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1. SUMMARY 

Myelination in the peripheral nervous system (PNS) is a remarkable example of 

differentiation in which Schwann cells (SCs) secrete a specialized lipid-rich membrane that 

wraps multiple spirals around one axon segment, defining a region of very efficient electric 

insulation. Myelination is the end-point of a long differentiation program that starts with 

neural crest stem cells. From here SCs must migrate, proliferate and undergo complex 

morphological changes to carry out the sorting, ensheathment and finally myelination of 

axons. The extracellular environment is a source of information that regulates many aspects 

of cell biology. In Schwann cells, cues embedded in the extracellular matrix provide crucial 

signals that influence survival, migration, proliferation and differentiation. Although some 

extracellular ligands and surface receptors implicated in these processes are well documented, 

the intracellular molecular players involved in the transduction of such signals remain largely 

undescribed. Integrin linked kinase (ILK) is a molecule that localizes to focal adhesions and 

forms a ternary core protein platform with PINCH and Parvin (IPP) that physically and 

functionally integrates growth factor and integrin signals. The IPP complex is intimately 

connected to the actin cytoskeleton and is likely to play an important role in the regulation of 

morphological adjustments during SC development. Its strategic location at the apex of 

intracellular signaling makes ILK an interesting target for research, since it likely interferes 

with multiple pathways influenced by the extracellular environment. In this study we applied 

a conditional gene ablation strategy to analyze the importance of ILK specifically in SCs. Our 

findings demonstrate that ILK plays an important role in the radial sorting of axons during 

development. Radial sorting is the process by which pre-myelinating SCs fully encircle 

bundles of naked axons and from the bundle select just one (over 1μm in diameter) to 

establish a SC-axon relation. We verified that ILK negatively regulates Rho/ROCK, which is 

vital for the extension of processes, proper encircling of the bundles, and sorting of individual 

axons by SCs. ILK mutant SCs have shorter processes in culture and suppression of ROCK 

fully restores process extension in vitro. Further in vivo studies using chemical inhibitors 

confirmed that inhibition of ROCK re-establishes the radial sorting process. Multiple 

signaling pathways probably mediate suppression of Rho/ROCK by ILK, and one of the most 

promising links we identified was RhoE, which is known to directly inhibit ROCK and was 
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dramatically reduced in ILK null sciatic nerves. Because of the radial sorting impairment it is 

not possible to assess the importance of ILK in myelination per se in vivo, so we analyzed 

cultures of dissociated dorsal root ganglia explants. While cultures obtained from control 

animals myelinated extensively, ILK null cultures dramatically failed to myelinate, which 

suggests that ILK is important for the onset of myelination. To further address this issue we 

used the inducible PLPcreERT2 mouse so as to allow ablation of ILK in an adult animal. 

When a peripheral nerve is injured, the region of the axon distal to the injury degenerates and 

SCs undergo a process of de-differentiation. The peripheral axons eventually re-grow towards 

their distal targets and SCs normally re-engage and re-myelinate regenerated axons without 

having to go through developmental radial sorting. In this setting we verified that in ILK 

induced-mutant nerves SCs successfully engaged every axon but largely failed to remyelinate 

them, further emphasizing a function for ILK at the onset of the myelin wrapping. Both in 

development and in regeneration AKT phosphorylation was impaired in ILK mutant nerves; 

however, no cell death or proliferation defects were observed. These observations raise the 

possibility that ILK regulates targets such as AKT, which are potentially important for 

differentiation, specifically the beginning of myelination in SCs. 
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2. ZUSAMMENFASSUNG 

Die Myelinbildung im peripheren Nervensystem (PNS) ist ein eindrucksvolles Beispiel für 

die Differenzierungsleistungen von Zellen. Myelinisierende Schwann-Zellen bilden eine 

spezialisierte, lipidreiche Membran, die Axonsegmente spiralförmig umwickelt, wodurch 

eine sehr effiziente elektrische Isolation gewährleistet wird. Die Myelinisierung ist das 

Resultat eines komplexen Entwicklungsprogramms, das in den Stammzellen in der 

Neuralleiste beginnt. Schwann-Zellen bzw. Schwannzell-Vorläuferzellen müssen über lange 

Strecken migrieren, proliferieren und ihre Zellform dramatisch verändern, um Axone 

umhüllen und schliesslich myelinisieren zu können. Zahlreiche intrazelluläre Vorgänge 

werden durch Signale aus der extrazellulären Umgebung reguliert. Überleben, Migration, 

Proliferation und Differenzierung von Schwann-Zellen werden massgeblich durch die 

extrazelluläre Matrix beeinflusst. Obwohl einige der an diesem Prozess beteiligten Liganden 

und Oberflächenrezeptoren gut erforscht sind, sind die intrazellulären Mechanismen der 

Signalweiterleitung weitgehend unbekannt. Integrin linked kinase (ILK) ist ein Molekül, das 

mit fokalen Adhäsionen assoziiert ist und mit PINCH und Parvin einen Komplex bildet, der 

Wachstumsfaktor- und Integrinsignale integriert. Dieser Komplex ist eng mit dem Aktin-

Zytoskelett verknüpft und spielt wahrscheinlich bei der Regulation der Morphogenese 

während der Schwannzell-Entwicklung eine wichtige Rolle. Da ILK an zahlreichen, von der 

extrazellulären Umgebung ausgehenden Signalwegen beteiligt ist, stellt es ein für die 

Forschung sehr interessantes Molekül dar. In dieser Studie haben wir mit Hilfe eines 

konditionalen Gen-“knockout” die Rolle von ILK spezifisch in Schwann-Zellen untersucht. 

Unsere Ergebnisse zeigen, dass ILK für das sog. “radial sorting” von Axonen während der 

Entwicklung der peripheren Nerven von Bedeutung ist. Als “radial sorting” wird der Prozess 

bezeichnet, bei dem prämyelinisierende Schwann-Zellen Bündel von Axonen umhüllen und 

aus diesem Bündel eine Faser (mit einem Durchmesser über 1μm) auswählen, um sie zu 

myelinisieren. Wir konnten zeigen, dass ILK den Rho/ROCK-Signalweg negativ reguliert. 

Diese Regulation ist für die Ausbildung von Zellfortsätzen, für das Umhüllen von 

Axonbündeln und das “radial sorting” einzelner Axone durch Schwann-Zellen essentiell. In 

Kultur zeigen ILK-defiziente Schwann-Zellen kürzere Zellfortsätze, und dieser Effekt kann 

durch die pharmakologische Inhibierung von ROCK aufgehoben werden. Weitergehende in 
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vivo Studien mit chemischen Inhibitoren bestätigten, dass die Inhibition von ROCK das 

“radial sorting” in ILK-defizienten Mäusen wiederherstellen kann. ILK vermittelt die 

Rho/ROCK-Inhibition vermutlich durch verschiedene Signalwege. RhoE war der 

interessanteste identifizierte Kandidat, da RhoE ROCK direkt inhibieren kann und die RhoE-

Expression in ILK-defizienten Nerven deutlich vermindert war. Aufgrund des gestörten 

“radial sorting” ist es nicht möglich, die Rolle von ILK während der Myelinisierung selbst in 

vivo zu untersuchen. Deshalb verwendeten wir Kulturen von dissoziierten Spinalganglien-

Explantaten: Während Kulturen aus Kontrolltieren ausgeprägte Myelinbildung zeigten, war 

in Kulturen aus ILK-defizienten Mäusen kein Myelin nachweisbar. Dies legt nahe, dass ILK 

für den Beginn der Myelinisierung wichtig ist. Um dies in vivo zu bestätigen, benutzten wir 

das PLPcreERT2-System, das eine zeitlich definierte Ausschaltung von ILK in den Schwann-

Zellen im adulten Tier ermöglicht. Nach Läsion eines peripheren Nerven geht der distale 

Anteil zugrunde, und die Schwann-Zellen de-differenzieren. Die regenerierenden Axone 

wachsen in den distalen Stumpf ein, und die dort vorhandenen Schwann-Zellen umhüllen und 

myelinisieren die regenerierenden Fasern, ohne dass sie den Prozess des “radial sorting” 

durchlaufen müssen. Unter diesen Bedingungen konnten wir zeigen, dass ILK-defiziente 

Schwann-Zellen nicht in der Lage waren, regenerierende Axone zu re-myelinisieren. Sowohl 

während der Nervenentwicklung als auch während der –regeneration war die AKT-

Phosphorylierung in den Nerven ILK-defizienter Mäuse vermindert, wobei sich aber keine 

Hinweise auf eine gesteigerte Zelltodrate oder eine gestörte Proliferation ergaben. Diese 

Daten bekräftigen die Theorie, dass ILK Signalmoleküle wie AKT reguliert, die für die 

Schwannzell-Differenzierung insbesondere zu Beginn der Myelinisierung von Bedeutung 

sind. 
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3. INTRODUCTION 

 

3.1. Introduction to the vertebrate peripheral nervous system 

The peripheral nervous system (PNS) transports information from specialized receptors 

throughout the organism to the Central Nervous System (CNS), and in turn distributes central 

responses to the respective peripheral targets. Although the neuronal cells generate and 

transmit the electrical signals that wire the organism together, glial cells (derived from the 

Greek glia, which means glue) provide crucial support to the neurons well beyond the 

structural nature of their designation. 

Ubiquitous among vertebrates, myelination is a process that provides efficient electrical 

insulation to axons and thereby allows the fast saltatory electric communication between 

neurons and their targets [8]. In the PNS the Schwann Cells (SC) are the glia responsible for 

myelinating the axons, and they do so by producing large quantities of a specialized 

membrane that wraps several times around the axon and electrically uncouples the intra and 

extracellular compartments [9]. 
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3.2. Origin of the Schwann cells 

In vertebrate organisms, Schwann cells are derived from a transitory population of cells 

referred to as neural crest stem cells (NCSCs) (Figure 1) [4, 10]. NCSCs delaminate from the 

fringes of the folding neural tube early in embryonic development, migrate extensively 

through the developing organism, and differentiate into a multitude of different cell types 

[11]. At least in part, commitment of NCSCs to a specific lineage is due to the influence of 

signaling molecules in the environment of their migratory path. 

 

 

Figure 1 – Development of the Schwann cell lineage  

Schwann cells are derived from the neural crest stem cells early on in development. Once committed to the glial 

lineage, Schwann cell precursors engage tightly with peripheral axons that are actively growing towards their 

target tissues. Immature Schwann cells (ImSCs) extend long processes to completely envelope bundles of axons. 

At this stage SCs start sending cytoplasmic processes into the bundle to sort axons according to their diameter. 

As a rule, thicker axons are sorted first. SCs then divide and while one daughter cell remains attached to the 

bundle the other, a pro-myelinating SC, remains in a one to one relation with the sorted axon and differentiates 

further into a fully myelinating Schwann cell.  When the axons left in the bundle are smaller than 1μm in 

diameter, the ImSCs will remain in intimate contact with the axons without myelinating any of them. Such cells 

are referred to as non-myelinating Schwann cells. Following injury mature myelinating and non-myelinating 

Schwann cells are competent to undergo a remarkable process of de-differentiation (dashed lines), although the 

de-differentiated cells may not be identical to ImSCs. Figure taken from [12]. 

The mechanisms that regulate commitment of neural crest cells to Schwann cell lineage are 

poorly understood. Neuregulin signaling through its receptors ErbB3 or ErbB4 seems to be 

critical for SC survival at very early stages of development, but unlikely to play a role in crest 

commitment [13]. The transcription factor Sox 10 is also expressed in early migratory 

NCSCs, and Sox 10 deficient mice display no SCs or satellite cells [14]. These findings 

support a role of Sox 10 in the commitment of NCSCs to the glial lineage and preservation of 

this fate [15], probably by modulating the response of glia to neuregulin 1 [14]. The Schwann 
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cell precursors (SCPs) are tightly associated with the growing peripheral axons and follow 

them towards their targets [16]. SCPs have no basal lamina and their survival largely depends 

on signals provided by the axons, mainly neuregulin 1 [17]. At the time when the nerves 

reach their targets, immature Schwann cells (ImSCs) start secreting and organizing a thin 

layer of extracellular matrix known as basal lamina [7, 18]. At this stage of differentiation the 

cells become independent of survival signals derived from the axons because they develop an 

autocrine loop of survival, through the secretion of insulin-like growth factor 2 (IGF-2), 

neurothrophin 3 (NT3) and platelet derived growth factor BB (PDGF-BB) (Figure 2) [19-

21]. ImSCs extend long processes that fully envelope bundles of axons, resulting in a patchy 

pattern of the peripheral nerve with multiple bundles of roughly the same dimension. Further 

processes are projected into the bundle and the ImSCs will select one axon to segregate it 

from the group. At this point the cell divides and its daughter will establish a 1:1 relation with 

the axon segment [22]. This process is designated “radial sorting” because the axons are 

selected according to their radius (Figure 1) [23].  

 

 

 

Figure 2 – Schematic layout of the initial stages of Schwann cell development. 

The boxes above the figures depict markers that are expressed at different developmental stages. With the 

exception of cadherin 19, expressed in Schwann cell precursors (SCPs), there is not one but rather a group of 

markers characteristic of a specific population. Also interesting, and depicted below the figures, while neural 

crest stem cells migrate through ECM and depend on it for survival signals, Schwann cell precursors are ECM 
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independent and tightly associated with axons, from which they obtain crucial juxtacrine survival signals. Post 

migratory immature Schwann cells no longer depend exclusively on neuronal signals and rely on an autocrine 

loop for survival. ImSCs also begin to express their own basal lamina and a dependency on ECM for long-term 

survival is reacquired. Figure taken from [12] 

As a general rule, larger axons are sorted and myelinated earlier in development than are 

smaller axons. Very small caliber axons, below 1μm in diameter, will not be myelinated. 

Instead, they will be engaged by non-myelinating Schwann cells, which will remain in 

intimate contact with several of these small caliber axons without producing myelin wraps, a 

profile in peripheral nerves designated as Remak bundles (Figure 3) [4].  

 

Figure 3 – Late Schwann cell differentiation 

Underlying myelination there are substantial changes in the expression of several molecules. In the orange 

boxes are depicted markers characteristic of immature Schwann cells and it is thought that the transition towards 

a non-myelinating fate requires minor changes in the expression profile of the cell. On the other hand, 

myelination implies the upregulation of myelin related genes and a downregulation of many markers present in 

immature cells. To a large extent, this is mediated by the transcription factor Krox20 [24].  Mutations in several 

myelin genes can result in peripheral neuropathies, such as Charcot-Marie-Tooth disease (CMT) or Perlizaeus-

Merzbacher disease (PMD). Figure taken from [12] 

Therefore, immature Schwann cells are able to acquire a myelinating or a non-myelinating 

fate. The decisive factor in this context is the caliber of the axon engaged by the SC. Axons 

with larger diameter will present on their surface higher quantities of the ligand neuregulin 1 

type III (NRG1 III), which is a powerful positive regulator of myelination. Accordingly, 

recent experiments with transgenic mice show that increasing concentrations of NRG1 III 
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expression on the axolemma not only induce SCs to produce thicker myelin sheets but also 

prompt them to myelinate axons below 1 μm. In contrast, large caliber axons expressing very 

low surface levels of NRG1 III will not be myelinated [13, 25]. 

3.3. Myelination of the peripheral nerves by Schwann cells 

The process of myeliation per se occurs when the SC is in a 1:1 relation with the axon and 

begins to organize the myelin sheet. First, the SC completely surrounds the axon and then one 

of the processes begins to crawl on top of the other. At this point the Schwann cell stretches 

along the axonal surface and defines the segment length due to be myelinated, referred to as 

the internode [26]. From here the Schwann cell elaborates multiple wraps between the outer 

and inner processes, and successive spiral folds filled with cytoplasm emerge. The inner 

process in permanent contact with the axonal surface is designated inner tongue and the outer 

process in contact with the basal lamina is known as outer tongue (Figure 4A) [27, 28]. 

The mature myelin displays a polarized organization, which can be divided in compact and 

non-compact myelin. The compact myelin is formed by the apposition of the external faces of 

the membrane of the myelinating SC, forming the "double intraperiodic line"; the apposition 

of the internal faces following the extrusion of the cytoplasm forms the "major dense line." 

[29] (Figure 4B). In myelinating SCs, the cytoplasm becomes restricted to specialized areas 

of the Schwann cell, the inner (adaxonal domain) and outer (abaxonal domain) folds of the 

myelin, to the channels at the longitudinal edges of the internode (paranodal loops) and to 

periodic cytoplasm channels crossing the compacted leaf of myelin (Schmidt-Lanterman 

incisures) (Figure 5). 

 

 

A B 
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Figure 4 – Formation of the myelin membrane 

(A) Schematic representation of the engagement and wrapping of an axon by the Schwann cell. (B) 

Fundamental structure of a peripheral nerve containing myelinated axons. When observed at the electron 

microscope the myelin sheet displays a periodic arrangement with alternating dark (major dense lines) and light 

(intraperiod line) structures. Major dense lines are formed through the fusion of intracellular leaflets and the 

intraperiod lines consist of adjacent myelin wraps tightly apposed. The periodicity of this arrangement is 

dependent on the distribution of the myelin protein P0, which together with MBP, P2 and PMP22 constitute the 

most abundant proteins in PNS myelin [30]. Figure adapted from 

http://content.answers.com/main/content/img/oxford/Oxford_Body/019852403x.myelin.1.jpg (A), and 

http://www.aps.uoguelph.ca/ANSC*2340/LEC6/PS36.gif (B). 

 

 

 

 

The composition of the myelin membrane is very distinct. With a high lipid to protein ratio 

(70%-30%) and low content in water, it is built as an insulator preventing dispersion of the 

axonal electrical signal into the environment [27]. However, the insulation is not continuous 

and between the internodes there is a tiny gap referred to as the node of Ranvier. The node of 

Ranvier is a highly specialized region where the nervous impulse carried down the axon is 

reinforced, so that it can spread across the next insulated internode and be reinforced again at 

the following node. This results in a saltatory conduction of the action potential down the 

axon, which is much faster than the conduction observed in non-myelinated axons of the 

same caliber [31]. 

Figure 5 – Compact and non-compact myelin 

Representation of a SC with the myelin unfolded 

reveals the regions of non-compact myelin filled with 

cytoplasm. This channels serve has a path on which 

organelles and molecules can be transported from the 

abaxonal domain to the adanoxal surface and into the 

core of compact myelin Figure taken from [3]. 
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The nodal region comprises 3 specialized areas: the juxtaparanode, the paranode, and the 

node (Figure 6). The node itself is not myelinated, but instead is covered by microvilli from 

the adjacent SCs and is very rich in voltage gated sodium channels [32]. When unstimulated, 

the membrane potential of an axon is negative. In response to a depolarizing stimulus 

traveling through the axon, sodium channels open quickly and allow an influx of sodium ions 

into the cell (in favor of the concentration gradient), leading to a further depolarization of the 

membrane. Due to their structure, sodium channels close very fast and remain inactivated for 

some time (unresponsive to depolarizing stimulus). Just next to the node, in the 

juxtaparanodal region, are located clusters of potassium channels. These are also voltage 

gated but open more slowly than the sodium channels, allowing the potassium ions 

accumulated inside the axon to diffuse into the extracellular space, leading to the 

repolarization of the membrane potential. Because the sodium channels are transiently 

inactivated following a stimulus, the electric conduction in the axon is unidirectional [33]. In 

the paranodal region, myelin lamellae terminate into cytoplasmic filled channels designated 

paranodal loops. This region is very rich in junctional complexes and tightly associates the 

Schwann cell with the axolemma [32]. 

 

3.4. SC influence on peripheral nerve regeneration 

When a peripheral nerve is injured or transected, the portion of the axons laying distal to the 

injury site will degenerate in a process referred to as “Wallerian degeneration” [34].  During 

this process, the SC that are myelinating the degenerating portion of the axons undergo a 

Figure 6 – Organization of the nodal region 

The nodal region comprises three specialized areas: 

the juxtaparanode (JXP), harbouring K+ channels 

important for axon repolarization; the paranode where 

the cyoplasmic filled SC paranodal loops tightly 

associate with the axons, and the nodal region, 

covered by SC microvilli and rich in Na+ channel 

clusters crucial for axon depolarization and action 

potential reinforcement. (SpJ – septate-like junctions) 

Figure adapted from [2]. 

Basal lamina 
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remarkable phenomenon of de-differentiation. The de-differentiation of SCs implies that they 

sever the connection with the myelin sheet and actually begin to phagocytose it, aided by 

“professional” macrophages [12, 35, 36]. At the transcriptional level the de-differentiation is 

characterized by the re-activation of genes, such as Oct-6, which are normally expressed in 

immature SCs, and the suppression of pro-myelinating genes, such as Krox-20 [37]. The SCs 

then lie in intimate contact with the basal lamina that remains intact, and secrete growth 

factors that promote the re-growth of the axon. The stretches of axons proximal to the injury 

site do not degenerate and in due time begin to sprout a growth cone that elongates the axon 

towards its distal targets. Using the basal lamina as a guide tract, the axons efficiently 

regenerate and are re-engaged by the de-differentiated SCs, which will produce a new sheet 

of myelin around those axons [38]. Compared to non-injured nerves the new myelin sheaths 

are both shorter and thinner, but provide full functional recovery. 

 

3.5. Phylogeny of myelinating glia and the origin of 

myelination 

Myelination is remarkably well conserved throughout evolution. However,  vertebrate myelin 

is not the only version of electrical insulation found in the animal kingdom. In fact some 

species of invertebrates have independently developed myelin-like wrappings. These include 

three families of oligochaetes (annelids), 3 families of polychaetes, several species of 

crustacea and 3 superfamilies of copepods (Figure 7) [39].  

 

 

Figure 7 – Several species of invertebrates have independently re-invented the concept of myelination. 

Myelinaion confers and indisputable evolutionary advantage, and nature reinforced that by developing 

myelination in different invertebrate species independently from each other and from vertebrates. Figure taken 
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from http://www.pbrc.hawaii.edu/~danh/InvertebrateMyelin/images/MyelinPhylogeny.jpg 

Structurally, the myelin sheet differs substantially between different species of myelinated 

invertebrates, and in turn invertebrate myelin is significantly different both in structural 

organization, protein and lipid content from vertebrate myelin (Figure 8). The efficiency of 

electrical insulation varies between invertebrate species, generally always lower than in 

vertebrates [40, 41].  

 

   

Figure 8 – Structure of the myelin membrane is very different among myelinated invertebrate species and 

also between vertebrates and invertebrates 

(A) Electron micrograph of 2 adjacent axons in the ventral nerve cord of crayfish, Procambarus clarkii, displays 

a loosely wrapped myelin membrane that spirals multiple times around each. (B) Electron micrograph of the 

myelin surrounding the median giant fiber of the earthworm, Lumbricus terrestris. The myelin sheet spirals 

many times around the axon and displays alternating compact and cytoplasm filled areas, with desmosome-like 

adhesion points throughout the membrane. (C) Electron micrograph from sciatic nerve obtained from mice, Mus 

musculus. Myelin sheet organization characteristic of vertebrate mammals significantly differs from the two 

invertebrates represented. Figure adapted from [39]. 

Both vertebrate and invertebrate myelination might still owe its origin to a relation 

established earlier in evolutionary history, based on trophic support between ensheathing glia 

and neuronal cells. With the increasing complexity of the brain, the ratio of glia-to-axons has 

increased. Also, even in vertebrates, the small caliber axons (<1μm in the PNS) do not have 

their own myelin sheet but are rather engaged in groups contacted by a non-myelinating 

Schwann cell. By looking at many invertebrate phyla we find neuronal cell bodies 

invaginated with satellite glial cells. Since most of these neurons lie in non-vascularized 

ganglia and do not possess dendritic branches to increase the contact surface, the contacting 

glia are likely to play a trophic role [42-44]. As larger animals developed, together with 

larger and longer axons, for which it could be advantageous to increase the speed of nerve 

impulse conduction, it is conceivable that the neurotrophic relationship between glia and 

neuronal soma was extended towards the axon [45]. Taking as an example the lamprey, only 

A B C 



3. Introduction 

 14 

larger caliber axons are enveloped by ensheathing glia, whereas smaller ones are not [46], 

resembling vertebrate myelination commitment, at least in the PNS. The increase in the 

extent of vascularization in invertebrates correlates with the appearance of multiple 

wrappings and even compaction of the myelin sheet [39]. Considering that the speed of nerve 

impulse conduction is two to five times higher in invertebrates that myelinate, there is a clear 

selective advantage in a prey-predator relation for species that have myelin [47]. 

Additionally, the fact that myelination is a multiple, parallel and independent engineering 

solution in biology highlights the importance of this process and brings urgency to the 

understanding of the mechanisms underlying the development and regeneration of myelinated 

nerves. 

 

3.6. Influence of extracellular signals in SC biology 

Through the different stages in the lineage progression, Schwann cells must choose to which 

fate to commit, and this cannot be achieved without proper instructive cues coming from the 

extracellular environment. These cues reach the cells mainly through their receptors in the 

plasmalemma, which can either be receptors for growth factors (GFs) or for components 

embedded in the extracellular matrix (ECM). 

3.6.1. Growth Factor Signaling 

Growth factors can generally be considered as “small” proteins used to communicate between 

cells. Growth factors (GFs) can diffuse away from the secreting cell and serve local 

(paracrine) or long-range (endocrine) communication. Some GFs remain attached to the 

plasmalemma and signal the neighboring cells (juxtacrine signal). It is also frequent that the 

cell that produces the GFs is also the target of the signal (autocrine signaling). Usually GFs 

act on the cell trough receptors in the plasma membrane, some of which belong to the 

receptor tyrosine kinase (RTK) family. The name is due to the phosphorylation of tyrosine 

residues of the receptors within the cytoplasmic part of the RTK in response to the binding of 

the ligand.  

There are several growth factors that can influence SC survival, migration, proliferation, 

differentiation and also de-differentiation. Because GF signaling in Schwann cells is not the 

focus of the present work, I will only refer to the best characterized growth factors within the 
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literature. 

3.6.1.1. Factors involved in autocrine survival loop 

As mentioned above, ImSCs develop an autocrine signaling loop of GFs, namely insulin-like 

growth factor 2 (IGF-2), Neurothrophin 3 (NT3) and Platelet derived growth factor BB 

(PDGF-BB), allowing them to survive in the absence of axonal contact [19]. These survival 

factors act in combination with each other, and in-vitro studies have further demonstrated that 

fibroblast growth factor (FGF) together with insulin-like growth factor (IGF), or endothelin 

(ET) plus IGF, or Platelet Derived Growth Factor (PDGF) plus neurotrophin 3 (NT3) plus 

IGF, successfully promote SCP but not NCSC survival [48]. In addition to promoting 

survival of SCs, endothelin acts on neural crest cells and inhibits the commitment to the glial 

lineage and hence the generation of Schwann cell precursors [49]. 

3.6.1.2. Transforming growth factor beta (TGF ) superfamily 

It is known that several GFs of the TGF  superfamily play multiple important roles in SC 

biology. In early development, bone morphogenic protein (BMP) 2 and 4 act to suppress 

generation of SCPs, but once generated these cells are notably unresponsive to BMP 

signaling [50]. Later in development, TGF  has a dual role in the SC development, 

stimulating both proliferation and cell death. This mechanism promotes proliferation of SC 

tethered to axons and discards cells that are in excess, ensuring an even match between the 

number of SC and axon segments to engage. Interestingly, ablation of TGF  signaling does 

not impair myelination per se [51]. 

3.6.1.3. Notch 

The instructive role of Notch through the SC lineage varies substantially. When Notch is 

presented to SCPs, it induces differentiation towards immature SCs. In immature SCs Notch 

acts primarily as a mitogen and inhibits progression of immature SCs to fully differentiated 

myelinating SCs. In order for SC to myelinate, Notch signaling must be suppressed, and this 

role seems to be played at the transcriptional level by Krox-20 [52]. When an injury occurs in 

a mature myelinated nerve, Notch signaling is again activated and stimulates the de-

differentiation of SCs [10, 12, 48]. 
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3.6.1.4. Neuregulin 1 

Neuregulin 1 (NRG1) is a signaling molecule of crucial importance for the homeostasis of 

SCs. The NRG1 gene gives rise to a total of 15 different isoforms. Among these, NRG1 type 

I, II and III (Figure 9) are found in the nervous tissue and in particular NRG1 type III is the 

most important in the regulation of SC development [13, 53, 54]. 

 

 

 

 

 

NRG1 binds with high affinity to the ErbB receptors 3 and 4, and the most widely expressed 

in SCs is ErbB3. Once the ligand binds to the receptor, it induces conformation changes that 

enable it to dimerize with the co-receptor ErbB2. As with most RTKs, dimerization will 

result in phosphorylation of tyrosine residues in the intracellular portion of the receptor and 

subsequent signal transduction. 

NRG1 plays as an important role in NCSCs migration [55] and in vivo studies demonstrated 

a near depletion of SCs when ErbB2 receptor or NRG1 itself is ablated [13]. This is not likely 

due to an impairment of NCSC commitment to the SC lineage, since the mutant mice display 

a normal population of neural crest derived satellite glia cells in the DRGs [13] and NCSC 

cultures give rise to glial fibrillary acidic protein (GFAP) positive SCs even when performed 

with no external addition of NRG1 [56]. NRG1 is expressed in dorsal root ganglia (DRG) and 

motor neurons, and the protein is widely distributed through the surface of the axons 

(specially the membrane bound isoform III). SCPs that are closely attached to the growing 

axons are therefore exposed to NRG1, which in a juxtacrine fashion provides crucial survival 

signals to these precursors yet to develop the survival autocrine loop present in immature SCs 

[17, 57]. The transition from SCPs to SCs also seems to be accelerated by NRG1 signaling. 

In vitro studies have also shown that the isoform II of neuregulin at high concentrations (and 

Figure 9 – Neuregulin 1 isoforms expressed in the 

nervous system. 

The NRG1 gene expression results in a large variety of 

proteins (about 15 isoforms). From these, NRG1 type I 

(isoform I neu-differentiation factor), II (glial growth 

factor) and III (cysteine-rich domain-neuregulin-1) are 

the ones found in the nervous tissue. NRG1 proteins 

bind to ErbB3 and 4 receptors, which in turn dimerize 

with ErbB2 and transduce the signal downstream inside 

the cell. In Schwann cells the major NRG1 receptor is 

the ErbB3. Figure taken from [4]. 
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also the isoform III in a 10 fold higher ratio) induces activation of the mitogen activated 

kinase (MAPK) pathway in immature SCs, and results in increased proliferation and 

suppressed differentiation. Interestingly, for both isoforms, concentrations 10 fold lower than 

those shown to induce proliferation actually promotes the transition from immature to fully 

myelinating SCs (C. Taveggia, personal communication). Further studies in vivo are 

necessary to dissect the physiological relevance of these dual NRG1 functions. 

Another important role of NRG1 type III expressed on the axon surface is the regulation of 

the myelin sheet thickness. It is well established that the axon diameter influences the 

production of myelin produced around it, with thicker axons enjoying a thicker myelin sheet 

[58]. The ratio between axon diameter and myelin thickness is known as the growth-ratio (g-

ratio), which is the ratio between the axonal diameter alone and the diameter of the axon and 

myelin sheet together. The value of this reason is constant and in the PNS lies between 0.6 

and 0.7. Mice genetically manipulated to overexpress NRG1 type III have thicker myelin 

than control littermates and therefore a lower g-ratio. Mice with only one functional NRG1 

allele have thinner myelin sheets and a higher g-ratio than wild type mice [13, 25]. This 

function does not involve NRG1 alone, since recent reports have implicated brain derived 

neurotrophic factor (BDNF), signaling through the p75 receptor, in the regulation of myelin 

thickness [59]. 

Therefore NRG1 instructs the SCs how much myelin they should produce in a radial fashion, 

but it appears not to influence the length of the internode, which suggests that the regulation 

of the myelin thickness and length of the myelinated segment occur through independent 

mechanisms. The establishment of L-periaxin-DRP2-dystroglycan complexes and Cajal 

bands (cytoplasmic channels located in the abaxonal domain of the SC) are thought to be 

important for proper elongation of the myelinated internode [60].  

 

3.6.2. Signaling from the extracellular matrix (ECM) 

SCs are responsive to cues from the ECM through most of the lineage, except in SCPs that 

rely almost exclusively on signals produced by axons. At the immature stage, SCs surround 

the axons in bundles and sort them in a one to one ratio, and it is at this point that ImSCs 

begin to organize a basal lamina. The basal lamina consists of a very thin and highly 

organized sheet of ECM that is produced and organized by the SCs themselves [23]. In a 
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mature nerve the basal lamina forms a continuous tube lying around each myelinated axon 

and, as mentioned before, plays an important role in axon guidance during re-growth after 

lesion [35]. 

3.6.2.1. Basal lamina in Schwann cells 

During maturation SCs become intensely polarized in both their radial and longitudinal axis 

[61]. Radially, SCs develop a specialized interface to contact the axons (adaxonal domain of 

the SC) and on the opposite (abaxonal) side they secrete, bind to and receive important 

signals from the basal lamina [7]. The basal lamina is also longitudinally polarized and is 

continuous between adjacent myelinating SCs. The SC basal lamina is composed of a 

multitude of molecules, such as laminins, fibronectin, collagen, nidogen, agrin, and fibulin, 

among others [7]. Among these, laminins have been widely analyzed and their importance is 

illustrated by the severe neurological deficits present in human diseases and animal models in 

which laminin genes are inactivated [62-64]. 

3.6.2.2. Laminins 

Laminins are heterotrimeric proteins composed of one ,  and  subunit intimately 

connected to each other. There are five , four  and three  subunits identified in mammals, 

each encoded by a different gene. Different combinations of these subunits gives rise to 

different laminins. During development, the major laminins expressed in the endoneurium are 

laminin 2 and laminin 8 (downregulated in the adult nerve) [65]. However, their distribution 

is not homogeneous. While laminin 2 (and also 10) are present in the node of Ranvier and in 

the paranodal loops, laminin 8 is absent from these locations (Figure 10).  In special 

circumstances other forms of laminin can also be expressed by SCs, such as the subunit 3 

(composing laminin 12) after sciatic nerve crush injury, or the subunit 1 (laminin 1) 

upregulated in mice with defective 2 laminin chain [23, 66]. 
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The way laminin chains interact with each other and with other molecules is well conserved, 

and it generally follows that the N-terminal domain of every subunit is involved in 

polymerization with other trimers (except for laminins 8 and 9 that do not polymerize), the N 

and also the C-terminus of the  chain are important for recognition by the specific receptor, 

and the shorter arms of each subunit are important for binding other ECM molecules.  

3.6.2.2.1. Laminins and pathology 

Table 1 – Ablation of laminin signaling in mice results in defects primarily associated with the radial 

sorting of axons. Table adapted from [7]. 

 Radial Sorting 

defects 

Hypermyelination 

or myelin foldings 

Polyaxonal 

myelination 

Node of 

Ranvier defects 

Short 

internodes 

References 

Laminin 1/P0 Cre Yes No No Yes ND [38] 

Laminin 2-null or 
dystrophic 

Yes Yes No Yes Yes [67, 68] 

Laminin 4-null Yes Yes Yes ND ND [69, 70] 

Laminin 2/ 4 null Yes ND ND ND ND [70] 

Integrin 1/P0 Cre Yes No No ND ND [71] 

Dystroglycan/P0 Cre Rare Yes Yes Yes ND [72] 

Integrin 7-null No No No ND ND [73] 

Integrin V/nestin 
Cre 

No No No ND Yes [74] 

 ND – Not determined 

Laminin 2 ( 2  chain) gene ablation in Schwann cells results in impairment of radial sorting 

in the roots and to a less extent in the distal nerves. The regional phenotype observed is likely 

due to compensation by other laminins, such as subunits 4, 5 or 1. Besides radial sorting 

defects, loss of laminin 2 is also associated with myelin thickness aberrations, shorter 

internodal length, and defects in the organization of the node of Ranvier, including sodium 

channel clustering in the axonal surface [67, 68].  

Loss of the 4 subunit (laminin 8 and 9) in SCs results in mild radial sorting defects, more 

pronounced in the distal nerves than in the roots. The cells that did go on to sort and 

Figure 10 – Categorization of laminins by functional groups. 

Laminins expressed in Schwann cell basal lamina can be clustered in 3 functional distinct groups. The first 

group consists of laminins 2 and 4, which are able to polymerize with more laminins and are recognized by 

dystroglycan and integrin 6 1 and 7 1. The second group comprises of laminins 8 and 9, which do not 

polymerize with other laminins and bind to cellular receptors integrin 6 1 and dystroglycan. Finally the 

group of laminins 10 and 11 are able to polymerize with more laminin trimers and are targets to the receptors 

6 1 and 6 4 integrins in addition to dystroglycan [5]. Figure taken from [7] 
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myelinate still displayed some myelin aberrations and, in some cases, even formation of 

myelin sheet around a group of axons instead of a single one (polyaxonal myelination) [69, 

70]. 

Conditional ablation of both 2 and 4 subunits impairs radial sorting to a very large extent 

both in the proximal regions (roots) and in the distal nerves, suggesting that these molecules 

have a complementary rather than redundant role in the regulation of sorting [70]. 

Ablation of the 1 chain leads to the disruption of many laminins expressed in the PNS 

(laminins 1, 2, 8, 9, 10 and 11) and not surprisingly results in severe radial sorting defects and 

deficits in the organization of the node of Ranvier [38]. 

3.6.2.3. Laminin receptors 

Integrins and dystroglycans, the main laminin receptors in SCs, are developmentally 

regulated (Figure 11). 

 

Figure 11 – Schematic representation for the laminin receptors expression through the SC lineage 

SCPs express mostly 6 1 integrin; however they do not possess a basal lamina yet. At the pre-myelinating 

stage, immature SCs still express mostly 6 1 integrin but already begin to secrete and organize their basal 

lamina. The transition from ImSCs to pro-myelinating SCs at around birth is associated with the appearance of 

different integrins and also dystroglycan. Interestingly, unlike all the other receptors, only when SCs begin to 

myelinate does 4–integrin localize to the abaxonal surface. Figure taken from [7] 

3.6.2.3.1. Integrins 

Integrins are a large family of type I transmembrane molecules that play a crucial role in cell 

adhesion to the ECM, and to a minor extent to other cells. They are composed of two large 

chains,  and , that form non-covalent heterodimers at the cell surface. Combining different 

 and  chains results in multiple integrins with different ligand affinities and specificity in 

the activation of intracellular signaling pathways. In humans there are 24  subunits and 9  

subunits that combine to form 25 different integrins [75]. The signaling mediated through the 

integrins is bidirectional. While integrin binding to the ECM recruits cytoplasmic molecules 
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to activate key signaling pathways inside the cell (outside-in signaling), binding of 

cytoplasmic molecules to their intracellular domains can also modify integrin affinity for 

their ligands (inside-out signaling) (Figure 12) [6, 76]. Integrins are devoid of catalytic 

activity and completely rely on the association with other cytoplasmic proteins for signal 

transduction. Points of ECM-integrin mediated adhesion contain numerous clusters of 

integrins, and are designated focal adhesions (Figure 12).  

 

 

 

 

 

 

 

 

 

The integrins role model is “strength in numbers”: Present in a ratio 10 to 100 fold higher 

than other receptors, they establish weak and transient connections with their targets, which is 

vital for some of the dynamic functions the integrins serve in the cell, such as migration. 

Another important function of integrins is the anchoring of the extracellular environment to 

the actin cytoskeleton, through cytoplasmic molecules such as -actinin, paxillin and talin. 

This provides the cells with the ability to exert force on its surroundings while maintaining 

structural integrity [76]. 

Among all the integrins, the ones known to bind laminin are integrins 1 1, 2 1, 3 1, 

6 1, 7 1, and 6 4. Of these only 6 1, 7 1 and 6 4 are expressed in SCs [75, 77]. 

Conditional ablation of the integrin beta1-containing subunit gene in Schwann cells, prevents 

 

Figure 12 – Integrin conformations at the cell surface. 

When integrins are located in the plasmalemma, they form a salt bridge in the intracellular domain of the  

and  subunits, which results in a bent conformation of the large extracellular domains. When engaged by 

intracellular molecules, the integrins break the salt bridge and alter their conformation to an extended primed 

state. Primed integrins are able to bind their ECM ligands and form large clusters known as “focal adhesions”. 

Focal adhesions gather large protein complexes on the intracellular side of the cell. These integrin partners 

mediate outside-in (through the IPP complex) and inside-out (through talin) signaling, regulating multiple core 

aspects of cell biology. Figure taken from [6]. 
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the expression of beta 1 containing heterodimers and results in pronounced defects of radial 

sorting in distal nerves [71]. This phenotype correlates well with the phenotype observed 

following the disruption of laminin 2 in SCs (Figure 13) [67, 68]. Although many beta 1 

integrin null SCs arrest in the pre-myelinating stage, some overcome this developmental 

milestone and progress into 1:1 relations with axons, and few even myelinate. This partial 

recovery is probably due to some redundancy in laminin signaling through integrin beta 4 and 

dystroglycan, which are normally expressed in pro-myelinating SCs [7, 71].  

3.6.2.3.2. Dystroglycan 

Dystroglycan (DG) is a dimeric molecule composed of an extracellular  and a 

transmembrane  subunit, which are encoded by the same gene. Expression of dystroglycan 

occurs late during SC lineage differentiation, with onset at the pro-myelinating stage. The 

main ligands for the extracellular portion of dystroglycan are laminin and agrin. On the 

intracellular side, dystroglycan binds to specific molecules creating distinct complexes in 

different subcellular regions of the mature polarized internode [7]. DG can associate with 

utrophin and form a complex that localizes to the cytoplasmic channels in the abaxonal 

domain of the SC (Cajal bands). In-between the Cajal Bands, DG is found assembled with 

dystroglycan related protein-2 (DRP-2), concentrated in the region where the compact myelin 

outer-most wrap and the cytoplasm filled SC outer tongue are in closest apposition. 

Interaction of DG with utrophin and DRP-2 seems to play a crucial role in stabilizing the 

close apposition and the Cajal bands. Proper assembly of these structures is crucial for 

internodal elongation and regulation of internodal length. The third complex results from the 

association of DG with DP116 and is specifically localized to the SC microvilli overlying the 

nodal region [60, 78]. Unlike beta 1 integrin ablation, specific loss of DG in SCs results in a 

late onset phenotype that does not significantly impair radial sorting. Instead, the nerves 

display a remarkable deficit in nerve conduction velocity associated with hypomyelination, 

abnormally folded myelin sheets, and defects in clustering of voltage-gated sodium channels 

at the nodal region (Figure 13) [72]. Aberrant structures, such as polyaxonal myelination, can 

be found in these nerves. This differs significantly from radial sorting defects, since every 

axon in the myelinated bundle is engaged by a SC process and not simply naked. Upon loss 

of DG, SC microvilli are degenerated and misoriented. This observation points towards a 

relationship between the aberrant microvilli and defects in sodium channel clustering; 
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however, the exact mechanism of this interaction remains to be elucidated. DG-mediated 

sodium channel clustering seems to be laminin dependent, since partial or complete laminin 

signaling disruption (dystrophic mouse or Lama and P0cre laminin 1, respectively) also 

display impaired sodium channel clustering at the node of Ranvier. 

 
 

 

Figure 13 – Schematic representation of the several roles played by laminins in the Schwann cells. 

Early on in development, immature SCs engage axonal bundles and start to produce a rudimentary basal lamina 

(orange intermittent lines). In order for the SCs to sort in a 1:1 relation large-caliber axons (green), they require 

proper basal lamina organization (continuous orange lines). Laminins 2 and 8 are present in the SC basal lamina 

from pre-myelinating SCs onwards and are crucial for adequate radial sorting to occur. This is achieved both by 

regulating cytoskeletal organization and process extension via integrin 1 and by regulating accurate matching 

of Schwann cells and axons through the regulation of proliferation and survival, through an undefined receptor. 

Following radial sorting, laminins 2, 8 and 10 also play an important role in the process of myelination and 

establishment of proper nodal and internodal architecture. Dystroglycan has been shown to play an important 

function in transducing laminin signaling in these later events, regulating proper formation of Cajal bands, 

internodal elongation, microvilli assembly, and sodium channel clustering at the node of Ranvier in the axon 

surface. The importance of the integrins in this particular process remains to be elucidated. (My – myelin; M – 

microvilli; Nav – voltage gated sodium channels; A – axon) Figure taken from [79] 

3.6.3. Regulation of cytoskeleton dynamics by the extracellular environment 

during SC development. 

3.6.3.1. Cytoskeleton components – microfilaments, microtubules and 

intermediate filaments 

As in many other cell types, the SC cytoskeleton is composed of molecules that fall into three 

categories of fibrillary proteins: intermediate filaments, microtubules, and microfilaments. 

Intermediate filaments (IFs) consist of rigid structures whose principal function is to provide 

structural definition to the cell.  

Microtubules are polymers of tubulin, a dimeric molecule composed of an  and a  subunit. 
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The association of these molecules end to end results in the formation of protofilaments, 

which in turn assemble into hollow helical cilinders of about 13 units of tubulin molecules 

across. Tubulin polymerization takes place in a polar manner, with the alpha subunit of the 

new dimer assembling with the beta subunit of the last dimer in the polymer. Given that in 

the microtubule all tubulin molecules are aligned parallel to each other, the whole structure 

has a polar nature. The side of the microtubule where all alpha units are exposed (minus end) 

is usually attached to a microtubule organizing center (MTOC), adjacent to the cell nucleus. 

The other end of the microtubule (plus end), where all beta units are exposed, is a more 

dynamic terminus and endures cycles of alternating intense growing and disassembly 

(“catastrophe”). These antagonistic events are designated by “dynamic instability” and are 

regulated by the hydrolysis of GTP bound to the units incorporated in the structure, and by 

different microtubule associated proteins (MAPS). Other MAPS in the cell mediate vesicular 

and organelle transport along the surface of the microtubule in a polarized fashion, either 

towards the plus or the minus end of the microtubule [80]. 

Microfilaments are composed of many individual molecules of actin (G-actin), a 42 kD 

protein that is ubiquitously and abundantly expressed in almost every eucaryotic cell. Actin 

monomers associate with each other end-to-end to produce a protofilament. Two adjacent F-

actin filaments intertwine with each other in a helical pattern and give rise to a microfilament. 

According to the Pollard hypothesis (Figure 14) [81], the intracellular cascade that promotes 

the polymerization of a new filament starts with a specific ligand associating with its receptor 

at the cell surface, resulting in the transduction to multiple intracellular signaling molecules. 

Among these are the family of monomeric Rho-GTPases [80], which release the inhibition of 

WASP/Scar molecules to facilitate the association of an actin monomer with the actin-

related-protein-2/3 (ARP2/3) complex, thereby inducing the formation of a new polymer. 

Filaments of actin are polarized and have a slow growing end (minus terminus, also known as 

point end), which is usually docked to the ARP 2/3 complex, and a fast growing end (the plus 

or barbed end) where most of the fresh monomers are added to the filament. Actin monomers 

have a binding cleft for ATP, and actin-ATP is competent to integrate into a filament. Over 

time ATP will hydrolyze to ADP and the phosphate will be slowly released from the 

individual monomers. Actin-ADP is a target for cofilin, a protein that binds these monomers 

and induces the disassembly of the filament, more intense at the minus end where actin-ADP 

is more abundant. Actin-ADP monomers liberated from microfilaments bind to profilin, and 
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this protein catalyzes the exchange the ADP for ATP, forming a pool of profilin-actin-ATP. 

The monomers in this state are able to initiate a new round of polymerization. The length of 

the microfilament is therefore a balance between the rate of actin monomers added to the plus 

end versus the rate of filament disassembly at the minus end. A direct consequence of the 

difference in growth rates between the 2 sides of a microfilament is the unidirectional 

movement of monomers from the plus towards the minus end without necessary change on 

the overall filament length. This process is known as actin treadmilling and provides a 

directed driving force that underlies crucial aspects in cell dynamics, such as migration, 

dynamic membrane protrusions and complex morphological differentiation, intracellular 

transport, etc.  

 

 

Figure 14 – Schematic representation of stepwise actin polymerization and membrane protrusion in 

response to extracellular stimuli. 

Various stimuli from the extracellular environment result in the activation of Rho-GTPase family members and 

these in turn relieve the repression on WASp and/or Scar molecules. WASp/Scar promote the assembly of the 

ARP2/3 complex, which can bind to a pre-existing filament and initiate the formation of a new branch. The 

filament quickly elongates by the addition of new profilin-actin-ATP monomers to the barbed (+) end, and as 

elongation proceeds the membrane is pushed forward. Capping proteins eventually bind to the plus end and 

block further elongation. Through time, actin monomers in the filament hydrolyze the ATP and slowly release 

the phosphate. Actin-ADP is less stable in the filament and an easy target for severins such as ADF/cofilin, 

which induces the release of monomers at the minus end. The monomers in turn will bind to profilin, which will 

catalyze the exchange of ADP to ATP and ready G-actin for a new round of polymerization. Also downstream 

GTPases lies p21-activated kinase (PAK), which inhibits the activity of severins, stabilizes actin filaments, and 

delays monomer turnover. Figure taken from [82].  

The layout of microfilaments within a cell is not random and accessory proteins are important 
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to stabilize, cleave, and localize microfilaments within the cytoskeleton network. Capping 

proteins, such as gelsolin, bind the microfilaments at the plus end and prevent further 

elongation by blocking the addition of new monomers. Severin molecules, such as 

ADF/cofilin, act on actin filaments by cleaving them into smaller pieces. Other molecules, 

such as filamin, -actinin, paxillin and -parvin, bind actin polymers and localize beneath the 

plasmalemma to structure the cortical cystoskeleton and anchor it to ECM receptors. 

3.6.3.2. Rho-GTPases as regulators of the cytoskeleton in response to 

extracellular stimuli 

Monomeric GTPases belonging to the Rho family have previously been implicated in the 

integration of numerous extracellular signals. Integrated in the Ras superfamily of GTPases, 

the Rho family contains 22 identified proteins divided into six subfamilies, all with molecular 

weights between 20 and the 30 kD (for recent review see [83]). The monomeric GTPases are 

binary molecular switches that can be found in an active GTP bound and in an inactive GDP 

bound form (Figure 15). The transition from the GDP to the GTP bound state induces 

conformational changes that allow the GTPase to directly interact with its target molecules 

and thereby modulate the activity of these proteins [84, 85]. In order for small GTPases to 

signal, their activities must be modulated in a spatiotemporal manner, and the cell bears three 

classes of proteins specialized in this task. The first class includes guanine nucleotide 

exchange factors (GEFs), which activate small GTPases by promoting the exchange of the 

nucleotide from GDP to GTP [86]. There are currently about sixty known GEFs in mammals, 

and this high number reflects the importance given to the regulation of small GTPase 

activation. The second category or regulators are the GTPase activating proteins (GAPs), 

which inhibit the function of Rho-GTPases by catalyzing the hydrolysis of GTP into GDP, 

and there are around eighty different GAPs [85]. Finally, the guanine dissociation inhibitors 

(GDIs) bind monomeric GTPases and sequester them from the plasma membrane, preventing 

their interaction with downstream effectors or other activity regulators [87]. There are only 4 

different GDIs in the human genome. Other regulatory modifications, including C-terminus 

prenylation and palmitoylanition, phosphorylation and even ubiquitinylation, also influence 

the activity of small GTPases, especially by fine-tuning subcellular localization of these 

signal integrators and amplifiers. 
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Figure 15 – Schematic representation of the small GTPases activity cycle and associated regulators 

Small GTPases have a lipidic tail close to the C-terminus that enables anchoring of these proteins to the plasma 

membrane. Here GTPases are activated by guanine exchange factors GEFs, exchanging the bound GDP for 

GTP, resulting in conformational changes enabling interaction with downstream effectors. GTPase activating 

proteins, GAPs, interact with and potentiate the intrinsic GTPase activity of monomeric GTPases, thereby 

accelerating the hydrolysis of GTP to GDP and rendering the molecules inactive. Guanine dissociation 

inhibitors (GDIs) mask the lipidic anchor of small GTPases and sequester them from the membrane. Figure 

taken from [88].  

From all the members of the Rho-GTPase family, the mostly widely studied and better 

understood are Ras homologous member A (RhoA), cell division cycle 42 (Cdc42) and Ras-

related C3 botulinum toxin substrate 1 (Rac1). The small Rho-GTPases have remarkable 

regulatory activity on the cytoskeleton [89, 90]. Classical studies revealed that RhoA 

activation by lysophosphatidic acid (LPA) induces the alignment of parallel actin cables 

intercalated by myosin light chain molecules, resulting in a firm contractile structure 

designated as stress fibers. Constitutively active Rac1 induces the formation of actin ruffles in 

the periphery of the plasma membrane and microinjection of a Cdc42 specific GEF resulted 

in the formation of numerous actin-rich thin protrusions from the plasmalemma designated as 

filopodia [89, 91] (Figure 16). 

 

 

Figure 16 – Rho-GTPases influence on actin cytoskeleton.  

(A) Serum-starved 3T3 fibrobasts have a quiescent appearance with an even distribution of actin through the 

cytoplasm. (B) RhoA activation induced by LPA results in the formation of numerous stress fibers throughout 

the cell. (C) Microinjection of Rac1 induces the formation of many ruffles in the membrane periphery and (D) 

delivery of a Cdc42 specific GEF results in the protrusion of numerous thin actin filaments known as filopodia. 

Figure adapted from [91]. 
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RhoA-GTP activates the downstream effector Rho Kinase (ROCK) and promotes the 

activation of both LIM-kinase [92] and myosin light chain (MLC), resulting in the formation 

of stress fibers [93]. Adding to this effect, RhoA also induces the phosphorylation and 

consequent inactivation of and myosin light chain phosphatase (MLCP), an inhibitor of MLC. 

They display a strong attachment to focal adhesion sites and have an overall effect of 

increasing cell contractibility and inhibiting membrane protrusions. With an opposing effect 

to RhoA, Cdc42 and Rac1 stimulate process extension and membrane protrusions. The 

activation of Cdc42 and Rac1 relieves the inhibition of N-WASP [94] and SCAR/WAVE 

[95], respectively, resulting in the assembly of the ARP2/3 complex and initiation of a new 

actin filament formation. In addition, Cdc42 and Rac1 are able to directly interact with PAK, 

which results in the activation of LIM-Kinase and overall inhibition of myosin light chain 

kinase (MLCK). Decreased MLCK activity reduces the amount of MLC phosphorylation and 

activation, resulting in decreased contractibility and stress fiber formation. In addition, LIM-

kinase directly inhibits cofilin activity and protects actin filaments from depolymerization. 

Rac1 activation is also thought to stimulate the formation of phosphatidilinositol-4,5-

biphosphate (PI4P5), and PI4P5 is able to inhibit the activity of actin filament capping proteins 

thereby sustaining the growth of pre-formed actin filaments [96].  

Besides the effects on the actin dynamics, small Rho-GTPases are also able to modulate 

microtubule organization [97, 98]. Activation of Rac1 and Cdc42 stimulates p65PAK, 

resulting in the inactivation of stathmin, a protein involved in microtubule disassembly [99, 

100]. In opposition, RhoA activates p160Rho-Kinase and mDia, which together induce the 

accumulation of detyrosinated, less stable, microtubule at the leading edge of polarized 

migrating cells [101]. 

Cytoskeleton organization in normal physiological conditions results therefore from the 

integrated interplay of Cdc42 and Rac1 versus RhoA activity, with the added complexity that 

these molecules can regulate each other at different levels [83, 102]. 

3.6.3.3. Role of Rho-GTPases in Schwann cell biology 

Rho-GTPases are key regulators of SC development and myelination [103]. Both Rac1 and 

Cdc42 inactivation in SCs leads to radial sorting impairment and myelination arrest [18, 104]. 

Radial sorting requires SC proliferation and extension of cytoplasmic processes, which are 

thought to be regulated by two distinct signaling pathways. While proliferation is mainly 
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controlled by NRG1/ErbB receptor interactions, SC process extension depends on laminin/ 1 

integrin receptor interactions [18, 104]. Laminin/ 1 integrin signaling regulates SC process 

extension [71] via activation of Rac1 [18, 104]. In the absence of Rac1 SCs are unable to 

insert processes within bundles of axons [104], or to form lamellipodia when plated on 

laminins [18, 105]. The inability of SCs to wrap axons during sorting might be related to their 

inability to perform peripheral lamellipodia around the whole perimeter of the cell [104]. 

It is not clear at present whether Cdc42 and/or Rac1 are also required for the following step, 

myelination, after radial sorting has been achieved. Although it is difficult to dissect the 

contribution of these molecules in myelination, when the prerequisite step (sorting) is 

blocked or delayed, the data collected so far (our unpublished results), mainly using 

tamoxifen-inducible transgenic mice, suggest that at least Cdc42 may indeed have a role in 

wrapping of the myelin sheath. In addition, mutations in the Rho GTPase guanine nucleotide 

exchange factor, frabin/FGD4, a putative GEF for Cdc42, cause peripheral demyelination in 

humans [106], further indicating a potential role for Cdc42 in the myelination process. 

Although the expression of RhoA and the two known ROCK isoforms ROCK1 and 2 [107] is 

known to be  developmentally regulated, peaking at the onset of myelination and dropping 

once myelination is established [1], relatively  little is presently known about the specific 

functions of Rho/ROCK signaling during SC development. RhoA inactivation in SCs has 

apparently no effect on normal SC development or on the capacity of these cells to 

remyelinate (our unpublished results), but as in RhoA mutant cells ROCK signaling is 

preserved, rhoB or C might compensate for the lack of RhoA. However, the results presented 

in this thesis suggest that suppression of rho/ROCK signaling is key to promote radial sorting 

and SC process extension. In this context, it will be interesting to find out which other 

signaling pathways, besides those associated with ILK signaling, are involved in the negative 

regulation of Rho/ROCK signaling during PNS myelination. 

 

3.7. The IPP complex 

The IPP is a multimeric protein complex containing three proteins at its core: integrin linked 

kinase (ILK), particularly interesting new cystidine hystidine rich protein (PINCH) and 

parvin (Figure 17) [6, 108]. The IPP complex localizes to focal adhesions through ILK, 
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which binds the cytoplasmic tail of integrins 1 and 3 [109, 110]. At the focal adhesions, 

the IPP complex functions as a platform that mediates structural and functional integration of 

signaling derived from the ECM, the growth factor tyrosine kinase receptors (RTK) and the 

actin cytoskeleton. In addition, the complex serves as a scaffold where numerous proteins 

come together and influence a multitude of signaling pathways within the cell. The assembly 

and stability of the IPP complex depends on the presence of each core member, and in 

situations where one of the members is not present the others are largely, but not completely, 

degraded in a proteasome-dependent manner [111]. Additionally, localization of the IPP 

complex to nascent focal adhesions (FAs) requires pre-assembly of the core complex and 

additional binding partners, such as paxillin [112, 113] 

 

 

Figure 17 – IPP complex and associated molecules  

Three core proteins form the IPP complex: ILK, PINCH and Parvin. ILK is structured in 3 domains, the ANK 

repeats at the C-terminus, a PH domain around the middle and the putative kinase domain at the N-terminus. 

Through the ANK1 domain ILK binds the LIM 1 domain of PINCH, a 5 LIM domain molecule that provides a 

link between ILK and the adaptor protein Src-homology-2 (SH2)-SH3 Nck2. Through Nck2 the IPP complex 

establishes a bridge to RTK receptors and enables integration of ECM and growth factor signaling. Additionally 

to Nck2, PINCH is also able to bind Ras-suppressor 1 (RSU1), involved in cell migration, and thymosin- 4 

(T 4), implicated in cell survival. ILK ANK1 also provides a docking site for ILK associated phosphatase 

(ILKAP), a molecule involved in the dephosphorylation and consequent inhibition of ILK. The PH domain 

interacts with PIP3, which provides a docking site for membrane localization of ILK. At the C-terminus ILK 

displays an atypical serine-threonine kinase domain containing additionally several docking sites for IPP 

associated molecules. Among these are the cytoplasmic tail of integrins 1 and 3, which nourishes an intimate 

link between ILK and focal adhesions; and kindlin-2/migfilin/filamin complex, paxillin, and parvins, which 

among other functions also mediate interactions between the IPP complex and the actin cytoskeleton. The 

parvins ( ,  and ) generally consist of two calponin homology domains. There are several molecules besides 

actin able to dock to the parvins. To parvin  binds HIC5 and testicular protein kinase 1 (TESK1), whereas 

parvin  interacts with -actinin (providing another link to F-actin) and with the GEF -PIX, which can 
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modulate actin remodeling through the small GTPases Cdc42 and Rac1. Two additional molecules, which are 

able to bind ILK at the C-terminus, are AKT/PKB and its activator molecule PDK1. AKT is implicated in core 

aspects of cell biology, such as proliferation, survival and differentiation. The presence of these binding partners 

and many others not represented in the figure, predicts that signaling through the IPP complex implies complex 

integration of several extracellular signals into multiple crucial intracellular signaling pathways. Figure taken 

from [6]. 

3.7.1. Integrin Linked Kinase (ILK) 

3.7.1.1. Structure and direct interactions 

ILK was identified in 1996 in a yeast-two-hybrid screen using the cytoplasmic tail of 1 

integrin as bait [109]. It is a 52 kD molecule, with substantial homology to serine/threonine 

kinases, that can be divided in three distinct structural domains. At the N-terminus there are 3 

ankyrin (ANK) repeats with a putative fourth ANK domain that lacks some conserved 

residues. The ANK1 domain of ILK mediates interaction with the LIM1 domain of the 

PINCH molecules and with ILK associated phosphatase (ILKAP) [114]. In this region ILK is 

known to interact with additional molecules, such as SPARC and T-cadherin. Following the 

ANK repeats region, ILK displays a putative pleckstrin homology (PH) domain that can bind 

phosphatidylinositol (3,4,5) triphosphate (PIP3) [115, 116]. PIP3 is synthesized in a reaction 

catalyzed by phosphatidylinositol-3-kinase (PI3K). PI3K mediated synthesis of PIP3 strongly 

activates ILK signaling, and further evidence for this relationship arises from the observation 

that PI3K suppressor phosphatase and tensin homologue deleted on chromosome 10 (PTEN) 

is able to inhibit ILK activity [117]. Closer to the C-terminus, ILK has its putative 

serine/threonine kinase domain containing numerous interaction sites for several molecules 

that directly bind to ILK. Among these are the cytoplasmic tails of integrin 1 and 3, 

intimately linking ILK to focal adhesions. The link between ILK and actin cytoskeleton is 

mediated by several molecules associated with the C-terminus, and can occur either through 

the kindlin-2/migfilin/filamin complex [118, 119], through the parvin proteins ( ,  and ), 

parvin associated molecules HIC5 (parvin ) [120] and -actinin (parvin ), and also through 

paxillin, which can either bind ILK or parvins directly [121, 122]. AKT/PKB together with 

its direct activators phosphatidylinositol-3-kinase-dependent kinase-1 (PDK1) and Rictor, 

also bind the ILK C-terminus (Figure 18) [108, 123]. Among all the downstream pathways 

that ILK regulates, AKT mediated signaling is among the most important, influencing a 

variety of crucial aspects in cell biology (see below), including SC biology.  



3. Introduction 

 32 

 

 

Figure 18 – ILK interaction partners and main signaling targets. 

ILK associates with PINCH and parvin and the IPP complex is assembled prior to localizing to the focal 

adhesions. ILK binds the cytoplasmic tail of 1 or 3 integrins and from here integrates signals from ECM, 

RTK receptors and the actin cytoskeleton. The molecules know to be influenced by ILK in terms of 

phosphorylation are represented with green arrows, and include AKT/PKB, glycogen synthase kinase 3  

(GSK3 ), phosphatase holoenzyme inhibitor 1 (PHI-1) and cofilin. Figure taken from [108]. 

3.7.1.2. PINCH1 and 2 

PINCH1 (also known as LIMS 1) was discovered over 14 years ago in 1994 and was shown 

to bind ILK in 1999 [124, 125]. A second isoform encoded by a different gene was later 

identified and designated as PINCH2 (or LIMS 2) [126, 127]. PINCH molecules are 

essentially adaptor proteins composed of 5 adjacent LIM domains that additionally contain 

nuclear localization signals (NLS) [126, 128]. PINCH1 and 2 are able to bind ILK ANK 1 

through the LIM 1 domain, however never at the same time [127, 129]. Overexpression of 

PINCH2 in cells expressing PINCH1 at physiological levels, which leads to competition for 

ILK binding and prevents formation of IPP complexes containing PINCH1, revealed that 

PINCH2 is unable to fully transduce ECM derived signals, especially those regulating cell 

spreading and migration [127]. PINCH1 knockdown in HeLa cells resulted in impaired 

spreading, and expression of a PINCH1 fusion protein containing the C-terminus of PINCH2 

in these cells was unable to re-establish normal spreading [130]. On the other hand, 

expression of PINCH2 in PINCH1 null fibroblasts completely compensated for cell adhesion 

and spreading defects [131]. Such differences probably result from specific affinities to 
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interaction partners of the two molecules. For instance, Ras suppressor-1 (RSU1) interacts 

with the LIM 5 domain of PINCH1 in an exclusive manner, which significantly differs from 

that of the PINCH2 equivalent domain [132]. Thymosin- 4 [133] and the adaptor protein 

Nck2 [134] have also been shown to bind PINCH1; however it has not been addressed 

whether PINCH2 is also able to bind either of these molecules. PINCH1-null ventricular 

cardiomyocytes submitted to specific PINCH1 ablation display no visible phenotype, which 

is probably due to PINCH2 expression in the hearth compensating for the absence of 

PINCH1 [135]. Although in adult tissues there is a substantial overlap in the expression of 

PINCH1 and 2, during early embryonic development PINCH1 is expressed earlier than 

PINCH2, and therefore its function cannot be compensated by the second [136]. 

3.7.1.3. Parvins 

Parvin ,  and  constitute the three members in the mammalian parvin family, which were 

identified around the year 2000 by multiple labs simultaneously [120, 137-140]. Whereas  

and  parvin are expressed in various tissues in an overlapping fashion,  parvin is restricted 

to the hematopoietic system [141]. Structurally, parvins display 2 characteristic calponin 

homology (CH) domains, CH 1 located at the middle of the molecule and CH 2 inserted 

closer to the C-terminus (Figure 19). The two CH domains of the parvins are not identical, 

since the CH 1 domain resembles the type 1 CH domain of spectrin and the CH 2 domain is 

better aligned to the type 1 CH domain from -actinin [139, 142]. At the N-terminus, parvins 

differ from one another and display a region of variable length and sequence. In this region 

there are nuclear localization signals and also src homology (SH) 3 binding sites [143]. 

Parvin  and  are not redundant towards each other in most cells, and because parvins lack 

any catalytic activity, the different roles played by each are probably due to different binding 

partners. Both parvins are able to bind ILK through their CH 2 domain, however this is a 

mutually exclusive interaction and there are IPP complexes containing only parvin  and 

complexes with only parvin . Both complexes are found in lamellipodia of spreading cells, 

although parvin -containing complexes are already visible very early under the plasma 

membrane at sites of lamellipodia formation whereas parvin  is only recruited to fully 

established FAs [138, 139].  
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Figure 19 – Schematic representation of the structure of parvins  and  

Both parvin  and parvin  are composed of two successive calponin homology (CH) domains. In the figure, 

numbers indicate aminoacid position within the protein and horizontal lines mark interaction sites with other 

molecules. (A) Parvin , also know as calponin-homology ILK binding protein (CH-ILKBP) and actopaxin, has 

multiple proline directed serine/threonine kinase target phosphorylation sites close to its N-terminus, adjacent to 

a couple of nuclear localization signals (NLS). Around the middle of the protein it has the first of 2 calponin 

homology (CH) domains, followed by a linker region of about 60 aminoacids and the CH 2 domain close to the 

C-terminus. The CH 1 domain seems to be involved in the formation of lamellipodia, whereas the CH 2 domain 

plays additional roles in localizing to focal adhesion and fibrillar adhesion. Sites of interaction with paxillin, 

TESK1 [144] and ILK are located in the CH 2 domain region. In addition, parvin  is able to directly interact 

with F-actin. F271D and E359K mutations inhibit binding of paxillin [121, 137] and ILK, whereas alterations in 

the region between 273-290 lead to paxillin binding defects. (B) Parvin  (also known as affixin) does not 

display phosphorylation sites at the N-terminus but it does have NLS. The CH domains, although with similar 

length (100 aminoacids) and similar location within the protein architecture, mediate different protein 

interactions. CH 1 binds to dysferlin [145] and to ARHGEF10, and also has some residues that can be 

phosphorylated, whereas CH 2 mediates binding to ILK and is also involved in the binding of -actinin. Parvin 

 can be expressed in 3 different sizes through alternative translation initiation: full length (parvin  1), parvin  

s and parvin  ss. In some cell types, the parvin  isoform CLINT is expressed through alternative 5’ exons 

[143]. Figure taken from [143] 

Parvin  is able to bind F-actin directly and also paxillin, which is thought to be important for 

targeting of the IPP complex to FAs [146] [121]. It has not been established whether parvin  

is able to bind F-actin or paxillin, although it does interact with -actinin and through it with 

the actin cytoskeleton [147]. A prominent role of parvin  in focal adhesions is the regulation 

of the rho-GTPases Cdc42 and Rac1 trough the GEF ARHGEF6, also known as -pix [148]. 

Overexpression of the CH 1 from -parvin in MDCK cells induced increased formation of 

filopodia, lamellipodia, and resulting cell spreading, concomitant with an overall increment 

of Cdc42 and Rac1 activation. -pix and parvin  are present in the leading edge of 

lamellipodia on spreading cells, and it is likely that the increase of Rac1 and Cdc42 activity, 

important to stimulate membrane protrusion, are mediated by the  pix – parvin  interaction 

and regulated by parvin  containing IPP complexes. Another important function of parvin  

not shared by parvin  is the protection of cells from apoptosis by facilitating the membrane 

translocation of AKT [149]. Once at the membrane, AKT can be fully activated through 

A B 
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phosphorylation at Ser 473 and Thr 308, signaling to downstream pathways regulating cell 

survival. Another interesting observation is that cells depleted of parvin  actually display a 

much lower ILK kinase activity [150], which could be directly related to decreased AKT 

activation through phosphorylation in Ser473. 

Table 2 – Specific features of parvin  and parvin .  Table adapted from [143] 

Effect Parvin  Parvin  References 

ILK binding Yes Yes [121, 137, 138] 

Paxillin binding Yes No [122, 138] 

-actinin binding No Yes [147] 

F-actin binding Yes No [138, 139] 

Pix binding - Yes [151] 

Rac1 inhibition Yes No [112] 

Effect of depletion Apoptosis  spreading [147, 149] 

Phosphorylation site N-terminus CH2 [152, 153] 

Phosphorylated by Cdc2, ERK ILK [152-154] 

Early localization to lamellipodia +/- ? +++ [138, 139] 

Effect on ILK kinase  activity  activity [155, 156] 

 

3.7.1.4. ILK as a putative serine/threonine kinase 

The C-terminus of ILK displays significant homology to other serine/threonine kinase 

domains. However, sequences in the catalytic and DXG motif are poorly conserved and these 

differences compared to “mainstream” kinase domains make it hard to understand why ILK 

would display any kinase activity in the absence of a well-defined catalytic base and the 

proper residues to chelate Mg2+. In addition, the sequence of the ILK catalytic domain is 

poorly conserved among different species, which speaks against a vital function derived from 

these residues (Figure 20). In vitro studies using purified recombinant protein have 

demonstrated that ILK successfully phosphorylates a variety of substrates, indicating that 

some kinase activity is retained in the protein [109, 157, 158]. But the role that ILK plays as a 

kinase in a physiological context has not been unambiguously demonstrated so far. 
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Figure 20 – Non-conserved residues in ILK kinase domain. 

The figure represents an alignment of the ILK kinase domain sequence among different species, compared with 

the kinase transforming-growth-factor- -activated kinase-1 (TAK1), which displays well conserved catalytic 

aminoacids. The subdomain X does not contain consensus residues and is not represented. In red are displayed 

critical aminoacids that are substantially altered in ILK. The catalytic Asp residue located in subdomain VI and 

the DFG sequence in subdomain VII, which is important to align the phosphate from the ATP, are both 

missing. The conserved Asn, which chelates the Mg2+, and the Lys that is important to neutralize the charge on 

the ATP -phosphate are also absent in ILK. Consistent with canonical kinases are one of three Gly residues in 

subdomain I  and a Lys in subdomain two, which plays an important role in the phosphate transfer reaction 

Figure taken from [6].  

 

Table 3 – List of candidate substrates for ILK 

Depicted in the table are a series of proteins that have been phosphorylated in biochemical in vitro assays using 

recombinant ILK. Validation of the candidates in cell culture and in animals is currently being persued. * (ILK 

null fibroblasts); ‡ (mammary epithelium overexpressing ILK); § (ILK null chondrocytes). Table adapted from 

[6] 

Substrate Biochemical assay Cell culture In vivo References 

ILK    [109] 

1 integrin    [109] 

3 integrin    [110] 

AKT/PKB  
,  

*
 

‡
,  

§
 [158-162] 

GSK3   
,  

*
 

‡
,  

§
 [158-161, 163] 

Myosin light chain    [157] 

Myelin basic protein    [109] 

-parvin    [138] 

MYPT1    [164] 

-NAC    [165] 

CPI17    [166, 167] 

PHI1    [166, 167] 
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3.7.1.5. Signaling through ILK and the IPP complex in normal physiological 

conditions 

 

 

Figure 21 – ILK signaling network 

The scheme depicts ILK at the centre of an integrative and distributive network: Integrative in that both signals 

embedded in the ECM and targeted by the integrins and signals derived from soluble factors acting through 

RTK converge in the IPP complex and induce specific responses by ILK. Distributive since ILK regulates a 

multitude of downstream effectors that influence pathways affecting cell proliferation, survival, spreading and 

migration, invasion, epithelial to mesenchymal transition and angiogenesis. Green arrows depict positive 

regulation and red arrows show suppression. Ang2 – angipoeitin 2, SPARC – secreted protein acidic and rich in 

cysteine, P – phosphorylation site, SMOC2 – secreted modular calcium-binding protein 2, ET-1 – endothelin 1, 

NAC – nascent polypeptide-associated complex and coactivator, -parv – parvin , HIF1 – hypoxia-inducible 

factor 1. Figure taken from [108] 

3.7.1.5.1. IPP complex in invertebrates 

The role of IPP complex in invertebrate physiology has been most widely studied in D. 

melanogaster and C. elegans. Both of these organisms express a single ortholog for ILK, 

PINCH and parvin. Loss of the ILK ortholog in D. melanogaster results in severe muscle 

attachment defects in the developing embryos [168], whereas loss of PINCH reveals 

additional cell migration defects through incomplete dorsal closure [169]. In adult chimeric 

flies that lack ILK or PINCH, blisters develop in the wing regions. All these phenotypes seem 

to arise from cell-ECM adhesion defects, more specifically from a loss of grip between the 

actin cytoskeleton and the plasma membrane. In C elegans, mutations in the -integrin 
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ortholog ( pat-3) [170], ILK ortholog (pat-4) [171], PINCH (unc-97) [126] and parvin (pat-6) 

[140] result in the “paralyzed and arrested elongation at twofold” (PAT) phenotypes. PAT is 

a wide phenotype category that comprises lethal mutations interfering with muscle formation, 

affecting either molecules from the attachment complex or components intrinsic to the 

sarcomere. Deletion of pat-3 or the ECM molecule unc-52 results in mislocalization of pat-4 

to dense bodies, implicating integrins and ECM in the ILK signaling pathway [171]. Dense 

bodies are focal-adhesion-like structures in the muscle found in places where actin filaments 

are anchored to the plasma membrane. The ortholog for Kindlin-2 (unc-112) [172] is also 

necessary for proper assembly of dense bodies and pat-4 localization. 

3.7.1.5.2. Role of the IPP complex in non-mammalian vertebrates 

Recent studies in zebrafish revealed a crucial role for ILK in heart development and function. 

Impaired ILK binding to parvin and reduced ILK kinase activity in the mutant mainsqueeze 

results in heart failure and embryonic lethality [173]. In addition, the mutant lost-contact has 

been described to have residual ILK kinase activity and also displays impairment in cardiac 

function together with mechanical instability of skeletal-muscle fibers [174]. Further studies 

in skeletal muscle using knockdown strategies have revealed that ILK localizes to 

myotendinous junctions and, although not crucial for the assembly of adhesion complexes, 

ILK kinase activity seems to strengthen the interaction between muscle fibers and the ECM. 

3.7.1.5.3. Role of the IPP complex in mammals 

Studies in mammals (M. musculus), revealed that ILK ablation results in peri-implantation 

lethality of the embryo. This lethality occurs because the embryo is unable to form the 

blastocyst cavity, i.e., the blastocoel and the inner cell mass (ICM), underlying the newly-

formed endoderm of the embryo, does not polarize into columnar epiblast cells [161]. The 

impaired polarization of the epiblast is concomitant with aberrant accumulation of F-actin at 

integrin-mediated attachment sites to the basement membrane. To circumvent the early 

lethality, conditional knockout strategies were put to use and the function of ILK has been 

analyzed in a tissue specific manner in several organs and cell types (see table 4). 

ILK function has been also assessed in the nervous system. The conditional inactivation of 

ILK in the dorsal forebrain neuroepithelium induces pronounced lamination deficits 

resembling cobblestone (type II) lissencephaly [175]. The resulting defects in the adult brain 

are partially derived from cell migration deregulation and include neuronal invasion towards 
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the marginal zone, downwards displacement of components normally in the marginal zone, 

fusion of both cerebral hemispheres, and an irregular organization of the dentate gyrus of the 

hippocampus [176]. Together with these defects abundant astrogliosis and general basal 

lamina fragmentation at the cortical surface are also present. Proliferation and survival were 

not affected in these cells, and phosphorylation of GSK3  and AKT was also normal in 

mutant animals. 

Inactivation of ILK in the cerebellum results in pronounced defects in both glial cells 

(Bergmann glia – BG) and neurons (Granule cells – GC). The perturbations include 

lamination deficits in the cerebellar cortex, including focal fusions between adjacent folia 

with ectopic localization of granule cells along the fusion interface of the different folia. The 

aberrant localization of GC sometimes extended all the way from the inner granular layer to 

the meninges. Purkinje cells were also misorganized, frequently forming multiple layers. All 

these defects in the cerebellum were accompanied by a very pronounced gliosis. In 

Bergmann glial cells, loss of ILK impaired process extension and as a result BG could not 

project their processes all the way through the molecular layer of the cerebellum, nor could 

they structure their endfeet subjacent to the meningeal basement membrane [177]. The 

defects in BG organization were reflected in deficits observed at the meningeal basement 

membrane, with a compromised integrity containing sporadic interruptions. Underlying the 

deficits of BG process extension is a reduced amount of the active form of Cdc42 (Cdc42-

GTP) as a result of ILK inactivation and loss of the IPP complex. In granule cell precursors 

(GCP), loss of ILK results in reduced proliferation [178] in response to sonic hedgehog (Shh) 

signaling. Shh interacts directly with laminins and signals to the GCP as a mitogen, in a 

process involving the laminin receptor integrin- 1. However, proliferation deficits were only 

registered in areas of the cerebellum displaying also a disrupted basement membrane. As 

basement membrane disruption is likely a cause of BG defects, the proliferation impairment 

displayed by GCPs is probably a consequence of glial deficits rather than a primary 

phenotype per se. 

Although in vivo analysis using whole brain mutant lysates showed no decrease in the overall 

phosphorylation status of GSK3  and AKT, a more cell specific approach using in vitro 

analysis has enriched the understanding of this particular function of ILK. Loss of ILK 

abrogates nerve growth factor (NGF)-induced phosphorylation of GSK3  and AKT in rat 

neurons, resulting in a decrease of Tau mediated neurite sprouting [179, 180]. In neurons 
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from the hippocampus, ILK regulates GSK3 phosphorylation in a R-Ras dependent manner 

[181]. ILK has also been shown to lay upstream of AKT and GSK3  in establishment of 

neuronal polarity [182], and, as a consequence, ablation of ILK in neurons impairs the 

formation and reduces the length of axons. Finally, neuronal survival signals derive in part 

from ECM cues that signal through integrins in an ILK-dependent manner involving the 

phosphorylation of GSK3  and AKT [176].  

Table 4 – Function of ILK in different cell types and in mitotic spindle assembly. Tabled adapted from 

[108] 

Cell type / process ILK functional 

implications 

Pathological 

relation 

AKT and GSK3 

phosphorylation  

References 

Chondrocytes Proliferation, cell 
spreading and 
migration  

Dwarfism Not altered [160, 183] 

Keratinocytes Proliferation, 
adhesion, spreading 
and migration 

Skin blistering and 
impaired follicle 
development 

Not altered [184, 185] 

Skeletal muscle Adhesion, 
mechanosensing and 
myoblast 
differentiation 

Muscular 
dystrophy 

AKT   
(upon exercise) 

[168, 171, 186-191] 

Smooth muscle Contractility, 
adhesion and 
cytoskeletal dynamics 

- Not altered [157, 164, 166, 167, 192, 193] 

Kidney (tubular epithelial 
cells and podocytes) 

EMT (tubular 
epithelial cells); 
adhesion (Podocytes) 

Fibrosis, 
proteinuria 

Not altered [194-196] 

Hepatocytes Differentiation, 
survival 

Hepatitis Not altered [197, 198] 

Immune system (T cells and 
macrophages) 

Survival, adhesion, 
migration and 
proliferation 

- AKT  (T cells and 
macrophages); 
GSK3  macrophages 

[162, 199-201] 

Cardiovascular system 
(Endothelial cells and 
cardiomyocytes) 

Survival, 
proliferation, 
migration and 
invasion 

Dilated 
cardiomyopathy 

AKT  [174, 188, 202-204] 

Central Nervous system 
(granule cell precursors and 
neurons) 

Adhesion, migration, 
polarity, proliferation 
and survival 

Cobblestone 
lissencephaly 

Not altered [175-182, 205] 

Mitosis Organization of 
centrosomal protein 
complexes and DNA 
segregation 

- - [206] 
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4. ILK IN PNS MYELINATION 
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4.1. Summary 

 

During development Schwann cells (SCs) interpret different extracellular cues to regulate 

their migration, proliferation, and the remarkable morphological changes associated with the 

sorting, ensheathment and myelination of axons. Although interactions between extracellular 

matrix (ECM) proteins and integrins are critical to some of these processes, the downstream 

signaling pathways they control are still poorly understood. Integrin-linked-kinase (ILK) is a 

focal-adhesion-protein that associates with multiple binding partners linking integrins to the 

actin cytoskeleton, and is thought to participate in integrin and growth factor-mediated 

signaling. Using SC-specific gene ablation, we report essential functions for ILK in radial 

sorting of axon bundles and myelination in the peripheral nervous system. Our in vivo and in 

vitro studies show that ILK negatively regulates rho/ROCK signaling to promote SC process 

extension and to initiate radial sorting. Following the ensheathment of axons, ILK facilitates 

axon myelination by promoting the activation of downstream molecules such as AKT/PKB.  
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4.2. Introduction 

 

Myelination of axons promotes neuronal survival and greatly increases the conduction 

velocity of nerve impulses. The control of Schwann cell (SC) differentiation and myelination 

derives, at least in part, from instructive cues originating within the extracellular 

environment. These signals include growth factors and proteins of the extracellular matrix 

(ECM) as essential components [207]. Integrins, a major group of cell-adhesion receptors for 

the proteins of the ECM, are composed of two non-covalently associated transmembrane 

glycoprotein subunits,  and , both of which participate in the binding of ECM proteins. 

Ligand binding recruits cytoskeleton and signaling molecules to cell matrix contact sites 

where they link the actin cytoskeleton to the ECM and mediate signal transduction between 

the extracellular and the intracellular compartments[208]. In SCs, the genetic deletion of the 

1-integrin gene [71] causes defects in SC-axon contact and impairs the capacity of SCs to 

extend cytoplasmic processes into embryonic axons bundles to establish one-to-one 

relationships with individual axons, a process referred to as radial sorting. SC-specific 

deletion of focal-adhesion-kinase (FAK) [209] or Rac1 [18, 105], proteins involved in 1 

integrin-mediated signaling, also results in deficient radial sorting. However, distinct cellular 

defects can underlie a common radial sorting phenotype. In FAK mutant nerves impairment 

in radial sorting is likely to be caused by reduced SC proliferation and not by defects in SC-

axon contact [209], similar to defects observed in SC-specific Cdc42-deficient nerves [18]. 

ILK, a 52 kD protein identified and cloned based on its interaction with the 1-integrin 

cytoplasmic domain [109], is thought to be an essential regulator of integrin and growth 

factor-mediated signaling, functioning both as an adaptor protein and as a putative 

serine/threonine kinase. It consists of three domains: Four N-terminal ankyrin repeats, a 

putative pleckstrin homology and a C-terminal kinase domain. As an adaptor protein, ILK 

binds to PINCH (particularly interesting new Cys-His-rich protein) via its N-terminal domain 

and to parvins via its kinase domain to form a ternary complex that subsequently locates to 

cell-ECM adhesions. There, ILK binds the cytoplasmic domains of activated 1- and 3-

integrin subunits and the ILK-PINCH-parvin (IPP) complex can function as a signaling 

platform downstream of integrins by interfacing with the actin cytoskeleton and several 
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different signaling pathways [6]. The IPP complex can bind to filamentous (F)-actin via 

parvin and paxillin, which also binds directly to the ILK C-terminal kinase domain. Paxillin 

also binds to guanine-nucleotide-exchange factors (GEFs), providing a connection between 

ILK and the GTPases of the Rho subfamily [148], of which Cdc42 and Rac1 regulate SC 

development [105, 210]. Via PINCH, the complex can bind to the receptor-tyrosine-kinase 

binding adaptor protein Nck-2 [211], establishing a potential direct link between ILK and 

growth factor signaling. Via its kinase domain, ILK is also thought to phosphorylate GSK3  

and AKT/PKB (protein kinase B), which are involved in signaling pathways regulating 

proliferation, survival and differentiation of different cell types [6], including SCs [212-214]. 

However, the direct phosphorylation of AKT/PKB by ILK is controversial [6].  

In this work, we used conditional transgenic approaches in the mouse to investigate the 

role(s) of ILK in SC development and myelination in combination with cell culture 

experiments. We show that ILK is essential for both radial sorting and SC myelination, and 

that the regulation of these critical developmental events requires the activation of different 

signaling pathways.  
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4.3. Results 

 

4.3.1. Conditional ablation of ILK in Schwann cells 

We conditionally ablated ILK by expressing Cre-recombinase (Cre) under the control of the 

desert hedgehog (Dhh) gene regulatory sequences (Figure 22A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this setting, Cre is active in SC precursors from embryonic day (E) 12 (E12) [215]. 

Recombination of the conditional ILK allele (Figure 22A) significantly reduced ILK in 

lysates obtained from sciatic nerves (SNs) of postnatal (P) day 1 (P1) mutant mice (Figure 

22B). At P5, the expression levels of proteins of the IPP complex, PINCH1, PINCH2, -

parvin and -parvin were also strongly reduced (Figure 23). P1 mutant SCs were ILK 

negative in contrast to their control counterparts (Figure 22C). 

 

Figure 22 – Recombination of the conditional ILK allele 

in SCs of mutant mice. (A) Regulatory sequences of the 

desert hedgehog (Dhh) promoter drive the expression of the 

cre recombinase (Cre) in SCs. Partial map of the ILK allele 

depicts the location of the loxP sequences. Upon Cre 

mediated recombination, the genomic region located between 

the two loxP sites, which includes exon 2 and part of exon1, 

is excised thereby inactivating the conditional ILK allele. (B) 

Western blot analysis of protein lysates obtained from P1 

sciatic nerves reveals a significant reduction in ILK levels 

compared to those of controls (n=3, P<0.0001). The low 

residual ILK protein levels detected in mutant lysates are 

likely due to the presence of endoneurial fibroblasts and 

some unrecombined SCs. Error bars display ±s.e.m (C) 

Immunostaining of acutely plated SCs obtained from P1 

control and mutant mice using antibodies for ILK and S100 

(SC marker), reveals loss of ILK in mutant SCs. (D) 

Immunohistochemistry in embryonic day 17.5 (E17.5) sciatic 

nerve cryo-sections demonstrates loss of ILK in the mutant 

SCs in vivo. (E) Control and mutant sciatic nerves from P14 

littermates. Note that mutant mice have thinner and more 

transparent sciatic nerves. Scale bars 50 μm. 
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ILK immunoreactivity was strongly reduced in E17.5 mutant nerves compared to controls 

(Figure 22D). At P14, mutant SNs nerves were thinner and more transparent than controls 

(Figure 22E). ILK mutants displayed progressive hind limb paresis, which developed into 

paralysis at around P50. Due to the severity of the phenotype and legal requirements, most 

experiments were carried out at P24 or earlier. 

 

4.3.2. Axon sorting and myelination deficits in ILK mutant nerves 

During postnatal development SCs progressively segregate and myelinate individual large 

caliber axons from axon bundles (Figure 24c, e, g, i, k).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23 – Reduced amounts of protein of the members of the IPP complex in ILK mutant nerves. 

Upon the conditional ablation of ILK, other protein members of the IPP complex (PINCH1 and 2, parvin 

alpha and beta) are reduced in P5 mutant sciatic nerve lysates.. 

  

Control Control Mutant Mutant 

E17.5 

P1 

P5 

P14 

P24 

P50 
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At E17.5, SCs were present between bundles of tightly apposed axons in the SNs of control 

and mutant mice (Figure 24a, b). In P14 control mice (Figure 24g) large caliber axons were 

already engaged in a 1:1 relationship with SCs. By P24, myelination was virtually complete 

(Figure 24i). In contrast, in the mutant nerves, axon sorting and myelination was impaired 

and bundles of axons containing large caliber axons persisted at P50, the latest stage analyzed 

(Figure 24l). Few axons were myelinated in mutant nerves at all stages analyzed (Figure 

24d, f, h, j, l).  

To assess whether loss of ILK would also lead to impairment in root maturation, we analyzed 

semithin sections of dorsal and ventral roots obtained from control and mutant animals. We 

observed that both ventral and dorsal roots of ILK mutant animals display radial sorting 

defects, similar to those observed in distal nerves (Figure 25 – asterisks). In addition, some 

axon profiles were engaged by a SC that failed to progress into myelination (Figure 25 – 

white arrowheads). 

 

Those SCs in mutant sciatic nerves that did myelinate were found not to be recombined, as 

they expressed both ILK and MBP (Figure 26 and 27). 

Figure 24 – Axonal sorting and myelination are impaired in ILK mutant sciatic nerves. Sciatic nerve 

cross sections (0.5μm), stained with toluidine blue. Early in development SCs are in close association with 

bundles of naked axons (asterisks). Progressively individual axons are sorted from these bundles in a process 

referred to as radial sorting (arrowheads). In control nerves individual large caliber axons are wrapped and 

myelinated. In the mutant nerves, radial sorting and myelination are impaired and axon bundles persist into 

adulthood (l). Scale bars 10 μm. 

Figure 25 – Axonal bundles and 

non-myelinated 1:1 relations 

present in ILK mutant roots at 

P24. Toluidine blue stained semithin 

sections display bundles of unsorted 

axons (asterisks) and non-myelinated 

1:1 axon-SC relations (white 

arrowheads) in ventral and dorsal 

roots of P24 mutant animals. A few 

fibers were successfully myelinated 

(black arrowheads). Scale bars 5 μm. 
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Figure 26 – Myelinating SCs in mutant nerves are not recombined. Immunohistochemistry on P24 

mutant and control SN cryo-sections using antibodies against ILK and MBP. Only unrecombined ILK 

positive cells are MBP positive in mutant nerves. Secondary antibody incubation only reveals no signal. 

Scale bars 50 μm. 

A B 
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We conclude that the differentiation of mutant SCs was severely impaired. This conclusion is 

also supported by the findings that mutant nerves showed increased Oct6 immunoreactivity 

and reduced mRNA levels for several myelin genes compared to controls (Figure 28A, B).  

 

 

 

 

 

 

Figure 28 – Differentiation in ILK mutant sciatic nerves. (A) Oct6 immunohistochemistry on cross 

sections of frozen sciatic nerves obtained from P1 and P14 control and mutant mice. Oct6 expression 

peaks in promyelinating SCs and decreases at the onset of myelination. At P1, Oct6 is detected in both 

control and mutant nerves. At P14 the protein is no longer detected in control nerves, but it remains 

abundant in mutant nerves. (B) Real time PCR performed on P2 sciatic nerves. ILK mRNA is reduced in 

mutant nerves (a) (n=4, PILK<0.0001). The mRNA levels of Periaxin (b) (n=3, PPeriaxin=0.00030), PMP22 

(c) (n=3, PPMP22=0.00043), P0 (d) (n=3, PP0=0.00012) and MAG (e) (n=3, PMAG=0.010) are significantly 

reduced in mutant nerves as compared to controls. Scale bars 50 μm. 

Figure 27 – Myelinating SCs in mutant nerves are 

not recombined. Teased fibers obtained from P24 

control and mutant mice were stained with 

neurofilament, E-cadherin, ILK and DAPI, and 

photographed with a confocal microscope. Control (A) 

and mutant (B) myelinated fibers display E-cadherin 

organized at the Schmidt Lantermann incisures level 

with the typical v-shape (arrowheads). Mutant non-

myelinated fibers (C) display disorganized E-cadherin 

staining because there are no incisures without myelin 

production. Myelinated fibers in control and mutant 

fibers are positive for ILK staining, whereas non-

myelinated mutant fibers engaged by SCs are negative 

for ILK staining. Scale bars 8 μm. 

C 
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4.3.3. ILK null SCs are present in sufficient numbers and their proliferation and 

survival is normal. 

 

In order for radial sorting to proceed normally, SCs must be present in sufficient numbers in 

the peripheral nerves. Therefore, we counted the number of SCs on cryosections obtained 

from the distal end of the sciatic nerve, and found that the number of SCs was not 

significantly different between control and mutant mice (Figure 29a). Proliferation and 

survival assessed by Ki-67 and TUNEL immunostainings, respectively, were also not 

significantly different between control and mutant nerves (Figure 29b). 

 

 

 

 

 

 

4.3.4. ILK is required for proper extension and stabilization of Schwann cell 

processes 

EM analysis at P5 showed that control and mutant nerves contained SCs at different stages of 

differentiation, including immature SCs associated with axon bundles, promyelinating SCs in 

a 1:1 relationship with large caliber axons, and SCs starting to myelinate. In control nerves 

immature SCs extended long processes that fully enveloped axon bundles (Figure 30a, c).   

Figure 29 – Total cell number, proliferation, and apoptosis in ILK mutant sciatic nerves. (a) 

Percentage of cells present in the distal part of the sciatic nerves from control and mutant mice was not 

significantly different. (b) Percentage of Ki-67 positive cells similar in control and mutant nerves, 

suggesting normal SC proliferation in the absence of ILK. (c) The percentage of TUNEL-positive 

apoptotic cells was not significantly altered in ILK mutant SN as compared to controls. Error bars display 

±s.e.m. 
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This was in contrast to mutant nerves, in which immature SC processes often failed to 

completely envelop axon bundles (Figure 30b, d).  

At the promyelinating stage, SC-axon profiles in control nerves were encircled by a tightly 

apposed basal lamina (BL) (Figure 30e). In mutant nerves, these profiles contained aberrant 

cytoplasmic protrusions (Figure 30f). The surface of these protrusions was covered by BL. 

Often empty loops of redundant BL, continuous with the apposed BL, were also present 

(Figure 30f). These loops are likely to be detached BL left behind by retracting protrusions, 

suggesting that SC processes repeatedly engaged and retracted from axons. 

At P24, radial sorting in control nerves was completed (Figure 31).  

Figure 30 – Process extension and 

basal lamina organization are 

impaired in ILK mutant SCs. EM 

micrographs of sciatic nerve ultra-thin 

sections at P5. At this stage, SCs extend 

processes (white arrowheads) that fully 

envelop bundles of axons (a, c), a typical 

feature at this stage of maturation. In 

mutant nerves (b, d), SC processes often 

fail to completely enwrap axon bundles 

(black arrowheads). In controls, 

promyelinating SCs are surrounded by a 

tightly associated basal lamina (BL) (e, 

white arrows). In contrast, mutant 

promyelinating SCs frequently display a 

disorganized basal lamina that forms 

loops detached from the plasma 

membrane (f, black arrows). Scale bars 5 

μm (b), 2 μm (a and d) and 1 μm (c, e, 

f). 
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Small caliber axons were engaged by non-myelinating SCs (Figure 31c) and myelinating 

SCs were surrounded by an apposed BL (Figure 31e, g). Mutant nerves were severely 

hypomyelinated. Axon bundles in mutant nerves were still not completely enveloped by 

immature SC processes (Figure 31b, d). As in P5 mutant nerves, layers of loose basal lamina 

surrounded naked axon bundles and promyelinating SC-axon profiles (Figure 31d, f, h).  

We conclude that loss of ILK in SCs leads to defects in process extension and stabilization. 

Such defects are most likely the reason why radial sorting was impaired in mutant nerves.  

 

Figure 31 – Process extension and 

basal lamina organization are 

impaired in ILK mutant SCs. At P24, 

there are virtually no remaining axon 

bundles on the control nerves. Large 

caliber axons have been engaged and 

are myelinated (a, c and e), whereas 

small caliber axons, which will not be 

myelinated during development, are 

engaged by non-myelinating SCs (c, 

white arrowhead). In mutant nerves, 

axonal sorting is severely impaired and 

many bundles persist. Mutant SCs 

associated with axon bundles fail to 

completely surround them (black 

arrowheads), resembling the phenotype 

observed at P5 (b, d). Unsorted axons 

are surrounded by loops of basal lamina 

(black arrowheads). Control 

myelinating SCs reveal a tightly 

associated single basal lamina (white 

arrows) (g), in contrast to ILK null cells 

in which multiple cytoplasmic 

protrusions (gray arrows) are visible (f), 

frequently associated with empty loops 

of basal lamina (black arrows) (h). 

Scale bars 5 μm (b), 2 μm (a, c, d, f), 1 

μm (e, h) and 0.2 μm (g). 
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4.3.5. ILK regulates Schwann cell process extension in a ROCK-dependent 

manner  

As several studies link ILK to the regulation of Rho GTPase activity [6], we assayed Rho 

GTPase activity in SN lysates [18] obtained from P5 mutant and control mice. The 

expression levels of Cdc42 and Rac1 did not differ between mutant and control nerves, but 

the activities of Cdc42 and Rac1 were significantly increased in mutant nerve lysates as 

compared to controls (Figure 32).  

 

 

 

 

 

 

 

 

 

Rho activity was also significantly increased, but its expression levels were significantly 

decreased. Rho kinase (ROCK) [107] is an effector of Rho, which inhibits neurite outgrowth 

Figure 32 – ILK regulates SC process extension in a Rho/ROCK dependent manner. (A) Pulldown assays 

for active, GTP-bound Rho-GTPases using sciatic nerve lysates obtained from P5 control and mutant mice. 

Activation index (active protein / active and inactive) of Cdc42 (n=4, P=0.0096) and rac1 (n=4, P=0.0012) is 

significantly increased in mutant lysates whereas their total expression levels are not. When calculating the 

ratio between the amounts of the activated form of each GTPase and the GAPDH levels we get a clearer idea 

of how much activated protein is within each cell. In this comparison mode Rac1 activated protein is more 

abundant in mutant than control SNs (n=4, P=0.0017), and although not statistically significant, Cdc42 

displays a trend towards increased activation (n=4, P=0.0511). The aggregate activation index of RhoA, B and 

C (n=4, P=0.0015), termed “rho”, is significantly increased in mutant lysates whereas their total expression is 

significantly decreased (n=4, P=0.0017). Altogether, there is still more activated Rho protein in mutant than 

control SNs (n=4, P=0.0050). The Rho antibody used for Western blotting, following the co-precipitation with 

the recombinant rhotekin fragment, is not specific for individual Rho isoforms. 
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in neurons [216] and outgrowth of processes in SCs [1]. Hence, we investigated whether the 

shorter SC processes observed in mutant nerves were a consequence of increased ROCK 

activity using ROCK inhibitors.  

Mutant SC cultures contained significantly more cells with shorter processes than those of 

control cultures (Figure 33, a, b, c).  

 

 

 

 

 

 

Exposure to the selective ROCK inhibitors Y27632 (10 μM) or HA-1077 (fasudil) (40 μM) 

[1] increased the number of SCs with longer processes in both control and mutant cultures. 

However, we no longer found significant differences in SC process length between control 

and mutant SCs in these cultures (Figure 33d, e, f and g, h, i). The different concentrations 

used for fasudil and Y27632 might explain why SCs in cultures exposed to fasudil produced 

Figure 33 – ILK regulates SC process extension in a Rho/ROCK dependent manner. 

Immunocytochemistry to reveal the cytoskeleton of control and mutant mouse SCs plated on laminin-2 for 

24h (a-b, d-e and g-h). Categorization of control and mutant SCs according to process length. There is a 

higher frequency of SCs with shorter processes in mutant SC cultures as compared to control cultures (a, b, 

c) (n=3; P26-50=0.026, P51-75=0.016, P76-100=0.0071, P101-150=0.036, P151-200=0.020, P201-250=0.0048). 

Treatment of the SCs with the Rho Kinase (ROCK) inhibitor Y27632 (d, e, f) or fasudil (g, h, i) restores 

process extension in mutant cells. Error bars display ±s.e.m. Scale bars 20 μm. 
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longer processes compared to those exposed to Y27632 (Figure 33f, i). Overall, we conclude 

that the shorter process length of mutant SCs is likely a result of increased Rho/ROCK 

activation. ILK can negatively regulate Rho/ROCK activity by integrin-dependent FAK 

activation [217-219] and paxillin phosphorylation [220].  Accordingly, we show that in ILK-

mutant nerve lysates the activation of FAK and paxillin were reduced as compared to controls 

(Figure 34A).  

 

 

 

 

 

 

 

Figure 34 – Reduced FAK and paxillin activation, and rhoE expression in the absence of ILK. (A) 

Western blot analysis of sciatic nerve lysates at P5. Levels of Focal Adhesion Kinase (FAK) (n=4, 

P=0.012) and Paxillin (n=3, P=0.0026) phosphorylation are reduced. Total levels of FAK are slightly 

increased (n=4, P=0.023). Error bars display ±s.e.m.  (B) Western blot analysis of protein lysates from 

control and mutant sciatic nerves at P5. RhoE is dramatically reduced in mutant lysates as compared to 

controls (n=3, P<0.0001) (a). Immunohistochemistry on cross sections of control and ILK mutant sciatic 

nerves shows reduction of rhoE compared to controls (b). RhoE immunoreactivity is also reduced in 

mutant Schwann cells in culture compared to controls (c). Note that in control SCs, rhoE is present in the 

processes whereas in mutant cells rhoE is predominantly localized in the perinuclear region. Error bars 

display ±s.e.m. Scale bars 50 μm. 
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In addition, using whole genome microarrays we found that the mRNA levels of the atypical 

Rho GTPase RhoE, an important inhibitor of Rho/ROCK activity [221], were markedly 

reduced in ILK mutant nerves as compared to controls (data not shown). Therefore, we 

analyzed the levels of RhoE in protein lysates obtained from ILK-mutant and control nerves 

by Western blotting. There was a dramatic and significant reduction of RhoE expression 

levels in mutant lysates as compared to controls (Figure 34B a). This reduction was also 

confirmed by immunohistochemistry (Figure 34B b) on cross sections obtained from control 

and mutant nerves and by immunocytochemistry in control and ILK mutant SCs in culture 

(Figure 34B c).   

4.3.6. Radial sorting is largely re-established in the nerves of post-natal mutant 

ILK mice following injection of the ROCK inhibitor fasudil  

To investigate whether inhibition of ROCK could re-establish radial sorting in mutant nerves, 

we injected mutant mice with either PBS (control group) or fasudil (experimental group). 

Fasudil has been used to inhibit ROCK in vivo in various experimental settings [222] and also 

in humans [223]. We found that fasudil treatment was able to re-establish radial sorting in the 

nerves of mutant mice (Figure 35B b, d and e). Nerves of mice from the experimental group 

contained axon bundles of significantly smaller size than those of the control group. There 

was also a striking increase in the numbers of putative freshly sorted 1:1 SC-axon profiles in 

the nerves of mice of the experimental group (Figure 35B b, d and f). The numbers of 

myelinated fibers in control or experimental nerves, however, were not significantly different 

(Figure 35B f). Injection of fasudil in control animals did not influence nerve myelination 

(Figure 35A a and b). 

We conclude that inhibition of ROCK improves radial sorting but not myelination per se, 

suggesting that ILK function is also required for subsequent steps leading to myelination.  

Corroborating this result, DRG explants cultures prepared from ILK mutant mice displayed 

nearly no myelinated fibers after ten days of continuous incubation with the inhibitors fasudil 

or Y27632, in contrast to control cultures (Figure 36). 
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Figure 35 – Inhibition of ROCK signaling 

facilitates axonal sorting in ILK mutant 

mice. ILK conditional control and mutant 

mice were injected intraperitoneally with 

either PBS or fasudil (40 mg/Kg/day) over 6 

consecutive days from P8 to P13. Sciatic 

nerves were collected at P14. There were no 

visible differences in myelination between 

fasudil and PBS-injected control nerves. 

PBS injected mutant mice display large 

unsorted axonal bundles (B a, c) as seen 

before, whereas bundles in fasudil-injected 

mutant mice are smaller (B b, d) (n=3, P0-

5=0.012, P6-10=0.0064, P51-100=0.011, P101-

250=0.027). Quantification of the unsorted 

bundle area (e) reveals a higher frequency of 

small bundles in the fasudil-injected mice (6 

to 25 μm) and a higher frequency of large 

bundles in PBS-injected mice (51 to over 

250 μm). In the axonal bundle depicted in 

(d), asterisks mark axons that have 

presumably been recently sorted and are 

larger than those remaining in the bundle. 

There is a significant increase in the number 

of 1:1 relations in fasudil versus PBS 

injected mutant animals (n=3, P=0.0052), 

however the total number of myelinated 

axons in the nerves analyzed does not differ 

between PBS and fasudil-injected mice (f). 

Error bars display ± s.e.m. Scale bars 10 μm 

(A a-d), 5 μm (B a, b), 2 μm (B c), and 1 

μm (B d). 
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Figure 36 - Continuous pharmacological inhibition of ROCK does not rescue myelination deficits in 

dissociated ILK mutant dorsal root ganglia explants. Dorsal root ganglia from E13.5 control and 

mutant mice were dissociated and cultured for 17 days. Following induction of myelination the cultures 

were treated with Fasudil, Y27632, or PBS for 10 consecutive days. In vitro myelination of mutant 

cultures is severely impaired when compared to controls (a, b). Although inhibition of ROCK signaling 

induces increased myelination in control cultures (c, e), as reported before [1], it fails to restore 

myelination to mutant cultures (d, f). Scale bars 100 μm. 
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4.3.7. Reduced levels of pospho Serine-473 of AKT/PKB in mutant nerves 

Regulation of SC myelination, survival and proliferation by SC-ECM interactions, by 

exposure to neuregulin-1, PDGF or IGF-1, or by axonal contact is thought to require 

AKT/PKB activation [54, 212-214, 224]. AKT/PKB activation requires phosphorylation on 

threonine-308 (Thr-308) and serine-473 (Ser-473). While Thr-308 is phosphorylated by 3-

Phosphoinositide-dependent protein kinase-1 (PDK-1), the identity of the Ser-473 kinase is 

unclear [6]. One candidate is ILK, which has been shown to regulate phosphorylation of 

AKT/PKB on Ser-473 in different cell types [158, 162]. Thus, we analyzed the levels of 

AKT/PKB phosphorylation of Ser-473 and of Thr-308 in protein lysates obtained from ILK-

mutant and control nerves by Western blotting. While at all stages analyzed the levels of 

AKT/PKB phosphorylation on Ser-473 in mutant lysates were significantly lower than those 

of their control counterparts, the levels of AKT/PKB phosphorylation on Thr-308 in mutant 

lysates were significantly higher than in controls (Figure 37A). Total levels of AKT/PKB 

were slightly reduced (Figure 37A).  
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Collectively these results are consistent with the view that ILK regulates either directly or 

indirectly AKT/PKB activation during PNS myelination, and that ILK function is required 

for phosphorylation of AKT/PKB on Ser-473 [158, 162].  

Interestingly, the phosphorylation levels of GSK3  another putative ILK substrate, remained 

unchanged in mutant nerves compared to controls (Figure 37B), suggesting that the 

mechanisms of AKT/PKB and GSK3  activation are different [6].   

4.3.8. The formation of myelin sheaths following SN crush injury (CI) is 

impaired in ILK mutants 

SN CI induces Wallerian degeneration in the nerve stump distal to the injury site, followed by 

rapid axonal regeneration and remyelination [225]. Experimental CI provides a platform to 

study factors regulating myelination beyond the initial stages of SC development and, in the 

context of the present work, to investigate the role of ILK in myelination per se. CIs were 

performed in 4-month-old mutant and control mice expressing CreERT2 [226, 227] (Figure 

38A) under the transcriptional control of the mouse proteolipid protein (PLP) gene regulatory 

elements [228]. This transgene is transcriptionally active in SCs and CreERT2 translocates to 

the nucleus following injection of tamoxifen [228, 229]. This allowed us to adjust the timing 

Figure 37 – ILK regulates AKT/PKB phosphorylation. (A) AKT phosphorylation on Serine-473 is 

reduced in P1, P5 and P14 mutant nerves (n=4, PP1=0.00088; n=4, PP5=0.00090; n=5, PP14<0.0001), unlike 

phosphorylation on Threonine-308 which is higher in the mutants (n=6; PP1=0.0018, PP5=0.0062, 

PP14=0.010). AKT total levels are slightly reduced in the mutants  (n=10, PP1=0.027; n=10, PP5=0.010; n=11, 

PP14=0.019). (B) Glycogen Synthase Kinase 3 beta (GSK3 ) phosphorylation levels are not reduced in the 

absence of ILK either at P1 or P5. Error bars display ± s.e.m. 
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of ILK gene inactivation to our experimental requirements. 

We injected control and mutant mice with tamoxifen and two months later, crushed their SNs 

unilaterally. Seven days later, both non-crushed and crushed nerves were removed and lysed. 

Western blot analysis of these lysates confirmed that the levels of ILK in non-crushed and 

crushed mutant nerves were reduced compared to controls (Figure 38B). The loss of ILK in 

non-injured and injured nerves led also to a sizable reduction in the expression levels of 

PINCH1 and in AKT/PKB phosphorylation (Ser-473) (Figure 38B). The loss of ILK did not 

affect the maintenance of the myelin membrane in non-injured nerves from tamoxifen-

induced control and mutant mice (Figure 38C e, f). Two and four months after CI, control 

and mutant nerves were analyzed distally from the crush site (Figure 38C a-d).  
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Remyelination of mutant nerves was profoundly impaired (Figure 38C b, d). Although these 

nerves contained sufficient numbers of SCs to engage virtually all axons (Figure 38C d), a 

large proportion of SC-axon units were devoid of myelin sheaths (Figure 38C g). Despite the 

deficits in remyelination the number of axons per area in mutant nerves 4 months post-CI was 

not significantly different from those in control nerves (Figure 38C h). Corroborating the 

morphological data, Oct6 immunoreactivity was markedly increased in mutant nerves at 2 

month post-CI (Figure 38D).  

These data suggest that ILK plays a direct role in SC myelination but is not required for 

myelin maintenance. In the absence of ILK, remyelination of mutant crushed nerves was 

profoundly impaired. It is likely that this impairment is the result of a reduction in the levels 

of activity of signaling molecules, including AKT/PKB. 

Figure 38 – ILK regulates PNS remyelination. (A) 

Cre-mediated recombination was induced in 2 month-

old control and mutant mice by five daily consecutive 

tamoxifen injections. A period of 2 months was 

allowed for recombination and protein depletion 

before assays were performed. (B) Western blots 

carried out on protein lysates obtained from 

contralateral and crushed nerves show a reduction in 

ILK levels in mutant nerves compared to those of 

controls. PINCH1 and AKT phosphorylation levels 

are reduced in mutant nerves compared to controls. 

(C) SNs were collected 2 and 4 months following 

crush injury (CI). In contrast to controls (a, c, g), 

mutant nerves show a significant reduction in the 

number of remyelinated axons at 2 and 4 months post-

CI (b, d, g) (n=3, P<0.0001). In (d) the low 

magnification EM insert shows that in mutant SNs 

virtually all axons are engaged by SCs (arrowheads), 

but only very few went on to myelinate (arrow). 

Tamoxifen treatment does not affect myelination (e). 

Non-injured mutant nerves (f) collected 6 months post 

tamoxifen induction show no structural abnormalities, 

implying that ILK is not necessary for the 

maintenance of the myelin membrane. (D) Oct6 

immunohistochemistry on 2 months post-CI cryo-

sections. Oct6 is virtually absent in control nerves, 

whereas levels are still high in mutant nerves. Error 

bars display ±s.e.m. Scale bars 10 μm (C) and 50 μm 

(D). 
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4.4. Discussion 

 

We demonstrate that ILK plays an essential role in both the regulation of radial sorting of 

axon bundles and in the myelination of axons. Our results indicate that ILK regulates these 

two crucial developmental stages in the PNS by controlling distinct signaling pathways. 

During radial sorting of axon bundles ILK negatively regulates Rho/ROCK signaling to 

control SC process extension. Following the establishment of 1:1 relations between SC and 

axons, ILK facilitates axon myelination presumably through the regulation of downstream 

signaling molecules such as AKT/PKB (Figure 39).  

 

Figure 39 – Proposed mechanism for 

the regulation of Schwann Cell 

development by ILK. ILK plays distinct 

fundamental roles in the regulation of 

Schwann cell maturation. Early in 

development, ILK negatively regulates 

Rho/ROCK activity to trigger radial 

sorting. The phosphorylation of AKT on 

Serine 473 occurs in an ILK-dependent 

manner. Once the axons are individually 

sorted, ILK is also required for the 

transition from a promyelinating to a 

myelinating SC. AKT activity is likely to 

play also an important role in this final 

differentiation step. 
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4.4.1. ILK regulates radial sorting  

Radial sorting is a key event in the development of the PNS. ECM-integrin interactions are 

important regulators of this process and SC-specific ablation of laminins [7] or 1–integrin 

[71] leads to defects in radial sorting. 1–integrin activates the small GTPase Rac1 to 

regulate radial sorting [18, 105], but the signaling pathways controlling this process remain 

largely unknown. We demonstrate that SC-specific ablation of ILK, an important regulator of 

integrin and growth factor mediated signaling [6], profoundly impairs radial sorting in SNs.  

SC proliferation is associated with radial sorting [22, 230] and it is thought that a minimum 

threshold number of SCs is required to initiate this process. Ablation of genes involved in SC 

proliferation, such as Cdc42 [18] or FAK [209] resulted in radial sorting impairment. Our 

results indicate that in ILK-mutant nerves the numbers of SCs were normal and neither 

proliferation nor survival was affected.  

Therefore, and similarly to what has been postulated for 1-integrin [71] and Rac1 [18, 105] 

mutant nerves, we consider it likely that the radial sorting impairment in ILK-mutant nerves 

is a direct consequence of deficits in SC process extension. Our data supporting this view 

include (1) inability of immature ILK-deficient SCs to completely envelop axon bundles; (2) 

formation of abnormal cytoplasmic protrusions projecting from the surface of ILK-mutant 

SC-axon units; (3) presence of layers of empty basal lamina surrounding axon bundles and 

SC-axon units in ILK-mutant nerves, suggesting failed attempts of mutant SCs to engage 

axon bundles and individual axons, and (4) the finding that ILK-mutant SCs plated on 

laminin-2, a component of SC BL, produced shorter processes compared to controls.  

The stability of the individual members of the IPP complex is dependent on the formation of 

the complex [6]. In SCs the loss of ILK resulted in reduced expression of other individual 

members of the IPP complex. Furthermore, the IPP complex can regulate the activity of Rho-

GTPases [6]. We show that in ILK-mutant nerves the activities of Rac1, Cdc42, and Rho 

were increased compared to controls. In the PNS the expression of RhoA, and of the two Rho 

kinase isoforms ROCK1 and ROCK2, is developmentally regulated, peaking at the onset of 

myelination and dropping afterwards [1].  Other Rho proteins, i.e. RhoB and C are also 

expressed in SCs [1, 231], but their pattern of expression and specific functions are not 

known. Inhibition of ROCK by either Y27632 or fasudil restored process extension to mutant 

SCs in culture, suggesting that in SCs ILK controls process extension mainly through 
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regulation of Rho/ROCK activity. 

ILK can regulate negatively Rho/ROCK activity by different mechanisms including integrin-

dependent FAK activation [217-219]. Negative regulation of Rho/ROCK activation by FAK 

might be dependent on FAK/Src phosphorylation of p190RhoGAP [232] to promote Rho 

inactivation. We show here that in ILK-mutant nerve lysates the activation of FAK, measured 

by a phospho-specific antibody to the FAK autophosphorylation residue tyrosine 397, was 

significantly reduced as compared to controls. Paxillin phosphorylation, which is also known 

to negatively regulate Rho activity [220], was also reduced in ILK mutant nerves. In addition, 

we show that RhoE expression is dramatically reduced in ILK mutant Schwann cells. RhoE 

belongs to the Rnd subfamily of the Rho-GTPases and, like the other subfamily members, 

binds but does not hydrolyze GTP [233]. Therefore, it is not regulated by the classical 

GTP/GDP conformational switch of small Rho-GTPases. RhoE exists in a GTP-bond state 

and antagonizes Rho/ROCK signaling [233] by  binding and preventing ROCK I from 

interacting with its downstream targets [221]. Our data suggests that ILK regulation of RhoE 

might be important in controlling SC process extension and radial sorting during PNS 

development.  

Finally, injections of fasudil in mutant mice was sufficient to stimulate and re-establish radial 

sorting in mutant nerves. Together with our in vitro results, this supports our conclusion that 

inhibition of Rho/ROCK activity is essential to promote SC process extension and to initiate 

radial sorting. 

4.4.2. ILK regulates myelination 

Stimulation of radial sorting by ROCK inhibition in ILK-mutant nerves did not result in an 

increase in the number of myelinated fibers. This implies that ILK function is required for 

myelination of axons and that the signaling mechanisms for radial sorting and myelination of 

axons are different. This conclusion is further supported by experiments using myelinating 

dorsal root ganglia (DRG) explant cultures derived from E13.5 mutant and control mice. In 

contrast to control DRG explant cultures, ILK-mutant cultures largely failed to myelinate 

even after ten days of continuous treatment with fasudil or Y27632. 

The radial sorting phenotype of the ILK mutant prevented us from directly investigating the 

role of ILK in myelination. Therefore, to address the role of ILK in myelin sheath formation 



4. ILK in PNS myelination 

 67 

independently of radial sorting, we used an inducible gene ablation system [228]. We 

demonstrate that following SN CI in adult mice, ILK-deficient SCs established 1:1 relations 

with axons, but a large proportion of axon-SC units failed to form myelin sheaths even after 4 

months post-CI. Remyelination of axons in the adult SN does not require radial sorting. Thus, 

these findings indicate that ILK plays a direct role in the process of SC myelination, at least 

after CI. 

4.4.3. ILK regulates AKT/PKB activation during PNS development 

Phosphorylation of AKT/PKB can be regulated by the amount of NRG III present on the 

axon surface [54, 234] and is thought to be critical for SC myelination [54, 212-214, 224]. 

Loss of ILK reduced the levels of AKT/PKB phosphorylation on Ser-473 but not on Thr-308 

in mutant nerve lysates during PNS development. Following CI, the levels of AKT/PKB 

phosphorylation on Ser- 473 in tamoxifen-inducible mutant nerve lysates were also reduced 

compared to controls. These results are consistent with the idea that ILK directly or indirectly 

regulates the phosphorylation of AKT/PKB on Ser-473. ILK may either function as a direct 

AKT/PKB Ser-473 kinase or be involved in the cellular regulation of putative AKT/PKB Ser-

473 kinase(s) [235]. Although in macrophages [162], oligodendrocytes [236] and primary 

skeletal muscle [191] the phosphorylation of AKT/PKB is dependent on ILK function, this 

requirement appears to be cell type-specific. Loss of ILK did not change AKT/PKB 

phosphorylation in chondrocytes [160], keratinocytes [184], or nestin-positive neural 

progenitors [178].  

In addition to differentiation, the phosphorylation of AKT/PKB has been implicated in the 

control of SC proliferation and survival [212, 237]. However in ILK-mutant nerves 

proliferation and survival was normal, indicating that the reduced levels of AKT/PKB 

phosphorylation were sufficient to promote SC proliferation and survival, but not to support 

SC myelination. 

 

In summary, we show that ILK and associated molecules of the IPP complex, functioning at 

the critical convergence of adhesion and growth factor signaling pathways, regulate key 

events in PNS development including radial sorting and myelination of axons. The 

multidimensional nature of this regulation is likely to rely on the activation of a multitude of 
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different downstream pathways, besides those ones controlling Rho/ROCK and AKT/PKB 

activation. To unveil these pathways in detail and to study their impact on PNS myelination 

and remyelination, remains an important task for the future. This knowledge will be essential 

for our basic understanding of nerve biology in health and disease. 
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4.5. Experimental Procedures 

 

4.5.1. Generation of conditional knockout mice 

The generation of conditional ILK mutant has been described [160]. Mice homozygous for 

the ILK floxed allele (ILK
lox/lox), were crossed with mice heterozygous for the floxed allele, 

and additionally expressing the Cre-recombinase under the control of the Dhh promoter 

(Dhh-cre
+ ILK

lox/wt) [238], to obtain Dhh-cre
+ ILK

lox/lox mice (hereafter called ILK mutant 

mice) and Dhh-cre
+ ILK

lox/wt (hereafter called ILK control mice). Genotypes were determined 

by PCR on genomic DNA derived from tail biopsies. For remyelination studies, the 

tamoxifen-inducible PLP-CreERT2 line was used [228]. The breeding strategy to produce 

inducible ILK mutant and control mice was the same as for Dhh-cre ILK mice. 

 

4.5.2. Electron microscopy 

Mice were deeply anesthetized with Pentobarbital (Nembutal; Abbott labs; 150 mg/Kg, i.p.) 

and then perfused with 0.1M phosphate buffer (pH=7.4) followed by buffer containing 3% 

glutaraldehyde (GA) and 4% paraformaldehyde (PFA). Fixed tissues were post-fixed in 2% 

osmium tetroxide, dehydrated through a graded acetone series, and embedded in Spurrs resin 

(Electron Microscopy Sciences). Semithin sections were stained with 1% toluidine blue for 

analysis at the light microscope and ultrathin sections were contrasted with 3% uranyl acetate 

and 1% lead citrate before observation in a FEI Morgagni 268 TEM. 

 

4.5.3. Immunofluorescence and TUNEL staining  

 

4.5.3.1. Ki67 staining  

Frozen sections ten micrometers thick were submitted to antigen retrieval in 10 mM citrate 

buffer for 15 min at 90ºC. After cooling sections were blocked for 1h in 5% Goat serum 

(Invitrogen), 1% BSA (Sigma) and 0.1% Triton X-100 (Sigma) dissolved in PBS. Primary 

antibodies rat anti Ki67 (DAKO, 1:50) and mouse anti neurofilament 160 (Sigma, 1:200) 
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were incubated with the sections overnight at 4ºC in a moist chamber. On the following day, 

sections were washed with PBS and incubated with anti-rat Cy3 (Jackson Immunoresearch 

Laboratories, 1:300) and anti-mouse Alexa488 (Molecular Probes, 1:300) for 1h at room 

temperature in a moist chamber. Sections were then washed in PBS, incubated for 5 min in 

4´,6´-diamidino-2-phenylindole – DAPI (Sigma) diluted in staining buffer (10 mM Tris 

pH=8.0, 1mM EDTA pH=8.0 and 150 mM NaCl), washed again and mounted in IMMU-

MOUNT (Thermo Scientific).  

 

4.5.3.2. TUNEL staining  

 Following fixation with 4% PFA for 10 min, sciatic nerve frozen sections were blocked for 1 

h with 10% goat serum, 1% Triton X-100 and 0.1% BSA in PBS. Sections were washed in 

PBS and then equilibrated in TdT buffer (30mM Tris-HCl, pH=7.2, 140 mM sodium 

cacodylate, 1mM cobalt chloride) for 10 min at room temperature. The enzymatic reaction 

and integration of biotin-labeled UTP was done according to the manufacturer’s instructions 

(Roche Diagnostics) for 1.5 h at 37ºC in a moist chamber. After stopping the reaction with 2x 

SSC for 10 min, the sections were washed in PBS and incubated with the secondary antibody 

streptavidin Cy3 (Jackson Immunoresearch Laboratories, 1:200) for 1h at room temperature 

in a moist chamber. the sections were then washed, incubated for 5 min in DAPI, washed 

again and mounted with IMMU-MOUNT (Thermo Scientific). 

 

4.5.3.3. Oct6, ILK and RhoE staining  

Frozen sections were fixed in 4% PFA for 5 minutes, washed in PBS and then submitted to 

antigen retrieval in 10 mM citrate buffer for 5 minutes in a microwave histoprocessor T/T 

Mega (Milestone) at 98ºC. After cooling, the samples were transferred to the blocking buffer 

for 1 hour at room temperature (1 mg/ml of BSA in PBS with 0.05% Triton X-100). Primary 

antibodies mouse against ILK (BD Biosciences, 1:200), RhoE (Abcam 1:200) or rabbit 

against Oct6 [239] (1:200) were incubated overnight at 4ºC. After washing in PBS sections 

were incubated for 1h at room temperature with the secondary antibody against mouse or 

rabbit coupled to Cy3 (1:300, Jackson Immuno Research). Sections were washed with PBS, 

incubated for 5 minutes with DAPI, washed again and finally mounted with IMMU-MOUNT 

(Thermo Scientific). 
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4.5.3.4. Immunohistochemistry of DRG explant cultures 

Cultures were fixed with 4% MP-PFA, post-fixed in cold methanol  (-20ºC), washed in PBS 

and blocked for 1h at RT in 5% BSA, 0.1% Goat Serum and 0.2% Triton X-100 in PBS. 

DRG cultures were then incubated in primary antibody against MBP (SMI 94, 1:200) 

overnight at 4ºC before being washed in PBS and incubated with a Cy3-conjugated antibody 

(Jackson Immuno Research, 1:300). After washing, the cultures were incubated with DAPI, 

washed again and mounted. 

 

4.5.3.5. Immunocytochemistry of SCs 

Mouse Schwann cell cultures were fixed in 4% PFA in MP buffer (65 mM PIPES, 25 mM 

HEPES, 10 mM EGTA, 3 mM MgCl2, pH=6.9) for 10 min at room temperature. The cells 

were permeabilized with 0.2% Triton X-100 in MP buffer for 5 min at room temperature. 

Primary monoclonal antibody against ILK (BD Biosciences, 1:200), -tubulin (Sigma, 1:100) 

RhoE (Abcam 1:200) or S100 (DAKO, 1:200) were incubated in 1mg/ml BSA in PBS 

overnight at 4°C. The following morning cells were incubated with Cy3-conjugated anti-

mouse (1:200, Jackson Immuno Research), Alexa 488 conjugated anti-rabbit (1:200, Jackson 

Immuno Research) or Alexa 488 conjugated Phalloidin (Molecular Probes, 1:100) at room 

temperature in blocking buffer. Cells were then washed in PBS, incubated with DAPI for 5 

minutes and, after subsequent washing, mounted with IMMU-MOUNT (Thermo Scientific). 

 

4.5.3.6. Immunostaining of teased fibers 

Teased fibers were treated with pre-chilled acetone for 10 minutes, washed with PBS and 

then blocked in a buffer containing 5% fish gelatin (Sigma), 0.1% Triton X-100 in PBS for 1 

h at room temperature. Primary antibodies against ILK (BD Biosciences, 1:200), 

neurofilament M (Sigma, 1:200), E-cadherin (Alexis, 1:200) were incubated overnight on 

blocking buffer inside wet chamber. The following morning the fibers were washed and 

incubated with Cy3-conjugated anti-mouse (1:200, Jackson Immuno Research), Cy2 

conjugated anti-rat (1:200, Jackson Immuno Research) or Cy5 conjugated anti rabbit (1:50, 

Jackson Immuno Research) at room temperature in blocking buffer. Fibers were then washed 
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in PBS, incubated with DAPI for 5 minutes and, after subsequent washing, mounted with 

IMMU-MOUNT (Thermo Scientific). 

 

All images were acquired using Carl Zeiss fluorescence microscopes (Vert Observer D1 with 

objectives 20x/0.4, 40x/0.6 or 100x/1.3; or Axioplan 2, with objectives 20x/0.5, 40x/0.75 and 

100x/1.3) equipped with Carl Zeiss AxioCam CCD cameras (AxioCam HR or AxioCam 

MRm). Acquisition software was AxioVision 4.6 (Carl Zeiss). Teased fiber photographs were 

taken using a confocal SP1 microscope (Leica) using the original software provided by the 

company LCS (Leica confocal software). Images were further processed (levels adjusted) 

using Photoshop CS2 software (Adobe).  

4.5.4. Mouse Schwann cell cultures 

Primary mouse SC cultures were obtained from P0-P2 sciatic nerves. In brief, nerves were 

digested in enzyme buffer (4 mg/ml collagenase type I, 1.2 mg/ml (Sigma) hyaluronidase 

(Sigma) and 0.3 mg/ml trypsin inhibitor (Sigma) in HBSS (Invitrogen)). After trituration, 

cells were grown on poly-D-lysine/laminin 2-coated dishes or LabTek chambers in minimal 

medium plus 0.5% heat-inactivated HS. Minimal medium is DMEM/F12 (Gibco), containing 

2% B-27 supplement (Gibco) and Penicillin/Streptomycin (Gibco). 

4.5.5. Mouse dorsal root ganglia dissociated explants 

Dorsal root ganglia (DRG) were obtained from embryonic day 13.5 (E13.5) control and 

mutant mouse embryos. In brief, DRGs were digested in enzymatic solution (0.25% trypsin-

EDTA (Invitrogen)) and plated overnight on matrigel-coated coverslips (2 DRGs per 

coverslip) in C medium (10% FCS, 50 ng/ml NGF (Peprotech) in DMEM-Glutamax 

(Invitrogen)) supplemented with 1% penicillin/streptomycin (Gibco). Then, media was 

changed to NB medium (2% B27 supplement (Invitrogen), 4 g/L D-Glucose (Sigma), 2 mM 

L-glutamine (Invitrogen) and 50 ng/ml NGF in Neurobasal (Invitrogen)). Myelination was 

induced over 10 consecutive days with C medium supplemented with 50mg/ml ascorbic acid 

(Sigma), in some experiments in the presence of PBS, 10 μM Y27632 (Sigma) or 40 μM 

fasudil (Calbiochem). 
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4.5.6. Teased fibers preparation: 

Nerves of P24 control and mutant mice were extracted from the animals and fixed with 4% 

PFA in PBS for 2 h at 4ºC. Meanwhile glass slides (Erie Scientific) were coated with TESPA 

in the following procedure: 1 minute in acetone, 1 minute in 2% TESPA (Sigma) in acetone 

followed by 2 acetone washes of 30 s each. After 2h fixation the nerves were washed with 

PBS, stripped of perineurium and epineurium and cut in small pieces. Individual fibers were 

sorted in PBS using 2 acupuncture needles (B-type, Seirin) on top of TESPA coated glass 

slides. After teasing the fibers were air dried and either stained immediately or stored at –

20ºC. 

 

4.5.7. Quantitative real time polymerase chain reaction (qRT-PCR) 

SNs were taken from P2 control and mutant mice and total RNA was extracted using the 

RNeasy Mini Kit from Qiagen according to their recommendations. cDNA was produced 

using SuperScript III Reverse Transcriptase (Invitrogen). qRT-PCR analyses were carried out 

on an ABI 7000 Sequence Detection System (Applied Biosystems) using the 2X SYBR 

Green PCR Mastermix (Applied Biosystems) according to manufacturer’s recommendations. 

A dissociation-protocol was generally included to check for primer dimer formation and 

unspecific amplification. The amplification program was 5min at 96ºC; 40 steps of 30 

seconds at 96ºC, 30 seconds at 57ºC and 30 seconds at 72ºC; 5min at 72ºC. The sequence of 

the primers used were as follows:  

Name Forward sequence Reverse Sequence 

GAPDH CGTCCCGTAGACAAAATGGT TTGATGGCAACAATCTCCAC 

ILK TGGCTGGACAACACAGAAAA TGATCAGCATTTCAACCACC 

Periaxin AGGAATCTTTGTCCGTGAGC AGAACACACGGGCACTCAG 

PMP22 GGGATCCTGTTCCTGCACAT TGCCAGAGATCAGTCGTGTGT 

P0/MPZ CCCTGGCCATTGTGGTTTAC CCATTCACTGGACCAGAAGGAG 

MAG CTGCCTTCAACCTGTCTGTG CGGGTTGGATTTTACCACAC 
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4.5.8. Western blot 

Mice at different developmental stages were sacrificed and SNs dissected and cleaned from 

the epineurium and perineurium. Then they were homogenized with a chilled mortar and 

pestle in lysis buffer (0.1% SDS, 10 mM TrisHCl, 150 mM NaCl, 50 mM NaF, 1 mM 

NaVO4, 1 mM EDTA, 0.5% sodium-deoxycholate, protease inhibitor cocktail (Sigma)). 

Extracts were processed using standard SDS-PAGE and Western blotting procedures. The 

following antibodies were used: ILK (BD Biosciences, 1:1000), AKT-P Serine 473 (Cell 

Signaling), AKT-P Threonine 308 (Cell Signaling, 1:1000), AKT (Cell Signaling, 1:1000), 

FAK-P Tyrosine 397 (Upstate, 1:1000), FAK (Upstate, 1:1000), Paxillin-P Tyrosine 118 (BD 

Biosciences, 1:1000), Paxillin (Cell Signaling, 1:1000), GSK3 -P Serine 9 (Cell Signaling, 

1:1000), GSK3 (Upstate, 1:1000), Pinch1 (1:10000), Pinch2 (1:10000), Parvin (1:10000), 

Parvin (1:10000), GAPDH (HyTest 1:20’000), Rac1 (Upstate 1:1000), Cdc42 (Abcam 

1:1000), Rho A/B/C (Upstate, 1:2000), RhoE (Abcam 1:1000). Secondary antibodies were 

obtained from Promega and Southern Biotech. Bands were quantified using Quantity one 

software (Biorad). 

 

4.5.9. Rho-GTPase activity assay 

GST-PAK-CD construct was kindly provided by Dr. J. Collard. GST tagged RRBD 

(Rhotekin Rho Binding Domain) protein was purchased from Upstate. Cdc42, Rac1 and Rho 

activity was measured similarly as described [240]. Briefly, sciatic nerves from at least three 

P5 mutant mice or three P5 control mice were pooled, homogenized in FISH buffer (10% 

glycerol, 50 mM Tris-HCl pH=7.4, 100 mM NaCl, 1% NP-40, 2 mM MgCl2, protease 

inhibitor cocktail (Sigma)), and centrifuged for 5 min at 21,000 g at 4°C. Aliquots were taken 

from the supernatant to determine the total protein amounts. The supernatant was incubated 

with the bait proteins bound to glutathione-coupled Sepharose beads (Amersham 

Biosciences) at 4°C for 30 min. The beads and proteins bound to the fusion protein were 

washed three times in an excess of FISH buffer, eluted in Laemmli sample buffer, and then 

analyzed for bound Cdc42, Rac1 or Rho molecules by Western blotting. 
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4.5.10. Nerve crush/remyelination assay 

Using the inducible PLP-CreERT2 transgene, Schwann cell specific recombination of ILK 

was induced in two month-old mutant and littermate control mice by a daily intraperitoneal 

injection of 2 mg tamoxifen (Sigma) over five consecutive days. Eight weeks after the last 

tamoxifen injection, we performed SN crush injuries (CIs) to induce remyelination. Mice 

were anesthetized by a single intraperitoneal injection of Ketamine (Ketaminol; Vetenaria; 65 

mg/kg bodyweight) and Xylazine (Narcoxyl; Vetenaria; 13 mg/kg bodyweight). To prevent 

dehydration, a single intraperitoneal injection of 1 ml of Ringer’s lactate solution (B. Braun 

Medical) was administered preoperatively. For analgesia, buprenorphinum (Temgesic; Essex 

Chemie; 0.1 mg/kg bodyweight) was injected just before the nerve crush and thereafter every 

12h for 2 days. SNs were analyzed distally from the crush site. 

 

4.5.11. Statistical analysis  

The data show the mean ± s.e.m. Statistical significance was determined using 2 tailed 

Student’s t test. Significance was set at *P< 0.05, **P< 0.01, ***P< 0.001. n represents the 

number of independent experiments.  
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5.  OUTLOOK 

In this section, I propose several experiments to further clarify the role of ILK in the 

myelination of the peripheral nervous system.  

 

5.1. Characterization of the members of the IPP complex 

PINCH1 and 2  

We have shown that ILK regulates different stages of SC development by distinct signaling 

pathways.  These multiple regulatory roles of ILK are likely to depend on several interaction 

partners such as the members of the IPP complex PINCH and parvin. Using a conditional 

transgenic approach similar to the one I have described here to study the role of ILK in PNS 

myelination, we have already started to study the role of PINCH in SC development. SCs 

express two different PINCH proteins, 1 and 2, that despite having different developmental 

expression profiles, can compensate for the absence of each other during SC development 

(Ana Gonçalves, personal communication). SC-specific conditional ablation of both PINCH1 

and 2 results in a strong radial sorting phenotype similar to the one described for ILK mutants 

(Figures 40 and 41). As the ablation of any of the members of the IPP complex leads to 

proteasome degradation of the other members of the complex, it is not easy to figure out the 

specific contribution of each member of the complex to the apparently similar phenotypes. 

A 

 

B 

 

Figure 40 – PINCH1 and 2 double conditional knockout results in radial sorting defects 

Semithin sections of (A) control and (B) Dhhcre PINCH double mutant animals display large bundles of naked 

axons still present animals in animals at 2 months of age. 
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A 

 

B 

 

C 

 

Figure 41 – Electron microscopy performed on PINCH double mutant animals. 

(A) A large bundle persists in PINCH double mutant 2 month old animal. The bundle clearly contains axons that 

are over 2 μm in diameter, which should have been engaged in a one to one relation and myelinated. The 

magnification in (B) shows that the bundle is not fully encircled by Schwann cell processes and there are areas 

where the bundled axons are exposed to the ECM. As in ILK, this predicts that SCs have an impaired process 

extension. In (C) are depicted one-to-one relationships with pro-myelinating SCs that failed to begin 

myelination. Note that both profiles display aberrant cytoplasmic protrusions at the surface and even multiple 

layers of basal lamina, suggesting that processes have continuously been extended and retracted as in the ILK 

knockout.  

 

However, the individual members of the IPP complex are not entirely dependent on each 

other for signaling and are known to play additional roles through association with other 

molecules and signaling complexes [6]. It would be interesting to prevent PINCH 

degradation by expressing the ANK1 domain of ILK in ILK-null SCs, and perhaps also the 

ILK kinase domain to stabilize the parvins. This would refine our understanding of the 

functions played specifically by ILK within and outside of the IPP complex. 

It would also be important to characterize parvin-  and  SC-specific conditional knockout 

mice to study the function of these proteins in the regulation of SC development. Parvin-  

and  are thought to play different and substantially non-overlapping roles even in the IPP 

complex [6].  

 

5.2. ILK interactome and functional characterization of ILK 

interacting proteins. 

In addition to the characterization of known ILK binding molecules, such as PINCH and 

parvin, to identify potential new ILK interaction partners and to study their functions in SC 
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development and myelination is an important task for the future. Although a recent functional 

genomic screen carried out in our laboratory (Reto Baumann, unpublished) was instrumental 

in characterizing ILK-regulated signaling pathways in SC biology, detailed knowledge of 

ILK-protein interactions may help to better understand the molecular mechanisms by which 

ILK regulates SC biology. To do that one could map the ILK interactome in SCs using stable 

isotope labeling with amino acids in cell culture (SILAC). Such an approach has recently 

been carried out in other cell types and led to the identification of several ILK-interaction 

partners [241]. Following the validation of potential ILK binding proteins by double 

immunoprecipitation, their function in SC development could initially be assessed in both 

purified SC cultures and myelinating axon-SC co-cultures. In such cultures, SCs would have 

to be infected with lentivirus carrying shRNA sequences to specifically  “knock-down” the 

expression of proteins whose function was being tested. While in purified cultures one could 

investigate the  knockdown effects of such proteins in cell survival, proliferation, migration 

and cytoskeletal organization, in myelinating co-cultures one could assess their effect during 

the transition from pro-myelinating to the myelinating stage , i.e., at the onset of myelination. 

The role of different proteins in the regulation of myelin radial growth could also be 

investigated, in vivo, by injection of  virus carrying the relevant shRNAs into the sciatic 

nerves of  P5 mice [242]. Ultimately, the function of selected proteins could be investigated 

in a more thorough manner by producing conditional transgenic mice in which the 

corresponding genes were ablated during SC development. Such mice would not only be 

useful for studying the cellular and molecular events related to SC lineage progression, but 

also those events  associated with SC-dedifferentiation and re-myelination. 

5.3. Nuclear functions of ILK  

 Since members of the IPP complex (ILK, PINCH and parvins) possess a nuclear localization 

signal (NLS) sequence [243, 244] and at least in the case of ILK also a nuclear export 

sequence (NES) [243], they are theoretically capable of active nuclear-cytoplasmic shuttling. 

Accordingly, it has recently been reported that ILK undergoes phosphorylation-dependent 

shuttling between the cell nucleus and cytoplasm, and interacts with gene-regulatory 

chromatin [243]. ILK is thought to act as a co-repressor of transcription and in fibroblasts it 

interacts with the regulatory region of the CNKSR3 gene chromatin to negatively modulate 

its expression [243]. However, role(s)  for ILK in transcriptional regulation of genes in SCs 
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have not been addressed so far, and in this context it would be interesting to perform genome-

wide double chromatin immunoprecipitaton (ChIP) assays in SC cultures in an attempt to 

identify specific gene-promoter chromatins. It is an interesting possibility that  a cytoplasmic 

molecule involved in both focal adhesions and in the crosstalk between two types of 

extracellular signals also directly takes on responsibilities inside the nucleus. But in light of 

recent reports showing nuclear localization of  the  EGF receptor [245], myosin VI [246], and 

actin [247] this may not be entirely surprising.      

5.4. Rnd3/RhoE  

cDNA microarray assays carried out in our laboratory (Reto Baumann, unpublished results) 

revealed a sizeable reduction in RhoE/Rnd3 mRNA levels in ILK mutant sciatic nerves 

compared to controls. We have also shown that RhoE/Rnd3 protein levels were dramatically 

reduced in mutant nerves and in mutant SCs in culture compared to controls. Decreased 

levels of RhoE/Rnd3, a known negative regulator of Rho/ROCK signaling, could therefore 

contribute to the increased levels of Rho/ROCK activation observed in ILK mutant nerves. In 

line with this hypothesis, shRNA-mediated knockdown of RhoE/Rnd3 in SCs results in a 

phenotype that resembles that of ILK-mutant cells, i.e., presence of large number of stress 

fibers and strong inhibition of process extension (our unpublished results). However, to show 

that ILK regulates Rho/ROCK signaling via RhoE/Rnd3, one has still to demonstrate that 

overexpression of RhoE/Rnd3  in ILK-null SCs can restore normal process extension and 

decrease the levels of Rho/ROCK activity. This experiment is currently being done in our 

laboratory.  

A more complete analysis of the functions of RhoE/Rnd3 in Schwann cell lineage maturation 

will require the generation of a conditional transgenic RhoE/Rnd3 mouse. Although it is 

predictable that SC-specific ablation of RhoE/Rnd3, thought to act antagonistically to 

Rho/ROCK signaling, will probably produce a myelination phenotype similar to that 

observed in ILK mutant mice, it is possible that RhoE/Rnd3 will also regulate other aspects of 

SC development. In different cell types RhoE/Rnd3 acts independently of ROCK to inhibit 

cell cycle progression partly by regulating cyclin D1 [233]. Although cyclin D1 is not 

required for SC proliferation during PNS development, it is essential for PNS remyelination 

and one could speculate that RhoE/Rnd3 would also be important for this regenerative 

process.  
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