thoroughly. 

Vertebrate glia are categorized according to their morphology, cellular contacts 

and/or function (see reference [9] for further details). In the CNS, microglia function as the 

immune system. They are the only glia derived from the mesoderm. They are responsible 

for the phagocytosis of cellular debris and foreign materials. Their function is similar to that 

of macrophages throughout the rest of the body. Macroglia of the CNS include astrocytes, 

ependymal glia, and oligodendrocytes. Astrocytes form cellular processes thereby linking 

the neurons to each other, to the blood vessels, or the pia mater (the innermost layer of 

the meninges). They provide physical support to the neurons, structure the nervous tissue, 

regulate neuronal growth, metabolism, extracellular ion concentration, transmitter release 

or uptake, and synaptic modulation. Furthermore, they can influence and support the 

blood-brain barrier to maintain homeostasis. Ependymal cells are found surrounding the 

ventricular system. They produce the cerebrospinal fluid and provide exchange of materials 

with it. Cerebrospinal fluid protects the nervous tissue, and plays a role in maintaining the 

homeostasis. Oligodendrocytes affect neuronal growth, and produce the myelin sheath 

in the CNS. In addition to the mature forms of glia mentioned above, their precursors 

also affect neuronal development. For example, radial glia not only guide the migration of 

neurons from the ventricular zone in the developing brain, but can also give rise to different 

neuronal and glial cell types [9]. 

In the PNS, Schwann cells provide protection and support for the axons. They can 

influence their growth by providing trophic factors, and assist regeneration upon injury. 

They also form the myelin sheath, regulate extracellular ion concentration and synaptic 

transmission to facilitate axonal function. The enteric glia influence gastrointestinal function 
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by regulating and complementing neuronal and synaptic activity. Satellite cells surround 

neuronal cell bodies in the peripheral ganglia to regulate their homeostasis and provide 

trophic support. Apart from these major types, more specialized glia, such as Muller cells of 

the retina or the olfactory ensheathing cells, can be found in both CNS and PNS assisting 

neurons. 

1.3 - Myelin sheath and rapid nerve impulse propagation 

It is evident that the nervous system provides a useful set up for an animal to 

evaluate and control both its internal clockwork and external interactions. As such, the 

uninterrupted and efficient operation of this organization is paramount for the survival of the 

organism. Furthermore, advancements in this system in a particular organism can provide 

an advantage over its competitors. The myelin sheath is an example of such progress. 

Speed, is one of the most important aspects of information transfer and processing. 

This is evident in our everyday lives where the computer and internet speeds double 

every year or so, enabling us to do the same work in shorter amounts of time. As the 

sensory inputs increase, the environment becomes more challenging, and the behaviour 

of animals becomes more complex, rapid information processing can mean life or death. 

What myelin does is to provide a framework where neurons can transfer action potentials 

faster, and more efficiently. This is provided by glial ensheathment of nerve fibres with 

several layers of cytoplasmic wraps [12]. While some invertebrates such as shrimps and 

earthworms conta·m insulating glial ensheathments to provide a myelin-like structure with 

closely apposed extracellular spaces, composition of the membranes and the distance of 

cytoplasmic spaces differ from vertebrate myelin [13-15]. Vertebrate species, except for 

agnatha, all contain myelin sheaths with spiral glial wrappings that surround larger calibre 

axons to provide faster nerve impulse propagation. But how does this cellular sheath 

increase the speed of propagation? 

Two factors important in electrical current propagation by axons are resistance 

and capacitance [16]. Both the resistance of axonal fibres to the electrical current, and 

the capacitance of axonal surface (the amount of charge that is necessary to initiate ion 

exchange over the membrane) hinder nerve impulse propagation. A simple way to increase 

conductance is achieved by increasing axonal diameter, which decreases resistance. Giant 

axons that enable rapid response to external stimuli are found in many animals such as 

squids and insects. Although indispensable in its own right, this system has disadvantages 

such as the amount of space and energy needed. The myelin sheath on the other hand, 

increases conductance by way of decreasing axolemmal capacitance, and to a lesser extent 

by providing insulation. This way, it can provide at least ten-fold faster axonal propagation 
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compared to unmyelinated axons of same diameter. Myelinated axons of mammals can 

conduct up to 120m/sec, while unmyelinated axons conduct less than 1m/sec [5, 12]. 

Glial cells myelinate axons along their length except for short gaps, termed Nodes 

of Ranvier. This is where Na-channels are clustered, and the ion exchange occurs across 

the axonal membrane. Nerve impulses thus propagate in a saltatory manner. The myelin 

sheath insulates axons over the internodes by increased resistance to ion exchange. More 

importantly, the capacitance along the internodes is decreased, reducing the current ftow 

over the axolemma. These properties are achieved both by the nonconductive lipid sheath, 

and by restraining ion channel localization. This way, nerve impulses from the active node 

can be propagated along the internodes without loss of their potential. Furthermore, the 

restriction of Na-channels at the nodes also decreases their capacitance. This increases 

their charging rates by enabling them to reach threshold rapidly and activate with less 

charge. Therefore in comparison, the myelin sheath enables more rapid action propagation 

while reducing energy costs [12, 16]. The optimal conduction velocity is determined by 

several factors including axon diameter, myelin thickness, and internodal distance. These 

factors are also correlated with each other, for example the axon diameter has a linear 

relationship with myelin thickness (Figure 3) [17, 18]. 

Figure 3. Myelinated axons in the 
sciatic nerve 
An electron micrograph of a 
transverse sciatic nerve section. 
Myelin is visible as dark rings 
around the axons. The myelin 
sheath thickness is correlated to 
the axonal diameter; thicker axons 
have thicker myelin sheaths. A 
Remak bundle is marked by an 
asterisk. 

In vertebrates, larger calibre axons of both CNS and PNS are myelinated. 

Although functionally similar, there are structural differences between the two systems. 

The myelinating cells of the CNS are oligodendrocytes, whereas peripheral axons are 

myelinated by Schwann cells (Figure 4). Although their origins and structure are different, 
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myelination by both oligodendrocytes and Schwann cells depends on neurons and other 

environmental factors. Axons play more a regulatory role for oligodendrocyte myelination. 

Oligodendrocyte differentiation is controlled by extracellular cues such as Sonic hedgehog 

(Shh), Notch signalling, and Platelet-derived growth factor (PDGF). Premyelinating 

oligodendrocytes express many myelin proteins such as DM-20, MAG, CNP, and MBP 

without axonal input. Axons modulate oligodendrocyte numbers, and may provide signals 

for protein redistribution , or cytoskeletal rearrangements [9, 12]. On the other hand, 

Schwann cell survival, differentiation, and myelination depend highly on axonal signals, as 

well as autocrine factors [19) . For example, axonally derived neuregulin-1 (Nrg1) controls 

both the development of Schwann cells and myelination [20, 21]. Some of the structural 

and organisational differences between CNS and PNS myelin are listed below: 

Oligodendrocytes can myelinate multiple axons by extending several processes, 

while one Schwann cell surrounds and myelinates a single axon. Schwann cells contain 

numerous incisures with junctional complexes, which facilitate communication between 

inner and outer segments of myelin. PNS myelin periodicity as well as extracellular leaflet 

separation is slightly larger. Schwann cells extend microvilli over the Nodes of Ranvier. 

Furthermore, the protein constituents of myelin differ between the two systems. In 

PNS, MPZ, MBP, PMP22 and P2; in CNS, PLP and MBP are the major compact myelin 

components. 

Figure 4. Myelinated axons 
Schematic representation of myelinated axons. 
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1.4 - Morphology of peripheral nerves 

Two types of neurons are found in the PNS: afferent and efferent nerves, or sensory 

and motor neurons. While the cell bodies of sensory neurons reside in ganglia outside the 

CNS, cell bodies of motor neurons can reside inside or outside. Sensory neurons gather 

information and relay it to the CNS. Motor neurons relay information from the CNS to tissues 

such as muscles and glands. The axons of peripheral neurons are closely associated with 

Schwann cells, either myelinating or non-myelinating. Other types of Schwann cells, such 

as satellite cells or teloglia , can be found in ganglia or at axon terminals where neurons 

interact with muscle tissues. 

Nerve fibres are surrounded with layers of connective tissue that protect them from 

environmental factors (Figure 5) [22]. This tissue also contains blood vessels that branch 

towards the inner layers through capillaries, to supply the cells. Major cellular components 

of this tissue are fibroblasts, which produce an extracellular matrix (ECM) that is rich 

Perineurium 

Figure 5. Overview of peripheral nerves 

if' Interneuron 

~ Motor neuron 

~ Sensory neuron 

Axon terminals at NMJ 

Morphology of peripheral nerves is represented. The axons and Schwann cells reside in the endoneurium. A 
nerve fascicle is surrounded by the perineurium, and several fascicles are bundled together by the epineurium. 
A simple reflex arc is shown. Cell bodies of somatic sensory neurons are found in the DRGs. One branch of 
the axon reaches the peripheral tissues where sensory input is received at the dendrites; an example of free 
nerve endings in the skin is given. Another branch of the axon reaches the spinal cord, where the axon terminals 
contact the interneurons. lnterneurons carry information from the sensory neurons to motor neurons. Cell bodies 
of somatic motor neurons reside in the spinal chord. The axon terminals of motor neurons innervate the muscle 
at the neuromuscular junctions (NMJ). 
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in collagen. The outermost layer, called epineurium, groups the fascicles together. The 

collagen and fat in this layer protects the fibres from mechanical stress. In addition to the 

blood vessels, it also connects with the lymphatic system. The middle layer, perineurium, 

is made up of cells that surround the individual fascicles. Specialized fibroblasts in the 

perineurium produce basal lamina, and are connected by tight junctions, forming concentric 

and flat cellular layers. This provides a selective barrier against a large array of molecules 

such as proteins, ions, pathogens, etcetera, much like the blood-brain barrier of the CNS. 

The innermost layer, endoneurium, embeds the nerves in collagen fibres. Along with the 

fibroblasts, Schwann cells also contribute to the production of ECM. 

1.5 - Development of the PNS 

1.5.1 - Origins: the neural crest 

All cells of the PNS arise from the neural crest (NC), with the exception of a 

number of cranial ganglia that contain contributions from ectodermal placodes. During the 

development of an embryo, the neural plate which is located dorsally, folds inwards to 

form the neural groove (Figure 6) [19]. The edges of the neural fold move closer and 

eventually fuse to form the neural tube that pinches off from the remaining ectoderm. The 

neural tube forms the brain and spinal cord, and the remaining ectoderm on the dorsal 

surface of the embryo forms the epidermis. The NC arises during the fusion of the neural 

folds as a group of cells that delaminate from the neuroectoderm, and moves out laterally. 

NC cells differentiate into a multitude of cell types. These include the neurons and glia of 

the peripheral and enteric nervous systems, cartilage and bones of the head and neck, 

pigment cells of the skin, fibroblasts, vascular smooth muscle cel ls, and connective tissues 

in muscles and glands [23]. 

Neural pla<e 
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Figure 6. Formation of the neural tube and neural crest cells 
The neural plate folds inward to form the neural groove. The neural folds fuse forming the neural tube which 
pinches off from the ectoderm. The neural crest cells arise from the cells that delaminate from the neural folds. 
These cells migrate along different routes, for example laterally migrating cells give rise to melanocytes in the 
skin, and ventrally migrating cells give rise to glia, sensory neurons of the DRGs, and autonomic neurons. (Figure 
based on [1 9]) 
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Neural crest cell specification ·Is initiated by signals from the underlying mesoderm 

and the adjacent non-neural ectoderm [24-26]. Several studies indicate that BMP, Wnt, 

and FGF signalling events emanating from the ectoderm or the mesoderm activate NC 

formation [27 -33]. The interplay between these signals and their relative importance in 

NC specification seems to differ upon context [34]. Furthermore, these signals need to 

be modulated for proper specification [35, 36]. This ensures that a specific group of cells 

will give rise to NC, whereas the adjacent cells differentiate to their prospective tissues. 

In a similar fashion, a Shh gradient along the dorsoventral axis of the neural tube induces 

the formation of specific motor neuron and interneuron populations [37]. The extracellular 

signals controlling NC cell formation are relayed to the nucleus. Here, activation of 

transcription factors regulate NC cell specification (Msx and Pax), and ensure the survival 

of the precursors (Sox) (38]. 

The NC cells delaminate from their initial site at the neural folds, and migrate along 

specific routes to their targets [39]. As with NC formation, competing activities of BMP and 

Noggin are thought to influence rostral to caudal delamination of NC cells [40]. It has been 

suggested that Snail family transcription factors such as Slug [41, 42], and members of 

Cadherin cell adhesion molecules (43] are involved in the delamination process. 

The NC progenitors show stem-cell like properties in that they can give rise to 

different cell types [44, 45], along with self renewal properties observed in some subtypes 

[23, 46]. They undergo several steps of differentiation, giving rise to precursors with different 

levels of potency. These cells represent a heterogeneous population in the migrating NC 

[47], some of which persist into adulthood [48, 49]. Differentiation of NC cells depends 

on the environmental factors of their migratory pathways and the timing of migration. For 

example, glial differentiation can occur from populations along the whole anteroposterior 

axis, while facial cartilage and bone cells emerge from the cranial region [50]. Similarly, 

an initial ventrally migrating group of cells give rise to neurons, whereas a later group 

moving in the lateral direction generates melanocytes [51]. It was shown that GGF (glial 

growth factor/Nrg1) signalling allows for glial differentiation [52], whereas BMP and Wnt 

signalling induce neuronal differentiation [53-55]. BMP and Wnt result in instructive signals 

on NC progenitors, rather than selective signals. They induce or repress expression of 

downstream molecules, which control differentiation along different cell lineages. An 

interesting aspect of these multiple signals converging on the same pool of NC cells is how 

the instructions are read. It was found that neuregulin signalling reaches a threshold later 

than BMP or Wnt signalling, therefore an initial wave of neuronal cells emerge [56, 57]. On 

the other hand, Notch signalling can invert neuronal fate, and induce glial differentiation in 

peripheral ganglia [58, 59]. While the exact sequence of events determining NC cell fates 
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have not been fully elucidated, it is evident that combined effects of several factors with 

different levels of expression, and cells with different sensitivities to these factors give rise 

to different precursors [60]. 

1 .5.2 - Neuronal differentiation 

Upon activation, transcription factors Mash1 [53], Phox2a and 2b induce the 

formation of autonomic neurons [61-63]. Together with receptor tyrosine kinase Ret (a 

receptor for GDNF), these factors are involved in the enteric nervous system differentiation 

[64, 65]. On the other hand, expression of neurogen ins (Ngn-1 and -2) induce the formation 

of sensory neurons [66, 67]. Neurogen ins activate a cascade of several transcription factors 

to generate different sensory neuron subtypes [67, 68]. Along with these, POU and LIM 

homeodomain proteins (Brn3a [69] and lsl-1 [70]) have been identified as important players 

in neuronal differentiation. 

The next stage in neuronal differentiation is characterized by the expression of 

neurotrophin receptors. Neurotrophins form a family of structurally related, secreted 

proteins that control neuron grow1h and survival. Four genes have been identified encoding 

neurotrophins; NGF, BDNF, NT3 and NT4/5. The proteins form homodimers, and have 

different affinities for different receptors. The receptors for NTs are Trk receptors (A, B, and 

C) from the receptor tyrosine kinase family, and p75NTR from the TNF receptor superfamily. 

Upon binding to their ligands, Trk receptors dimerize and are phosphorylated, which leads 

to their activation. Via different adaptor molecules, they activate signalling pathways, such 

as MAPK or PKB/AKT, leading to differentiation or survival mechanisms. NT binding to 

p75 induces signalling pathways through p75 interaction partners. Therefore, the outcome 

of these signals depends highly on the cellular context. p75 can also interact with Trk 

receptors to modulate their function and the affinity to their ligands. In this way, the same 

ligand can induce survival and differentiation in one cell, while another cell will undergo 

cell death. Furthermore, the different variants of NT receptors are thought to facilitate or 

compete with signalling events. Through these diverse set of interactions, NTs and their 

receptors control the formation of different types and numbers of neurons [71, 72]. 

For proper neuronal development, a constant supply of NTs and other neurotrophic 

factors is needed. These factors can be expressed from neurons themselves, or from the 

surrounding tissues. The role of Schwann cells on neuronal development comes from 

mouse mutant studies, such as the Erb83 knock-out mice. In these mice, Schwann cells 

and their precursors are missing. Along with this, both sensory and motor neurons are lost 

during embryonic development. It is thought that the expression of GDNF and possibly 

other neurotrophic factors (BDNF, NT3, NGF among others) from Schwann cells are 

necessary for the continued survival and proper development of neurons. Therefore, while 
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initial differentiation of neurons occurs normally in these mice, in later stages, neurons 

gradually die off [73]. Similar problems are observed in other mutants where Schwann cells 

or their precursors do not develop properly. Target tissues of neurons also produce trophic 

factors. During development, neurons are produced in excess, and only those that reach 

their target will survive. This ensures that the axons growing out from neuron cell bodies 

will reach to their intended termination points. 

1.5.3 - Schwann cell differentiation 

Schwann cells develop from NC cells through distinct cellular stages characterised 

by expression of specific genes. The first stage is the Schwann cell precursor (SCP) stage. 

SCPs can be found in the peripheral nerves of mice around embryonic day (E) 11.5. Between 

E12.5 and E15.5, these precursors give rise to immature Schwann cells [74]. Postnatal 

fate decision of Schwann cells depend on the axons they associate with. Only those that 

envelope a large calibre axon initiate myelination, while the smaller calibre axons will be 

ensheathed with non-myelinating Schwann cells. Schwann cell lineage develops in contact 

with axons, starting from the initial association of NC precursors with axons (Figure 7) [75]. 

It is not clear how the gliogenic fate is induced by transcription factors, and whether 

extracellular signals actively instruct NC cells, or it is a default pathway for those that do 

not receive an input. Sox1 0 is expressed in glia of the peripheral nerves and is absent in 

neurons, but it is also present in migrating NC cells [76]. Sox1 0 is thought to be important 

in NC cell survival as well as gliogenesis [77]. Mice carrying Sox1 0 mutations fail to develop 

peripheral glia [78], and haploinsufficiency of Sox10 in humans causes Waardenburg/ 

Hirschsprung disease, which is characterized by neural crest defects. Sox1 0 activity is 

therefore a prerequisite for Schwann cell differentiation, but because it is involved in other 

pathways as well, there should be other factors leading the cells through this lineage. 

It is also not clear how NC cells become associated with the axons. Axons may 

secrete molecules to attract NC subpopulations, or they present cell adhesion molecules 

that will induce NC cell attachment. Regardless of the mechanisms, upon their association, 

axons provide a signal in the form of Nrg1 that will induce the transformation of NC cells 

to SCPs. One aspect of Sox1 0 activity in Schwann cell differentiation may involve this 

pathway. One of the receptors for Nrg1, ErbB3, was found to be downregulated in Sox10 

mutants [78]. Nrg1 inhibits neurogenesis from NC cells, although it is not known whether 

it also provides an active signal for gliogenesis [52]. Nonetheless, it is clear from mouse 

mutant studies that Nrg1 and its receptors on the Schwann cells, Erb82 and Erb83, 

are necessary for SCP survival [79-81]. Furthermore, this interaction was shown to be 

necessary for proper migration of Schwann cells along the lateral line nerve in zebrafish 
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M yelinating Schwann cell 

Schematic representation of Schwann cell development. Developmental stages, and the molecules involved in 
these stages are shown. Green and red arrows indicate molecules that regulate differentiation. Sox1 0 is necessary 
for the development of peripheral glia from the neural crest. Nrg1 , laminin and autocrine factors such as IGF and 
NT3 influence immature Schwann cell survival. Together with p75NTR and TGFP. they control Schwann cell 
numbers. lntracellularly, transcription factors such as Sox2 and c-Jun are necessary to control both Schwann cell 
numbers and delay differentiation. See text for further details. (Figure based on (1 9]) 

[82]. Therefore, Nrg1 derived from the axons not only provides signals for SCP survival, but 

also guides SCP along the nerve trunks ensuring the formation of immature Schwann cells. 

Schwann cells populating the dorsal and ventral roots of the spinal cord develop 

from the boundary cap cells [83] . Boundary cap cells also originate from the neural crest, but 

they reside in the entry and exit points of the roots and give rise to satellite cells and a small 

subset of nociceptive neurons. Another role for boundary cap cells, or their derivatives, 

appears to be to maintain a border between CNS and PNS. Studies done in mice where 

boundary cap cells are not present, demonstrated that the motor neuron cell bodies shift 

towards the ventral roots rather than staying in the spinal cord [84] . 

Differentiation of SCPs to immature Schwann cells involves a shift in the 

expression of factors involved in survival, proliferation, cell adhesion and cellular structure. 

Upon differentiation, immature Schwann cells downregulate cell adhesion molecules such 

as N-cadherin and Cadherin-19 [85, 86], and sort the axons into smaller groups. These 

events also coincide with the formation of endoneuria! space. The endoneuria! fibroblasts 

are thought to have arisen alongside SCPs, from NC cells that express Dhh (possibly 

from SCPs) [87] . Both Schwann cells and their precursors express Dhh during embryonic 

development as well as during the initial weeks of postnatal development. The Dhh receptor 

Patched, on the other hand, can be found on the surrounding mesenchymal cells. Loss 
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of Dhh results in epineurial and perineurial abnormalities, suggesting that Schwann cells 

influence the formation of surrounding connective tissue [88, 89]. 

Although the factors involved in the transition from SCPs to immature Schwann 

cells are not entirely clear, in vitro and in vivo experiments point to the involvement of Nrg1, 

Notch, and endothelin. Notch promotes immature Schwann cell formation [90], whereas 

endothel"ln inhibits differentiation [91]. Nrg1 is important for Schwann cell survival [92-94]. 

It is also possible that Nrg1 plays a role during the transition from SCPs [95]. An important 

d"1fference between SCPs and Schwann cells is the ability of the latter to support their own 

survival. The autocrine survival is mediated by factors such as IGF2, NT3, PDGFB, LIF, 

and LPA [96-98]. 

The final steps before myelination involve radial sorting of axons by immature 

Schwann cells. Schwann cells segregate large calibre axons from the bundles by extending 

cytoplasmic processes. This continues along the length of the axons with a single Schwann 

cell associat"1ng with a portion of a single axon. Acquisition of this 1:1 ratio is necessary 

for subsequent myelination. Schwann cells acquire this stage through cytoskeletal 

rearrangements that require interaction between cells and their ECM. The importance 

of these interactions has been demonstrated in mouse through genetic studies. Mouse 

mutants carrying inactivating deletions for Ia min in [99-1 02], and 131 integrin [1 03, 1 04] 

show a lack of Schwann cell processes and improper axonal segregation. Also, sporadic 

myelination of multiple axons by a single Schwann cell suggests inhibition of radial sorting. 

These ECM interactions signal through RhoGTPases (Rac1, Rho, Cdc42) intracellularly, 

which mediate diverse cellular responses such as cytoskeletal rearrangements or cell cycle 

control [1 05]. 

Inactivation of Rac1 in Schwann cells results in a delay in radial sorting, and a 

subsequent arrest in myelination [1 06, 1 07]. This indicates that Rac1 is involved in 

Schwann cell radial sorting and ensheathment. In addition, Rac1 mutants show defects 

in cellular process extension and stability. In mice lacking 131 integrin, Rac1 activity is 

impaired, suggesting that it is activated by 131 integrins. The defect in radial sorting in these 

mice can be overcome by the expression of constitutively active Rac1. Rac1 activity can 

be modulated by Merlin, so that cells can balance axonal elongation with radial sorting 

[1 08]. Merlin is encoded by the Nf2 tumour suppressor gene. It belongs to the ERM family 

of proteins (named after Ezrin, Radixin, Moesin proteins), which act as cytoskeleton

membrane linkers. 

RhoA!Rho kinase (ROCK) signalling is also suggested to have roles in 

ensheathment or early myelination events. It is thought that they regulate timing of radial 

sorting and myelin sheath length, by controlling Schwann cell morphology and adhesion 
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[1 09]. A recent study identified lntegrin-linked kinase (ILK) as a possible regulator of radial 

sorting and myelination by Schwann cells. ILK associates with integrins and links them 

to cytoskeletal molecules and several signalling pathways. For example, ILK inactivates 

Rho/ROCK signalling via focal adhesion kinase (FAK), which facilitates the progression of 

radial sorting. Furthermore, it influences Akt signalling pathway, thereby promoting myelin 

formation [11 0]. 

An immediate implication of proper radial sorting is the necessity of Schwann cell 

migration and control of Schwann cell numbers. It was shown that growth factors such 

as Nrg1, IGF, NT3 and BDNF affect and regulate Schwann cell migration. These signals, 

along with laminin dependent activity, modulate Schwann cell motility and alignment with 

axons via kinases or phosphatases controlling cytoskeletal rearrangements (111-114]. One 

aspect of Schwann cell proliferation depends on axonally derived signals. In vitro studies 

show that neurite membrane preparations, or co-culturing with neurites induce Schwann 

cell proliferation [115]. At least one constituent of this signal is Nrg1 [116]. It is possible 

that ErbB-FAK interactions facilitate this. FAK is linked to ErbB signalling as well as a6j31 

integrin, and was found to be required for Schwann cell proliferation [117]. It was recently 

shown that Notch signalling also regulates Schwann cell proliferation. This could result from 

upregulation of ErbB2 by notch signalling, which would increase Nrg1 responsiveness [90]. 

In addition to their roles in motility, laminins can also influence Schwann cell proliferation 

and survival [118]. In vivo studies confirm the importance of axonal contact on Schwann 

cell proliferation. Transection of nerves results in axonal degeneration distal to the site of 

injury by a process called Wallerian degeneration. In the peripheral nerves of newborn 

rats, Schwann cells proliferate actively. But the loss of axonal contact in transected sciatic 

nerves, results in a decrease in Schwann cell proliferation [119]. 

An intracellular regulator of Schwann cell numbers is Cdc42. Cdc42 is strongly 

activated by Nrg1 in culture, linking these two factors in control of Schwann cell proliferation. 

Loss of Cdc42 in Schwann cells results in reduced proliferation, and subsequent defects in 

sorting and myelination [1 06]. The Cdc42 mutant phenotype illustrates the importance of 

Schwann cell numbers in both radial sorting and myelination. Although Rac1 mutant nerves 

do recuperate to a certain extent in time, Cdc42 mice show a more severe phenotype. 

While extracellulargrow1h signals, together with autocrine loops induce proliferation, 

a negative regulation by cell death is also necessary to obtain correct ratio to axons. It 

was shown that p75NTR induces Schwann cell death upon injury, possibly in an NGF 

dependent manner (120]. TGF!3 signalling also induces cell death in Schwann cells, both 

in vivo and in vitro (121]. In an odd twist of fate, TGF!3 was also shown to induce Schwann 

cell proliferation (122-124]. It was suggested that TGF!3 signalling exerts a dual effect which 
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Figure 9. Nrg1-ErbB2/3 signalling in Schwann cells 
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and acts in a juxtacrine fashion . Addition of Nrg1 type II, a secreted form, perturbs myelin 

formation and causes demyelination in culture [131]. Similarly, overexpression of Nrg 1 

type I does not cause hypermyelination, and both type I and type II cannot compensate 

the loss of type Ill (see Box 2 for further information) [129] . Studies in mice using ErbB 

receptor mutants corroborate the effect of Nrg1 in myelination. Both ErbB2 knock-out 

mice [80] and dominant-negative Erb84 transgenic mice [132] display hypomyelination in 

peripheral nerves. While these data show that Nrg1 signalling is necessary for the initiation 
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of myelination, it was found to be dispensable for the maintenance of myelin (133]. This 

study makes use of a conditional mutant allele of ErbB2, induced for recombination after 

the completion of myelination in mice. Nrg1 signalling cascade is also activated during 

Wallerian degeneration. On the contrary, Schwann cell proliferation and survival are not 

affected in the conditional ErbB2 mutant mice after nerve injury. It is important to note that 

these mice still express low levels of ErbB2, which could contribute to this observation. 

Neurotrophins are also implicated in differentiation of Schwann cells. It was found 

that GDNF can induce proliferation and myelination of non-myelinating Schwann cells in 

rats [134]. NGF and GDNF expression by Schwann cells induce Nrg1 secretion, and Nrg1 

in turn can influence GDNF expression by Schwann cells. It is possible that this crosstalk 

influences myelination of Schwann cells (21]. Both in vivo and in vitro experiments suggest 

competing roles for neurotrophins in myelination. Addition of BDNF in culture or injection 

into developing sciatic nerves induces myelin formation. In contrast NT3 exerts an inhibitory 

function [135]. Addition of NGF to DRG-Schwann cell cultures induces myelination, but it 

inhibits DRG-oligodendrocyte myelination [136]. Although, this study also shows that it is 

the neurons responding to NGF rather than the glial cells. 

Although the direct links between these extracellular signals have not been 

established as yet, it is clear that myelination is initiated by the activities of several 

transcription factors that are the targets of these signalling routes. The cAMP-PKA cascade 

is one of the intracellular signals that initiate the myelin machinery along with the associated 

transcription factors. In vitro, proliferation of rat Schwann cells isolated from embryonic and 

neonatal stages becomes dependent on the levels of cAMP activation [137]. Furthermore, 

elevation of cAMP results in differentiation of Schwann cells and activation of myelin 

proteins such as MPZ and MBP [138, 139]. Activation of cAMP-dependent protein kinase 

(PKA) is found to increase transcriptional activity of NFKB [140]. And the activation of NFKB 

has been identified as one of the events necessary for myelination by Schwann cells [141]. 

The role of NFKB in regulating downstream transcription factors has been 

exemplified by Oct6 activation. Inhibition of NFKB drastically reduces the upregulation of 

Oct6 protein in DRG co-cultures, and its activation correlates with Oct6 expression [140, 

141]. Oct6 is a POU domain transcription factor, and its expression is tightly controlled 

during Schwann cell development via a gene regulatory element termed Schwann cell

specific enhancer (SCE) (142, 143]. Its expression peaks at the promyelinating stage and 

gradually decreases as myelination progresses [144-146]. This suggests that it regulates 

downstream targets, switching on the myelination machinery [147, 148]. Oct6 knock-out 

mice display a delay in myelination. The Schwann cells in these mice are temporarily 

arrested at the promyelin stage, indicating the presence of a compensation mechanism. 
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Overexpression of Brn2 (another POU domain transcription factor) has been shown to 

ameliorate the Oct6 knock-out phenotype. Furthermore, double knock-outs of Oct6 and 

Brn2 display a more severe hypomyelination phenotype, suggesting that the two proteins 

have an overlapping function in peripheral nerve myelination [149]. Upregulation of Oct6 is 

thought to be controlled by binding of Sox1 0 on the SCE, possibly accompanied by other 

factors ([150] and unpublished observations Noorjahan Jagalur). Timely downregulation of 

Oct6 is also necessary for proper myelination. In mice that constitutively express Oct6, a 

persistent hypomyelination phenotype is observed, accompanied by axonal loss. This study 

also shows that although Krox20 is present, myelin proteins MPZ, MBP, and PMP22 are 

down regulated [151]. Oownregulation of Oct6 is thought to stem from a negative feedback 

loop facilitated by Oct6 as well as Krox20 [152, 153]. 

Oct6, together with Brn2 and Sox10 was found to upregulate Krox20 expression 

that is necessary for myelination [154, 155]. A recent study also shows that addition of 

Nrg1 on Schwann cells results in a calcineurin mediated activation of NFATc4, which then 

forms a complex with Sox1 0 and activates Krox20 expression [156]. In addition to its role in 

Schwann cell development and upregulation of transcription factors involved in myelination, 

Sox1 0 is thought to regulate the expression of myelin proteins as well. Sox1 0 binding sites 

are found on several myelin genes such as Mbp, Mpz, Connexin32, and Mag. Binding of 

Sox1 0 and Krox20 to their respective sites in these regulatory elements seems to control 

the expression of such proteins [157 -159]. 

Krox20 mutations are found in human hereditary neuropathies, such as Charcot

Marie-Tooth and congenital hypomyelinating neuropathy. The role of Krox20 in myelination 

was already suspected from previous mouse mutant studies. Knock-out mice, as well as 

mice with a hypomorphic allele of Krox20 (Egr2Lo/Lo) display severe hypomyelination in 

the peripheral nerves [160, 161]. Close examination of gene expression profiles in Egr2L'1 

Lo mice showed that many of the genes involved in myelination are decreased, whereas 

genes related to immature and promyelinating stages are increased. Krox20 activity was 

also shown to be important for myelin maintenance and remyelination following nerve 

trauma. Inactivation of Krox20 in adult Schwann cells results in demyelination, and 

although Schwann cells try to reactivate the myelination machinery, they fail to do so [162]. 

Finally, Krox20 not only activates the expression of myelin proteins, but also regulates the 

activation of cholesterol/lipid biosynthesis pathways [163]. Myelin production by Schwann 

cells therefore results from the combined effects of several extracellular signals that 

converge on the Schwann cell nucleus to activate transcription factors that initiate a myelin

related transcriptional program. 
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1.5.5 - Non-myelinating Schwann cells 

Before going into the structure and organization of the myelin sheath, I will briefly 

discuss the non-myelinating Schwann cells (NMSC) of the nerve fibres. These cells 

differentiate from the same pool of immature Schwann cells and are associated with 

small calibre (usually <1 ~m) axons. An immature Schwann cell ensheaths several axons 

engulfing them in its cellular processes during normal development. If these axons are of 

smaller diameter, then the Schwann cells differentiate into NMSCs rather than myelinating 

Schwann cells. These axon-Schwann cell units are called Remak bundles. The NMSCs 

surround and insulate axons in individual pockets of cytoplasmic processes. The axons 

are surrounded along their entire length by neighbouring, interdigitating Schwann cells. 

Usually several axons are engulfed by a single Schwann cell. It is however not uncommon 

to see a 1:1 ratio with axons by NMSCs as well. In contrast to myelinating Schwann cells, 

NMSCs express molecular markers very similar to those expressed in immature Schwann 

cells [164, 165]. It is possible that they gradually change into NMSCs during the postnatal 

development, by regulating gene expression and exiting cell cycle. 

1.6 -Structure and organization of the myelin sheath in the PNS 

In the myelin sheath, the close appositions of membrane surfaces are held in place 

by protein interactions. The cytoplasm is excluded from between the myelin membranes, 

except for regions such as the paranodal loops. Myelin membranes are highly enriched 

in certain lipids such as cholesterol and galactocerebroside, and contain high amounts 

of myelin specific proteins such as MPZ. This composition provides a more packed and 

organized, stable structure. 

The myelin sheath along the internodes (in between the Nodes of Ranvier) is made 

up of two main domains, compact and non-compact myelin. The protein composition of 

non-compact myelin allows for more space, and provides cytoplasmic continuity along the 

layers of the myelin sheath. While the majority of the myelin sheath is made up of compact 

myelin, non-compact myelin is found along the paranodes (lateral ends of the internode), 

the outer- and innermost layers, and Schmidt-Lanterman incisures - canals that run along 

the compact myelin (166]. The abundance of the incisures in PNS is thought to facilitate 

radial transport. It is possible that they also play a role in myelin organization and stability. 

During myelination, Schwann cells extend longitudinally, and surround the axon 

radially. The inner cytoplasmic lip turns around the axon while the outer lip is anchored to 

the basal lamina. Thus, the spiral wraps are formed followed by compaction (167]. Two 

alternating stripes can be observed in compact myelin when viewed at high magnification 

under the electron microscope (Figure 1 0). These are called the major dense line and the 
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intraperiod line. The major dense lines are formed by the intracellular layers of the plasma 

membrane with highly reduced intracellular space. The intraperiod lines (a doublet with 

extracellular space in between) are formed by the two extracellular layers closely apposing 

each other. MPZ is the major component of peripheral myelin. The extracellular interactions 

of MPZ tetramers in cis and trans are needed for the compaction of myelin and to maintain 

its ultrastructure. Mutations in MPZ can lead to diseases resulting from both myelin 

abnormalities and axonal loss [168] . PMP22, a protein of unknown function , is thought to 

be important for the stability of myelin. Mutations that result in changes of protein amounts 

and protein trafficking, cause myelin abnormalities including some of the most common 

peripheral neuropathies such as CMT1A and HNPP (Hereditary neuropathy with liability to 

pressure palsies). Along with the transmembrane proteins MPZ and PMP22, MBP is found 

at the cytoplasmic surface of compact myelin. It does not seem to be important in PNS 

compaction as MPZ can mimic its function to fuse the intracellular leaflets. Nonetheless, 

MBP cou ld function to regu late protein interactions and lipid organization, to control myelin 

sheath thickness [169] . 

Non-compact myelin contains many junctional complexes (Figure 10 and 11) [166] . 

Adherens junctions are particularly enriched in the outer mesaxon and the outer layers of 

paranodes and incisures. These are formed by cadherins such as E-cadherin, and are 

possibly linked to the actin cytoskeleton. Gap junctions, which contain Connexin32 and 

possibly other connexins, form radial channels that allow for transport of small molecules. 

Figure 10. Schwann cell myelin 
An electron micrograph (on the left) of Schwann cell compact myelin in cross section, and the schematic 
representation of compact and non-compact myelin proteins. The compact myelin is seen as alternating layers of 
major dense lines and intraperiod lines under the EM. The apposition of the myelin membranes is held in place 
by PO (MPZ) tetramer interactions. The approximate thicknesses of the lipid bilayer, as well as the intracellular 
and extracellular spaces are given. Non-compact myelin is represented on the right side of the figure. These 
contain junctional complexes, formed by connexins and cadherins, as well as an increased cytoplasmic space 
that facilitate transportation of molecules between the layers of myelin. MAG and Neels are thought to mediate 
the separation of extracellular leaflets of Schwann cell membrane in the Schmidt-Lanterman incisures. (Figure 
based on [1 66]) 
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Mutations in Connexin32 cause an X-linked form of CMT characterised by demyelination 

and axonal degeneration. Tight junctions are found surrounding the other junctions. 

In addition to junctional complexes, other adhesion molecules are located along 

the internodes, at the axo-g lial surface, and the Schmidt-Lanterman incisures. MAG 

expression on the Schwann cell surface is thought to regulate the axonal cytoskeleton 

through neurofilament phosphorylation which results in increased neurofilament spacing 

and axonal diameter. Therefore, MAG affects axonal structure and stability via its receptors, 

sialoglycans and Nogo receptor on the axonal surface. MAG is also thought to be important 

in myelin maintenance and regeneration [170]. Due to its location, it is possible that MAG 

maintains the extracellular space between opposing membranes. Myelinating Schwann 

cells also cause paranodal-nodal constriction of the axons [171]. Recently, a new set of 

proteins, the Neels (Nectin-like protein/SynCAM-synaptic cell adhesion molecule), were 

identified that are thought to regulate Schwann cell-axon interactions, and induction of 

myelination thereof. Along the internodes, axons express Necl1 and Necl2, whereas 

Schwann cells express Necl4 and possibly Necl2 on the periaxonal membranes. The 

interaction between these molecules, especially between Neci1-Necl4, is thought to enable 
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Figure 11. Overview of myelinating Schwann cell 
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Schematic representation of a myelinated axon. The left part of the figure shows a longitudinal section through 
the myelin spirals, and the right part shows unwrapped myelin membrane. Compact myelin is indicated with dark 
colour. Non-compact myelin is indicated with light colour. Non-compact myelin is found in Schmidt-Lanterman 
incisures, paranodal loops. microvilli , as well as adaxonal and abaxonal layers. Junctional complexes of non
compact myelin are also indicated. The paranodal loops contact the axons and form septate-like junctions. 
Schwann cell microvilli extend over the nodes of peripheral nerves. Schwann cells produce basal lamina on the 
abaxonal surface, and interact with the axon on the adaxonal surface. (Figure based on (166]) 
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Schwann cell adhesion to axons. Studies done to identify the role of this interaction in 

myelination suggested that it is important for the wrapping of axons and the initiation of 

myelination, possibly by potentiating other signals. They are also thought to facilitate the 

polarisation of Schwann cells [172, 173]. 

Schwann cells are considered to be polarised cells. The adaxonal surface of the 

Schwann cell, the surface apposing the axolemma, could be compared to the apical surface 

of an epithelial cell. Whereas the abaxonal surface, the surface contacting the basal lamina, 

could be compared with the basal membrane (Figure 11 ). The basal lamina of Schwann 

cells mainly composed of laminin and collagen, acts as an anchor for the intracellular 

molecules (see Box 3 for further information). Myelinating Schwann cells express a6~4 

integrin and dystroglycan as laminin-2 receptors [174, 175]. These receptors cooperate 

to provide stability to myelin. lntegrins interact with intermediate filaments and PMP22. 

Dystroglycan interacts with utrophin, dystrophin (Dp116), and DRP2. DRP2 is localized 

in clusters directly opposing the myelin sheath. Its interaction with L-periaxin, a PDZ 

domain protein, is thought to facilitate this localization [176]. Through these interactions, 

dystroglycan possibly links the basal lamina to the actin cytoskeleton, and regulates 

microvilli formation, as well as Na-channel clustering at the nodes [177, 178]. 

The nodal regions of myelin and axons show specialized domains that enable 

action potential propagation by saltatory conduction. These domains are Nodes of Ranvier, 

paranodes, and juxtaparanodes (Figure 13). Interactions between cell surface molecules 

at these sites not only organize ion channels to distinct domains, but also regulate axonal 

properties such as cytoskeletal rearrangements [171, 179]. 

Schwann cells extend microvilli over the nodes. The microvilli are enriched in 

ERM proteins, and also provide a perinodal matrix. It is thought that these cytoskeletal 

molecules help cluster cell surface molecules that facilitate the formation and function of 

the nodes [180]. Nodes of Ranvier are enriched in voltage-gated ion channels. Voltage

gated sodium channels (NaV) enable firing of action potentials at each node, and the 

potassium channels stabilize resting potentials and prevent repetitive firing. The assembly 

of nodes starts with the accumulation of cell adhesion molecules NrCAM and NF186 [181]. 

Schwann cells express gliomedin, a cell surface ligand for the axonal NrCAM and NF186 

[182]. At the nodal regions, gliomedin is secreted by proteolytic cleavage, and is integrated 

into the perinodal matrix. Thereby, gliomedin clusters NrCAM and NF186, which brings 

about the formation of nodal structures at the axolemma [183]. In contrast to the situation 

in axonal initial segments (AIS), where cytoskeletal protein Ankyrin G recruits NF186 and 

NaV channels [184], in the nodes NF186 recruits Ankyrin G. Here, Ankyrin G stabilizes the 

CAMs. Furthermore, it interacts with ~IV spectrin. Together they recruit and stabilize NaV 
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BOX3 
ECM molecules 
Laminins are formed as heterotrimeric complexes of a-, ~-, andy- subunits. Each subunit 
is encoded by different genes, and their expression is regulated dependent on the cell 
type. Laminin-2 (a2,~1 ,y1) and Laminin-8 (a4,~1 ,y1) are the major types produced by 
Schwann cells. Laminin-8 is expressed in higher levels during adulthood, whereas both 
are found during development. Furthermore, Laminin-1 0 (a5,~ 1 ,y1) is found over the 
nodes and paranodes. Other subunits can be upregulated in case a certain form is 
missing, or in diseases and injury. Laminins interact with other ECM molecules such as 
nidogen, and can form polymers contributing to basal lamina formation. 
lntegrins are type I transmembrane proteins. They are formed through dimerization of 
a- and ~-subunits. Schwann cells predominantly express a6~1 and a6~4. Expression 
of different integrins is developmentally regulated. They are found on NC cells, neurons, 
and Schwann cells. lntegrins can also act as receptors for fibronectin, vitronectin, and 
collagens. Dystroglycan is composed of an extracellular a subunit, and a transmembrane 
~ subunit. It also acts as a receptor for the proteoglycan agrin, which is important for 
neuromuscular junction function. Laminin-receptor interactions are relayed intracellularly 
via kinases or adaptor molecules to induce signalling pathways, or link ECM and 
cytoskeleton (Figure 12) [118, 207-209]. 
Collagen forms another major component of Schwann cell ECM. Although their 
function has not been studied to the same level of detail as laminins, collagens are 
also important for Schwann cell function, such as adhesion and migration. Collagens 
form heterotrimers, which are guided by their C-terminal non-collagen domains. 
Posttranslational modifications or N- and C-terminal domains of collagens contribute to 
the formation of extended structures such as fibrils (types I, Ill and V) and networks (type 
IV). Cell surface heparan-sulfate proteoglycans, such as syndecan-3 and glypican-1, 
act as type V collagen receptors on the Schwann cells. Glypican-1 has been found to 
mediate adhesion, cell spreading, and cytoskeleton assembly of Schwann cells. Type 
IV collagens can mediate Schwann cell attachment and spreading, as well as axonal 
growth via integrins. Collagens are also thought to facilitate myelination [118]. 

Ligand I Receptor I Mediated via I Schwann cell function 

FAK Proliferation 

/ 
? 

PIJK/Akt Survival 

---- Rac1 
Lamlnin - j31 lntegrin --..... ~ Radial sorting 

~ 
ILK 

Rho/ROCK - ;,... 
Elongation 

DRP2/Periaxin ~ Dystrog!ycan ~ 

Figure 12. Laminin signalling in Schwann cells 
Laminin signals through integrins and dystroglycan to control different aspects of Schwann cell function. 
(Figure based on [118]) 
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and potassium channels. The organization of the nodes is further supported by targeting of 

molecules to these sites, or by removal of mistargeted proteins. 

Paranodes present a physical barrier to the nodes by forming axoglial junctions. 

This not only prevents diffusion of cell surface molecules, but also provides a partial barrier 

to the diffusion of ions from both sides. Consecutive layers of Schwann cell membrane 

loops contact the axolemma, forming the paranodes. Contactin and Caspr complexes fo rm 

the axonal side of the paranodalloops [185]. On the glial surface, NF155 probably acts as 

the ligand for this complex [186]. Although the direct mechanism of this interaction seems 

to be more complicated, as Caspr can also interfere with NF155-contactin interactions 

(187]. Furthermore, clustering of Caspr by Schwann cells requires the initiation of 

myelination, unlike by oligodendrocytes [188]. Although the expression of NF155 coincides 

with myelination [189], which is necessary for paranodal junction formation [190], it is 

Microvilli 

uu 
Gliomedon 

Node 

Paranodal loop 

4.1B 

Paranode 

Adaxonal Layer 

J uxtaparanode 

Figure 13. Molecular domains of myelinated axons in the PNS 

Schwann cell ., 

Axon 

Internode 

The molecular domains are characterised by the expression of cell adhesion molecules and ion channels. Nodal 
axolemma contains voltage gated sodium channels (Nav1.6), and potassium channels (Kcnq2 and 3). Nf186 
and NrCAM are clustered by Gliomedin that is incorporated in the nodal basal lamina. Gliomedin is localised 
at the Schwann cell microvilli by ERM proteins, and it is secreted by proteolytic cleavage from here. Ankyrin G 
and ~IV Spectrin act as cytoskeletal linkers, and facilitate ion channel localisation via CAMs. The septate-like 
junctions at the paranodalloops are formed by Nf155, Contactin , and Caspr. Contactin and Caspr are linked to 
the axonal cytoskeleton via protein 4.1 B. The juxtaparanodes are characterised by the accumulation of voltage 
gated potassium channels (Kv1. 1 and 1.2). Localisation of ion channels is facilitated by TAG1-Caspr2 interactions 
extracellularly, and cytoskeletal linkers that link the CAMs to the ion channels. Internodal regions contain Necl1 
and 4 that are necessary for Schwann cell-axon adhesion. (Figure based on [171 , 179]) 
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possible that other glial molecules are also needed. Caspr/Contactin bind to cytoskeletal 

protein 4.1 B via Caspr, and this interaction stabilizes these complexes [191 ]. Defects in the 

septate-like paranodal junctions result in juxtaparanodal molecules to relocate towards the 

nodes, widening of nodal regions, and microvillar intrusions towards paranodes. 

Juxtaparanodes, as the name implies, are found near the paranodes. They are 

characterized by a high density of Shaker-type potassium channel (Kv). Studies on nerve 

conduction during development and disease suggest that these channels regulate and 

stabilize the excitability of the nodes [192]. On the axonal surface of juxtaparanodes, Caspr2 

and TAG1 adhesion molecules interact with each other. Trans interactions of TAG1 on the 

axonal and glial surfaces are thought to mediate the organization of juxtaparanodes [193, 

194]. Caspr2 also binds to protein 4.1 B cytoplasmically, which is suggested to facilitate 

the recruitment of Kv1.1 and 1.2 to the juxtaparanodes [195]. Similar to NaV recruitment 

by Ankyrin G, clustering of Kv channels at the AIS requires PDZ domain protein PSD-

93. Although Caspr2 also contains a PDZ domain, and thus interacts with PDZ domain 

scaffolding proteins, neither PSD-93 nor PSD-95 is required for the accumulation of Kv 

channels at the juxtaparanodes [195, 196]. The significance of these molecules at the 

juxtaparanodes is not yet clear. 

1. 7 - Novel players 

Evidently, several proteins in the extracellular environment play important roles in 

Schwann cell development and myelination. Some of these molecules are secreted, and 

some are transmembrane proteins. Some are presented by Schwann cells and others by 

axons. In this last section, I will introduce two proteins: Lgi4 and Adam22. These molecules 

are involved in PNS development and myelination, and are the main focus of research in 

this thesis project. 

1.7.1-Lgi4 

Lgi4 belongs to a subfamily of leucine-rich repeat (LRR) proteins [197]. The first 

member identified, Lgi1, was found to be inactivated in the T98G glioblastoma cell line, due 

to a rearrangement of the gene from the t(1 0; 19)(q24;q13) balanced translocation. Hence, it 

was named !,eucine-rich gene- §.lioma inactivated [198]. This small family consists of four 

proteins (Lgi1-4) characterized by anN-terminal signal peptide, the LRR repeats which are 

flanked by cysteine-rich residues, a putative transmembrane region; and on the C-terminal 

portion, putative phophorylation sites, and the EAR (Epilepsy Associated Repeat) or EPTP 

(Epitempin) domain characterized by tandem repeat elements [197, 199, 200]. Later 

studies showed that Lgi proteins were secreted rather than being transmembrane [201 ]. 
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Human Lgi proteins show an overall similarity of more than 60% between different 

members, and more than 90% similarity across human and mouse. LRR repeats flanked 

by cysteine-rich residues are found in many extracellular LRR proteins. Lgi LRRs belong to 

the F-20 family characterized by a conserved phenylalanine at position 20 [197, 202]. It is 

known that LRR domains facilitate many protein interactions, and the EAR/EPTP domain 

is also thought to have a similar role [199, 200, 202, 203]. 

Several studies were directed towards the role of Lgi1 in tumour formation and 

progression. Although some studies show that Lgi1 expression correlates with proliferation/ 

apoptosis, and invasion through the ERK1/2 pathway [204, 205], others argue that the 

role of Lgi1 in ceii-ECM interactions does not correlate with a tumour suppressor function 

in gliomas [206]. On the other hand, involvement of Lgi1 in epilepsy is well established. 

Mutations of Lgi1 have been linked to the autosomal-dominant partial epilepsy with auditory 

features (ADPEAF; or ADLTE- autosomal dominant lateral temporal epilepsy) by a study 

in 2002, and since then several others have found different mutations of Lgi1 in familial 

or sporadic cases [207, 208]. It was shown that mutations in Lg'l1 result in the retention 

of the protein inside the cell [201]. It is possible that the protein structure and folding is 

tightly controlled intracellularly, because not only large deletions or truncations but also 

point mutations or insertions result in protein retention. Two isoforms of Lgi1 have been 

identified: a long secreted isoform, and a short, truncated isoform that is retained inside the 

cell. Furthermore, the long isoform was found to bind the cell surface of differentiated PC12 

cells [209]. A study based on mass spectrometry of proteins interacting with Kv1.1 shows 

that this protein forms a complex with other a- and 13- Kv subunits, MAGUKs (Membrane 

,Sssociated Guanylate )Sinases, including PSD93 and PSD95), cell adhesion molecules 

(including Caspr2 and contactin1 ), Lgi1 and ADAM22. It is thought that Lgi1 inhibits the 

inactivation of these channels through KvJ31, and ADLTE mutations result in a loss of 

function [21 OJ. Although this study suggested that the secretion of Lgi1 is not necessary for 

this function, another study shows that the extracellular interactions of Lgi1 and ADAM22 

enhance AMPA-receptor mediated synaptic transmission [211 ]. It is possible that Adam22 

forms a link between extracellular Lgi1 and the cytoplasmic events. So far, mutations of 

Kv1 channel genes or ADAM22 have not been linked to ADLTE [212, 213]. On a more 

colourful note, Lgi1 loss of function has been speculated to be the cause of the voices (as 

epileptic auras) Jeanne D'arc heard [214]. 

Other Lgi molecules are not as well characterized as Lgi1. Although expression 

of Lgis has been found in many different tissues, they are predominantly expressed in the 

nervous system. No studies show a functional role for Lgi2. Lgi3 has been suggested to 

play a role in amyloid beta uptake by astrocytes, endocytosis and exocytosis [215-218]. 
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Functional analysis of Lgi4 has also been limited, and the studies on Lgi4 are 

fragmented. Polymorphisms of Lgi4 are associated with childhood absence epilepsy, but 

their relevance remains unknown [219]. One study alludes to the transcriptional regulation 

of Lgi4 and Fxyd3. These genes are located on mouse chromosome 7, and are transcribed 

in opposite orientation. Together with this, the 3'UTR of Lgi4 overlaps with the last exon 

of Fxyd3. It was therefore suggested that the transcripts could form double stranded RNA 

molecules in vivo, which might affect their expression [220]. Another study shows that Lgi4 is 

absent in zebrafish and pufferfish. It is thought that Lgi4 was either lost in ray-finned fish, or 

originated in the lineage leading to lobe-finned fish (sarcopterygii) [221]. Finally, our studies 

on Claw paw mice led to the identification of Lgi4 as a candidate molecule controlling PNS 

development and myelination (Chapter 2 - [222]). The Claw paw mice were first observed 

in the 1970s, in an inbred strain of C57BI/6J-ob mice. This autosomal recessive phenotype 

was characterized by limbs flexed at joints and extended at the elbows, hence the name 

Claw paw [223]. Claw paw mice also show impaired movement, and the pups are smaller 

than their littermates, possibly because of malnutrition. Furthermore, these mice display 

delayed myelination in the PNS, with implications of a role in axon-Schwann cell signalling. 

If they survive until after weaning, their condition improves. Furthermore, although the 

males breed very rarely, the females breed normally and can nurture their young. It was 

also shown that the formation of nodes is delayed, and the adult internodal space is 

reduced in Claw paw mice [224]. Consistent with the delay in myelination, these mice 

display similar expression profiles of certain genes downregulated in Oct6 knock out mice, 

although Oct6 itself is not downregulated properly in Claw paw mice [225]. Experiments 

performed previously in our laboratory showed that Claw paw mutation affects Schwann 

cell function, but a neuronal contribution is also likely. The Schwann cells display an overall 

delay in the myelination program, starting at least from axonal sorting. Although Oct6 is 

expressed in Claw paw nerves, Krox20 is not; suggesting a role for Claw paw signalling in 

Krox20 activation. MPZ expression is delayed, and periaxin expression is abnormal [226]. 

Furthermore, basal lamina formation, and laminin deposition appears to be delayed in 

Claw paw nerves [227]. These observations suggest that Claw paw signalling is involved in 

Schwann cell-axon interactions, and myelination in the PNS. 

1.7.2 -Adam22 

Adam22 belongs to the protein family termed 6 Qisintegrin f::,nd Metalloprotease. 

Adam proteins contain a propeptide domain with a signalling sequence, a metalloprotease 

domain, a disintegrin domain, a cysteine-rich region, an EGF-Iike domain, a transmembrane 

domain, and a cytoplasmic tail on the C-terminus (Figure 14 ). These proteins are involved 
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in protein interactions, cellular adhesion, intracellular signalling, and proteolytic cleavage. 

Fertilin a and~ (ADAM1 and 2) were the first described ADAMs. They were identified 

·,n sperm cells as type I integral membrane glycoproteins that are involved in sperm-egg 

fusion (228]. It was suggested that they bind to egg integrins to facilitate fertilization. Further 

characterization revealed the presence of metalloprotease and disintegrin domains, similar 

to those found in snake venom disintegrins [229]. The snake venom proteins inhibit platelet 

aggregation by competing with fibrinogen binding to integrin allb~3. Although it is now 

known that fertilins bind integrins (such as a9~1 ), their function during fertilization is not yet 

clear (230]. Since their initial discovery, about 40 ADAMs have been identified in different 

tissues, among different species from C. elegans to human. Many ADAM genes encode 

multiple protein products that result from alternative splicing. These events usually give rise 

to proteins with different cytoplasmic tails, or secreted forms. 

The prodomain of ADAMs are cleaved off by for example turin protease, which 

enables the activation of the catalytic domain. Catalytically active ADAMs have a wide 

array of substrates ranging from growth factors to matrix proteins. Some are also termed 

sheddases, because of their role in the juxtamembrane cleavage and secretion of other 

transmembrane proteins, such as APP, TNF-a, and EGF. Although several ADAMs 

contain a metalloprotease activity, others are inactive and are thought to be involved in 

protein interactions, especially with integrins. The disintegrin loops of many ADAMs 

contain sequences similar to the classical integrin binding motif RGD, which facilitates 

these interactions. The cysteine-rich domain also facilitates protein interactions. These 

interactions could therefore lead to cell adhes·,on and cell fusion. Furthermore, some 

ADAMs, such as the fertilins are found as dimers. The cytoplasmic tail of ADAMs can 

interact wah intracellular proteins through binding motifs they present such as SH3, or 

PDZ. In turn, these events could facilitate signalling, or cytoskeletal rearrangements, giving 

ADAMs a bidirectional function [231, 232]. 

Several ADAMs are expressed in the nervous system, and function both during 

development and in adult life. Of special interest are the ADAMs 10 (Kuzbanian, MADM), 

17 (TACE), and 19 (Meltrin ~).These molecules are possibly involved in the development 

of the NC and the PNS. Knock out mice of Adams 10, 17, and 19 die during embryonic 

development or at birth, due to defects in the cardiovascular system. ADAM1 0 knock outs 

also display defects in the CNS and somites [233]. This is at least partially caused by a defect 

in Notch signalling. ADAM10 was shown to affect Notch signalling by cleavage of Notch as 

well as its ligand delta [234, 235]. It could function in a similar way during NC development 

and Schwann cell differentiation. ADAM1 0 also mediates EGF signalling, functions in axon 

growth via SliURobo or ephrins and cell adhesion via L 1 CAM or N-cadherin. ADAM17 
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protease activity has been well characterized, and several substrates were identified, 

such as TNFa, TGFa, EGF, ErbB4, and collagen XVII. Furthermore, it cleaves Notch, and 

its ligand jagged [236, 237]. Therefore it is possible that ADAM 10 and 17 cooperate to 

mediate Notch signalling. As mentioned before, both ADAM17 and ADAM19 are involved 

in processing neuregulin. This effect is also reflected in the heart defects observed in the 

mutants. Unfortunately, the lethality of the phenotype precludes the characterization of 

their role in PNS development and myelination. Nonetheless, ADAM19 has been shown 

to function in the shedding of Nrg1 in cultured neurons [238, 239]. Recently, a study 
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Figure 14. The Adams Family 
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The domain structure of Adam proteins is represented. The signalling sequence (SS) and the pro-domain (PRO) 
is cleaved off during the maturation of the proteins. The amino acid sequence of the zinc-binding site, which is 
necessary for the metalloprotease activity, is given. This is compared with the consensus sequence of Metazincin 
superfamily. The Metazincins are composed of Adam, Adamts (Adam with thrombospondin motifs), and MMP 
(matrix metalloprotease) proteins. Note the differences from the consensus sequence in the proteolytically 
inactive Adam22 and 23. The histidine (H) residues are necessary for zinc ion binding. PC : proteolytic cleavage 
site; MP: metalloprotease domain; 01: disintegrin domain; CR: cysteine-rich domain; E: EGF-Iike domain; TM: 
transmembrane domain. 

performed on the ADAM19 knock out mice that survive until adulthood shed some light 

on this process. It was found that these mice display delayed remyelination upon injury, 

and the neuron membrane preparations failed to activate Akt signalling on Schwann cell 

cultures that is necessary to initiate myelination [240]. Unfortunately, the authors do not 

refer to a role during normal development. It is possible that other molecules substitute for 

such a function. Cell type and time point specific knock outs of these ADAMs could help 

identify their roles in PNS development and myelination. 

43 



Chapter 1 

ADAM22 together with ADAM11 andADAM23 make up a small group in the Adams 

family. These three proteins are highly expressed in brain, show sequence similarity with 

each other, and all lack the metalloprotease activity due to the absence of a zinc binding 

motif in the metalloprotease domain [241]. ADAM11 knock out mice appear normal [242]. 

Although other studies indicate impaired learning and motor skills, and altered nociception, 

suggesting a role in synaptic transmission [243, 244]. ADAM23 mice in contrast die during 

early postnatal development. Furthermore, these mice show tremor and ataxia, possibly 

related to the role of ADAM23 in cerebellum [245, 246]. ADAM23 was also shown to 

mediate cell-cell interactions via avl33 integrin, and is involved in tumour progression [247, 

248]. ADAM22 knock out mice die before weaning, and display tremor and ataxia like 

ADAM23 knock outs. It is thought that both proteins function in the cerebellum in non

redundant pathways. Furthermore, peripheral nerves of ADAM22 knock out mice show 

hypomyelination [249]. The accompanying limb abnormalities and the myelination defects 

are similar to the Claw paw m·1ce, suggesting a role for ADAM22 in the same pathway. 

Alternative splicing of ADAM22 results in isoforms with different lengths of the cytoplasmic 

tail, as well as a secreted form. Interactions of the cytoplasmic tail and 14-3-3 proteins 

was shown to be important in cell surface expression of ADAM22, and its subsequent 

function in cell adhesion and spreading [250-252]. Furthermore, the disintegrin domain of 

ADAM22 inhibits proliferation via its interaction with integrins, possibly by interfering with 

ILK activation [253]. The authors further show that the disintegrin domain induces cellular 

adhesion via integrins a9, a6, and 133. These observations, together with the previously 

mentioned interactions of ADAM22 with Lgi1, potassium channels, MAGUKs, CAMs, etc. 

puts ADAM22 in the middle of many developmental and functional aspects of neurons, as 

well as Schwann cells. 

The following chapters describe our efforts in the characterizat'1on of Lgi4 and 

Adam22 molecules in PNS myelination. 
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1 
Peripheral nerve development results from multiple cellular interactions between axons, Schwann cells and the surrounding 
mesenchymal tissue. The delayed axonal sorting and hypomyelination throughout the peripheral nervous system of claw paw (clp) 
mutant mice suggest that the clp gene product is critical for these interactions. Here we identify the clp mutation as a 225-bp 
insertion in the Lgi4 gene. Lgi4 encodes a secreted and glycosylated leucine-rich repeat protein and is expressed in Schwann 
cells. The c/p mutation affects Lgi4 mRNA splicing, resulting in a mutant protein that is retained in the cell. Additionally, 

~ siRNA-mediated downregulation of Lgi4 in wild-type neuron-Schwann cell cocultures inhibits myelination, whereas exogenous 
.r; Lgi4 restores myelination in clp/clp cultures. Thus, the abnormalities observed in clp mice are attributable to the loss of 
§- Lgi4 function, and they identify Lgi4 as a new component of Schwann cell signaling pathway(s) that controls axon segregation 
~ and myelin formation. 

~ 
c 
~ ln the peripheral nervous system (PNS), Schwann cells synthesize 
:g myelin sheaths, which permit the rapid, saltatory conduction of 
0.. nerve impulses. The debilitating effects of diseases that disrupt myelin 
~ emphasize the importance of understanding the mechanisms that 
~ control its synthesis. The development of peripheral nerve tissue results 
Z from a series of coordinated interactions between neurons and 
;g Schwann cells {reviewed in refs. I and 2). Schwann cell precursors 
i::: originate from the neural crest and migrate along embryonic nerve 
@ trunks, proliferating in response to axonal cues and subdividing the 

~nerve into smaller groups of fibers; ultimately, they differentiate into 
~~myelinating or non-myelinating Schwann cells. Several signaling pro· 

- teins that regulate Schwann cell development and myelin formation are 
known. Axonal membrane-bound neuregulin-l {NRG 1) isofonn l!l, 
signaling through the ErbB2-ErbB3 receptor on Schwann cells, is 
required for Schwann cell survival, proliferation and myelination3-6. 

The competing effects of neurotrophin-3 (N13) and brain-derived 
neurotrophic factor (BDNF) modulate Schwann cell myelination7, and 
nerve grovvth factor (NGF) seems to stimulate Schwann cell myelina
tion indirectly through binding to the TrkA receptor on dorsal root 
ganglion (DRG) axons8. In parallel, neuronal activity triggers axonal 
release of ATP that inhibits Schwann cell proliferation and myelination 
(reviewed in ref. 9). Nevertheless, many important aspects of axon
Schwann cell signaling are not yet understood. In addition to axonal 
contact, the sorting of nerve fibers and Schwann cell myelination also 
require the synthesis of a basal lamina {reviewed in ref. 1). 

Axon-Schwann cell and Schwann cell-basal lamina interactions 
activate multiple signaling pathways that converge onto the nucleus 

to regulate the transcriptional programs for myelinating or non
myelinating fatesL 10·11 . Critical roles in Schwann cell proliferation, 
differentiation and myelination have been established for the transcrip
tion factors SoxlO, Soxl, ]un, 1\FKB, Oct6 (the product of the PO!J3fl 
gene) and Krox-20 {the product of the Egr2 gene) {reviewed in refs. 12 
and 13). In particular, the cessation of Schwann cell proliferation and 
the initiation of myelin formation require the downregulation of Sox2 
and the upregulation of Pou3fl/Oct6 to induce Egr2/Krox·20, which in 
turn-together with SoxlO--activates the myelination program 14- 17• 

SoxlO is also required in Schwann cell precursors for their survival, 
where its actions are mediated at least in part through the regulation of 
the neuregulin receptor ErbB3 gene18, 

The clp mouse is a particularly interesting model for the study of 
Schwann cell development in vivo. These mice are characterized by limb 
posture abnormalities and peripheral hypomyelination, with no sign of 
dysmyelination in the CNS 19-21 . The clp mutation, which arose 
spontaneously in C57BL/6-ob mice at the jackson Laboratory, is 
recessive and has been mapped to proximal mouse chromosome 
7 {ref. 19). The similarities in delayed myelination observed in 
Pou3fl!Oct6 mutant mice and in clp mice suggest an interaction 
between the two genes. We have shown previously that perinatal 
Pou3fl/Oct6 upregulation is not affected b)' the dp mutation, but 
that downstream effectors, such as Egr2/Krox-20, are activated with 
delayed kinetics21 ·22. Additionally, the radial sorting of nerve fibers 
is delayed in clp animals, and nerve-grafting ex:periments demonstrate 
that clp gene function is required in Schwann cells and possibly in 
neurons21 • Taken together, these data demonstrate that clp function 
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~ Figure I The claw paw phenotype. (a,b) PO (a) and P 15 (b) w1ld-type and 
~ clplctp mutant m•ce on a C57BU6 genetic background. Arrowheads h1ghhght 
~ the fore11mb detect 1n these mice. (c,dl Sciat•c nerves from the mice shown 
i::i. m b. For clanty, a 30·gauge needle has been mserted behind the nerves. 
~ Note hypotrophy of the clptclp OCIOllc ne<Ve latrows). 

Q, 

" !:! is required for peripheral nerve development and that, in Schwann 
<; cells, clp functions in a myelination pathway that is distinct from 
~ PouJf110ct6 activation. 
.~ To understand the molecular basis of the claw paw phenotype, \Ve 

::S identified the genetic defect by positional cloning. Here we show that 
~ the clp mutation is caused by a repetitive element insen ion that 
!!! precludes splicing of exon 4 of Lgi4, one of four members of the 
~ leucine-rich glioma-inactivated (Lgi) family of genes that encode 
z putative secreted proteins23• Lgi4 is dynamically expressed in Schwann 
~ cells and restricted populations of neurons. The clp mutation resuhs in 
~ the production of Lgi4 protein with an interstitial deletion that fuses 
® two of its leucine-rich repeats (LRRs). We demonstra te that, although 

A. Lgi4 is glycosylated and secn:~t~d. Lgi4clp is retained within the cell. 
W'Moreover. we show that siRNA-mediattd down regulation of Lgi4 in 

sensory neuron-Schwann cell cocultures inhibits myelination, whereas 
the addition of Lgi4 to clp!clp neuron-Schwann cell cocultures sig
nificantly restores myelination. Thus, our data indicate that the claw 
paw phenotype: resuhs from a loss of Lgi4 and identify Lgi4 as an 
important signaling molecule that controls axon sorting and gene 
expression in peripheral nerve myelination. 

64 

RESULTS 
The clp mutation produces an arthrogryposis-like phenotype tha t 
affects the forelimbs (Fig. la,b) and, in severe cases, also the hind 
limbs. The growth of clp!clp pups is often delayed, and many of the 
most severely affected individuals die before weaning. Notwithstanding 
the variability of the limb posture abnormal ity, all peripheral nerves in 
clp mice are hypotrophic (Fig. lc,d; refs. 19 and 21). 

Positional c loning of the c/p gene 
The initial backcross involving the clp locus revealed that it resides on 
proximal chromosome 7 (ref. 19). As a first step toward the identifica· 
tion of the clp gene, we localized it more precisely using clpl+ C57BU6) 
X BALB/c intercrosses and clp!+ C57BU6) x CAST backcrosses. These 
genetic mapping studies (Supplementary Figs. I and 2 online) resulted 
in the definition of a dp candidate region tha t spanned approximately 
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150 kilobase (kb) from microsatellite marker D7MR16 to D7MIT155 
and contained at least eight genes ( Fig. 2). 

To identify the clp mutation, we analyzed the clp candidate region for 
exons and putative regulatory sequences. Each of these sequences was 
amplified using the polymerase chain reaction (PC R) from clpl+ and 
clp/clp DNA, and sequenced. PCR p roducts from primers that flanked 
exon 4 of the Lgi4 gene consistently produced a larger than expected 
product from clp!clp mict. The sequencing of this product revealed that 
4 base pairs (bp). crcr, located six nucleotides 5' to exon 4 were 
replaced with a 225·bp repetitive sequence. This repetitive sequence 
was I 00% homologous to a repeat element located 797 bp upstream, 
but in the reverse ori~ntation (Fig. 3a,b). To confirm I he presence of the 
insertion in clplclp mice, we performed exon 4 PCR on clplclp mice that 
were congenic with BALB/c mice (data not shown) and, using Southern 
hybridization, we examined DNA from clp/clp mice and wild· type mice 
for the clp restriction fragment length polymorphism (RFLP, Fig. 3c). 
In each case, a larger fragment segregated with the claw paw phenotype, 
and therefore it is likely that th is insertion allele is the clp mutation. 
Formally, clp is an allele of Lgi4 (Lgi4'1P), but for simplicity we will 
continue to call it clp. 

The identifica tion of an insertion associated with the clp mutation 
facilitated genetic complementation studies with wildrtype DNA from 
the clp candidate region. \Ve generated a transgenic mouse line with a 
bacterial artificial chromosome (BAC), 75-D7, containing wild-type 
mouse genomic DNA that spanned the clp cand idate region (Fig. lb). 
To confi rm that the clp locus resides within the candidate region, we 
crossed mice that were he1erozygous for clp lo mice thai were hetero
zygous for clp and carried the BAC 75-D7 transgene (Supplementary 
Fig. 3 online summarizes the genotyping of these mice and Table I 
detai ls the offspring from such a complementation cross). We observed 
no clp/clp transgene·positive mice with the claw paw phenotype. 
whereas all clp!clp homozygous m ice without the transgene were 
phenotypically claw pawed. To confi rm the rescue of the claw paw 
phenotype, we performed direct microscopic examination of the 
sciatic nerves from clpl+ ond clp!clp offspring carrying the 75-D7 
BAC transgene (Fig. 3c ond 3d, respectively). These sciatic nerves 
appeared healthy and myelinated. and in marked contrast to nerves 
from clp!clp mice ( Fig. lc), were indistinguishable from the nerves of 
wild-type mice (Fig. I d ). Thus, we concluded that the 75-D7 BAC 
transgene complements the clp mutation. Because the Lgi4 insertion 
was the only polymorphism identified in this region that segregated 
with the clp mutation, the Lgi4 insertion is the most probable cause of 
the claw paw phenotype. 

Expression of the Lgi4 gene in the PNS 
Previously we showed that clp gene function is required by Schwann 
ceUs and possibly by neurons11. Therefore. we examined the expression 

07MFU2 07MAI6 07MAI5 07MR13 07MIT155 

' 1994MB (bulld3l.t) 2016 MB 

\'t~~ F:;dsF:ro~xyd3 
F~yrJ7 Lgi4 

''"' 
Fisure 2 The clp candidate reg1on (NCB I bu•ld 33.1 ) consists or e•ghl genes~ 
fxydS, Fxydl, fxydl, Lg/4, fxyd3, Hepsm, Scnlband 07Bwg0611e. 
The clp cand1date region as defmed by 27R and 187R backcross m1ce 
(Supplemental)' Fig. 2) is shown as a th ick bar; below 11 , CAST BAC 
75-07 is shown as a thinner bar. 
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a 1 2 3 456 1 a 9 
WT Lgi4 allele 

Lgi4C'P(clp) allele 
~~·~·~--~1+11~------~·~---~---===-===~
--CI I I I ll •• a:::::::::J-

b 

c 

~ 
WT: 

CA':CAGA~CMCAC(T70GCTAc-rG'ltlAGAG':'GCCCC'TGCrrct.ITCTCG'rCACACA 

GCGTGGGCCAOI:'/;;t:.AAACCACCC'TI'GCAGTGGCTI'CC":' AGGGC'CAGTI'T A TC'cr..GCTCTG 
TCGGCC':'CATCC'T'CAC'CC'iGCCCT'CTC'TC'CACAC 

Lgi4CIP; 

G.r.CCACAGAGCCAAGACCTTCCC!,t,CTC':'GACACTCC::CCTGC'it~CAc;.. 

GVCiTCGGCGAGGGCAAACCACCCTTGCAGTGCC'tTCC'T AGGGCCAGTTTA TCCA.CC'T CTG 
't'CGCCCrCA TC'ctCAO:CTCCCC'To.GM TtiC'Cc:.AGTGACT'...GA.GGOOC'TGTGQJ"l'GTOGC 
't'CM:TG:':T"'-01\!J':CC.CT"'...CCTAGAAT'<:CC<'CA:ttN\AOIJCC'rJ.GGO"i'c::;:T'(NCTCNJTMl 
TA~3C:CCC'J'CCCTAc.AATCC::"TCAG>CM;C;:OGcrGACG<X'.A':'CCC7CA.:';T~!":T;..,"',ACt'C 

GCT.:.CCTCOM'XCCCCMNAG?JA':'-'TGGMCTACTTTCCCl..Q~CCCA!TTTTCO. 
't"!'CC't:A.5CACCACAG 

.= 5207 bp 

~ 3796"" 

GTG7G1' A "X7CCA T ACTOCAGCCCTCCACCA TA 

d 

Lgi4 OAF 
probe e 

... 1604 bp 

Exon4 

Exon4 

1: Bd Bglll Hill 
:;: 
.!1 
::c 
~ pattern of Lgi4 in the embryonic and early post nata! PNS of wild-type 
~ mice and compared it to the expression of the closely related Lgil. Lgi2 
; and LgiJ genes. On embryonic day 14 (El4), Lgi4 was expressed in 
z developing peripheral nerves. Lgi4 was strongly expressed in the 
~ trigeminal nerve and ganglion, and was particularly abundant in the 
~ boundary cap cells (Fig. 4a,b)-a transient population of cells that 
@ contributes to the Schwann ceU population of the dorsal root nerve24• 

A, The pattern of Lgi4 expression at E14 was distinct from those of Lgil, 
V L gi2 and LgiJ (data not shown). Moderate Lgi4 expression was 

observed in the DRG (Fig. 4c), and in the intestine in a pattern 
consistent with its expression in the developing enteric nervous system 
(Fig. 4d). Together, these observations demonstrate that Lgi4 is 
expressed in the entire PNS at El4. Although it was dear that Lgi4 is 
e).-pres.sed in the Sch\vann cells oft he embryonic nerve, it was not clear. 
from in situ hybridization to embryonic DRG. whether Lgi4 expression 
is in sensory neurons, satelli te glia or both. 

To detem1ine whether Lgi4 is also expressed in postnatal Schwann 
cells and whether its expression is altered by the absence of Oct6, we 
performed h1 situ hybridization on sciatic nerves from wild· type and 
Potd[r'- (Oct6-null) mice. Previous data suggest that in postnatal 
nerve development, Lgi4 acts downstream of Oct6 or in parallel with 
it21·". We found that Lgi4 was expressed independently of Oct6 
(Fig. 4e). Thus, Lgi4 and Oct6 function in independent pathways in 
myelina ting Schwann cells. 

To further define the effects of the clp mutation, we examined the 
expression of Lgi4 and addio ional genes in clp!clp mice (Fig. 4f). In 
clp!clp sciatic nerves on postnatal day 4 ( 1'4), Lgi4 expression was 
upregulated, most probably reflecting the temporal delay in Schwann 
cell differentiation. Egr2/Krox-20 mRNA expression was strongly 
downregulated in dplcfp mice, demonstraling that the reduct ion 
of Krox-20 protein in these mice21 occurs as a result of reduced 
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figure 3 The clp mutation is an 1nsertion in Lgi4. (a) The structure of the 
wild-type Lgi4 gene IS shown, with a repetitive element in intron 3 shown in 
red. This repetitive element has been duplicated and inserted in the opposite 
orientation adjacent to exon 4 in the clp allele of the LgJ4 gene (Lgi4c1P) . 

(b) Partial sequence of wild-type Lgi4 and Lgi4c1P. Exon 4 is shown in blue, 
the four bases that are replaced by the clp insert1on are shown m red and a 
sequence with strong homology to the branchpoint consensus49 is shown in 
bold italics. The CAG sequence for a potential 3' splice site in the clplclp 
SeQuence is underlined. {c) Southern blot of genomic DNA from Wild-type 
and Lgi4ctp mice depicting the RFLP that results from the clp 1nsertion. 
(d,e) SAC transgene complementatiOn of the clp mutation. Two F2 F'V8-
Tg75·D7 x C57BU6J·clp mice, (d) no. 145 ano (el no. 148 (e), showing 
that presence of the 75-07 transgene permits development of normal 
sc1atic nerves 1n clplclp m1ce (compare with Fig. ld). Genotyptng of 
these mice is depicted in Supplementary figure 3. 

Egr2/Krox-20 transcription. To determine whether the reduction in 
wild-type Lgi4 act ivity was compensated for by the upregulation of 
other members of the Lgi family, we examined the expression of Lgil, 
Lgi2 and Lgi3 in sciatic nerves from P4 wild-type and clplclp mice. In 
nerves from wild-type mice. we observed modest expression of Lgil 
(Fig. 4f) and no expression of Lgi2 or LgiJ (data noo shown). In nerves 
from P4 clp!clp mice, we observed no expression of Lgi I (Fig. 4f), Lgi2 
or Lgi3 (data not shown). These observations revealed a potential role 
for Lgil in mature Schwann cells and indicated that compensation for 
the Lgi4"P mutation by Lgi I. Lgi2 and Lgi3 was unlikely. 

To determine if Lgi4 and the other Lgi genes were expressed in 
sensory neurons during postnatal development, we examine<.i their 
expression in P4 DRGs by in situ hybridization. Lgil was expressed at 
very low levels throughout the DRG (Fig. 4g), presumably reflecting its 
low expression in Schwann cells (Fig. 4g). Lgi2 and Lgi3 were expressed 
abundantly in a pattern that corresponded to the position of sensory 
neurons in the DRG. In contrast, Lgi4 was expressed at moderate levels 
uniformly throughout the DRG, probably by intraganglionic Schwann 
cells. A comparison of these patterns of express ion with the embryonic 
data suggests that, during development, earl)' Lgi4 expression in DRG is 
supplanted postnatall)' by Lgi2 and LgiJ in sensory neurons. To 
determine whether Lgi4 is expressed by peripheral motor neurons, 
we hybridized adjacent transverse sections of 1'4 spinal cord with 
probes for Lgi4 and, as a control, the proteolipid protein gene ( Pip I; 
Fig. 4h). Plpl expression was observed in white matter tracts, as 

Table 1 Rescue of the claw paw phenotype by BAC 75-07 

Lg;4 alleles BAC 75-07 transgene Number of mice Phenotype 

FVBIFVB no normal 

clp/FVB 14 n()(mal 
clp/clp no 7 claw paw 

FVBIFVB yes 10 normal 
ciP'FVB yes 18 normal 
clp/clp yes 17 nOfmal 

To detemune whether tlomol'jgous clplclp mtee that carry the SAC 75·0 7 11ansgeoe cue 
phenotyp1cat1y claw paw, c/pl+ C57BU6J " f\IB TgNIBAC75·07) m1ce wen~ mateo to geoerale 
Fl clpl+ TgN(8AC75·D7l and clp/+ m1ce. Thes.e fl micr possr:s.s a wl ld ·typt: Lg)4 allele on 
;tn FVB chromosome and a clpalk!le.on a C57BU6 chromosome. Th1S makes it pos.stble to 
unamblgu0tls1y genotype alleles at theendogef'IOus Lgr4 locus in the prese"ce of the wlld·IVPC 
Lg14 locus on tne 8AC75~07 transg~Y~e. Dy usu'lg C57BU6 and FVB ·specif1c marke1s that are 
linked to Lgt4 but are not present on BAC 75·07. Genotype analySi~ of the F I mice clp/• 110. 
108 and cfpl+ TgN!BAC75 -07) no. 93 are shOwn'" Supp~mt:ntary Figwe 3. These mice were 
mateo to obtain the F2 proeeny tnat are llsted rn the table. No clp/clp l ranSieoe-posltl'ie mice 
that were phenolypicatly claw paw were Observea, el!mll'lat1ng the t"typothests !hat the tr.~nsgene 
has no effect on the claw paw phenotype. Th1S result mdicale~ thai the sequci"'CI!S Wllhln BAC 
75·07 cornplement the clpmulat:ion. A !.tati.stteal!y stgnllkar'>t e~ess of tran~cne carry1ns miCe 
~s observea. 11 .. ety as a result ol s.egregatton of two 1ndepenoent1n!oertron S1tes o! t~ tranSfiene 
!n mouse no. 93. Southern blot and Quan\1\allve RT·PCR analy!ois (data t1ot 5hown) mdicate \hat 
transsene·pasltiYe mice possess t\110 Ot tn1ee copies of BAC 75·07. 
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PO soahc nerve P4 .sclai.Jc netve 

Q. 

" e 
(!) 

Figure 4 Embryon•c express•on of Lgs4. (a--d) At embryon•c day 14, Lg14 IS expressed m penpheral nerves, 
presumably by Schwann cel l precursors and 1mmature Schwann cells. (a) Trigemmal nerve. Arrowheads 
denotl! cran•al nerves m a and boundary cap cells '" a h•gher-magnificahon m•crograph (b). t.g,4 IS 
expressed m DRGs {c) and in the putahve entenc nervous system {d). (e} Expresstan of Lgl4 in PO sctatic 
nef\'e of wild-type and Pou3fl m•ce. Lgi4 •s normally ex.pressed .n Schwann cells of P()(J3fJ-1- mutant 
animals. Pou3tl ..t. animals carry a Lacl insertion in the Pou3fl gene and thus express LacZ RNA '"the 
Schwann cells. (f) In P4 ci;Yclp sciatic nerve, Lgi4 expresston IS upregulated, whereas Egr2(wh•ch 
encodes Krox-20> 15 downregulated. Lgi Its modestly expressed in P4 Wild· type sctaiiC nerve but not In 
clplclp nerve. (g,h) Lg14 does not appea1 to be e>qlfessed 1n postnatal PNS neu1ons. (g) In P4 DRGs. Lgi4 
is expressed by •ntragang1ion•c Schwann cells and not by senSOtY neurons or satellite glia. In contrast . 
Lgi2 and LgJ3 are expressed 1n sensory neurons but not m gli a. (h) Lg14 ts not expressed in motor neurons 
in the spmal cord. 

C1 
c: 
:;: 
.~ 
:0 
~ expected. Although Lgi4 expression was observed in dorsal and 
~ ventral roots. it was not o~rved in motor columns. Thus, Lgi4 does 
~ not seem to be expressed in postnatal motor neurons. Together, these 
Z data demonstra te that in the PNS, it is primarily Schwann cells that 
CD 
0 
0 
N 

express Lgi4. 

@ The c/p mutation alters splicing of Lgi4• 
A The proximity of the clp insertion to Lgi4 exon 4 suggested tha t it could 
w alter Lgi4 splicing in thrc< possible ways: (i} the insert could disrup t 

exon 4 splicing by interrupting the polypyrimidine tract of the adjacent 
3' splice si te and shifting a putative branchpoint 221 bp away; (ii} it 
could introduce a new 3' splice site that would enlarge exon 4 and 
prematurely terminate Lgi4 translation; or (iii) the clp insertion and the 
oppositdy oriented repeat (located 797 bp away in in tron 3; Fig. Sa} 
could form a pre-mRNA stem-loop structure that occludes the third 
intron 3' splice site. To distinguish between thest possibilities, we 
performed reverse tr.mscriptase PCR (RT-PCR} on RNA from the 
brain and sciatic nerves of dp!+ and clplclp animals, using primers 
mapping to exons 2 and 5. A shorter DNA fragment was amplified 
from clp!clp brain and nerve samples than from clpl+ eDNA samples 
(Fig. Sb}. We cloned and sequenced these DNA fragments and found 
that the clp-dcrived cDNAs lacked exon 4. To assess whether stem-loop 
formation blocked the usc of the 3' splice site on exon 4 in Lgi4c/p pre
mRNAs. we generated minigenes that spanned exons 2 through 6 and 
contained the cfp insertion, but with the nearby oppositely oriented 
repeJt sequence either removed or inverted (Supplementary Fig. 4 
online}. The expression of these minigenes in COS! cells and the 
sequencing of the resulting cDNAs demonstrated that Lgi4 exon 3 was 
spliced to exon 5, regardless of the presence or orientation of the 
additional cognate repeat. Thus, we concluded that the insertion of the 
repeat element in the clp allele disrupted the third intron 3' splice site, 
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which resulted in the skipping of exon 4. As exon 4 is 72 nucleotides 
long, we predict that the Lgi4 protein encoded by the clp allele has a 
24-amino acid interstitial deletion. 

Cellular processing of Lgi4 a nd lgi4 ctp 
Lgi4 shares common protein structural domains with the other three 
members of the Lgi family: anN-terminal signal sequence, LRRs and a 
C-terminal epilepsy-associated repeat (EAR} or epitempin domain"-'6• 

The predicted domain organization oflgi4 and Lgi4'tp (Fig. Sc}, based 
on the wild- type amino acid sequence (Fig. Sd}, revealed a puta tive 
signnl sequence; the presence of this sequence suggested that Lgi4 enters 
the secretory pathway a nd may be secreted. In support of this, the LRR 
repeats of Lgi4 and the Lgi I, Lgil and Lgi3 proteins were flanked by 
cysteine-rich sequences (LRRNT and LRRCf in Fig. Sd} that typified 
extracellular LRR proteins27 ·28. In addition, one potential glycosylation 
site (Asn In) was present in the LRRCT of Lgi4. 

To determine whether Lgi4 and Lgi4c:lp are indeed secreted proteins, 
we stably expressed a Myc-epitope- and 6><Histidine-tagged Lgi4 or 
Lgi4dp in CHO cells. Using an antibody to Myc, we observed Lgi4 
protein expression in a reticular pattern that largely overlapped with 
the ER of the cell, suggesting that it enters the secretory pathway 
(Fig. 6a). To check whether Lgi4 and Lgi4'tp were secreted in to the 
medium, we purified the recombinant proteins from cell extracts and 
medium on NiNTA-agarose beads. I n this analysis, we included CHO 
ails expressing VS- and 6xHistidinf·tagged Lgil as a positive control 
and Oct6-expressing cells as a negative control. Lgi4 and Lgil could be 
purified from the culture medium, whereas Lgi4dp and Oct6 could not 
{Fig. 6b}. Thus, in contrast to the readily secreted wild-type Lgi4 and 
Lgi I proteins, Lgi4dp was retained within the ceiL 

We next checked whether Lgi4 and Lgi4dp proteins are glycosylated 
by treating them with endoglycosidase H (EndoH) or peptide 
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Cl :E N·glycosida~ F (PNG=F). EndoH cle.~ves the high·manno~ struc· 
.!!! turts that arc found in ER residtnt proteins. whereas PNGaseF cleaves 
:C both the high·mannose structures and the complex oligosaccharides 
g_ present on mature glycosytated proteins. \Ne observed that secreted 
~ Lgi4 was not cleaved by EndoH but was cleaved by PNGaseF-as was 
~ apparent from the downward shift in molecular weight (Fig. 6c). Thus, 
z secreted Lgi4 carries complex oligosaccharides. Lgi4 purified from cell 
~ extracts was la rgely EndoH sensitive, indicating tha t the proteins were 
~ rapidly secreted after matur.Jtion in the Golgi compartment. Lgi4clp 
® also was largely EndoH sensitive, demonstrating that the interstitial 

,A deletion in Lgi4ctp did not inhibit glycosylation per se. The observation 
w rhat littJe mature glycosylated Lgi4clp accumulated in the cell suggested 

that the protein was retained within the ER. These data suggested that 
Lgi4 functions extracdlularly and that the claw paw phenotype results 
from loss of Lgi4 function. An alternative possibility, that Lgi4dp 
retention exerts a dominarlt · negative effect on Schwann cells, is 
unlikely because the claw paw phenotype is largely recessive and is 

complemented by wild· type Lgi4 genes. 

Figure 6 The clp mutation affects processmg and sorting of Lgr4. (a) Myc· 
tagged lgl4 protein expressed rn CHO cells rs detected wtth an antibody to 
Myc (a·Mycl m a pattern that largely overlaps !overlay) wdh that of the GRP· 
94 ant1gen, present on the ER reSident protern GRP·94. (b) lg14 and Lgrl 
protem can both be pun fled from cell lysates (cell) and culture medrum 
(medrum) of stably transfected CHO cells. lgl4t1P is present rn cell e~ttracts 
but not m med1um. The nuclear protem Oct6 can be purifted only from the 
cell extract. demonstrating that there rs very llttte contaminatron ol the 
medium fraction with the cellular fractron. Lg14 1s detected with a Myc 
ant•body, Lg•l with a V5 ant1body and Oct6 with an Oct6 antibody. (el Lgi4 
purified from medium is resistant to cleavage by EndoH but sensit ive to 
PNGaseF as tudged by the sh1ft •n electrophoretic mobility (indicated w1th 
arrows labeled 'a' and 'b'). Lgi4 protem isolated from celllysates (cell) IS 

largely EndoH sens1t•ve (below). 
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f igure 5 Skipping of LgJ4e1p e:J.on 4 generates a protem with an internal 
deletron. (a) Oragram of Lgl4 spliCing patterns'" wild-type and ctp/cfp mtce. 
showing skipping of exon 4 10 Lgi4'/JJ transcripts. (b) PCR ol eDNA from clp/+ 
bratn and nerve and clplclp nerve. show1ng absence of e~eon 4 in clplclp 
transcnpts. (c) Structure of mouse w1ld·type lgl4 and lgi4t 0 prote1ns. 
SS, signal sequence that IS predicted to be clea..-ed between ammo acids 19 
and 20 (StgnaiP3.0: ref. 46); LRRNT, leuctne-nch N-termmal domain: LRR, 
leuctne-nch repeat: LRRCT, teuc1ne-nch C-termmal repeat; EPTP, eprtempm 
repeat. CoiOt"ed OC' shaded domatns are recognized by the SMART database 
The red LRR has a lower £value (probablltty w1th which the sequence would 
appear at random) than the orange LRR domains. and the dark gray 
eprtempin domam has a lower E value than the light gray domain. Wh1te 
domains are not recognized by the SMART or CDART databases. A branched 
structure depicts a putative glycosytatlon sHe w1thm the LRRCT (blue). 
The part of the protein that IS encoded by exon 4 is overshadowed In green. 
513AA Lgi4clo is shown below wtld·type Lgi4. with the third and fourlh 
putattve leucine·t~ch repeats fused. (dl Mouse Lgt4 protein sequence. 
Srgnal sequence is depic ted tn ilalics. A putatrve N·l inked glycosylatton 
s1te {Asn 177 or NXSIT)50 tn the LRRCT doma1n •s shown 1n ~d •taltcs, 
and conserved amrno ac1ds 1n leucrne·rrch repeats are shown 1n ~d. Ammo 
ac1ds encoded by exon 4 are hl£hllghted rn green. Leucrne-"ch domams and 
conserved ep1temprn domains depleted rn a are underlined. The sequence 
is derived from mouse Lg14 eDNA NM_l44556.1 . 

Lgi4 controls mye lination in neuron- Schwann cell cocultures 
If the loss of Lgi4 function caused the claw paw phenotype, then the 

downregulation of Lgi4 by means of siRl'lA should phenocopy the clp 
defect. We established myelinating neuron-Schwann cell cocultures 
from dissociated DRGs derived from clpl+ and clp!clp E13 mouse 

embryos. clp!clp cultures did not myelinate, whereas clpl+ cultures 
exhibited robust myelination (Fig. 7a). A lentivirus that expressed 
Lgi4-specific siRNA was constructed and shown to suppre-ss Lgi4 
mRN'A expression in cultured rat Schwann cells by approximately 
80% (Fig. 7b). The transduction of neuron- Schwann cell cocultures 
wilh the Lgi4 siRNA lentivirus resulted in reduced numbers of myelin 
internodes as compared to cultures transduced with a controllcnt ivirus 
(Fig. ?ale). Quantification of these results showed that the express ion 
of Lgi4 siRNA resulted in a decrease of myelin internodes by approxi· 
mately 70% ( Fig. 7c). The~ experiments strongly suggested that the 
myelination defect in clp mice and in dp DRG explant cultures results 
from a loss of Lgi4 function. 

The data pre~nted above suggested that lgi4 acts extracellularly. 
Therefore, we anticipated that the addition of Lgi4 to clp/clp neuron
Schwann cell cocultures would restore their myelination defect 
(Fig. 7a). We treated clp!clp DRG culture. with medium condit ioned 

by either CHO cells expressing Lgi4 or, as a control. non-recombinanl 
CHO cells. We analyzed the progression ofSchwann cell differentiation 

a 

a-Myc EA 

b cell medium c EndoH 

lgt-1 ·-·-Lgl1 ·-·- Lg+4 cell 

lg!4C'f ·--·-0<16 
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Figure 7 tnh•b•hon of lg14 results 1n reduced 
myelination tn DRG cultures and e~r.ogenous Lg•4 
restores myelinat ion In clp/clp ORG cultures. 
(a) Ant• ·Mpz immunostaining of diSSOCiated ctp/+ 
Of clplclp DAG cultures 12 d after addition of 
ascorb•c ae•d to tnduce myel•nat•on (top panels). 
lmmunostaining by ant• bodies to Mbp of sensory 
neuron-Schwann cell cocultures infected with 
lenhvirus expressing Lg14 siRNA {Silgi4) or non· 
recombinant lentivuus (control) after ascorb•c 

1: ac1d treatment (b) Quantitative RT-PCR of Lg,4 
; and Mpz RN A expreSsion levels in Schwann 
-~ cells mfected w•th s•lga4 or controllentivuus. 
2 (c) Ouanllhcahon of myelin prohles m control 
~ and s•lg•4 panels. Percent myeltnahon value IS 

~ calcu lated from three mdependent e ~~:periments . 
.a Error bars represent s.e.m. (d ) Mpz (red) and Oct6 
,E (green) tmmunostaming of dtSSOCtaled c/plclp 
e ORG cultures 12 d after addttton of ascorbtc actd 
8 to induce myellnatton. Nuclel are blue (DAPI). 
~ Cultures were grown tn the presence of 50% non
::s recombtnant CHO celkon<illtoned medtum 
~ (CHO-CM) 0< Lg14-express1ng CHO cetl-
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Tut> 

clp/dp ~ condtttoned medtum (CHO!Lgt4 -CM). Myeltn 

~ tnternodes are recogntzed by thfw strong Mpz 
ii statnin& (e) Expression of Oct6 and Mpz in dtSSOCtated DRG cultures 12 dafter addition of aSCOfbic acid was assessed on tmmunoblots. Acetylated :x-tubuhn 
~ (Tub), whtch is hts:hty enrtched tn neurites, was used as a protem loadtng control. ORG cultures dettved from heterozygous (clp/+l or c/J>homozygous (clplclp) 

embryos were grown in standard medium (M) or standard medtum supplemented ( 1:1) wtth CHO·CM (-)or CHO/Lgt4·CM (+). 
Q. 
::l 
0 
(5 
C'l and myelination in these cultures by immunocytochemistry and 
:E western blotting (Fig. 7d,e). No myelin internodes wen~ observed in 
.!:2 clpklp Schwann cell cocultures grown in the presence of medium 
:0 conditioned by non-recombinanf CHO cells (CHO-CM; Fig. 7d), and 
~ very littlr of the myelin·associated protein Mpz was expressed in these 
~ clplclp cultures (Fig. 7e). )n contrast, clplclp DRG cultures grown in the 
~ presence of medium conditioned by Lgi4 -cxpressing CHO cells (CHO/ 
z Lgi4-CM) showed myelination, as demonstrated by the strong Mpz 
g staining of several internodes (Fig. 7d) and elevated Mpz protein 
"' expression (Fig. 7e). High Oct6 expression marks immature and 
@ premyelinating Schwann cells. We observed many Oct6- positivc 

& Schwann cells in the CHO-Lgi4-CM cultures. but not in the CHO
V CM cultures (Fig. 7d). This was corroborated by increased Oct6 

protein expression in the CHO/Lgi4-CM clplclp cultures as compared 
to CHO-CM clplclp cultures (Fig. 7c). 
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Taken together, these experiments demonstra ted that exogenous 
Lgi4 can restore the myelination defect in clpklp neuron-Schwann 
eel) cocultures., suggesfing !hat Lgi4 can indeed function extracellularly. 

DISCUSSION 
Through genetic and ceU biological studies of clp mutant mice, we have 
identified the secreted protein Lgi4 as an essential molecuJe in PNS 
development. The clp mutation results in intracellular retention of 
mutant Lgi4. Downregulation of Lgi4 in wild·type neuron-Schwann 
cdl cocultures inhibits myeHnation. whereas exogenous Lgi4 restores 
myelination in clplclp cocultures. Thus, Lgi4 is involved in Schwann eel) 
signnling pathways that control axonal ensheathment and myelination. 

Lgi4 protein 
The Lgi4 protein belongs to a smai) family of proteins that are 
characterized by the presence of a signal peptide and two putative 
protein interaction domains: an LRR domain and an epilempin or EAR 
domain. The function of these proteins is unknown, although their 
structural ch::tracteristics suggest that they functio n extracellularly and 
are involved in multiple molecular interactions. 
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LRR domains provide a versatile protein interaction interface that is 
found in many proteins from phylogeneticaUy diverse organisms"·" . 
The LRR domain of Lgi4 has highest homology to the Drosopl1ila Slit 
D3 LRR. Slit proteins are extraceUular guidance molecules for both 
neurons and some non-neuronal ceUs, and function by binding to the 
transmembrane Roundabout (Robo) receptors (reviewed in ref. 29)
an interact ion that is mediated through the LRRdomain ofSiit'0• Also, 
the C-terminal half of the Lgi proteins is potentiaUy involved in direct 
molecular interactions. This domain is predicted to adopt a ~}-sheath 
structure and may represent a version of the seven-bladed ~-propeUer 
fold, a structural element involved in protein· protein interactions. For 
example, this structural motif is also found in the ~maphorins, a family 
of proteins involved in axon guidance (revie·wed in re( 31 ). and in the 
integrins, a major family of basal lamina receptors. The epitempin 
domain is shared by the four members of the Lgi family, by C21 orf19 
(TSPEAR) and by the extraceUular domain of the G protein-<oupled 
receptor MASSI (also known as VLGR). Two of these proteins are 
altered in epilepsy: LGI l mutations have been found in patients with 
autosomal-dominant partial epilepsy with auditory features 
(ADPEAF), wh.reas the MASSI (or VLGR) gene is mutated in Frings 
audiogenic seizure mice32 and in humans with audiogenic seizures33• In 
humans with ADPEAF, point mutations in LGI I have been found in 
both the LRR and epitcmpin domains' .. " - The human LGJ4 gene 
resides in 19q 13, a region linked to benign fami~al infantile convulsions 
(BFIC; OMIM 601764), and LGI4 polymorphisms are associated with 
childhood absence epilepsy''. Thus far, however, no mutations in LGI4 
have been detected in patients with either type of epilepsy. 

The interstitial deletion of24 amino acids within the LRR domain of 
Lgi4 results in intracellular retention of the mutant protein. most 
probably within the ER. The unique peptide junction in Lgi4clp docs 
not resemble any known ER retention signal and thus refutes a simple 
gain-of-function mechanism. A stringent quality control regime within 
the ER e~mina tes improperly foiMd or assembled proteinsl9. ln the 
peripheral nerve. the association of contactin .. associated protein 
(Caspr) and contactin wilhin the ER is required for maturation and 

81 



~ 
" 

ARTIClES 

surface expres.sion of the Caspr·contactin complex40 . Perhaps the 
altered protein-interaction characteristics of the mutant LRR domain 
of Lgi4 inhibit its incorporation into a complex destined for transport 
to the cell surface. Alternatively, possibly Lgi4dp is recognized as a 
misfolded protein, retained within the ER and eliminated through 
proteasome-mediated decay. ;-..[otably, a variety of ADPEAF-associated 
mutations in Lgil all result in intracellular retention of the protein 
when overexpressed in 293T cells, whereas the wild-type Lgi l protein is 
normally secreted by these cells41 • 

·~ Possible roles for lgi4 in peripheral nerve development 
~ The transplantation of wi!d·type sciatic nerve segments from wild·type 
~ mice into nerves of clplclp mice and vice versa suggested both Schwann 
~ cell-autonomous and Schwann cell-non-autonomous functions for 
f; the clp gene productl 1. We found that Lgi4 is expres.sed primarily by 
] Schwann cells in the PNS, implicating it in Schwann cell-axon inter
~ actions. The embryonic and postnatal secretion of Lgi4 by Schwann 
~ cells suggests several potential roles for this protein in nerve develop
~ ment. First, it is possible that Schwann cells signal axons through Lgi4 

to stimulate axon groy.,1:h, reduce axon-axon adhesiveness or trigger l axonal signaling back to Schwann cells. Lgi4 could bind directly to an 
~ axonal receptor or it could bind to an extracellular ligand. Second, Lgi4 
~ could modulate an axonal signal to Schwann cells. Third, the axonal 

sorting defect in clp nerves resembles the defects observed in several 
§- different mice that pos.sess laminin or integrin mutations21 . Similarly, 

2 in neuron-Schwann cell cocu!tures treated with a low concentration of 
~ cyochalasin D that only subtly affects the actin cytoskeleton, Schwann 
:E cells project processes into fascicles of axons but fail to segregate them 

.!!! completely42. These similarities raise the possibility that Lgi4 modulates 
=§ basal lamina signaling through integrins, thereby triggering the cyto-
0. skeletal rearrangements that are required for elaboration of Schwann 

~ cell proces.ses and subsequent axon segregation. 

Z~ dp!dp mice have a forelimb phenotype (Fig. I) that is uncommon 
among peripheral dysmyelinating mutants. Abnormal forelimb posture 

w at birth is also observed in SoxlO and cysteine-rich domain-1\'RGl 

" -~ knockout mice: however, in these mice, it is associated with paralysis 
@ resulting from significant motor and sensory neuron cell death as a 

~~consequence of the lossofSchwann cells 18.43. clp m. ice are. not paralyzed 
'!J4~and do not show excessive Schwann cell death or loss of sensory and 

- motor neurons 19•l1. In fact, it is possible that th1s parttcular aspect of 

the phenotype is not associated with loss ofLgi4 expression in Schwann 
cells. Lgi4 is expressed in restricted regions of the CNS (refs. 41,44 and 
data not shown), and therefore the limb defect could be related to the 
CNS. Purkinje cells in the adult cerebellum express Lgi4, but the 
appearance of the limb defect precedes Purklnje cell maturation4', 
suggesting that their involvement is unlikely. identification of the 
etiology of the limb defect in dp mutant mice will be facilitated by 
the generation of tissue-specific deletions of Lgi4. 

In summary, the identification and characteriJ..ation of the clp muta

tion presented here demonstrates that the loss ofLgi4 expression under
lies the claw paw phenotype and implicates the Lgi4 protein in Schwann 
cell differentiation and peripheral nerve development. Identification of 

Lgi4-interacting proteins will be instrumental in uncovering the signal
ing pathways in which Lgi4 participates and, additionally, may elucidate 
the functions of other Lgi proteins in oncogenesis and epileptogenesis. 
As a secreted protein that is required for Schwann cell development, Lgi4 

is a promising target for therapies to stimulate myelination. 

METHODS 
Mice. We obt~ined C57BL/6) clpl+ mice from the Jackson Laboratory, and FVB 
and CAST mice from the McLaughlin Resenrch Institute breeding colony. 

The Claw paw mutation reveals a role for Lgi4 

Animal experiments were performed according to protocols that f:tad been 
approved by ihe Institutional Animal Care and Use Committee at the 
McLaughlin Researcf:t Institute and the Institutional Animal Experimenlation 
Committee at Erasmus University, Pro~co;lur~o for mopping of the clp mutation 
are presented in Supplementary Methods online. 

Genotyping of Lgi4<1P mutant mice. Mice were genotypcd by PCR using two 
primers that flank the c/p insertion (5'-CrrGACAATGACCAGAGAGC 
CAAGAC-3' and S'-TGGCACCCrCGGATGACAGC-3') and a third primer 
tf:tat covers the 3' junction of the repeat insert (5'-CCATTCCCAGCAC 
CACAGCTTCA-3'). 

eDNA amplification. We Isolated RNA from adult C57BLI6 Lgir1+ and dp!+ 
mouse sciatic nerves using Trizol (Invitrogen) and then carried out cDKA 
synthesis using Superscript !J (Invitrogen) and a Clontech Advantage kit (BD 
Biosciences and Clontech). The Lgi4 open reading frame was amplified from 
this eDNA using the primers 5'-AAAC"TCGAGGAGCAACATGGGAGG 
GGCGGGCATCTTG-3' and 5'-GGGTCTTrCCCGGTACCCGGCACfGAG 
ATCCAATTCATGGTG-3' to improve the Kozak consensus around the ATG 
start site and to remove the stop codon. We cloned the 1 ,645-bp PCR product 
into pCR!J+ (Invitrogen), sequenced it and subsequenlly cloned il into 
pcDNA3.!/Myc-His(-)C (Invitrogen) as an EcoRI-Kpn! fragment 

In situ hybridization. We anesthetized and perfused mice witf:t fomwlin 
Hindquarters were dissected to expose the sciatic nerve and stored at 4 "'C in 
formalin. Tissues were frozen in a 1;1 mixture of ocr and Aquamount. and 
sectioned at 20 J-lm. We pcrfor01ed in situ hybridization as described"l and 
prepared single-stranded l5S-labeled antisense transcripts from the clones 
described above. Emulsion-dipped sections were exposed for 7-21 d, counter
stained in 0.001% bisbenzimide {Sigma) and photographed using dark-field 
optics and Kodak Ektachrome 160T film. 

Transgenic complementation of the dp mutation. BACs were identific'<l from 
the CAST/Ei BAC library at the Children's Hospital of Oakland Research 
Institute, by hybridizing filters with radiolabeled Fxyd3 cDt--;A according to the 
manufacturer's pro10col. BAC transgenic mice were made by pronuclear 
injection of75-D7 BAC DNA that was purified using 1he Qiagcn large construct 
kit {Qiagen), purified by density centrifugation in a CsCI gradient and dialpcd 
against 10 mM Tris (pH 8.0), 0. t mM EDTA using Slide-A Lpcr IOK dialysis 
cassettes (Pi~rce). We identified BAC lransgenic mice by PCR amplification of a 
350"bp sequence from ihe pTARBAC 2.1 plasmid backbone Ltsing the primers 
S'"CGCAGGTAAATGTGTCAAAATCTG-3' and 5'-GCCGTTCGCTAACTCAG 
CATC-3'. We analyzed FVB and CS7BL/6 chromosome-7 sequences using MIT 
microsatellite markers that differ in size between FVB and CS7BLI6. These 
microsatellites were identified using the Center for Inherited Disease Research 
website {hnp:l/www.cidr.jhmi.edu/mouse/mouse_dif.html). Ml3-tagged pri· 
mers for the D7MlT267 micro.atellite marker were used for PCR amplification 
and analysis by electrophoresis on Ll-COR apparatus (Lt-COR Bioscicnces) as 
described above. 

Bioinfonnatics. We analyzed sequences using the Celera Discovery System and 
tf:te public mouse and human genome databases. We performed signal sequence 
prediction using Signal P3.0 (ref. 46) and TMHM:>1 {version 2.0). Inlron splice 
sites prediction using NetGcnc2. We identified conserved sequences between 
mouse and human using VISTA 41 

Cell transfection, immunohistochemistry and western blotting. CHO t cells 
were grown in DMEM/FIO ('0/hitaker) medium supplemented with 5% fetal 
calf serum, penicillin and streptomycin. We obtained polyclonal cell lines stably 
expressing Cgi4, Lgi4dp or Lgil after transfection of CHOI cells with pcDNA3.1 
Myc-His- or pcDNA3. t V5·His-based expression cassettes and selection in 
G418 (1 mg ml-1). For immunohistochemistry, tf:tc cells were grown in two
well microchamber slides, washed with phosphalc-buffured saline (PBS) and 
fixed for 5 min in 4% parafonnaldehyde (PFA) followed by 5 min in icc-cold 
methanol. Cells were preincubatcd with blocking solution (0.5% normal goat 
serum (DAKO), 0.5% bovine scn1m albumin {BSA). 0.01% Triton X-100, 
0.2 mM glycine in PBS) for 5 min. First ~ntibodies were diluted in blocking 
solution ( 1:200 for the anti-Myc 9EI (Roche) mouse monoclonal antibody and 
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1:100 for the GRP·94 (DAKO) ER marker rabbit serum), applied to the cells 

and incubated for 2 h. Cells were washed extensively with PBS--D.OO!% Triton 

X-100 before ~ddition of d"dutions of secondary antibodies in blocking buffer 

(1:100 of Alexa 594-conjugated goat anti-mouse antibody and 1:100 Alexa 

488-t:onjugated goat anti-rabbit antibody (Molecular Probes)). After 1 h, cells 

were extensivdy washed with PBS--0.01% Triton X-100, PBS and demineralized 

water; and mounted. We examined the cetls using a Leica Aristoplan epifluo

rescence microscope and collected images using a Sony video camera. 

\Ve purified proteins from cell extracts and medium using NiH·NTA beads 

f! (Qiogcn) and separated them on a 12% SDS·PAGE geL Proteins were 
~ transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore) and 

·;:; detected with primary antibodies to !v!yc (Lgi4), V5 (Lgil) or Oct6. We 

l?_ visualized proteins using an ECL western blot detection kit (Pierce}. 

• c 

' ~ 
' E 
8 

Neuron-Schwann cell cocultures and lentiviral infection. Dissociated mouse 

DRG cultures: DRGs were dissected from E13 dp!clp, clp!+ and wild-type 

embryos, and collected in Leibovitz's L-15 medium (Invitrogen}. DRGs from 

individual embryos were dispersed using trypsin and plated in a small drop of 

MEM (Invitrogen} supplemented with 10% FBS (HyCione} and 100 ng ml-1 7S 

~ KGF (Promega} on collagen-coated coverslips. We cultured and induced 

~ myelination by the addition of 50 pg mt 1 ascorbic acid (Sigma} as described 

"' in ref. 8. We visualized myelin figures by staining PFA-fixed cultures with 

_,l··· antibodies to the major myelin proteins Mpz (ref. 48} or Mbp. Lgi4·Myc·His
"' expressing CHO cel\s ( polydonal} or non-recombinant CHO cells were grown 

o. in lv!EM supplemented with 10% FBS for 5 d. The conditioned medium was 

~ harve.\ted, filtered and used to supplement medium for dissociated dp!dp DRG 

o.. cultures. The conditioned medium was added the day after plating and was e present during the whole time period of the experiment. For rat DRG-Schwann 

(.!) cdl cultures, primary DRG neuron cultures were established using DRGs 

e» harvested from E16 rat pups. DRGs were disassociated, and approximately 

lj two DRG were plated per well in four-well Nunc plates coated with Matrigel 

(I) {BD Biosciences}. 1\eurons were grown in supplemented neural basal medium 

~ (Invitrogen) (327 supplement, Invitrogen; 4 g J- 1 a-glucose, 2 mM glutamine 

0.. and 50 ng ml-1 t-<GF, Harlan) with or without a mixture of 10 j.tM 5-fluoro-2'

e deoxyuridine and uridine (Sigma} for two or three 48-h cycles to eliminate 

.3 fibroblast growth. Primary rat Schwann cells were harvested from sciatic nerves 

;2! of Pl and P2 rat pups according to Brockes' method and cultured as 

<P described' 7. For myelination, 100,000 lentiviral·infected Schwann cells were 

g seeded onto DRG cultures in DMEMIFI2 medium (Invitrogen) supplemented 

~ with 15% FBS (Sigma}, 2 mM glutamine and 50 ng ml- 1 NGF. After 48-96 h, 

the medium wa~ sw"ttched to myelin-promoting medium consisting ofDMEM/ 

IS% FBS, 2 mM glutamine, SOng mJ-1 NGF and 50 flg mJ- 1 ascorbic acid 

Myelination medium was changed three times every week, and the 

were allowed to myelinate for up to 2 weeks. 
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The Lgi4 siRNA vector was produced by cloning annealed oiigos, which 

encoded a hairpin loop and the targeting sequence 5'-CfGTCACT 

CTCfCfCGTCA-3' into a lentiviral vector containing the U6 promoter and 

~ puromycin resistance cassette. Non-recombinant lentivirus without a hairpin 

oligo insertion was used as the control. Lentivirus production and infection was 

performed as described'"· Infected Schwann cells were selected for by treating 
with 1 )lg/ml puromycin for 48 h. 

!mmunohistochemlstry of rat DRG-Schwann cell cocultures. Cultures were 

fixed for 10 min in 4% paraformaldehyde and then permeabilized for 20 min in 

cold methanol at -20" C. Incubation with primary antibody was performed 

overnight at 4' C with monoclonal antibodies to Mbp (1:200; Sternberger 

Monodonals) in blocking buffer (5% BSA (Sigma), 1% goat serum (Zymed), 

0.2% 'friton in PBS). Goat anti-mouse lgG-Cy3 (Jackson lmmunoresearch} 

was used at 1:200 dilution for I hat room temperature. Percent myelination 

was calculated by counting the total number of Mbp-positive internodes in five 

random fields per culture viewed at !Ox magnification and setting the control 

to I 00%. Each condition was performed in triplicate or quadruplicate, and the 

data presented is the average ± s.e.m. of three independent experiments. 

Quantitative RT-PCR. For eDNA synthesis, I l•g of total RNA isolated from 

lentiviral·infectcd cultured Schwann cells (Trizol reagent, Invitrogen) was u>ed. 

Gene expression was quantified as previously described 17 and normalized to 
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels. Each sample was 

quantified in triplicate, and the results shown are the averages :t s.e.m. of a 
representative experiment. 

Note: Supplc~l1<nlilry informmion i; av~i!able orr tho Nmure Neuroodence web;i~e. 
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Chapter 3 

The Lgi4 gene (Leucine-rich-glioma inactivated4) is an important regulator 

of myelination in the peripheral nervous system and is found mutated in claw paw 

mice. Its mechanism of action is unknown. Here we demonstrate that Schwann 

cell secreted Lgi4 functions through binding of axonal Adam22 (A disintegrin and 

metalloprotease22) to drive the differentiation of Schwann cells, thus revealing a 

novel signalling axis in peripheral nerve myelination. 

The structural and functional maturation of myelinated nerve fibers in the peripheral 

nervous system (PNS) is governed by molecular interactions between the axon and the 

Schwann cell1
. For example. engagement of axonally derived Neuregulin1 (NRG1) with 

ErbB2/3 receptors on Schwann cells (SCs) mediates SC proliferation and survival, and 

myelination of axons2 3 Neurotrophins and their receptors also modulate myelination'

Recently, a mutant form of Lgi4 has been shown to underlie the congenital hypomyelinating 

phenotype of Claw paw mice, implicating this protein as a positive regulator of myelin 

formation in the PNS56
. However, its precise mechanism of action has not been determined: 

The principal cell source of Lgi4 in the PNS is unknown (both Schwann cells and neurons 

express the gene (ref 6 and Supplementary Fig.1 ), the Lgi4 receptor has not as yet been 

identified, and it is unknown whether Lgi4 is involved in paracrine or autocrine events. 

To address the cell-autonomous function of Lgi4, we generated mice that carry a conditional 

null allele of Lgi4 (Supplementary Fig. 2). Lgi4 was specifically deleted in SCs during 

embryonic development using a DhhCre transgene'- At postnatal day 12 (P12), SC-specific 

deletion of Lgi4 results in hypomyelination that is comparable to that observed in claw paw 

(Lgi4c~p!Oip) nerves (Fig. 1 ). Similar deletion of Lgi4 in both SCs and sensory neurons using 

a Wnt1 Cre transgene' also results in peripheral hypomyelination at P12. These results 

demonstrate that SCs are the principal source of Lgi4 in the developing nerve. 

DhhCre:Lgi4cKOicKO I 

Figure 1 - Schwann cell specific deletion of Lgi4 results in a congenital hypomyelinating phenotype in the 
peripheral nervous system. 
Cross sections of plastic embedded nerves derived from animals homozygous for the conditional Lgi4 allele 
(Lgi4cKOtcKo) at P12, show a pattern of myelin figures that is comparable to wildtype (see Fig. 2a). Deletion of the 
Lgi4 gene in Schwann cells (DhhCre; Lgi4cKOicKO) or in Schwann cells and sensory neurons (Wnt1Cre; Lgi4"KOtcKo) 
results in a hypomyelinating phenotype with few myelinated axons, similar to that observed in claw paw (Lgi4c1

p
1 

clp) animals. Sections are stained with PPD to accentuate the myelin sheath, which appears as a dark ring. Scale 
bar represents 10 !J.m. 
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Several lines of evidence suggested that members of the Adams family are 

receptors for Lgi proteins: Lgi1 and Adam22 co-immunoprecipitated in hippocampal neuron 

membrane preperations9
• Lgi1 and Lgi4 bind to cells that ectopically express Adam22 

or its relative Adam23 9
'
10 Deletion of Adam22 results in a peripheral nerve phenotype 

similar to that observed in claw paw animals 11
• Our comparison of cross-sections from P12 

sciatic nerves of claw paw and Adam22 mutant animals shows that the peripheral nerves 

in both animals are hypomyelinated, although the claw paw nerve phenotype appears 

more severe (Fig. 2a). Indeed, immunohistochemical and Western blot analyses show that 

more SCs have progressed to the myelinating stage in Adam22 mutant animals compared 

with claw paw animals, as evidenced by the higher levels of myelin protein zero (Mpz) 

protein and the larger number of cells expressing Mpz and Krox20 (Fig.2 b,c). This less 

severe Adam22 mutant nerve phenotype suggests that additional receptors can partially 

compensate for the loss of Adam22. Both Adam11 and Adam23 are expressed in neurons 

and SCs of the developing nerve (Supplementary Fig.1) and Lgi4 binds to these proteins 

when expressed on the cell membrane (Fig. 2d). Moreover, Lgi2 and 3, which are both 

expressed in the sensory neurons of the dorsal root ganglia (DRGs) and SCs 6
, also bind 

to these Adam proteins, albeit with different specificity (Fig. 2d). To test whether binding 

of Lgi4 to Adam22 is direct or requires the presence of additional molecules at the cell 

membrane, we utilised fusion proteins that consist of the ectodomain of Adam22 and the 

human lgG Fe moiety. Adam22-Fc efficiently precipitates Lgi4 from conditioned medium 

(Fig2. e). In contrast, Adam22-Fc with the 0509N mutation in the disintegrin-like domain 

mutant does not. This mutation is analogous to theju160 allele of C.elegans Adm1/Unc-71, 

which causes axon guidance and sex myoblast migration defects" These results indicate 

that binding of Lgi4 to Adam22 does not require additional membrane associated receptors 

and that binding depends on the integrin-binding domain of Adam22. 

Adam22 is expressed by neurons as well as SCs (Supplementary Fig.1 and ref. 

11) raising the question whether Lgi4 functions in an autocrine or/and paracrine fashion. To 

answer this question, we generated primary sensory neuron cultures from Adam22.1"'" and 

Adam22"'o~"'" embryos and seeded these cultures with rat SCs. Rat SCs readily ensheath 

and myelinate Adam22.1"'" neurons (myelin basic protein (MBP) positive myelin sheaths 

surrounding neurofilament positive (green) neurites), whereas Adam22"'"1
"'" neurons are 

not myelinated (Fig. 3a & 3b ). These results indicate that Adam22 function is required 

in the neuron, but do not exclude an additional function in SCs. To further explore the 

SC-autonomous function of Adam22 in nerve development, we generated a conditional 

Adam22 allele (Supplementary Fig. 3) and bred it to homozygosity in the presence of 

the Wnt1 Cre transgene (Adam22 deletion occurs in all neural crest derivatives, including 
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Figure 2- Similarities between Lgi4 and Adam22 deficient mice and direct interaction between Lgi4 and Adam22. 
(a) Toluidine blue stained cross sections of sciatic nerve of Claw paw (Lg{/p/clp) and Adam22 (Adam22"eolneo) mutant 
show similarities in extent of myelin formation at P12. Representative pictures of 3 individuals per genotype 
examined. Scale bar= 10 J.lm (b) Myelin protein zero (Mpz) and Krox20 staining of cross sections of sciatic nerves 
derived from Claw paw, Adam22 mutant and wildtype animals demonstrate a larger fraction of myelinating Schwann 
cells (Krox20 and Mpz positive) in Adam22 mutants versus Claw paw animals. (c) Western blotting corroborates 
this observation as elevated levels of a pro-myelinating marker, the transcription factor Oct6, and reduced Mpz 
expression are observed in both mutant animals. The more advanced stage of Schwann cell differentiation in 
Adam22""oln•o versus Claw paw animals is again evident from the higher Krox20 and Mpz levels in Adam22"eotneo 
nerves (d) Lgi4 (red) binds to the surface of Hela cells expressing Adam22-GFP fusion proteins. Lgi4 also binds 
to the Adam22 related proteins Adam23 (-GFP fusion; green) and Adam11 (-GFP fusion; green). Lgi2 (red) and 
Lgi3 (red ), both of which are expressed in sensory neurons and in Schwann cells (Supplementary Fig. 1 ), bind 
with different specificity to Adam22, Adam23 and Adam11. Lgi4, Lgi2 and Lgi3 are added to transfected Hela 
cells in the form of conditioned media derived from CHO cells overexpressing either myc-tagged Lgi4 (red), or V5 
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sensory neurons and SCs, but not in spinal motor neurons; see also Supplementary Fig. 

4). Analysis of myelin formation in the sciatic nerve of these mice revealed a mosaic pattern 

of normally myelinated fibers and promyelin arrested fibers (Fig. 3c & 3d). Most of the 

myelinated axons expressed Choline acetyltransferase (CHAT), indicating they are motor 

fibers. As in claw paw mice at P12, non-myelinated fibers are associated with predominantly 

Oct6 positive promyelinating cells, whereas Krox20 positive SCs are invariably myelinating 

cells (Fig. 3d and Fig. 2b). Examination of the ventral and dorsal roots revealed normal 

myelinated motor fibers and severely hypomyelinated sensory fibers respectively (Fig. 3c 

and e). These data demonstrate that Adam22 is required in neurons, whereas deleting 

Adam22 in SCs has no effect on myelin formation. Thus, our data suggest that axonal 

Adam22 is the major receptor for SC-derived Lgi4 and that the myelin promoting activity of 

Lgi4 is mediated largely through Adam22. 

But how does Lgi4 binding to axonal Adam22 drive SC myelination? At least two 

possible scenarios can be envisioned. Adam22 interacts through its carboxy-terminal PDZ 

binding motif with scaffolding proteins such as PSD95. It is conceivable that Lgi4 binding 

to Adam22 modulates these interactions with scaffolding proteins, resulting in clustering 

or presentation of important axonal signalling molecules such as NRG1 or Trk receptors. 

Such a mechanism is similar to that proposed by Fukata and colleagues' for Lgi1-Adam22 

mediated AMPA receptor clustering in hippocampal synapses. Alternatively, it is possible 

that Lgi4 binding to Adam22 modulates (either positively or negatively) Adam22 integrin 

interactions, as Lgi4 binds to the disintegrin-like domain of Adam22. Indeed, Adam22 

interacts with a number of integrins that are expressed on Schwann cells (in particular 

a6j31 and a6j34) and are involved in axonal sorting and myelin stabilization 13
·
14 However, 

the actions of these integrins have been mainly interpreted in terms of their interaction with 

extracellular matrix proteins and not with the axon. 

In conclusion, we have identified Adam22 as the major axonal receptor for the 

SC derived factor Lgi4, thus revealing a new signalling axis in SC-neuron interactions that 

govern myelin formation in the PNS. 

tagged Lgi2 (red) or Lgi3 (red). (e) Soluble fusion proteins between the ectodomain of Adam22, either wildtype or 
carrying a missense mutation in the disintegrin domain (D509N) and the human lgG1 Fe domain were generated 
and their domain structure is schematically depicted here. S, signal peptide; P, pro-domain; MP, metalloprotease 
like domain; 01, disintegrin-like domain; CR, cysteine-rich domain; E, Egf-like domain. The arrow indicates the site 
at which the precursor protein is cleaved by furin-like proteases during processing. Lgi4 was efficiently precipitated 
by Adam22-Fc (1) bound to ProteinA beads whHe the disintegrin mutant (2) protein did not precipitate Lgi4. 
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Figure 3 • Adam22 is a neuronal receptor required for myelin formation by Schwann cells. 
(a) Wildtype rat Schwann cells ensheath and myelinate the neurites of embryonic sensory neurons derived 
from Adam22""'" . but not Adam22"•01n00 mutant embryos in vitro. The neurites in these cultures are visualized by 
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neurof1lament staining (Nefm; green) and myelin is visualized by myelin basic protein (Mbp; red) staining. The 
nuclei of Schwann cells and neurons are revealed with DAPI (blue) stain. (b) Quantification of myelin formation 
in the in vitro cultures shown in (a). The bar shows the mean of three independent experiments. (c) Conditional 
deletion of Adam22 in neural crest derivatives using the Wnt1 Cre driver. Toluidine blue staining of sections of 
nerves from Adam22cKOI+ and Adam22cKolcKo Wnt1 Cre mice at three different anatomical levels A, 8 and C. These 
levels are schematically depicted in (e). Motor fibers are indicated in red and sensory fibers in black. Scale bar 
represents 10 flm. (d) !mmunostaining for choline-acetyl transferase (Chat; green) and Mpz (myelin; red) shows 
that most myelinated axons are positive for Chat. Schwann cells in the non-myelinated areas of the nerve are 
Krox20 negative and Oct6 positive. 
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Supplementary Figure 1- RT-PCR analysis of 
Lgi2, 3, 4 and Adam11, 22, and 23 expression 
in different tissues and celt types. 
(a) Lgi4 and Adam22 are expressed in 
embryonic DRGs and sciatic nerves of mice 
at different stages of postnatal development 
Embryonic DRGs at this stage contain both 
sensory neurons and Schwann cell precursors; 
therefore both cell types could express Lg'l4 
and Adam22. Expression in sciatic nerve 
most likely represents expression in Schwann 
cells, as these cells are the most numerous. 
However, as some neuronal RNAs are 
transported down the axon, we cannot rule 
out significant neuronal expression from these 
data alone. Different isoforms of Adam22 are 
expressed as a result of differential splicing of 
a number of exons encoding the C-terminal 
intracellular portion of the protein 1

'
2

• The 
differences in length of the amplified Adam22 
cDNAs represent different mRNA species 
expressed in neurons and Schwann cells 2

. 

(b) To establish the cell types within DRGs 
and nerves that express Lgi4 and Adam22 and 
their close relatives Lgi2, Lgi3 and Adam11, 
Adam23 respectively, we examined purified 
cultures of rat neurons and rat Schwann cells 
and co-cultures of the two cell types. Whereas 
neuronal cultures always contain small 
numbers of fibroblasts and Schwann cells, 
Schwann cell cultures are absolutely devoid 
of neurons and are virtually free of fibroblasts. 
RT-PCR analysis shows that Lgi4 is expressed 
in sensory neurons and in Schwann celts, 
in accordance with our previous results 3

• 

Also Adam22 is expressed in neurons and in 
Schwann cells. This is also true for Lgi2 and 3 
and for Adam11 and 23. In addition, possible 
different isoforms of Adam23 may be present, 
mainly in the Schwann cells. Differential 
splicing of 3' exons have been described in 
mouse and human but not rats 4

. Note that the 
Adam22 RT-PCR here does not differentiate 
for different isoforms. 
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Supplementary Figure 2 -Targeted mutagenesis at the mouse Lgi41ocus to create a conditional Lgi4 null allele. 
The mouse Lig4 gene consists of 9 exons spanning approximately 12kb of genomic sequences on mouse 
chromosome 7. To create a conditional null allele we introduced LoxP sites in front of exon1 and downstream of 
exon3 through homologous recombination in ES cells. After establishing a mouse line from correctly targeted ES 
cells, we removed the TK-neo cassette by crossing the mice with the ROSA26-Frt recombinase deleter 5 mouse. 
Offspring of this cross was used to establish the Lgi4 conditional knock out (Lgi4"K0

) mouse line used here. 
Crossing these mice with Cre recombinase drivers such as DhhCre and Wnt1 Cre, results in the tissue specific 
deletion of exon 1 to 3. 
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Supplementary Figure 3 - Targeted mutagenesis at the mouse Adam22 locus to create a conditional Adam22 
null allele. 
The mouse Adam22 gene consists of more than 30 exons that span around 300kb of genomic sequences on 
chromosome 5. To create a conditional null allele for Adam22 (Adam22cKO), we introduced LoxP sequences 
around exon1 through homologous recombination in ES cells. Exon1 contains the start codon and encodes the 
signal peptide. Deletion of exon1 wi!l therefore result in a null allele. Correctly targeted ES cells were used to 
generate a mouse carrying the targeted allele containing the TK-neo selection cassette. Deletion of exon1 by Cre 
recombinase results in the generation oftheAdam22 null (Adam224>1

) allele. 

Supplementary Figure 4- Schwann cell specific deletion of Adam22 does not affect myelination in the PNS. 
Myelination of nerve fibers in the sciatic nerve of mice homozygousfortheAdam22 conditional null allele (Adam22cKOI 
cKo) appears normal and is comparable to that observed in sciatic nerve of wi!dtype and DhhCre;Adam22cKOicKo 
mice. In the latter, Adam22 is deleted selectively in Schwann cells. Complete deletion of Adam22 (Adam22neolneo) 
results in a hypomyelinating phenotype. The scale bar represents 10 11m 
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Materials and Methods 

Mice: 

The neo allele of Adam22 (Adam22""), in which a TK-neo cassette is inserted into exon 

8, has been described before 2
• Conditional alleles for Adam22 and Lgi4 were generated 

through homologous recombination in ES cells using standard techniques. The strategy to 

create these alleles and a schematic representation of these alleles is depicted in Figures 

2 and 3. Mice were genotyped using the following primers; 

For Lgi4'K0 allele; forward 5'-TCTGACCTCCTCCTTCCTACCC-3' 

and reverse 5'-CCCAAATCACTACATCTCCGTGG-3', annealing T=65'C. 

For Lgi4''' allele; forward 5'-AGAGAGCCAAGACCTTGGCTAC-3' 

and reverse 5'-GTCATCTGAAGGTCGAGGATGGC-3', annealing T=60'C. 

For Lgi4"·' knock out allele; forward 5'-ACTCTCGGAGGAATGGGAAGGAGGG-3' and 

reverse 5'-CCATCATCCACACCAGCGAC-3', annealing T=60'C. 

For Adam22"" allele; forward 5'-CATTGCTTACATGACTACTGACC-3' 

and reverse 5'-AAGCAGAGCTGTCACAATCC-3', annealing T=58'C. 

For Adam22'K0 allele; forward 5'-TGCACTCAAGGCATGGTCTC-3' 

and reverse 5'-GTAGCTAAGTGGCTTCTAGC-3', annealing T=55'C. 

For Adam22KO null allele; forward 5'-TGCACTCAAGGCATGGTCTC-3' 

and reverse 5'-CTGCACTCCTCATCACCTTA-3', annealing T=55'C. 

Animal experiments were performed according to protocols that had been approved by an 

independent animal experimentation committee. 

Light microscopy: 

Mice were deeply anaesthetized with sodium pentobarbital and transcardially perfused with 

PBS followed by 4% paraformaldehyde/1% gluteraldehyde in 0,1M phosphate (Millonig's) 

buffer pH7,2. Sciatic nerves, spinal cords and DRGs were dissected and placed in the 

same fixative at 4C for at least 16 hours. Tissues were washed with 0,1 M Millonig's buffer 

and osmicated overnight at 4 C in 1% osmium tetroxide/ferricyanide in Millonig's buffer. 

Tissues were subsequently dehydrated through an ascending aceton series and embedded 

in plastic resin. One f.lm sections were cut on a glassknife, mounted on microscope slides 

and stained with either para-phenylene-diamine (PPD) or Toluidine Blue, as described '.7 

Sections were examined using an Olympus BX40 microscope and pictures were collected 

using a Colorviewlllu camera. 

Immunofluorescence: 

P12 mice were sacrificed and sciatic nerves were dissected and fixed in 4% PFA in PBS 

overnight at 4 °C. After dehydration through an ascending series of ethanol, tissues were 
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washed in xylene, infiltrated with, and embedded in paraffin. Six 1-1m sections were cut on a 

Microm microtome, and were mounted on SuperFrost Plus slides (Menzel-Glaser). Sections 

were de-waxed in xylene, and rehydrated through a descending series of ethanol dilutions 

and distilled water. After washing 5 minutes each in PBS, and PBS/0.1% Tween-20, antigen 

retrieval was performed with 15mM Na
3
-Citrate Buffer containing 0.05% Tween-20 at 80-

gooc for 20-30 minutes in a waterbath. After cooling down to room temperature, slides were 

washed with PBS, then PBS/0.1% Tween-20. Sections were blocked for at least 1 hour at 

room temperature with filtered blocking solution containing PBS, 1% BSA, 0.2mM Glycine, 

0.05% Tween-20, and 0.5% Normal Goat Serum (Dako) or Normal Donkey Serum (Sigma) 

depending on the secondary antibody used. Primary antibodies were diluted in blocking 

solution, and sections were incubated overnight at 4 °C. Slides were washed 5 times with 

PBS/0.1% Tween-20 at room temperature. After an additional blocking step of 10 minutes, 

fluorescent conjugated secondary antibody incubations were done in block solution for 2 

hours at room temperature. Slides were washed 5 times with PBS/0.1% Tween-20, once 

with PBS, and for 2 minutes with running tap water. After rinsing in distilled water, sections 

were dried, and mounted with polyvinyl alcohol 4-88 containing DABCO anti-fading agent 

and DAPI for DNA staining. 

Binding assays: Lgi2, Lgi3 or Lgi4 conditioned media CM) were incubated with antibodies 

against V5 (Lgi2 and Lgi3) or Myc-tag (lgi4) for 45 minutes at room temperature. CM 

were then added to transfected cells and incubated at 37°C/5%C02 for 45 minutes. Cells 

were washed 2 times with PBS, fixed with 4% PFA in PBS for at least 15 minutes, then 

washed 2 times with PBS, once with PBS/0.05% Triton X-100, and blocked for at least 

20 minutes at room temperature. Block contained 1% BSA, 0.2mM Glycine, 0.01% Triton 

X-100, and 0.5% Normal Goat Serum (Dako). Primary antibody incubation was done at 

room temperature for at least 2 hours, and secondary antibody incubation was done at 

room temperature for at least 45 minutes. 

For DRG cultures; the protocol was the same as above, except for an additional fixation step: 

After PFA fixation, cells were washed several times with PBS, then fixed and permeabilized 

with ice-cold methanol for 20 minutes, to facilitate myelin staining. 

Samples were examined under a Zeiss Axiolmager.Z1 microscope using 40x or 63x 

objectives. In some cases, optical sections were obtained using the apotome system 

(Zeiss). Images were captured with an AxioCam MRm digital camera, and analyzed with 

AxioVision software. Brightness and contrast levels were adjusted in photoshop. 

Sciatic nerve tissue extraction and Western blotting: 

Nerves were dissected from euthanized animals at P12 and frozen on dry ice. Tissues 

were extracted in reducing sample buffer by sonicating on ice, with 4 on/off cycles of 1 
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minute. Samples were denatured at 95'C for 10 minutes, and proteins were separated by 

SDS-PAGE (12.5% gel), and blotted onto lmmobilon-P PVDF membranes (Millipore). The 

blots were blocked with 3% BSA or blotting grade non-fat dry milk (Bio-Rad), and 0.05% 

Tween-20 in PBS for 1 hour at room temperature. Primary antibody incubation in block 

solution was done overnight at room temperature. The blots were washed 5 times for 10 

minutes with PBS/0.1% Tween-20, and incubated with HRP- or AP-conjugated secondary 

antibodies for at least 1 hour at room temperature (For Fe staining, blots were blocked 

overnight at 4 'C, then incubated for 1 hour at room temperature with HRP-conjugated 

anti-human antibodies). After washing with PBS/Tween-20, the HRP-bound protein bands 

were detected by chemiluminescence with ECL kit (GE Healthcare) on Kodak BioMax MR 

films, and the AP-bound protein bands were detected by chromogenic assay with NBT/ 

BCIP (Roche). 

Antibodies: 

Pnmarv antibodieS (Immunofluorescence; IF, Western Blot; WB) Mouse-anti-PO 8 (IF, 

1 :500; WB, 1:1 000), rabbit-anti-Oct6 7 (IF, 1 :200; WB, 1 :500), rabbit-anti-Krox20 9 (IF, 

1 :200; WB, 1 :500), mouse-anti-Neurofilament M (supernatant clone 2H3, Developmental 

Studies Hybridoma Bank; IF, 1 :300), rat-anti-MBP (Millipore; IF, 1 :300), goat-anti-ChAT 

(Millipore; IF, 1 :200), mouse-anti-myc 9E10 (clone 9E1 0, 0.4mg/ml, Roche; IF, 1 :300), 

mouse-anti-V5 (custom made monoclonal antibody; IF, 1 :50), rat-anti-Lgi4 (clone 11 H12, 

Absea Biotechnology; IF, 1 :300; WB, 1:1 000), mouse-anti-acetylated tubulin (Sigma; WB, 

1:1000). 

Secondary antibodies: The following secondary antibodies were used. The commercial 

source and dilution are indicated in brackets. Alexa594 conjugated Goat-anti-mouse and 

Alexa488 conjugated goat-anti-rabbit (Molecular Probes, Invitrogen, and used at 1:300 

for IF), Cy2 conjugated donkey-anti-mouse (IF, 1:1 00), AffiniPure Dylight594 conjugated 

donkey-anti-rat and AffiniPure Dylight594 conjugated donkey-anti-goat (Jackson 

lmmunoResearch; IF: 1 :500), HRP-goat-anti-mouse, AP-goat-anti-mouse, and HRP

goat-anti-rabbit (Dako; WB, 1 :5000), goat-anti-human-HRP (Amersham Biosciences; WB, 

1 :5000). 

Cloning: 

Lgi2, 3, 4 and Adam22 cDNAs were amplified from E13.5 mouse DRG eDNA. CDNAs 

were generated using the SuperScript II (Invitrogen) reverse transcription system, on total 

RNA isolated by RNA-Bee reagent (Tel-Test, Inc). After eDNA amplification with Phusion 

polymerase (Finnzymes), the fragments were ligated toZero-BiuntTOPO vector (Invitrogen) 

and sequenced. Adam11 and Adam23 were amplified from IMAGE eDNA clones. V5-His 

(Lgi2, 3) or myc-His (Lgi4) tagged Lgi proteins were obtained by re-cloning into pcDNA3.1 
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based expression cassettes. Full length Adam-GFP-His fusion proteins and Ectodomain 

Adam-Fc fusion proteins were obtained by re-cloning into CMV-based expression cassettes 

(G20 isoform for Adam22 and alpha isoform for Adam23 were used). 

Primers: Restriction site used for cloning are underlined. Start codon is in bold. 

Lgi2; forward 5'-CAAGCTTGCCACCATGGCGCTATGGAGAGG-3', 

reverse 5'-CCTCGAGACAAACTTAAATCAACAATGATATGTTC-3'. 

Lgi3; forward 5'-CAAGCTTGCCACCATGGCCGGGCTACGAGC-3', 

reverse 5'-CCTCGAGAGGCACTAAGGTCCACCACAACATG-3'. 

Lgi4; forward 5'-CATCGATGCCACCATGGGAGGGGCGGGCATC-3', 

reverse 5' -CTCTAGAGGCACTGAGATCCAATTCATGGTG-3' 

Adam22; forward 5'-CATCGATGCCGCCACCATGCAGGCAG-3', 

reverse 5' -AGAA TTCAA TGGATGTCTCCCATAGCC-3' 

The 3' ends of different variants were amplified by; 

forward 5'-GTTTGCAGCAATGAGCTCAAGTG-3', 

reverse 5'-AGAATTCAATGGATGTCTCCCATAGCC-3', making use of the internal Sacl 

site for subsequent cloning steps. 

Cell culture, binding and immunoprecipitation assays: 

All cell culture reagents were from Lonza, and all cultures dishes were from Greiner Bio

one unless otherwise mentioned. CHO and He La cells were grown in DMEM, 10% FCS, 

Penicillin and Streptomycin (PS), and HEK 293T cells were grown in DMEM/F1 0, 10% FCS, 

PS. Hela, or 293 cells were transiently transfected by Lipofectamine reagent (Invitrogen), 

or Calcium phosphate transfection method (ref). Stable CHO cell lines expressing Lgi4 

were obtained by linearization of plasmid with Sspl, transfection with lipofectamine, and 

G418 selection. 

For immunoprecipitation assays, 6 days CM were collected and filtered. CM were buffered 

with 0.1 M Tris pH 8. Adam22-ED-Fc proteins were bound to ProteinA beads (RepliGen) 

overnight at 4°C. Adam22-ED-Fc beads were washed three times with PBS/0.1% Triton 

X-100 and then added to Lgi4 CM and incubated overnight at 4'C. After washing, beads 

were resuspended in reducing sample buffer, and SDS-PAGE (10% resolving gel) and 

western was performed as above. 

RT-PCRs: 

For RT-PCR experiments, RNA was isolated from various tissues with RNA-Bee, first strand 

eDNA synthesis was performed with SuperScript Ill (Invitrogen), and PCRs were done with 

Phusion. The PCR products were run on an agarose gel, and pictures were made with a 

Typhoon Imager (GE Healthcare). 

The PCR steps were: 98'C, 5 minutes, initial denaturing; (98'C, 20 seconds, denaturing; 
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annealing 20 seconds (Tm; see table); extension 30 seconds at 72'C) for 30 cycles; 72'C, 

10 minutes, final extension. 

The primers used and related information are listed below: 

Annealing Extension 
Expected 

Primer Sequence 
Temp.(' C) Time (sec) 

product 
length (bp) 

Mouse Lgi4 CAGCTTCTTAAAGATGCCGTCATTG 
forward 

69 15 620 
Mouse Lgi4 CCAGCACCAGAGGCTTGCAGG 

reverse 

Mouse Adam22 GTTTGCAGCAATGAGCTCAAGTG 
forward 560-1000 

68 20 {different 
Mouse Adam22 CCTCTGGTATCTCAGAGGGTCTTG isoforms) 

reverse 

Rat Lgi4 CAGAGGCAGAGGACGTCTATG 
forward 

66.5 10 405 
Rat Lgi4 CTCAGGCACTGAGATCCAACTC 
reverse 

RatAdam22 GGTGAAATCACGTCCACACTG 
forward 

67.5 10 240 
RatAdam22 GAGCTCATTGCTACAAACTCCG 

reverse 

RatAdam11 GAGGGGACAAGGCAACACAG 
forward 

69 10 441 
RatAdam11 TGCAAAGTTGCTGGTGAGGA 

reverse 

RatAdam23 GACTGCAGTGGTGCTCACGTAG 
forward 445 (possible 

69.5 10 different 
RatAdam23 CTCCAGTGCAGCTGATTCAGATG isoforms) 

reverse 

Rat Lgi2 GGTTCCCATCATCTTGCAGT 
forward 

66 10 275 
Rat Lg12 ACGTGTAGTCACTCCCCAGG 
reverse 

Rat Lgi3 CCTTGTAATCGCCTAGCTGC 
forward 

66 10 328 
Rat Lgi3 TGGGATGAGAAAGGAGATGG 
reverse 

Rat Schwann cell and DRG cultures: 

Primary rat SC cultures were set up essentially as described before 10 Briefly, sciatic 

nerves were isolated aseptically from P4 rats and disrupted mechanically by teasing 

with needles. Subsequently, teased nerves were treated with 0,1% collagenase (Roche) 

in Leibovitz15 (L 15) medium for 45 minutes at 37°C. The cells were plated on Primaria 
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Falcon Plates (BD Biosciences) in DMEM, 10% FCS, 10ng/mi7S NGF (Harlan), PS. 

The next day medium was changed to medium containing Ara-C (Sigma) at 10mM to 

kill dividing fibroblasts. Cells were treated with Ara-c containing medium for three days 

and medium was changed twice during this period. After this treatment, pure SCs were 

expanded and maintained in DMEM, 3% FCS, 5% NDF-!3 CM 11
, 2~M Forskolin (Sigma), 

PS; (Schwann Cell Proliferation Medium - SCPM). The cells were maintained in SCPM 

and were differentiated using 20~M Forskolin in DMEM/F12 (Invitrogen), N2 supplements 

(Invitrogen), 5% NDF-!3 CM/PS for 48 hours. 

DRGs were isolated aseptically from E13.5 mouse embryos. After dissociation by 

trypsinization and trituration, the cells were plated onto 18mm PLL (Sigma)/collagen 

(home-made) coated coverslips (Thermo Scientific), and maintained in MEM (GIBCO), 

3% FCS, 1 OOng/ml NGF, PS (M1 Medium). The medium was refreshed every other 

day. To obtain neuron-only cultures, the cells were treated with 10~M FUDR (Sigma) in 

M 1 medium, one cycle with and one cycle without FUDR. Two to three cycles of FUDR 

treatment was enough to obtain neuron only cultures. Prior to seeding, the RSCs were 

starved in DMEM, 10% FCS, PS for 3 days, and after trypsinization 2x105 cells ·In M1 

medium were seeded onto neuron-only cultures. The Schwann cells were allowed to 

associate with the neurons for an additional 5 days, and then myelination was induced 

by addition of ascorbic acid to 50 mg/ml (Sigma). Cells were grown in M1 medium 

containing 50~g/ml ascorbic acid, and 10% FCS for 2 weeks for myelination, and 

immunofluorescence was performed as above. 
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Abstract 

Myelination in the peripheral nervous system depends on the intercellular 

communication of axons and Schwann cells. In previous chapters, we have identified Lgi4-

Adam22 interaction as an essential part of this crosstalk. The claw paw mutated form of the 

normally secreted Lgi4 protein is retained intracellularly, although minute amounts of the 

mutant protein are secreted. This led to the hypothesis that Lgi4'1P represents a hypomorphic 

allele that produces reduced amounts of mutant, but functional protein. Indeed, we show that 

peripheral nerves of Lgi4 null mice are completely devoid of myelination, whereas nerves 

of Claw paw animals are hypomyelinated. Furthermore, Lgi4'1P1
'
1
P Adam22'"1

'" compound 

mutants exhibit a more severe hypomyelinating phenotype than the single homozygous 

mutants, indicating that Lgi4'1P activity, like Lgi4, is mediated through Adam22. We conclude 

that the claw paw phenotype results from decreased Lgi4 function. Additionally, expression 

of Lgi4 during earlier stages of nervous system development, as well as expression in non

neuroectodermal cell types could contribute to myelination. 
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Introduction 

Previously we have shown that the hypomyelination phenotype of Claw Paw mice 

results from a mutation in the Lgi4 gene [1]. Lgi4 encodes a secreted protein that contains 

two repeat domains, leucine-rich repeat (LRR) and epilepsy associated repeat (EAR or 

EPTP), both of which are thought to mediate protein interactions. The claw paw mutation 

causes skipping of exon four during mRNA splicing, resulting in a mature mRNA that 

encodes a mutant Lgi4 protein. The Lgi4"' protein misses one LRR unit in its LRR domain. 

Consequently, it contains three LRR domains instead of four. The Lgi4''' protein is retained 

intracellularly possibly by the effects of quality control mechanisms in the ER. Peripheral 

nerves of claw paw mice are hypomyelinated and delayed in the initiation of myelination. If 

the mice survive the initial postnatal weeks, they recuperate to a certain extent over time, 

and behave normally. This suggests that the Lgi4 protein functions in the extracellular 

environment to control the timing, and possibly, the extent of myelination. 

We and others have shown that Lgi4 binds to Adam22 on the cell surface of 

transfected cells, suggesting that Adam22 is a receptor for Lgi4 ([2] and Chapter 3). In 

line with this, Adam22 knock out mice also display a hypomyelination phenotype, and limb 

abnormalities similar to that of claw paw mice [3]. Furthermore, we suggested that the 

expression of Lgi4 from the Schwann cells and its recognition by Adam22 on the axons is 

necessary for proper myelination of the peripheral nerves (Chapter 3). 

In spite of these observations, not all aspects of this interaction are completely 

understood. The fact that Lgi4'1' 1
'
1
' neuron-Schwann cell co-cultures myelinate in the 

presence of exogenous Lgi4 in the culture medium suggests that the Lgi4''' mutation results 

from a loss of function. Although it is clear that retention of Lgi4 inside the cell in the claw 

paw animals results in the myelination defect, it is not clear whether Lgi4"' would still be 

functional if it were secreted. Interestingly, in transfected cells, small amounts of Lgi4''' can 

be found in the culture medium, suggesting that some of the protein escapes the quality 

control mechanisms of the cell. Therefore, iffunctional, the minute amounts of Lgi4"' in the 

extracellular environment in vivo could contribute to the delayed kinetics in myelination of 

the claw paw mice. In line with this, the severity of the claw paw phenotype also depends 

on the genetic background of the mice, with mice containing a mixed background showing 

less severe defects. 

To address the possibility that Lgi4''' is in fact a hypomorphic allele, we analyzed 

full null and conditional null alleles of Lgi4. Compared to claw paw animals, Lgi4 null mice 

display a more severe phenotype, with peripheral nerves that are completely amyelinated. In 

addition, tissue specific deletions of Lgi4 result in intermediary phenotypes, suggesting that 

both the exact place and the timing of Lgi4 expression is of great importance. Furthermore, 
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we analyzed the myelination status of peripheral nerves in Adam22/Lgi4 double mutants 

and found them to be more severely hypomyelinated than the nerves of single mutants, 

thus corroborating our observations on Lgi4-Adam22 interaction. Finally, we show that co

expression of Adam22 with Lgi4'1' does not overcome the intracellular retention of Lgi4'1', 

refuting a possible increased secretion scenario in vivo. 

Results 

Secretion of Lgi4'1' 

It has been shown that not only large deletions, but also point mutations in the 

epileptic forms of Lgi1 result in the intracellular retention of the mutant protein [4]. This 

suggests that the protein structure and folding is tightly controlled. It is no surprise then 

to see that the loss of 24 amino acids in Lgi4'1

' results in the retention of the protein. 

Despite this, small amounts of Lgi4"' can be purified from the culture medium of stably 

transfected CHO cell lines. (Figure 1) Therefore, the low amounts of extracellular Lgi4''', if 

still functional, could drive myelination albeit in a delayed fashion. 

Lgi4 Lgi4cip 

cell medium cell 

Lgi4 "' is a hypomorphic allele 

Figure 1 ~Assessment of the secretion of Lgi4c1
p. 

Myc and 6xHis tagged wild type or mutant Lgl4 proteins 
were purified from cell extracts and conditioned media of 
stably transfected CHO cells. The proteins were detected 
with a-Myc antibody by Western blot. Lgi4 is secreted to the 
medium (left panel). Compared to Lgi4 protein, very small 
amounts of Lgi4c1

p can be purified from the culture medium 
(right panel). 

The observations above suggest two straightforward possibilities. One is that Lgi4'1' 

is functional, and the hypomyelination phenotype of the claw paw (Lgi4''''"') mice results 

from decreased amounts of mutant but functional Lgi4 in the extracellular environment. 

Alternatively, Lgi4''' is not functional, and the phenotype observed in claw paw mice is 

simply the result of the absence of Lgi4 activity in the peripheral nerves. The fact that inbred 

claw paw mice show a more severe phenotype than those with mixed genetic backgrounds 

might suggest that Lgi4''' is indeed functional, and that inbreeding affects the secretion of 

Lgi4"P Deletion of the Lgi4 receptor Adam22 results in a peripheral nerve phenotype that 

is less severe than that of claw paw animals, which could be interpreted to suggest that 

alternative receptors for Lgi4 exist in the developing nerve. 

To distinguish between the above-mentioned possibilities, we generated 

conditional null alleles of the Lgi4 gene in mice, and crossed these with mice expressing 
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Cre recombinase under the control of different regulatory sequences. This enables us to 

delete the Lgi4 gene at different time points and in different tissues. We compared both 

the overall phenotype, and the peripheral nerve phenotype of these mice with claw paw 

mice. We used CAG-Cre to delete Lgi4 in the germline and obtain a complete knock out [5]. 

Wnt1-Cre enabled recombination in all neural crest derivatives, including sensory neurons 

and Schwann cells [6]. Dhh-Cre was used for Schwann cell specific recombination [7]. 

We microscopically analyzed myelination in the sciatic nerves of the different 

animals at postnatal day 12 (P12) (Figure 2a). Compared to claw paw mice, full Lgi4 

knock out nerves completely lack myelination, whereas Schwann cell specific and neural 

crest specific deletion of Lgi4 results in a hypomyelination phenotype similar to claw paw. 

These results demonstrate that complete loss of Lgi4 results in a more severe phenotype, 

supporting the hypothesis that Lgi4"' is a hypomorphic allele. In addition, the characteristic 

limb phenotype of claw paw mice is observed in both full Lgi4 null mice and neural crest 

specific (Wnt1-Cre) Lgi4 null mice, but not in mice in which Lgi4 is specifically deleted in 

Schwann cells only (Dhh-Cre). Full and neural crest specific knock out mice rarely survived 

after the second postnatal week. In contrast, claw paw mice, as well as Schwann cell 

specific Lgi4 mutants, can survive well into adulthood. For the full Lgi4 null mutant, we were 

able to analyze one mouse at P22, which showed no myelin figures in the sciatic nerves, 

with all cells arrested at what appears to be the promyelin stage (Figure 2b ). This suggests 

that myelination does not progress in these mice beyond the one to one sorting stage. 

Cooperation of Lgi4 and Adam22 in myelination 

The interaction between Lgi4 and Adam22, and the comparable phenotypes of 

the mice mutated for these genes, suggest that these proteins act together to control PNS 

myelination. The Lgi4 or Adam22 mutations analyzed so far do not show a phenotype in 

heterozygous mice, indicating that these mutations represent recessive alleles and a single 

copy of the wild type gene is sufficient for proper myelination. However, Adam22 and Lgi4 

homozygous mutants show subtle differences in their phenotypes. For example, claw paw 

nerves are translucent, and have less myelin figures compared to Adam22 mutants ([1] and 

Chapter 3). On the other hand, the hind limbs of Adam22 null mice are invariably affected. 

In claw paw mice, this is h'1ghly variable, and severity appears to correlate with the degree 

of inbreeding (Figure 3). 

To confirm the hypothesis that Lgi4 and Adam22 cooperate to control myelination, 

and to investigate the dosage relationship of the genes, we crossed claw paw mice with 

Adam22 mutant mice. If indeed Lgi4 and Adam22 act in concert to drive myelination, 

double homozygous mutants (Adam22'"''";Lgi4"''''') are expected to show a more severe 
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a Lgi4 clp/clp 

. cKOicKO 
. Wnt1-Cre;Lgl4 dhhCre;Lgi4cKOicKO [ Lgi4;'>1-3h\1-3 J 

P12 sciatic nerves 

Figure 2- Comparison of peripheral nerve myelination in Lgi4 mutants 
(a) Cross sections of wild type and Lgi4 mutant mice sciatic nerves 
at P12. Sections were stained with PPD. Myelin appears as a dark 
ring around the axons. Myelination in mice homozygous for Lgi4 
conditional allele (LgWKoleKo) is comparable to wild type animals. Claw 
paw mice (Lgi4"1

P
1
"
1
P) display hypomyelination, with few myelinated 

axons. Similarly, deletion of the Lgi4 gene with Cre recombinase 
in sensory neurons and Schwann cells (Wnt1-Cre;Lgi4cKolcKo), or 
Schwann cells alone (dhhCre;Lgi4cKolcKo) results in a hypomyelinating 
phenotype. Lgi4 null mice (Lgi461

"
3
'll1·

3
) have no myelin figures at this 

stage. (b) Electron micrograph of Lgi4 null mice sciatic nerve at P22. 
The amyelination phenotype persists at this stage. The Schwann 
cells ensheath the axons with thin cytoplasmic processes. These 
processes often fail to surround the axons completely. 

phenotype then single gene homozygous mutants (Adam22 null or claw paw animals). 

We generated mice that are either double heterozygous or homozygous for the 

Adam22"'' and Lgi4''' alleles. In addition, we generated mice that carry an Lgi4''' allele 

on an Adam22'"''" background, and mice that carry an Adam22"'' allele on a claw paw 

background. The sciatic nerves of these mice were microscopically analysed. At P12, the 

nerves of double heterozygous animals (Adam22"'"';Lgi4''''') are myelinated similar to wild 

type or single heterozygous animals (Figure 4a). Thus, reducing the gene dose to one 
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Claw paw Adam22 neo/neo 

Figure 3 - Limb posture abnormalities in Claw paw and Adam22 knock out mice (Adam22neolneo). 
Arrowheads indicate the forelimb defects in these mice. In severe cases, hindlimbs of Claw paw mice can be 
affected as well (data not shown). Hindlimbs of Adam22 knock out mice are invariably affected (arrow). 

a Adam22 ncoJn(!o 

Figure 4 - Myelination in the sciatic nerves of Lgi4 and Adam22 compound mutants. 
(a) Toluidine blue stained cross sections of mutant mice at P12. Myelination in the double heterozygote mice 
(Adam22"•"'· Lgi4<~ol• ) appears unaffected. Adam22 knock out (Adam22neo~neo) and Claw paw (lgi4ctoldo) mice 
display hypomyelination. Mice homozygous mutant for one gene and heterozygous for the other (Adam22"""'"•o 
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for both Adam22 and Lgi4 does not affect the myelination process. Mice homozygous for 

one gene and heterozygous for the other mimic the homozygous mutant phenotype. That 

is; Adam22""'"";Lgi4"''' nerves are similarly hypomyelinated at P12 as Adam22 mutant 

nerves, and Adam22""'';Lgi4"''"' nerves are similarly hypomyelinated as nerves in claw 

paw animals. Myelination progresses at later stages of postnatal development in these 

mice. Several axons are thinly myelinated at P19 or P22 (Figure 4b). On the other hand, 

Adam22""'"";Lgi4"'"'' nerves are completely devoid of myelin figures (Figure 4a), and 

several axons remain in large bundles, suggesting that radial sorting is incomplete at P12 

(Figure 4b). Taken together these results demonstrate the physiological relevance of the 

Lgi4-Adam22 interaction, and its importance for proper development and myelination of 

the PNS. 

Adam22 does not affect the secretion of Lgi4 "' 

Adam22, like Lgi4, is expressed by both Schwann cells and neurons ([1, 3] and 

chapter 3). If Adam22-Lgi4 interaction also takes place intracellularly, in the vesicular 

transport system, it is possible that Adam22 facilitates the secretion of Lgi4. A similar 

scenario could be envisioned for the possible interaction of Lgi4' 1

' and Adam22. Therefore, 

while transfection studies show that Lgi4'1' is largely retained intracellularly, the co

expression of these two proteins in the same cell type could result in its secretion. 

To test this possibility, we co-expressed wild type or mutant Lgi4, with Adam-Fc 

fusion proteins in HEK293T cells. We transfected ectodomain-Fc fusion constructs of 

Adam22 and Adam23, together with Lgi4 constructs. We then assessed the secretion of 

the proteins into the medium. These experiments showed that the secretion of Lgi4''' is not 

affected, even though the Adams are also present in these cells (Figure 5). Furthermore 

Lgi4"' is not immunoprecipitated by the Adam-Fcs from the conditioned medium (CM). 

These data suggest that, Adam22 does not facilitate the secretion of Lgi4, and it is unlikely 

that such mechanisms contribute to the claw paw phenotype. 

Discussion 

Myelination in the PNS of claw paw mice represents an intermediate state 

compared to myelination in wild type and Lgi4 null animals. Homozygosity for Lgi4'1

' results 

in hypomyelinated nerves, while complete loss of Lgi4 gives rise to amyelinated nerves. 

Lgi4clpJ•, or Adam22neor• Lgi4clplclp) display hypomyelinating phenotypes. P19 or P21 nerves of these mice contain 
several, thinly myelinated axons (c). Nerves of double homozygous mutant mice (Adam22neolneo Lgi4clplclp) are 
unmyelinated. (b) Electron micrograph of double homozygous mutant mice at P12. Radial sorting of axons is 
delayed. An axon ensheathed with Schwann celt processes are indicated with an arrowhead. A large bundle of 
axons without Schwann celt protrusions is highlighted with an asterisk (Scale bar: 1!-Jm). 
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Lgi4dp 

[ :: 

Figure 5 -The secretion of Lgi4"1
P is not affected by Adam 

proteins. 
Lgi4, but not Lgi4clp, is co-immunoprecipitated with 
Adam-ED-Fc proteins from the conditioned media. 
Lgi constructs were co-transfected with Adam22 or 23 
ectodomain-Fc fusion constructs into HEK293T cells. 
Proteins were immunoprecipitated with protein A beads. 
Western blotting was performed to detect secreted and 
immunoprecipitated proteins. a-Fc antibody is used to 
detect Adam-ED-Fc fusion proteins, a-Lgi4 antibody was 
used to detect Lgi4 proteins. 

Lgi4 functions via Adam22 interactions, and the small amount of secreted Lgi4''P is relevant 

for the myelination observed in claw paw mice. Furthermore, while the expression of Lgi4 

from Schwann cells is a determining factor in its role in myelination, expression from other 

cell types could contribute to myelination as well. 

The claw paw mice contain a hypomorphic allele of Lgi4. It is at present unclear 

whether the hypomorphic nature of Lgi4"P results from reduced secretion of the mutant 

protein that is fully functional, or from both reduced secretion and impaired function due to 

the deletion of one LRR motif. The LRR domain presents a motif that is involved in prote.ln 

interactions [8]. It is therefore possible that Lgi4''P does not interact with other proteins 

necessary for Lgi4 function during peripheral nerve myelination. Lgi4 binds to Adam22 

through its EPTP domain, and binding is independent of the LRR domain (Linde Kegel 

unpublished observations). Experiments with Lgi1 have suggested that the LRR domain is 

involved in dimerization of the Lgi1 protein, and that dimerization is important for function 

[9]. However, we have found no evidence for homo- or heterodimerization of Lgi4 and other 

Lgi proteins (E.O. unpublished observations). Thus, it remains to be established which 

proteins are bound to the Lgi4 LRR domain, and how this contributes to Lgi4 function. 

The results of our studies on conditional and full Lgi4 mutant animals have several 

implications for our understanding of Lgi4 function in PNS development and myelination. 

First, full ablation of Lgi4 results in a complete block of myelin formation, demonstrating 

that Lgi4 is essential for this process. Second, comparison of Schwann cell and neural 

crest specific ablation of Lgi4 demonstrated the Schwann cell autonomous role of Lgi4 in 

myelination. However, in these cell type specific mutants, we observed significant numbers 

of myelinated axons, in an otherwise severely hypomyelinated nerve (Figure 2a). This 

strongly suggests that neurons or other cells associated with the developing nerve could 

be an alternative source for Lgi4. Indeed, we have demonstrated that neurons express low 

levels of Lgi4 [1], but it is unclear at present whether this expression contributes significantly 
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to myelin formation. Moreover, nerve transplantation experiments between claw paw and 

wild type animals has suggested that a non-Schwann cell source of Lgi4 contributes to 

nerve repair [1 0]. In the conditional Lgi4 null animals, it is not possible to determine the 

contribution of neurons by sciatic nerve analysis alone. Similar to the experiments described 

in Chapter 3, the analysis of dorsal and ventral roots for myelination in Wnt1-Cre/Lgi4cko 

mice would be useful to asses the neuronal contribution by sensory and motor neurons 

respectively. 

The fact that Wnt1-Cre Lgi4 mutant mice display limb posture abnormalities and 

die postnatally, but Dhh-Cre Lgi4 mutants do not, also suggests a function for Lgi4 not 

related to myelinating Schwann cells. In addition to the cell specificity of Lgi4 ablation, 

it is also possible that the time of Lgi4 deletion during embryonic development, as well 

as the protein's stability could contribute to the phenotype observed in these conditional 

Lgi4 mutant animals. Effects of Dhh-Cre recombination in the DRGs could be observed 

as early as E12.5, and that of Wnt1-Cre as early as E9.5 [7, 11]. Lgi4 in DRGs is detected 

at E10.5 as an early wave of high expression, and subsequently at E13.5 and later (J. B. 

unpublished observations and [1 ]). These observations and the fact that both the initiation 

of myelination and axonal sorting are delayed in claw paw animals, suggest that Lgi4 is also 

important for earlier development of the peripheral nerves. Therefore, in the conditional null 

mice, the early events could take place normally (more so in dhhCre than in Wnt1 Cre), and 

the remaining Lgi4 protein in the nerves contribute significantly to the further differentiation 

of immature Schwann cells toward the myelinating lineage. 

Clearly, future studies focusing on Lgi4/Adam22 protein expression patterns 

in peripheral nerve development and other tissues will contribute to our understanding 

of Lgi4-Adam22 interactions, and how these interactions affect nerve development and 

function. Furthermore, identification of Lgi4 interaction partners, particularly through the 

LRR domain, will be essential to gain further insight into Lgi4's role in myelination. 

Materials and Methods 

Mice: 

The generation of Adam22 knock out and Lgi4 conditional knock out mice have 

been previously described ([3] and Chapter 3). Claw paw heterozygous mice were obtained 

from the Jackson laboratory. Mice were genotyped by PCR as previously described ([1], 

and Chapter 3). Animal experiments were performed according to protocols that had been 

approved by an independent animal experimentation committee. 
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LighUelectron microscopy: 

Mice were deeply anaesthetized with sodium pentobarbital and transcardially 

perfused with PBS followed by 4% paraformaldehyde/1% gluteraldehyde in 0,1 M 

phosphate (Millonig's) buffer pH7,2. Sciatic nerves were dissected and placed in the same 

fixative at 4'C for at least 16 hours. Tissues were washed with 0,1 M Millonig's buffer and 

osmicated overnight at 4 C in 1% osmium tetroxide/ferricyanide in Millonig's buffer. Tissues 

were subsequently dehydrated through an ascending acetone series and embedded in 

plastic resin. One r;m sections were cut on a glassknife, mounted on microscope slides and 

stained with either para-phenylene-diamine (PPD) or Toluidine Blue for light microscopy, 

as described [12, 13] Sections were examined using an Olympus BX40 microscope and 

pictures were collected using a Colorviewlllu camera. Sections were stained with uranyl 

acetate and lead citrate for electron microscopic analysis (Philips CM100). 

Cell culture: 

Cells were grown in DMEM (for CHO cells) or DMEM/F10 (for HEK293T cells) 

containing 1 O%FCS and PS. Stable CHO cell lines expressing myc and 6xHis tagged 

Lgi4 and Lgi4"' proteins were obtained by Lipofectamine (Invitrogen) transfection, followed 

by G418 (1mg/ml) selection. Co-transfection of Lgi and Adam constructs were done by 

calcium phosphate transfection method. Confluent dishes of HEK293T cells were split 1:5 

the day before transfection. Next morning, culture medium was refreshed with DMEM/ 

F1 0 containing 1 O%FCS. 20~g of DNA (Lgi:Adam 1:1) was diluted in tissue culture grade 

water and 50~1 of 2.5M CaCI
2 

was added (end volume 500~1). 500~1 2xHBS (pH 7.2) was 

added while vortexing to precipitate the DNA. After 5 minutes, the reaction mix was added 

onto the cells. 6 hours later the medium was refreshed with normal growth medium. The 

cell extracts and conditioned media were collected 4 to 6 days later. Lgi4 and Lgi4"' DNA 

constructs were obtained by cloning cDNAs into pcDNA3.1 based expression cassettes 

containing myc-His tag sequences. Ectodomain Adam-Fc fusion constructs were obtained 

by re-cloning the ectodomains into CMV based expression cassettes containing the human 

lg Fe sequence. 

Protein purification and detection: 

Lgi4 and Lgi4''' were purified from cell extracts or medium by Ni-NTA beads 

(Qiagen) according to the manufacturer's protocol. lmmunoprecipitation and Western 

blotting experiments were described previously (Chapter 3). Proteins were separated by 

10% SDS-PAGE. The PVDF membranes were blocked with 3% blocking grade non-fat 
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dried milk (BioRad). Mouse-a-myc (Roche, clone 9E10, 0.4 mg/ml), and rat-a-Lgi4 (Absea 

Biotechnology, clone 11H12) antibodies were diluted 1:500 in block. HRP conjugated 

antibodies were used for protein detection by ECL kit (GE Healthcare ). Goat-a-human 

(Amersham Biosciences), goat-anti-mouse and goat-anti-rat (Dako) antibodies were 

diluted 1:5000 in block. Chemiluminescence was detected on Kodak BioMax MR films. 
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5 - DISCUSSION 

Several lines of research have demonstrated the importance of Schwann cell

axon and Schwann ceii-ECM interactions for myelination of nerve fibers. Secreted and 

transmembrane proteins regulate the development of Schwann cells. These extracellular 

signals are directed towards the Schwann cells to control their proliferation, morphology, 

and protein expression profile. Notwithstanding the previous research in the field, our 

understanding of peripheral nerve development is incomplete. Studies on patients and 

mutant animals with peripheral neuropathies have proven useful for the identification of 

molecules involved in myelination. In this project, we used classical and modern molecular 

genetic approaches to identify a novel set of molecules that play an essential role in neuron

Schwann cell communications that govern axonal ensheathment and myelin formation in 

the peripheral nervous system (PNS). 

5.1 -Analysis of Claw paw mice and characterization of Lgi4 

Claw paw mutant mice display hypomyelination in the PNS and limb posture 

abnormalities [1, 2]. Other hypomyelinating phenotypes, such as those observed in 

mice carrying mutations in laminin, integrin, ErbB, or Adam22, also show limb posture 

abnormalities due to ataxia and muscle paralysis, often accompanied by tremors [3-6]. 

These findings suggest that myelination and proper function of peripheral nerves could 

be an important determinant for normal posture development and gait. The Claw paw 

phenotype shows some variability in both the severity of limb abnormalities and the survival 

of the pups during postnatal development. However, the hypomyelination phenotype is fully 

penetrant, and myelination occurs with delayed kinetics. 

The mutation in the Claw paw mice was linked to the Lgi4 gene by genetic mapping 

studies [7]. Lgi genes encode glycosylated and secreted proteins. Their secretion is tightly 

controlled, and mutations ranging from large deletions to single amino acid changes result 

in intracellular retention [8]. The Lgi proteins contain LRR and EAR (or Epitempin-EPTP) 

domains [9-11]. The LRRs have been identified in several proteins with diverse functions, 

ranging from cell signalling to RNA processing. They fold into a solenoid structure, which 

is thought to facilitate protein-protein interactions [12]. The LRR domains of Lgis are 

functionally related to those found in Trk receptors and Slit [13]. In Trk receptors, these 

repeats are thought to modulate NT binding [14]. In Slit, they are necessary for binding 

to the lg domains of Slit receptor Robo. Slit-Robo signalling has been identified as an 

important regulator of axon guidance, and neuronal migration [15]. The role of LRRs in 

Lgi molecules remains elusive. It is possible that they are involved in oligomerization of 
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Lgis [16]. It is thought that the EPTP domain also plays a role in protein interactions [1 0, 

11]. It has been demonstrated that Lgi1 -Adam22 interactions are mediated by the EPTP 

domain [16]. Other than the Lgis , the EPTP domain has been identified in VLGR1 and 

TSPEAR proteins. VLGR1 (Very large G-protein coupled receptor 1) mutations have been 

linked to seizures and Usher syndrome (USH2C), which is characterized by hearing loss 

and retinitis pigmentosa [17, 18]. TSPEAR (TNEP1) is a protein of unknown function. It is 

named after the thrombospondin-N terminal domain and the EAR. 

The Claw paw mutation is an insertion of a repeat element in the 3'd intron of the Lg i4 

gene. As a consequence, exon 4 is skipped during mRNA processing. This mRNA encodes 

a protein with an internal deletion. Lgi4ctp protein misses an LRR domain, and is retained 

intracellularly. Secretion of Lgi4 is necessary for proper myelination. This is demonstrated in 

Claw paw DRG cultures. These cultures fail to myelinate, but the addition of wild type Lgi4 

protein in the medium initiates myelination. In situ hybridization experiments demonstrate 

that Lgi4 is expressed throughout the PNS, primarily by Schwann cells [7]. As a secreted 

molecule, Lgi4 could play a role in Schwann cell-axon interactions. We proposed possible 

mechanisms by which Lgi4 could mediate PNS development and myelination (Figure 1 ). 

These mechanisms involve paracrine (or juxta-paracrine) signall ing from Schwann cells 

to axons, or autocrine signalling in Schwann cells. Lgi4 could bind to an axonal receptor 

to initiate signalling, or it cou ld modulate an already present signalling event. Alternatively, 

Lgi4 cou ld initiate or modulate signalling events by binding to receptors on Schwann cells. 
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Figure 1. Lgi4 modes of action 
Three possible mechanisms by which 
Lgi4 could function in Schwann cell-axon 
interactions. 
A) Lgi4 could bind an axonal receptor in a 
juxta-paracrine fashion. 
B) Lgi4 could modulate an already present 
signalling event between Schwann cells and 
axons. 
C) Lgi4 could bind a receptor on the Schwann 
cell surface in an autocrine fashion. 
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5.2 - Lgi4 and Adam22, a novel protein complex involved in myelination 

The identification of Lgi1-Adam22 interaction suggested new possibilities for the 

function of these proteins and their relatives in synaptic transmission and cytoskeletal 

re-arrangements [16, 19]. Lgi1-Adam22 further interacts with PSD95 and voltage gated 

potassium channels. It is thought that these interactions stabilize ion channel localisation at 

the synapses, and modulate ion channel function. The tremor observed in Adam22 knock 

out mice could be related to this function. Similar to Lgi4 mutant mice, Adam22 knock

out mice also display peripheral nerve hypomyelination and limb abnormalities [6]. Taken 

together, these observations suggest that Lgi4 and Adam22 interact with each other. 

In chapter 3, we showed that Lgi proteins bind to Adams on the cell surface with 

different specificities: Lgi2 binds to Adam11, Lgi3 binds to Adam22 and Adam23, and Lgi4 

binds to all three Adams. These interactions could regulate different developmental or 

functional aspects of the nervous system depending on the context. We also showed by 

immunoprecipitation experiments that Lgi4-Adam22 interaction does not depend on other 

transmembrane proteins. Although, it is possible that other soluble proteins mediate or 

modulate Lgi4-Adam22 interaction. 

We crossed Claw paw and Adam22 knock out mice to generate double mutant 

animals (Chapter 4 ). Double heterozygous mice do not show a hypomyelination phenotype. 

Mice homozygous mutant for one gene and heterozygous for the other, are similar to the 

homozygous mutant phenotype. Therefore, the expression of these proteins from a single 

allele is sufficient for proper myelination. Finally, the peripheral nerves of double mutant 

mice are completely amyelinated. Taken together with our previous observations, these 

data strongly indicate that Lgi4 functions through Adam22 to control myelination in the 

PNS. 

RT-PCR analysis revealed that both Lgi4 and Adam22 are expressed in Schwann 

cells and neurons. Unfortunately, technical difficulties or the relatively low amounts 

of these proteins in sciatic nerves and cultured DRGs, precluded the examination of 

their localisation by immunofluorescence microscopy. To identify the cellular source of 

Lgi4 and Adam22 function we generated cell type specific knock out mice. Analysis of 

the myelination phenotypes of these mice revealed that Schwann cell derived Lgi4 and 

neuronally expressed Adam22 are required for proper myelination. Also, non-Schwann cell 

derived Lgi4 (possibly from neurons) could still be relevant (further discussed in the next 

section). To answer this possibility, the DRG culture system could be used. For example, 

wild type neuron only cultures could be seeded with Schwann cells isolated from Lgi4 null 

mutant animals. This would enable us to identify whether neuronal Lgi4 is able to initiate 

myelination. A similar experiment was performed, using Adam22 knock-out neurons and 
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wild type Schwann cells, to demonstrate that Adam22 on Schwann cells ·Is not sufficient for 

myelination (Chapter 3). 

In line with a paracrine mode of action for Lgi4, we suggest different mechanisms 

by which Lgi4-Adam22 interaction could control myelination. The first possibility involves 

Adam-integrin interactions (Figure 2). The disintegrin domain of Adam22 has been 

implicated in cellular adhesion and control of cell proliferation through integrins [20]. It 

is therefore possible that Lgi4-Adam22 interaction plays a role in ECM-Schwann cell or 

axon-Schwann cell communication via integrins. lntegrins play important roles in radial 

sorting of axons and progression of the Schwann cell mesaxon [21]. Also, in Claw paw 

mice radial sorting of axons is delayed, suggesting an interaction between Lgi4-Adam22 

and the integrin pathway [2]. A similar defect is possibly present in Adam22 knock out mice, 

and deserves further examination. Adam22 has been implicated in cellular adhesion and 

proliferation [20, 22, 23]. We investigated the role of Adam22 in Schwann cell adhesion 

and migration in cell culture experiments, where Adam22 coated coverslips were used as 

a substrate. These experiments did not show a difference compared with controls, in the 

presence or absence of Lgi4 (unpublished observations). Although, it is possible that either 

the protein amounts used in these experiments were insufficient, or other proteins in the 

ECM or on the axons are necessary for such a role. 

A second possible role involves extracellular protein interactions to influence 

membrane localisation of other proteins. Adam10, 17 and 19 are involved in Notch and 

Nrg1 signalling by proteolytic cleavage of these molecules, or Notch ligands [24, 25]. Both 

signalling pathways are involved in Schwann cell development and differentiation [26]. The 

domains responsible for substrate recognition by Adams have not been fully elucidated. If 

Adam22 contains similar motifs, it may play a role in mediating or regulating the processing 

of these proteins. It is important to stress here that Adam22 has no proteolytic activity by 

itself. Alternatively, Adam22 could organise membrane localisation of integrins and/or Nrg1 

to potentiate signalling events (Figure 2). Identification of such interactions and the role 

of Lgi4 in mediating these events would help clarify the mechanism by which Lgi4 and 

Adam22 control PNS myelination. 

Finally, Lgi4 binding to Adam22 could induce intracellular signalling, or regulate 

protein localisation via the cytoplasmic domain of Adam22. Several isoforms of Adam22 

are produced by alternative splicing of the cytoplasmic domain sequences [6], but the 

significance of these isoforms is unknown. We detected two major isoforms in DRGs: G20 

isoform is predominantly expressed in neurons, and G3 isoform is predominantly expressed 

in Schwann cells. G3 is a shorter isoform that lacks internal sequences in the C-terminal. 

To identify their significance in myelination, we generated lentiviral constructs with different 
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isoforms. These will be used to infect DRG cultures isolated from Adam22 knock out mice, 

and myelination assays will be performed. This will show whether the differences in the 

cytoplasmic domain are functionally relevant. Like Adam22, Adam11 and 23 are also 

expressed in Schwann cells and neurons (Chapter 3). The cytoplasmic domains of Adam11 

and 23 are very short compared to Adam22. Therefore, it is likely that they lack functional 

domains contained within Adam22. We will generate constructs with swapped cytoplasmic 

domains of these three Adams. They will be used together with normal constructs in similar 

experiments, to identify: a) whether the cytoplasmic domain is necessary, and b) whether 

a compensation mechanism exists between different Adams. 
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Figure 2. Possible mechanisms by which Lgi4-Adam22 interaction controls PNS development 
The Epitempin domain (Ep) of Lgi4 binds to the disintegrin domain (D) of Adam22. Adam22 could interact with 
integrins (via the disintegrin domain), or Nrg1 . Lgi4 could modulate these interactions, as well as potassium 
channel function . In the cytoplasmic domain, Adam22 could interact with SH3, or PDZ domain containing 
molecules to initiate signalling cascades (via Src or Grb2), or organise protein localisation at the axonal membrane 
(via MAGUKs). M: metalloprotease domain; C: cysteine-rich domain; E: EGF-Iike domain; square: proline-rich 
sequence (SH3 domain binding); circle: ETSI sequence (PDZ domain binding). L: LRR domain. 
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The proline-rich sequences in the cytoplasmic domain of Adams bind SH3 domain 

containing proteins. These interactions could affect cytoskeletal rearrangements via 

adaptor molecules, or initiate intracellular signalling. For example, Adam12 C-terminal 

domain interacts with Src (Proto-oncogene tyrosine-protein kinase) and Grb2 (Growth 

factor receptor-bound protein 2) [27]. It is possible that these interactions are involved 

in intracellular signal transduction through Ras. Furthermore, the ETSI sequence in the 

C-terminal end of Adam22 is required for PDZ domain interactions [16]. The MAGUK 

family proteins contain PDZ, SH3 and Guanylate kinase-like domains that mediate protein 

interactions. These proteins are similar to the Drosophila disks large protein (Dig1 ), which 

is an important regulator of neuronal development [28]. MAGUKs function as scaffolding 

molecules at the cytoplasmic surface of the cell membrane, to regulate protein targeting 

and signalling. They are especially important in synaptic structure and function. This is due 

to their interactions with neurotransmitter receptors, ion channels, cell adhesion molecules, 

and signalling molecules such as GAPs (GTPase activating proteins) and GEFs (Guanine 

nucleotide exchange factors) [29, 30]. So far, DLG1 (SAP97), DLG2 (PSD93) and DLG4 

(PSD95) have been identified to interact with Adam22 in mass spectrometry experiments 

[16, 31]. These molecules could be an important part of Adam22 function. For example, 

Adam22 and Lgi4 could play a role in the juxta-paranodal localisation of potassium 

channels via PSD95 (Figure 2). Although this is probably not necessary for myelination 

per se, it could be important for proper function of myelinated axons. To identify if Lgi4-

Adam22 interaction mediates membrane localisation of potassium channels via PSD95, 

we performed co-transfection and immunofluorescence experiments on cells. We did not 

observe a differential expression pattern of potassium channels in the presence or absence 

of Lgi4 and Adam22. Although plausible, Lgi4-Adam22 interaction may not be necessary 

for potassium channel clustering. Alternatively, the presence of other molecules such 

as Caspr2 and TAG1 could be necessary. Nonetheless, analysis of potassium channel 

localisation in Lgi4 and Adam22 mutant mice will provide insights for such function. 

5.3- Functional implications of Lgi4 and Lgi4"' 

While myelination in Claw paw mice is delayed, peripheral nerves of Lgi4 null mice 

are completely a myelinated. Schwann cell specific or neural crest specific deletion of Lgi4 

results in a hypomyelinating phenotype. These observations have several implications for 

Lgi4 function. 

One of these implications is that, Lgi4''' is a hypomorphic allele. We showed that 

small amounts of Lgi4''' can be detected in the culture medium of transfected cells (Chapter 

4). Together with the myelination phenotypes, this suggests that Lgi4''' could be functional 
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and could interact with Adam22 on the axonal surface. We did not observe an interaction 

between Adam22 and Lgi4"P in the culture medium. We expect such interactions to occur. 

It is possible that either the relative protein amounts in the medium or the protein interaction 

dynamics present experimental difficulties. For example, Lgi4-Adam22 binding could result 

in a stable complex, whereas Lgi4"P-Adam22 interaction is transient. This could result in 

a build-up of the signal and delayed myelination in vivo, but prevents the detection of an 

interaction by immunopreciptiation. Experiments are under way to use cell extracts of 

Lgi4'1P transfected cells for immunoprecipitation and binding assays. The use of antibodies 

to precluster the protein of interest in binding assays increases the avidity of the interactions. 

Furthermore, the crosslinking step prevents the dissociation of the interactions during 

washing steps. These could be beneficial for the detection of Lgi4'1P-Adam22 interactions 

on the cell surface. 

Other functional implications of our observations involve the cellular source and 

the properties of Lgi4 protein. Expression of Lgi4 from neurons could still be relevant for 

myelination. In Dhh-Cre knock outs both sensory and motor neurons, and in Wnt1-Cre 

knock outs motor neurons still express Lgi4. Although the hypomyelination phenotype 

is comparable, Wnt1-Cre knock out mice display limb abnormalities and die postnatally, 

but Dhh-Cre knock outs do not. This could be due to the amounts of protein, or another 

function of Lgi4 outside myelination. To identify the contribution of neuronal Lgi4, additional 

experiments on Wnt1-Cre mice are planned to compare myelination of motor versus 

sensory axons. We identified the role of neuronal Adam22 in such a manner, by analysing 

the myelination of the dorsal and ventral roots of Wnt1-Cre/Adam22 knock out mice 

(Chapter 3). 

The timing of Lgi4 deletion in the conditional knock out mice also differs. Wnt1-

Cre is active before Dhh-Cre. If Lgi4 is already secreted before recombination occurs, 

depending on the stability of the protein and its interactions, myelination could be initiated 

albeit in a delayed fashion. This would involve a suboptimal signal, like the clp mice. It is 

possible to determine protein stability in vitro, by adding known amounts of Lgi4 protein 

onto DRG cultures and analysing its degradation over time by western blot analysis. This 

experimental setup has the advantage of being similar to an in vivo situation. It is also 

important to add that the Cre recombination events in the conditional knock out mice could 

be incomplete, or some cells may recombine later than others depending on the expression 

of the recombinase. 
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5.4 -Final remarks 

As discussed previously, Nrg1 signalling pathway is an important regulator of 

PNS myelination. It is possible that Lgi4 and Adam22 interaction influences this pathway. 

Experiments are being performed in our laboratory to determine if Nrg1 signalling is affected 

in Lgi4 and Adam22 mutant mice. For example, we are looking into the phosphorylation 

status of ErbB receptors (activation of Nrg1 signalling), MAPK (Schwann cell motility) and 

Akt (initiation of myelination) in Schwann cells. 

The DRG co-culture system is an invaluable tool for the analysis of Schwann 

cell-neuron interactions and myelination in vitro. This system provides a more controlled 

environment. For example, it enables exogenous addition of proteins in culture media or 

knocking down their expression, to follow the effects on myelination. We are currently 

setting up experiments that will utilize viral transduction of Lgi and Adam genes. As 

previously mentioned, we will use this system to determine the significance of different 

Adam22 isoforms. It is also possible to test for example, whether overexpression of Lgi4"', 

or other Lgi molecules will result in myelination in Lgi4 mutant nerves. This would reveal 

whether Lgi molecules are functionally equivalent. Furthermore, we can analyze the 

expression pattern of proteins, such as Nrg1, integrins, potassium channels, or PSD95, by 

immunofluorescence to further characterize the role of Lgi4 and Adam22. 

A major drawback in this research has been the difficulty to detect Lgi4 and 

Adam22 protein in tissues and cells. The characterisation of Lgi4 and Adam22 expression 

patterns will be informative for their function. So far, we only detected Lgi4 in the Purkinje 

cells, and Adam22 in the Pinceaux formations of the basket cells {the contact point of 

Purkinje cell AIS and basket cell axons). These cells are located in the cerebellum. Purkinje 

cells are responsible for motor coordination and provide the sole output from cerebellar 

cortex. They receive excitatory and inhibitory inputs from neurons such as granule cells 

or stellate cells. Basket cells provide inhibitory inputs [32]. Neurologic disorders such 

as Ataxia-Telangiectasia and Spinocerebellar ataxia are caused by impaired cerebellar 

function. These are characterised by degeneration of Purkinje cells and malfunction of 

other neurons [33, 34 ]. Because of the ataxia and tremor observed in Lgi4 and Adam22 

mutant mice, it is not surprising to see the expression of these proteins in the cerebellum. 

It is possible that Lg.I4-Adam22 interactions modulate synaptic function at the Pinceaux 

formations. However, Purkinje cell specific deletion of Lgi4 by L7-Cre recombinase does 

not result in a visible phenotype. This could be due to the timing of recombination, or 

redundancy between Lgi proteins. It would be interesting to further study the role of Lgis 

and Adams in the cerebellum. 

Identification of protein interaction partners is an important step for the 
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characterisation of a protein's function. The studies of Schulte et al. and Fukata et al. not 

only suggested that an interaction between Lgi4 and Adam22 exists, but also provided clues 

about the function of these proteins. Therefore, the discovery of other proteins that interact 

with Lgi4 and Adam22 will be an important part of future research. Mass spectrometry 

analysis could be used to this end. These experiments will be performed by overexpressing 

tagged proteins to pull down interactors from tissues such as DRGs or sciatic nerves. The 

amount of tissue material and the specificity of the pull down methods will be a determinant 

in the results obtained. This method could be used to identify Adam22 isoform specific 

interactors, by using G3 and G20 cytoplasmic domain constructs for protein expression. 

In a similar fashion specific domain or intact protein constructs could be used to identify 

partners of Lgi4 and Adam22. Another possible method to identify partners is to utilize 

eDNA libraries for protein expression and binding assays on transfected cells. 

The future of this project is indeed very exciting, and full with possibilities. It will be 

interesting to see how the Lgi-Adam story develops, and which developmental or functional 

mechanisms are affected by their action in the nervous system and elsewhere. 
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Summary 

Glial cells support neuronal function to gather and process information to control 

an animal's general behaviour. One important function of glial cells is to produce and 

maintain myelin, a fatty insulating sheath around axons. Myelinated axons exhibit nerve 

conduction velocities that are one to two orders of magnitude larger than unmyelinated 

axons of the same diameter. This enables faster responses to stimuli, and is advantageous 

for the survival of the organism. Debilitating effects of diseases such as multiple sclerosis 

or Charcot-Marie-Tooth, which result from problems in the myelin sheath, demonstrate the 

importance of myelination for proper function of the nervous system. 

In the peripheral nervous system, the myelin sheath is produced by glial cells called 

Schwann cells named after Theodor Schwann (1810-1882), one of the founders of the cell 

theory in the 19'h century. Schwann cells develop in close association with the outgrowing 

axons of neurons, and the continuous molecular crosstalk between these two cell types 

regulates Schwann cell development, differentiation and myelination. Schwann cells 

produce a basal lamina, and the interaction between Schwann cells and their basal lamina 

is of prime importance for axonal sorting and myelin formation. Furthermore, Schwann cells 

dictate the formation of specialisations in the axonal membrane that result in enrichment 

of voltage gated sodium and potassium channels at the nodal and juxtaparanodal regions. 

Thus, the development of the peripheral nerve tissue results from reciprocal interactions 

between Schwann cells and their associated axons. 

To gain further insight into the development and myelination of peripheral nerves, 

we studied the natural mouse mutant claw paw. In claw paw mice, myelination of the 

peripheral nerves is delayed, suggesting that the normal function of the mutated gene is 

necessary for proper development and function of the peripheral nervous system. This 

thesis describes the identification of a mutation in the Lgi4 (Leucine-rich glioma inactivated 

4) gene, which causes the claw paw phenotype, and the initial characterisation of the 

Lgi4 protein. The mutation in claw paw mice severely reduces the secretion of the Lgi4 

protein. By in vitro Schwann cell-neuron co-culture studies, we showed that secretion of 

Lgi4 is necessary for peripheral nerve myelination and that Schwann cells are a major 

source of Lgi4. Ablation of Lgi4 in all tissues results in a peripheral nerve phenotype in 

which Schwann cells are arrested at the premyelinating stage with no evidence of myelin 

formation. This phenotype is much more severe than that observed in the nerves of claw 

paw mice. We conclude that the claw paw form of the Lgi4 gene represents a hypomorphic 

allele of Lgi4, and that the reduced secretion of claw paw Lgi4 protein is responsible for the 

milder hypomyelination phenotype. 
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Secreted Lgi4 interacts with the transmembrane protein Adam22. Adam22 belongs 

to the large family of transmembrane proteins known as 'A Disintegrin And Metalloprotease' 

proteins. Both Lgi4 and Adam22 are expressed in Schwann cells and neurons during 

embryonic and postnatal development. Using tissue specific genetic ablation studies, we 

showed that expression of Lgi4 from Schwann cells and Adam22 from neurons is necessary 

for myelination. Therefore, we suggest that Lgi4-Adam22 interaction represents a novel 

signalling axis from Schwann cells to axons during peripheral nerve development. 

It is not yet clear how Lgi4-Adam22 interaction controls myelination, and how this 

signal is relayed back to Schwann cells to control their differentiation. It is possible that 

they function directly to regulate Schwann cell proliferation, migration or adhesion. It is also 

possible that they function in a more indirect manner, and are required for proper localisation 

and function of other proteins, or for signalling events controlling axonal function. Further 

studies will focus on the downstream events of Lgi4-Adam22 interaction to identify their 

role in peripheral nervous system development and myelination. This will greatly enhance 

our understanding of peripheral nerve development and function, and might open up new 

possibilities for therapeutic approaches towards peripheral nerve injuries and diseases of 

the myelin sheath. 
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Glia cellen ondersteunen neuronen structureel en functioneel en spelen een 

essentiele rol in de informatie verwerking die ten grondslag ligt aan het gedrag van dieren, 

inclusief de mens. Een belangrijke functie van glia cellen is de aanleg en onderhoud 

van een isolerende laag random een groat aantal axonen in het zenuwstelsel. Deze 

zogenaamde myeline laag bestaat uit een glia celmembraan dat vele malen om het axon 

gewonden is en gespecialiseerde myeline eiwitten bevat. Gemyelineerde axonen geleiden 

actiepotentialen 10-100 maal Sneller dan niet gemyelineerde axonen van gelijke diameter. 

De snellere zenuwgeleiding en compacte structuur van gemyelineerde axonen hebben 

ongetwijfeld een belangrijke rol gespeeld bij de evolutie van grotere organismen. Met de 

evolutionaire voordelen van myeline kwamen ook de nadelen aan het Iicht. Destabilisatie of 

beschadiging van de myelineschede lijden tot een breed scala aan neurologische ziekten 

zoals multiple sclerose en de erfelijke sensorische en motorische neuropathieen. Deze 

ziekten onderstrepen het belang van de myelineschede voor het normaal functioneren van 

het zenuwstelsel. 

In het perifeer zenuwstelsel word! de myeline laag gemaakt door glia cellen die 

Schwann cellen worden genoemd naarTheodor Schwann, een van de grondleggers van de 

celtheorie in de 19'' eeuw. Schwann eel len ontwikkelen zich gedurende de embryogenese 

in nauw contact met de uitgroeiende axonen. De voortdurende moleculaire communicatie 

over en weer tussen deze cellen ligt ten grondslag aan de ontwikkeling, differentiatie en 

myelinisatie van perifere zenuwen. Schwann cellen produceren een basaal membraan 

en de communicatie over en weer tussen de Schwann eel en zijn basaal membraan is 

van groot belang voor het uit sorteren van individuele axonen en myeline vorming. Verder 

dicteren de Schwann cellen een aantal structurele specialisaties in het axonale membraan 

die resulteren in een enorme verrijking van natrium en kalium kanalen in en rond de knoop 

van Ranvier. Hoewel een aantal van de moleculen die betrokken zijn bij bovengenoemde 

processen bekend zijn, is er nog veel onduidelijkheid over de moleculaire mechanismen 

die deze processen beheersen. 

Om meer inzicht te verkrijgen in de ontwikkeling en myelinisatie van het perifeer 

zenuwweefsel en de moleculaire mechanismen die hieraan ten grondslag liggen, hebben 

wij de natuurlijke muis mutant claw paw bestudeerd. In claw paw muizen is de myelinisatie 

van de perifere zenuwen ernstig vertraagd, wat er op duidt dat het in claw paw muizen 

gemuteerde gen een belangrijke rol speelt in het myelinisatie proces en de functionele 

ontwikkeling van de zenuw. In dit proefschrift worden experimenten beschreven die 

geleid hebben tot de identificatie van het Lgi4 (Leucine-rich glioma inactivated 4) gen dat 

123 



Nederlandse samenvatting 

gemuteerd is in claw paw muizen, gevolgd door een initiele karakterisering van het Lgi4 

eiwit en de identificatie van een receptor voor het Lgi4 eiwit. De claw paw mutatie leidt tot 

een zeer sterke reductie van de secretie van het Lgi4 eiwit. Met behulp van Schwann cel

sensorische neuronen co-cultures hebben we Iaten zien dat secretie van Lgi4 belangrijk 

is voor myelinisatie en dat Schwann cellen een belangrijke bran van Lgi4 zijn. Volledige 

uitschakeling van het Lgi4 in het genoom van de muis leidt tot een volledige blokkering 

van het myelinisatie proces, een fenotype dat ernstiger is dan wordt waargenomen in claw 

paw muizen. We concluderen dat de claw paw vorm van het Lgi4 gen een hypomorf allel 

vertegenwoordigd en dat de zeer geringe secretie van het gemuteerde eiwit verantwoordelijk 

is voor het mildere myelinisatie fenotype. 

Het uitgescheiden Lgi4 eiwit bindt aan het extracellulaire domein van het 

transmembraan eiwit Adam22. Adam22 behoort tot de grate familie van Adam receptoren 

wat staat voor 'A Disintegrin And Metalloprotease'. Lgi4 en Adam22 genen komen in zowel 

neuronen als Schwann cellen tot expressie gedurende de embryonale en postnatale 

ontwikkeling. Door mid del van celtype specifieke uitschakeling van het Adam22 of het Lgi4 

gen hebben we Iaten zien dat Lgi4 voornamelijk geproduceerd word! door Schwann cellen, 

wat de conclusie uit eerdere celkweek experimenten bevestigd, en dat Adam22 expressie 

in neuronen noodzakelijk is voor myelinisatie van die neuronen. We stellen voor dat de 

binding van Lgi4 aan het extracellulaire domein van axonaal Adam22 een moleculaire 

schakelaar is die de normale associatie en myelinisatie van Schwann cellen beheerst. 

Het is op dit moment nog onduidelijk hoe Lgi4 binding aan Adam22 leidt tot 

myelinisatie en hoe deze gebeurtenis de differentiatie van de Schwann eel stuurt. Het 

is mogelijk dat Lgi4 binding aan Adam22 direct de adhesie, migratie of proliferatie van 

Schwann cellen reguleert. Ook is het mogelijk dat Lgi4 door Adam22 indirect andere 

signaalmoleculen die myelinisatie sturen in stelling brengt. Toekomstig onderzoek 

zal zich richten op deze vragen. Een beter inzicht in de moleculaire mechanismen van 

Schwann eel differentiatie en myelinisatie, en de rol die Lgi4 en Adarn22 hierin spelen, zal 

hopelijk in de toekomst leiden tot nieuwe mogelijkheden voor therapieen die er op gericht 

zijn de remyelinisatie na axonale schade te bevorderen en de schadelijke effecten van 

demyelinerende neuropathieen te verminderen. 
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