PhD
PROGRAM IN TRANSLATIONAL
AND MOLECULAR MEDICINE
DIMET

University of Milano-Bicocca

School of Medicine and Faculty of Science

Schwann cell dystroglycan regulates the
architecture of nodes of Ranvier and

internodes in the peripheral nervous system

Coordinator: Prof. Andrea Biondi
Tutor: Dr. Silvia Brunelli

Co-Tutor: Dr Laura Feltri

Dr. Cristina Colombelli

Matr. No. 600279
XXIV Cycle

Academic Year 2010-2011



II



Nothing is too wonderful to be true if it be consistent with
the laws of nature.
(M. Faraday, 1870)

To the memory of Alberto

III



1Y%



Table of contents

Table of contents................c..oiiiiiiiiiiii V-Vl
Chapter 1: Introduction.......................ooiiiiiiiiii, 1
L 0 1S 0 () P 1
1.2 Development of the peripheral nervous system....................... 4
1.2.1 Cell types of the PNS and their origin...................... 4
NEUTONS. ..t 4

Schwann cells...........cooooiiiiiiii 6

Other cell types......oovviniiiiiiiiiiieee, 8

1.2.2 Formation of the myelinated fiber.......................... 11
Axonal SOTtING. ......ooviiiiiii i 11
Myelination...........ooovuiiiiiiiiii i 13

Regulation of myelin thickness.......................... 16

Control of the internodal length.......................... 17

1.3 Structure of the peripheral myelinated fiber......................... 21
1.3.1 INternodes. . ...ouveneieieiee i 23
Compact myelin...........ooeviiiiiiiiiiiiiiiiiiennn, 23

Non-compact myelin, cytoplasmic components of the

Schwann cell............cooiiiiiiiii 24
1.3.2 Node of Ranvier............cooeiiiiiiiiiiiiiiiiiinee, 27
Nodal axolemma............cooviiiiiiiiiii, 28
Voltage-gated sodium channels.......................... 30
Schwann cell microvilli and the nodal gap............. 34
1.3.3 Paranodes. .......o.oeiniiniiiiiiii 37
1.3.4 Juxtaparanodes. .........couevuieiiiniii i, 41



1.3.5 Mechanisms of domain assembly.......................... 43

1.4 Schwann cell basal lamina....................oooooiiiiiiiin s, 48
1.4.1 Schwann cell basal lamina constituents................... 50
Laminins........o.ooeiiiiiiiiiiii e 50
Perlecan........c.oooiiiiiiiiiii 55

AGIIN. o 57

1.4.2 Laminin r€CePLOrS. . ..vvuutrtentereaeeeeeineeeeeenenn 58
Dystroglycan..........cooeiiiiiiiiiiiiiiii e 58
a-dystroglycan..............coooiiiiiiiiin. . 59
B-dystroglycan................ooiiiiiiiiiiin, 61

1.5 Animal models..........oouiiiiiii 66
1.5.1 Dystroglycan null mouse...............cccoovevieiiiinnnnn... 66

1.5.2 Mice with a-glycosylation defects......................... 68

1.5.3 Sarcoglycan null hamster......................coooiee. 68

1.5.4 Periaxin null mouse...........c.oooviiiiiiiiiiiiiiini.n. 69

1.5.5 Utrophin null mouse............c.coooiiiiiiiiiiiiiiiannnn. 69

1.5.6 Dystrophic mouse. .........ccovviiiiiiiiiiiiiiiiiiiaeeenn, 70
LOMDCTA. . 72
1.7 RETCICNCES. ..ttt 78
Scope of the thesis..............ccoooiiiiiiiiii e 114

Chapter 2: Dystroglycan is required to build the normal

architecture of peripheral nodes of Ranvier........................ 117
2.1 INtrodUCHON. ..o et 119
2.2 Material and Methods............c.oooiiiiiiiiiiii 122
2.3 RESUILS. .ottt 130
2.4 DISCUSSION. .. ettt e et 163



2. 5 RE ETENCES. oo, 176

Chapter 3: Dystroglycan regulation of Schwann cell cytoplasm

compartmentalization and internodes........................... ... 187
3.1 INtroduction. ...o.euee i 189
3.2 Materials and Methods............c.cooviiiiiiiiiiiiiii 191
33 RESUIES. .t 197
3.4 DISCUSSION. ...ttt ettt 219
3.5 REfeIENCES. .. ueeieieie i 228
Chapter 4: Conclusions and future perspectives.................... 237
4.1 Dystroglycan at nodes of Ranvier..................c.oooiiii. 239
4.2 Dystroglycan at internodes. ...........cooveeiiiiiiiiiiiiiniiiennnn.. 242
4.3 RETCICNCES. .. vttt 246
Publications..............o i 255
Acknowledgements.................oooiiiiiiiiiii 256

VII



VIII



Chapter 1

Introduction

1.1 Overview

Perception of and reaction to the external environment is
accomplished by the nervous system through bidirectional
transmission of electrical impulses between the central nervous
system (CNS) and the peripheral nervous system (PNS). The CNS is
composed of the brain, the principal integrative area of the nervous
system, and the spinal cord that functions as a conduit for nervous
pathways to and from the brain and also acts as an integrative area for
coordinating many subconscious nervous activities. The peripheral
nervous system is made up of fibers that affiliate the brain and the
spinal cord to the rest of the body, mediating information transfer
either from the periphery to the CNS (sensory nervous system) or
from the CNS to effector organs (motor nervous system). To achieve
this connection two types of neurons are necessary: efferent or motor
neurons, which transmit information away from the CNS, and afferent
or sensory neurons, which are responsible for conveying signals to the
CNS.

Moreover the PNS can be divided into the somatic and the autonomic
or visceral parts. The first system includes somatic motor axons
innervating skeletal muscles, and somatic afferent axons from the
skin, joints and muscles. On the other hand, the autonomous system
comprises visceral motor, autonomic axons to smooth muscle, cardiac
muscle and glands, and visceral afferent axons from organs, and is

mainly involved in involuntary functions such as heart rate, vasomotor
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tone, bowel motility and saliva flow. It can be divided into the
sympathetic and the parasympathetic system (Topp and Boyd, 2011).
The proper electrophysiological function of the PNS requires both
cells that are directly involved in the process of signal transmission,
i.e. neurons, muscle fibers and sensory endings, and a variety of cells
that modulate these functions. This is demonstrated by the highly
specialized relationships and profound intercellular cooperativity
between different cellular components in the PNS. One of the most
remarkable examples of this intimate cell-cell interaction is
represented by the peripheral extension of the neuron, the axon, and
its associated glial component, the Schwann cell, in myelinated fibers
(Peters et al., 1991). The relevance of this mutual dependence is
evidenced in several inherited diseases caused by mutations in
Schwann cell genes that affect axonal structure and function, causing,
in turn, motor and/or sensory disabilities.

As a result of this reciprocal communication, nerve fibers acquire
structural features that allow them to maximize their conduction
velocities. One such feature is the deposition of a specialized structure
known as myelin sheath, that insulate the axon reducing the leak of
current through the membrane in regions termed internodes. Another
important feature is the differentiation of the axonal membrane into
distinct molecular, structural and functional domains. This specialized
structural organization is generated and maintained thanks to the
formation of macromolecular complexes between axons and Schwann
cells.

Functionally, the compartmentalization of the axon-Schwann cell unit

allows the fast conduction of the electrical impulse by restricting the
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regeneration of action potentials to nodes of Ranvier, specific regions
of the axonal membrane devoid of the insulating myelin sheath and
endowed with the molecular components involved in transmembrane
ion movement. The node of Ranvier and its associated machinery
mediate rapid, saltatory conduction (Hodgkin and Huxley, 1952),
which means that each node acts as a booster station to ensure
regeneration of the electric impulse and propagation of it to the next
node. This kind of conduction gives the neuron the advantage of not
having to constantly regenerate the impulse along every micron of
axonal surface, with a striking reduction in the metabolic debt.

Besides the need of a compact myelin sheath along internodes and a
proper nodal structure and function, another parameter that can
influence the rate of nerve conduction is the length of internodes
(Hursh, 1939; Brill et al., 1977; Jacobs, 1988; Court et al., 2004). It
has been demonstrated that the proper Schwann cell cytoplasm
compartmentalization in longitudinal and transverse bands, first
described by Ramoén y Cajal (Ramoén y Cajal, 1933), is necessary for
the correct internodal Schwann cell elongation. If such an
organization is lost or altered, internodal lengths are affected and
conduction velocity is slowed (Court et al., 2004 and 2009).

This thesis addresses the role of a Schwann cell laminin-receptor,
dystroglycan, in the regulation of both nodal and internodal
architecture, to provide the nerve with the proper structure that is

ultimately needed to accomplish its electrical function.



1.2 Development of the peripheral nervous system

1.2.1 Cell types of the PNS and their origin

The two major cell types of the peripheral nervous system are
neurons, or nerve cells, and the peripheral glial cells, termed Schwann
cells (SCs) after the name of the german physiologist who first
described them. Other cell types can be found in the supporting
connective tissue, such as endoneurial and perineurial fibroblasts, and

in blood vessels, like pericytes and endothelial cells.

Neurons

The basic makeup of a neuron consists in a cell body, or soma, with
one long axon, the neurite, extending outwards to transmit impulses
away from the cell body, and several dendrites, which are shorter in
length and more branched, and whose role is to take signals in from
other nerve cells.

The cell bodies of somatic motor neurons are located in the ventral
horn of the spinal cord, whereas the cell bodies of autonomic motor
neurons are located in the intermediolateral cell column of the T1-
L2/L3 of the spinal cord for the sympathetic system, in the brainstem
nuclei for cranial nerves III, VII, IX and X, or in the intermediolateral
cell column of the S2-S4 spinal cord segments for the parasympathetic
neurons. The cell bodies of both somatic and visceral sensory neurons
locate in the dorsal root ganglia (DRG), also known as spinal ganglia,
found within the intervertebral foramina. The neurons in the DRGs are
pseudo-unipolar neurons that send their centrally directed axons
through dorsal rootlets into the dorsal horn of the spinal cord. Efferent

fibers send their axons through the ventral horn and into ventral
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rootlets and are joined by sensory fibers from dorsal DRG to form a
mixed, motor and sensory, spinal nerve. The spinal nerve divides
almost immediately into dorsal and ventral branches, containing both
motor and sensory axons. During development, the dorsal branches
innervate the epiblast tissues, which will form the joints and deep
muscles of the back and the overlying skin. The ventral branches
innervate the hypoblast tissues, which will give rise to the joints,
muscles and skin of the rest of the trunk and the limbs (Nakao and
Ishizawa, 1994).

Neurons originate from the neural tube at specific locations along the
dorso-ventral and rostro-caudal axes. In the ventral region,
uncommitted, mitotically active progenitors give rise to motor neuron
progenitors. This differentiation process is induced by the ventral to
dorsal gradient of the transcription factor Sonic hedgehog (Shh),
secreted from the underlying notochord and floor plate; this creates
multiple motor neuron progenitor domains that give rise to distinct
neuronal classes (Jacob et al., 2001). After specification of motor
neuron subtypes, the correct innervation of their target structures is
controlled by axon guidance cues, which are present in discrete
locations along the pathway to the target zone.

Neurons of the sensory lineage derive from neural crest cells (NCCs)
that delaminate from the neural tube and migrate in a ventral direction
between the dermamyotome and the neural tube to produce cells of
the dorsal root ganglia. During migration and shortly after coalescing
into a DRG, NCCs commit to a sensory and neuronal fate and
diversify into principal sensory subtypes such as nociceptive,

mechanoreceptive and proprioceptive neurons. Only after neuronal
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subtypes are specified, modality-specific central fields of terminations
are established, with nociceptive neurons terminating in the dorsal
horn, mechanoreceptors in deeper laminae of the dorsal spinal cord,
proprioceptive neurons in the intermediate zone (for review,

Marmigeére and Ernfors, 2007).

Schwann cells

Schwann cells are the main glial cells in the PNS. They can be
myelinating or non-myelinating depending on the diameter of the
axon they come into contact with.

Such as sensory neurons, Schwann cells originate from neural crest
stem cells. To achieve their adult phenotype, they have to undergo
three main transitions: migrating NCCs give rise to Schwann cell
precursor (SCPs), which then become immature SCs that eventually
differentiate into either myelinating or non-myelinating Schwann cells
(for review, Jessen and Mirsky, 2005) (Fig. 1).

The mechanisms that allow the population of crest cells to generate
Schwann cells rather than neurons or melanocytes have been
intensively studied. It is likely that some neural crest cells are already
committed to the glial fate, whereas others are multipotent and a
combination of positive and negative signals probably direct their
differentiation as they are migrating through immature connective
tissue before the time of nerve formation. Some evidence hints at -
neuregulin as an instructive signal that controls gliogenesis from the
neural crest (Shah et al., 1994).

NCCs give rise to Schwann cell precursors, which colonize growing

neurites directly through the ventro-lateral migratory stream and can
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be found in mouse peripheral nerves at E12-13 (rat E14-15). SCPs are
highly motile, flattened and with extensive cell-cell contacts. They can
be found tightly associated to the surface of large bundles of axons or
they can branch among the axons inside early nerves that are still
compact and do not contain blood vessels or connective tissue yet.
One peculiarity of SCPs is that they are wholly dependent on survival
signals from axons, which are probably mediated to a large extent by
axonal B-neuregulin acting via ErbB2/ErbB3 receptors on the
precursors (Syroid et al., 1996; Jessen and Mirsky, 1999).

In a relatively abrupt transition SCPs convert to immature Schwann
cells between E14 and E15 in mouse (rat E16-E17). Differently from
precursors, immature Schwann cells are able to support their own
survival by establishing an autocrine survival loop. In vitro, this has
been shown to be mediated by insulin-like growth factor 2 (IGF2),
neurotrophin 3 (NT3), platelet-derived growth factor-f (PDGFB),
leukaemia inhibitory factor (LIF) and lysophosphatidic acid (LPA)
(Dowsing et al., 1999; Meier et al., 1999; Weiner and Chun, 1999).
Morphologically, immature Schwann cells contact with single large
axon or with a bundle of small fibers. At this time connective tissue
spaces also open up within the nerves, which become vascularized,
and a distinct layer of developing perineurium appears at the nerve
surface. A rudimentary basal lamina also appears on immature
Schwann cells at this stage. The SCP-immature Schwann cell
transition therefore correlates with an important step in the
organogenesis of peripheral nerves. Each Schwann cell then selects an
individual axon from a nerve bundle through a process called radial

sorting (reviewed below).



At around the time of birth, immature Schwann cells give rise to
myelinating and non-myelinating Schwann cells, also known as
Remak bundles. Myelin-forming Schwann cells appear first and
express a large amount of myelin proteins (PO, PMP22, MBP),
whereas non-myelin forming Schwann cells, appear later and express
markers such as glial fibrillary acidic protein (GFAP), N-CAM, L1
and p75.

Myelinating Schwann cells form a 1:1 relationship with axons prior to
myelination (Webster et al., 1973). SCs with this morphology are
often referred to as pro-myelinating Schwann cells. The different
commitment of mature Schwann cells depends on the diameter of the
axon they contact. Indeed, each mature Schwann cell has the potential
to form myelin, but only the one that contact axons with a diameter
greater than 1 um can myelinate (Duncan, 1934; Voyvodic, 1989).
More recently, this has been shown to correlate to the amount of
neuregulin-1 type III that axons express on their surface (reviewed

below).

Other cell types

Besides neurons and Schwann cells, peripheral nerves comprise other
minor cell types. Among these, the ones contained in the three layers
of connective tissues that surround and support peripheral nerves:
endoneurium, perineurium and epineurium.

Endoneurium is the innermost connective tissue between individual
nerve fibers and it consists of endoneurial fluid and a fine network of
collagen fibers that are continuous with the basal laminae surrounding

myelinated and unmyelinated fibers. In this compartment fibroblasts,

8



macrophages and mast cells are found. A Cre-recombinase fate
mapping study has shown that SCPs are the source of the population
of endoneurial fibroblasts residing in the nerve (Joseph et al., 2004).
Perineurial fibroblasts and a layer of dense connective tissue bundle
single nerve fibers into fascicles, providing mechanical strength to the
nerve. Perineurial fibroblasts are arranged in one to 15 layers, each
provided with a basal lamina of type IV collagen, laminin, fibronectin
and heparan-sulfate proteoglycan (HSPG). These cells may be
mesodermally-derived (Bunge et al., 1989a).

Each group of nerve fascicles is in turn surrounded by the epineurium,
containing dense and loose connective tissue and adipose tissue. It
supports vessels and nerve fibers passing from extra-neural regions to
the nerve fibers.

During embryonic development (mouse E14, rat E16), unknown
signals recruit mesenchymal cells to surround the nerve and form a
loose permeable sheath around it. It has been found that Desert
Hedgehog (Dhh) from Schwann cells, probably together with other
factors, is needed for the mesenchymal-epithelial transformation that
turns this sheath into the multilayered, ordered perineurial sheath
which forms a tight barrier between the nerve fibers and the
surrounding tissue (Parmantier et al., 1999). Dhh is also involved in
the formation of the epineurium, as it is extremely thin and with many
fewer collagen fibrils in dhh null mice.

Pericytes and endothelial cells, that surround small blood vessels, are
also present in peripheral nerves. The vascular supply is derived from
segmental vessels that enter the epineurium and pass as arterioles and

venules along the length of the nerve. Small arterioles pass obliquely
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through the perineurial sheath, whereas continuous capillaries are
present within the endoneurium (Bell and Weddell, 1984). The

embryonic origin of these cells might be mesodermic.

Myelinating
Schwann cell

Pro-myelin
Schwann cell

\ 47

| — O ©

| ¢mmmmmennne - ® (@)
Neural crest Schwann cell Immature Non-myelinating
cell precursor Schwann cells Schwann cell

Fig. 1 Stages involved in Schwann cell development. As despicted
in the diagram, the development of mature Schwann cells from neural
crest cells involves two intermediate states, Schwann cell precursors
and immature Schwann cells and three main transition events (from
Jessen and Mirsky, 2005).
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1.2.2 Formation of the myelinated fiber

As stated above, large caliber axons are myelinated by Schwann cells.
The process that ends up in the formation of a myelinated fiber
involves two sequential events: axonal, or radial, sorting and Schwann
cell myelination. Both of them are thinly regulated by the interplay

between axons, Schwann cells and the extracellular matrix (Fig. 2).

Axonal sorting

During late embryonic development, Schwann cells surround large
bundles of axons forming the so-called Schwann cell ‘families’,
contained in a common basal lamina (Webster et al., 1984). Each
Schwann cell then selects an individual axon from the nerve bundle by
extending sheet-like processes until they reach a 1:1 relationship.
Axons larger than 1 um in diameter are destined to be myelinated and
are segregated away from axons that will remain unmyelinated
(Webster et al., 1973). After larger axons have been sorted at the
periphery of the bundle, their ensheathing Schwann cell detaches from
the family and reorganizes its own basal lamina, in a process termed
defasciculation.

Radial sorting is regulated by multiple signals from axons and from
the extracellular matrix. The amount of neuregulin-1 type III (NRG1
type III) on the axon has been shown to be the instructive signal that
determines whether a Schwann cell will myelinate a large axon or just
encircle groups of multiple, small axons (Taveggia et al., 2005).
Moreover, in vivo studies have shown that both laminins and their
receptors (Bl-integrins and dystroglycan) are required for different

steps of radial sorting (Bradley and Jenkison, 1973; Feltri et al., 2002;
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Fig. 2 Electron microscopy of Schwann cell (SC) development in
the mouse sciatic nerve. During peripheral nerve development,
Schwann cells proliferate, migrate, and ensheath axon (Ax) bundles
(A). Schwann cells organize a basal lamina (BL, outlined in blue),
which completely surrounds each individual cell and the associated
axon(s). Upon receiving the appropriate signals from the local
environment, SCs will sort through the axon bundle (not shown),
isolate an individual axon at the periphery of the bundle, and then
initiate myelination (B). Bottom panels are schematic representations
of the electron micrographs in the top panels, and represent initial
wrapping and myelination of a single axon (from Chan, 2007).
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Chen and Strickland, 2003; Yang et al., 2005; Berti et al., 2011). It
was found that laminin signaling promotes both the formation of SC
processes via activation of the Rho-family GTPase Racl (Nodari et
al., 2007) and SC proliferation and survival, necessary for the exact
matching of SC-axon numbers, via activation of PI3K, Fak and Cdc42

(Yang et al., 2005; Benninger et al., 2007; Grove et al., 2007).

Myelination

Myelination starts at birth and is completed within the first 3-4
postnatal week in rodents, while is markedly more protracted in
humans, extending over the first few years of life.

Once individual Schwann cells have associated with single axons
along their lengths, they have reached a promyelinating phenotype,
that means that their genetic expression program is modified to allow
the synthesis of myelin constituents.

To form myelin the Schwann cell flattens into a spade-like shape and
wraps its plasma membrane tightly around the axon, while removing
the majority of cytoplasm from the spade. For the wrapping process
two theories have been raised: the formation of myelin is achieved by
either the progression of the inner (adaxonal) lip of the Schwann cell
around the axon, or the movement of the outer (abaxonal) rim. In
1989, Bunge and colleagues monitored the movement of myelinating
Schwann cell nucleus relative to the inner and outer lips of Schwann
cell cytoplasm and suggested that the outer lip serves as an anchor,
whereas spiral movements around the axon occur around the inner lip

(Bunge et al., 1989b) (Fig. 3).
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Inner Lip

Myelin formation
by Schwann cell
Schwann circumnavigation
cell nucleus

Outer Lip

Inner Lip

Myelin formation by
progression of the
Schwann inner lip

cell nucleus

Outer Lip

Fig. 3 Myelin formation by the Schwann cells: two hypotheses.
The diagrams represent transverse sections of myelinating Schwann
cells. The arrows indicate the direction of movement of the growing
Schwann cell membranes (from Garbay et al., 2000).

Recent studies have shown that the regulation of actin filament
polymerization by molecules as N-WASP and Rho GTPases and their
downstream effector Rho kinase (ROCK) is crucial for coordinated
spiraling of the internodal Schwann cell membrane around the axon,
its longitudinal extension and myelination (Melendez-Vasquez et al.,
2004; Novak et al., 2011; Jin et al., 2011).

After three to four turns of the Schwann cell process, the exclusion of
cytoplasm and the association of adjacent extracellular membrane
surfaces lead to the formation of a compact myelin sheath (Geren,
1954). Apposition of the cytoplasmic faces of the membranes is
dependent on myelin basic protein (MBP) (Rosenbluth, 1980) and the

14



cytoplasmic tail of the integral membrane protein PO, the major
protein of peripheral myelin, whereas the association of the
extracellular faces of the membrane is achieved by the homophilic
association of the extracellular domains of PO (Filbin et al. 1990;
D'Urso et al., 1990).

The number of myelin lamellae forming the sheath increases during
the myelination period, reaching a mean number of myelin lamellae of
50 and 80 in the sciatic nerves of adult mice and rats, respectively,
with a maximum of about 100 lamellae for the thickest fibers (Friede
and Samorajski, 1968).

At the end of myelination, myelin presents two distinct domains,
compact and non-compact myelin, each of which contains a non-
overlapping set of proteins. Compact myelin represents the bulk of the
myelin sheath and is a spiral of closely packed membranes with a
periodicity of approximately 14 nm in conventional transmission EM
and slightly greater (18 nm) in fresh nerves by X-ray diffraction. The
apposed membranes form the intraperiod line and the thin space that
separates the membranes is contiguous with the extracellular space.
The major dense line is contiguous with the cytoplasm.

Non-compact regions of the Schwann cell plasma membrane
containing cytoplasm, known as Schmidt-Lanterman incisures,
radially transverse the compact myelin, providing a channel between
the Schwann cell cytoplasm outside the myelin sheath (abaxonal
compartment) and the cytoplasm adjacent to the axonal plasma

membrane (adaxonal compartment) (Fig. 4).
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Fig. 4 Scheme of a myelinated axon. One myelinating Schwann cell
has been unrolled, revealing the regions that form non-compact
(Schmidt-Lanterman incisures and paranodes) and compact myelin.
The abaxonal and adaxonal compartments are shown at the top and
the bottom respectively (adapted from Scherer and Arroyo, 2002).

Regulation of myelin thickness

The thickness of the myelin sheath varies according to the diameter of
the axon: bigger axons have thicker myelin, and vice versa (Friede
and Samorajski, 1967). The optimal myelin thickness is reached when
the ‘g-ratio’ (i.e. the numeric ratio between the diameter of the axon
and that of the myelinated axon) is close to 0.68. As noted in very
early studies, for most vertebrates this ratio is remarkably well

maintained independent of the specific axon diameter (Donaldson and
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Hoke, 1905). This requires axon size to be perceived by myelinating
SCs, to make the correct number of myelin wraps. Via ErtbB2/ErbB3
co-receptors, Schwann cells sense an axonal size-related signal, which
has been demonstrated to be the amount of NRGI type III (Michailov
et al., 2004). Altering the levels of axonal NRG1 type III alters the
amount of deposited myelin: mice haploinsufficient for the neuregulin
1 (Nrgl) gene have thinner peripheral myelin sheaths than controls,
whereas transgenic Nrgl overexpressing mice show hypermyelination
(Michailov et al., 2004; Taveggia et al., 2005).

Although NRG1 type III plays a pivotal role in determining myelin
thickness, it is possible that other signaling systems, like p75 and
BDNF, might participate in determining the extent of myelin synthesis
(Tolwani et al., 2004).

Control of the internodal length

The influence of growth, or the lack of it, upon internodal length has
been demonstrated by studies in developing animals and in nerves
from parts of the body which show different rates of growth (Ranvier,
1872; Vizoso, 1948 and 1950). This has suggested that elongation of
the nerve controls the longitudinal size of Schwann cells.
Furthermore, internodal length (IL) is positively related to axonal
diameter, so that nodes of Ranvier are farther apart in large fibers than
in small ones (Ranvier, 1875; Hiscoe, 1947). This can be explained as
a consequence of the fact that large fibers are sorted and myelinated
first and are therefore subjected to the longest period of growth
(extension in length), whereas small fibers myelinate later and are

therefore shorter. Nonetheless, several pieces of evidence suggest that
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length and thickness of the myelin sheath are independently regulated
(Hara et al., 2003; Michailov et al., 2004).

This ‘classical’ model suggests that the final internodal length
depends on two parameters: the time at which a Schwann cell
associates to an individual axon and the subsequent growth of the
nerve fiber that determines the growth rate of the associated Schwann
cell.

In the last few years Court et al. showed that indeed internodal
extension is precisely matched to nerve growth in normal fibers, but
the ability of Schwann cells to elongate is cell-autonomous and
depends on their capacity to properly organize their outermost region
of cytoplasm in two compartments: transverse cytoplasmic areas
termed Cajal bands, and areas in which the Schwann cell membrane is
closely apposed to the myelin sheath, known as appositions or patches
(Court et al., 2004 and 2009) (Fig 5). These studies have shown that
SC compartmentalization and the establishment of correct internodal
length depend on periaxin (Court et al., 2004), and require the
presence of glycosylated dystroglycan, utrophin and extracellular
laminin a2, which are proteins that link the extracellular matrix to the
SC cytoskeleton, regulating the formation of SC compartments by
maintaining actin and tubulin fences that dictate the localization of
Cajal bands (Court et al., 2009). The finding that the formation of
Cajal bands/appositions is determined by a primordial cytoskeletal
pattern that outlines the areas that will subsequently be
compartmentalized goes along with the fact that actin filaments
contribute to the elongation of Schwann cells on axons.

Another great advance of these studies was the experimental
18



confirmation of the relation between internodal length and conduction
velocity, in accordance with previous theoretical predictions from

mathematical models (Brill et al., 1977; Mclntyre et al., 2002).
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Fig. 5 Distribution of bands of Cajal and appositions in the outer
cytoplasm of a myelinating Schwann cell. A, Scanning electron
microscopy of the surface of a myelin forming Schwann cell showing
the longitudinal arrangement of the cytoplasmic channels (Ib) with
fine trabeculae (arrows) connecting them (from Ushiki and Ide,
1987). B, Schematic drawing with cut away sections displays the
architecture of the myelinated fiber, with Cajal bands (CB),
trabeculae (T), and appositions (APP). Microvilli (Mv) at nodes (NR),
the outer basal lamina (BL), compact myelin (M) and the axon (Ax)
are shown (from Court et al., 2006). C, Teased fibers stained with
fluorescent-conjugated phalloidin (green) and an antibody against
DRP2 (red). Schwann cell cytoplasmic domains are excluded from
spheroidal clusters immunopositive for DRP2 (from Court et al.,
2004). D, Longitudinal and transverse protoplasmic bands silver-
stained by Ramon y Cajal (from Ramoén y Cajal, 1933).
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1.3 Structure of the peripheral myelinated fiber

The myelin sheath was a unique and transformative vertebrate
acquisition, which enabled great increases in impulse propagation
along axons at low metabolic and spatial costs. This facilitated both
predatory and escape behaviours, permitting the evolution of very
large vertebrate body sizes. It is likely that myelin evolved first in the
oldest jawed fishes, the placoderms, during the Devonian period (Zalc
and Colman, 2000). It has also been hypothesized that the myelin
sheath in vertebrates arose in conjunction with the neural crest, which
gives rise to the jaw apparatus and most of the peripheral nervous
system (Zalc et al., 2008).

The myelinating Schwann cell-axon unit represents a striking example
of cell-cell interaction, in which the two cellular components are
completely interdependent. The result of this intimate coordination is
the organization of both the glial and the axonal counterparts in
structurally, molecularly and functionally distinct subcellular
domains. Along the longitudinal length of a myelinated fiber two main
domains can be distinguished: the node of Ranvier and the internode.
The first eponymous structures (Ranvier, 1871) are short periodical
interruptions of the myelin sheath, where action potentials are
continuously regenerated; internodes are the myelin segments
extending from node to node, through which electrical signals are
rapidly propagated. Nodes of Ranvier and internodes are separated by
two further specialized domains, the paranodes and juxtaparanodes.
Indeed, the entire axon and Schwann cell, including their
cytoskeleton, organelle content and transport machinery are

differentially organized at these sites (Fig. 6).
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In the next section, I will review these defined domains that have

profound implications for the electric properties of the SC-axon unit.

Fig. 6 Domain organization of the peripheral myelinated fiber. A,
Electron micrograph of a longitudinal section of an adult rat ventral
spinal root with the nodal (NR), paranodal (PN) and internodal areas

(IN) marked. Cross sections through each corresponding region are
represented in B-D. B, Section through the internodal region is
characterized by the presence of a compact myelin sheath. The arrow
marks the outer layer of Schwann cell cytoplasm that is reduced to
narrow channels running continuously from the cell body to the nodal
region. C, Section through the midpoint of the nodal membrane.
Numerous Schwann cell microvilli can be seen surrounding and
closely apposing the axonal nodal membrane. The basal lamina covers
the entire nodal region. D, Section through the paranodal region of an
axon, showing the uncompacted myelin of the paranodal loops (from
Sosinsky et al., 2005).
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1.3.1 Internodes

Internodes represent the most extended site of interaction between
axons and SCs, comprising nearly 99% of total segment length. They
are approximately 100 times the axon diameter, ranging up to 1 mm or
more in larger fibers of adult mammalian PNS (Hess and Young,
1952; Abe et al., 2004).

Each internode comprises the myelin sheath deposited by a single
Schwann cell (Webster, 1971). In the internodal region the myelin
sheath can be divided in two contiguous domains: compact myelin,
forming the bulk of the myelin sheath, and non-compact myelin,
comprising the Schmidt-Lanterman incisures (SLIs) and the inner and

outer mesaxons.

Compact myelin

One of the most peculiar biochemical feature that distinguishes myelin
from other cellular membranes is its high lipid to protein ratio:
overall, lipids account for 70-80% and proteins make up for 20-30%
of myelin dry weight (Garbay et al., 2000). The high lipid content
ensures the insulating function during electrical impulse conveyance,
while proteins are considered important to guarantee the stability of
the sheath.

There is not a myelin-specific pattern of lipids, but all the main classes
of lipids (cholesterol, phospholipids, sphingolipids) are represented in
PNS myelin. Cholesterol, which accounts for 20-30% of the total lipid
content, is required for normal myelination as mice with reduced
cholesterol synthesis show severe hypomyelination (Saher et al.,

2005). The importance of lipids is also evidenced by the congenital
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hypomyelination developed by mice lacking a protein that actively
regulates the expression of genes involved in myelin lipid synthesis
(Verheijen et al., 2009).

While there are no myelin-specific lipids, a number of proteins exists
that are unique to myelin. The most abundant proteins are the
glycoproteins Myelin Protein Zero (P0O; 50-70% of total myelin
proteins) and Peripheral Myelin Protein 22 kDa (PMP22; 2-5%) and
the basic proteins Myelin Basic Protein (MBP; 5-15%) and PMP2/P2
(1-10%).

The fundamental role of myelin proteins and the need of a fine
regulation of their dosage/stoichometry are underlined by the fact that
many mutations or copy nhumber variation in their genes are
responsible for a variety of peripheral neuropathies. More than 40
mutations in PMP22 sequence have been associated with hereditary
neuropathies, among which the most common is gene duplication and
causes Charcot-Marie-Tooth 1A (CMT1A; Pentao et al., 1992), while
its deletion is responsible for hereditary neuropathy with liability to
pressure palsies (HNPP; Chance et al., 1993) in humans. Various
mutations in the human MPZ gene can cause demyelination (CMT1B)
by a dose-related decrease in the amount of PO protein or by a gain of

toxic function of the mutant protein (Scherer and Wrabetz, 2008).

Non-compact myelin, cytoplasmic components of the Schwann cell
Along the internodal region, the cytoplasmic domain at the outer
(abaxonal) Schwann cell surface is contiguous with the cytoplasmic
channels that either traverse the compact myelin (Schmidt-Lanterman

incisures) or surround the axon (inner or adaxonal surface). This
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complex cytoplasmic channel network runs both longitudinally along
the internode and transversely through the myelin sheath, providing a
continuous connection between all the cytoplasmic compartments of
the SC. This continuity is required for the metabolic support of the
entire cell and for signal communication between the axon and the
Schwann cell.

At the adaxonal side of the myelin sheath, the inner membrane of the
Schwann cell is uniformly separated from the underlying axon by a
periaxonal space of 12-14 nm and is closely apposed to the myelin
sheath except for a single cytoplasmic channel that traverses the entire
internode. This cytoplasmic compartment is believed to be involved in
transduction of signals that regulate myelin formation; indeed, two
studies have shown that nectin-like (Necl) proteins on the adaxonal
Schwann cell surface and on the axon mediate heterophilic binding
that may allows proper communication of the signals that trigger
myelination (Maurel et al., 2007; Spiegel et al., 2007).

The abaxonal surface displays multiple cytoplasmic channels that
where first described by Santiago Ramon y Cajal, using silver staining
methods (Ramén y Cajal, 1933) (Fig. 5). He proposed that this
network of cytoplasm was required for the efficient transport of
nutrients along the internode to the more distal regions of the
Schwann cell. Considering that the SC nucleus together with all the
machinery for protein synthesis and transport are positioned in this
domain, it is not difficut to believe that these cytoplasmic channels are
needed to expand and maintain the myelin internode (Trapp and Kidd,
2003).

The major channels, termed Cajal bands, run longitudinally over the
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entire length of the internode, whereas the smaller ones connecting
different Cajal bands are called trabeculae. These channels are rich in
microtubules, filamentous actin and other cytoskeletal components,
like spectrin and ankyrin, for transport and stability, and mitochondria
for energy. Moreover, their membranes contain caveolin-1 (Mikol et
al., 1999), a protein involved in the formation of caveolae, which are
invaginations of the plasma membrane known to regulate signal
transduction and cholesterol transport. Regions devoid of cytoplasm
(appositions) are located between cytoplasmic rich domains, in close
apposition with the outermost loop of compact myelin (Ushiki and
Ide, 1987) (Fig. 5). These regions are characterized by the presence of
dytroglycan-related protein 2 (DRP2) in association with the protein
L-periaxin, which can be mutated in autosomal recessive forms of the
demyelinating neuropathy CMT4F (Sherman et al., 2001). DRP2-
periaxin associates with the dystroglycan receptor which links the
extracellular matrix to the Schwann cell cytoskeleton (reviewed
below).

How the compartmentalization of Schwann cell outer cytoplasm in
Cajal bands and appositions is achieved has been unveiled only
recently. A study demonstrated that during early postnatal
development actin filaments first deposit in areas that will become
Cajal bands, forming a net-like structure around empty gaps that will
be subsequently filled with DRP2 (Court et al., 2009).

The cytoplasmic outer and inner regions of the internode are
connected by Schmidt-Lanterman incisures, a series of cytoplasmic
openings of the compact myelin that are in register with each others

(Robertson et al., 1958; Ghabriel and Allt, 1981). SLIs contain
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cytoplasm, certain types of microtubules, filamentous actin, and
several types of junctions (adherens, tight and gap) (Fig. 4). The role
of incisures as conduits for metabolic material to the myelin sheath
has been proposed. In accordance with this role, the number of
incisures along the internode increases with fiber diameter (Hiscoe,
1947), suggesting that there exists an upper limit to the amount of
myelin that can be maintained in a single region between two
incisures. In addition, radial diffusion of small ions has been reported
to occur through gap junctions formed by the protein connexin-32 and
linking apposed membranes of SLIs (Balice-Gordon et al., 1998).
Each one of the aforementioned Schwann cell cytoplasmic areas has
its specific protein composition. However, the two major protein
markers shared by the majority of non-compact myelin domains are
myelin-associated glycoprotein (MAG) (Trapp et al., 1990) and 2°,3’-
cyclic nucleotide 3’-phospodiesterase (CNP).

1.3.2 Node of Ranvier

Nodes of Ranvier are periodic annular constrictions of the myelinated
fibers first described by Louis-Antoine Ranvier in 1871. They are
small gaps, less than 1 um in length, devoid of myelin, where the
axonal membrane is directly exposed to and communicate with the
extracellular milieu. At nodes the axon is typically constricted in its
diameter, being reduced to as little as 20% of the internode in large
fibers.

This decrease in axonal caliber results in a higher packing density of
microtubules, membranous vesicles and neurofilaments. The

decreased neurofilament spacing depends on a reduced sidearm
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extension due to less phosphorylation of tyrosine residues (Mata et al.,

1992).

Nodal axolemma

The main function of nodes of Ranvier is to regenerate action
potentials that initially arise at the axon initial segment (AIS), thus
allowing saltatory conduction of the nerve impulse. The molecular
organization of the node is specialized for its electrical function. In
light of this structure/function relationship, the nodal axolemma is
highly enriched in voltage-gated sodium channels (Nav) that reach a
density of 1200-1500/um®, much higher than the internodal density,
estimated to be less than 25/um” Such a high concentration of Nav
has been first envisaged by freeze fracture studies that detected a
remarkable enrichment of intramembranous particles (IMPs) at nodes
compared to internodes (Rosenbluth, 1976). These IMPs, associated to
the outer leaflet (E face), were thought to correspond largely to Nav
and this has been confirmed by subsequent electrophysiologic studies.
In addition to Nav, a dense undercoating of 25-35 nm subjacent to the
axolemma represents several transmembrane and cytoskeletal proteins
forming multiprotein complexes that link ion channels with the
cortical cytoskeleton of the axon. Among others, the cytoskeletal
protein ankyrin-G, whose major isoforms at the node of Ranvier are
270 and 480 kDa (Kordeli et al., 1995), has an essential role in
organizing and stabilizing the nodal, axonal complex (Dzhashiashvili
et al., 2007). Ankyrin-G binds directly to Nav (Bouzidi et al., 2002;
Lemaillet et al., 2003), and PIV-spectrin, an actin-binding protein

highly enriched at nodes and AISs (Berghs et al., 2000). BIV spectrin
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physically stabilizes the nodal axolemma and regulates the clustering
of Nav at the nodes by providing a link between the Nav complex and
the actin cytoskeleton (Komada and Soriano, 2002). Mice deficient in
BIV spectrin exhibit enlarged axon diameters and aberrant protrusions
of the axon membrane at the node (Yang et al., 2004).

Ankyrin-G also interacts with two members of the L1 subgroup of
IgG cell adhesion molecules superfamily (L1 CAM), NrCAM and
neurofascin-186 (Nf186), which are found at nodes of Ranvier (Davis
et al., 1996). Binding of ankyrin-G to Nf186 and NrCAM is mediated
by phosphorylation of the tyrosine residue of the FIGQY conserved
sequence in their cytoplasmic domains (Zhang et al., 1998); only
when this motif is dephosphorylated, the binding occurs (Garver et al.,
1997; Tuvia et al., 1997). Both NrCAM and Nf186 cluster early at
some sites presumed to be nascent nodes, before Nav and ankyrin-G
(Lambert et al., 1997), and they have been hypothesized to act as
pioneer molecules in node formation (Lustig et al., 2001). Indeed,
mice specifically lacking axonal neurofascin (Nf186) are not able to
cluster Nav (Sherman et al., 2005; Thaxton et al., 2011), whereas
NrCAM null mutants show a delay in Nav and ankyrin-G
sequestration at developing nodes (Custer et al., 2003).

In addition to Nav, some voltage-gated potassium channels are also
expressed at nodes, in particular KCNQ2 and KCNQ3 (Devaux et al.,
2004), which have a conserved sequence that mediates their binding to
ankyrin-G (Pan et al., 2006) and may be important in the control of
repetitive discharges (Cooper and Jan, 2003). The importance of these
channels is shown by a dominant mutation in the human KCNQ2

gene; the mutant KCNQ2 reduces the activity of both KCNQ2 and
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KCNQ3, and it produces repetitive firing of motor axons (known as
neuromyotonia or neuromyokymia). An isoform of Na'/K -ATPase is
highly concentrated in the nodal axolemma as well, where it is needed
for the maintenance of sodium and potassium gradients required for
action potential propagation. (Ariyasu et al. 1985; Mata et al. 1991).
Other proteins have recently been identified as enriched at nodes of
Ranvier, including IKK (IkBa kinase) (Politi et al., 2008), an isoform
of schwannomin-interacting protein-1 (IQCJ-SCHIP-1) (Martin et al.,
2008), and the FGF homologous factors FHF2 (Wittmack et al.,
2004). The FHF family has been implicated in modulating the activity
of sodium channels (Goldfarb et al., 2007; Buzhdygan, 2011).

Voltage-gated sodium channels

At nodes, the action potential is generated by the opening and
subsequent inactivation of voltage-gated sodium channels and, with a
slight delay, the opening of voltage-gated potassium channels
(reviewed below).

Mammalian Nav are multimeric complexes that consist of a highly
glycosylated 260 kDa pore-forming a-subunit associated with one or
more auxiliary B-subunits, that can be linked with a via disulfide
bonds (B2 and B4) or non-covalently (B1 and B3) (Catterall et al.,
2005). These subunits are encoded by nine a- (Scnla-Scn9a) and four
B-subunit genes (Scnlb-Scn4b) in mammals. The Nav a-subunits
(Nav1.1-9) contain the ion-selective pore and are composed of four
homologous membrane domains (I-IV) each containing six
transmembrane a helices (S1-S6) (Fig.7). S5 and S6 segments from

the four domains form the Na" selective pore and the S4 helix contains
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positively-charged amino acid residues that serve as gating charges
whose movements induce pore opening in response to depolarization
of the membrane. The short intracellular loop connecting domains III
and IV acts as the inactivation gate, folding into the channel structure
and blocking the pore from the inside during sustained depolarization
of the membrane. The o subunit is sufficient for functional expression
of Nav, but the kinetics and amplitude of sodium currents are
modulated by the B subunits (Qu et al., 2001; Arman et al., 2009).
Although the exact stoichiometry and composition of the sodium
channel o/f subunit complex at the node is not yet known, both f1 and
B2 are localized at this site, whereas whether 3 and 34 are present at
nodes remains to be determined (Chen et al., 2004). The four
subunits share a similar topology, containing an extracellular
immunoglobulin (Ig)-like domain, which mediates homophilic
interactions, as well as binding to other nodal components. For
instance, the Bl and P2-subunits interact in cis with Nf186 and
NrCAM (Ratcliffe et al., 2001; McEwen and Isom, 2004), suggesting
a mechanism for Nav recruitment to nodes through the B subunits. In
support of this, mice deficient in 1 have defects in nodal architecture
and both Bl and B2 knock out mice show altered nerve conduction,
characteristic of a reduced Nav density (Chen et al., 2002 and 2004).
However, it is likely that B subunits are involved primarly in Nav
cluster maintenance rather than formation, as an Nfl86 mutant
deficient in ankyrin-binding but capable of binding B subunits fails to
cluster Nav at nodes in vitro (Dzhashiashvili et al., 2007). Some
investigators (Malhotra et al., 2002), but not others (Bouzidi et al.,

2002; Lemaillet et al., 2003) also reported a direct interaction of f3
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subunits to ankyrin-G. Furthermore, the Bl1- and PB2-subunits can
interact with the extracellular matrix molecules tenascin-C and
tenascin-R (Srinivasan et al., 1998; Xiao et al., 1999), as well as with
phosphacan (Ratcliffe et al., 2000), the secreted form of receptor
protein tyrosine phosphatase § (Rptpp).

Many subtypes of sodium channels can be targeted to nodes of
Ranvier and during development several subtypes are found at
neonatal nodes. In the adult mammal almost all nodes of Ranvier in
the PNS contain predominantly one subtype, Nav1.6 (Caldwell et al.,
2000). Navl.6 exhibits user-dependent potentiation, which may be
particularly useful during the high frequency firing characteristic of
nodes of Ranvier (Zhou and Goldin, 2004). Mutations or conditional
disruption of the Navl.6 coding gene, Scn8a, result in a remarkable
decrease or absence of nodal Nav and elongated and disorganized
nodes in mice (Rieger et al., 1984; Burgess et al., 1995; Kohrman et
al., 1996, Sharkey et al., 2009).

During development, the Navl.2 isoform is uniformly distributed
along unmyelinated fibers and appears first at immature nodes; as
myelination progresses Navl.2 are eventually replaced by Navl.6
both in CNS and in peripheral nerves (Boiko et al., 2001). However,
in PNS a substantial fraction of newly forming nodes contain Nav1.6
already at P1 (Schafer et al., 2006). The Nav isoform switch takes
place in the first postnatal days and is completed by P7 in sciatic
nerves (Rasband and Trimmer, 2001). The functional significance of
this switch is currently unclear, but it might allow neurons to adapt to
high-frequency firing. Strikingly, paranodal junctions seem to have a

prominent role in the differential expression of Navl.2 and Navl.6
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types at nodes, as mice with altered paranodes exhibit incomplete

replacement of Nav1.2 by Nav1.6 (Rios et al., 2003).
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Fig. 7 General structural topology of Nav. Nav channels are formed
from a single polypeptide that consists of four domains (I-IV), each of
which has six transmembrane segments (S1-S6). The fourth
transmembrane segment of each domain contains positively charged
arginines that are primarily responsible for voltage sensing, as well as
the S5-pore loop-S6 region, which forms the pore domain through
which sodium ions flow. The B-subunits, 1/3 and p2/4, are single
transmembrane proteins that have an immunoglobulin-like
extracellular domain that co-assembles with the Nav a-subunits (from
Lai and Jan, 2006).
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Schwann cell microvilli and the nodal gap

At peripheral nodes of Ranvier, the nodal axolemma is closely
apposed by interdigitating cytoplasmic processes that extend from the
outer collars of two neighbouring Schwann cells (Ichimura and
Ellisman, 1991). These projections are termed microvilli. Owing to
their differential staining properties, Ramén y Cajal and Louis
Ranvier first observed Schwann cell microvilli and the so called
‘cementing disc of Ranvier’, which consists in the specialized
substance in which microvilli are immersed, in that area known as
nodal gap (Landon and Langley, 1971) (Fig. 6B). Microvilli appear to
be connected to one another via tight junctions (Berthold and
Rydmark, 1983), and claudin-2 is specifically localized at these sites
(Poliak et al., 2002). Morphologically they are similar to microvilli of
other cell types, with a diameter of 70-80 nm and a central core of 4-6
microfilaments; in larger fibers, they are organized into a regular
hexagonal array. Nodal microvilli contain F-actin, myosin and
spectrin (Trapp et al., 1989; Zimmermann, 1996), the homologous
cytoskeletal-associated proteins, ezrin, radixin and moesin (ERM
proteins), ezrin-binding protein (EBP50) and RhoA-GTPase (Hayashi
et al., 1999; Melendez-Vasquez et al., 2001; Scherer et al., 2001).
ERM proteins might act as crosslinkers between the cytoskeleton and
the plasma membrane, being able of binding transmembrane proteins
with their N-terminal domain and actin cytoskeleton with their C-
terminal half. Their cross-linking activity 1is activated by
phosphorylation of a conserved threonine residue (Matsui et al.,
1998). During development, the ERM proteins become concentrated

at the lateral tips of Schwann cells before MBP expression, and these
34



ERM-positive SC processes overlie and associate closely with nascent
nodes of Ranvier, suggesting a role in node formation (Gatto et al.,
2003).

The importance of microvilli in the formation and maintenance of a
proper nodal architecture is evidenced by several nodal-environment
mutant mice that show disorganization and impaired attachment of
microvilli to the nodal axolemma, associated with alterations in Nav
clustering (Saito et al., 2003; Feinberg et al., 2010). These mutants
lack gliomedin, NrCAM or dystroglycan, three transmembrane
proteins that are enriched at SC microvilli (Eshed et al., 2005; Occhi
et al., 2005; Feinberg et al., 2010). Gliomedin and glial NrCAM are
cleaved from their transmembrane precursors in a furin-dependent
manner and their extracellular domains are shed in the nodal gap
(Eshed et al., 2007; Feinberg et al., 2010). Here they form a
multiprotein complex with extracellular matrix proteins (heparan
sulfate proteoglycans) and interact with axonal CAMs (Nf186 and
NrCAM), directing the clustering of Nav (Feinberg et al., 2010), and
the maintenance of nodes of Ranvier (Amor et al., 2011).
Dystroglycan is expressed at SC microvilli with its SC specific
dystrophin isoform Dp116 (Occhi et al., 2005), but how it influences
Nav clustering and microvilli formation is still not known and is one
of the aims of this thesis (see Chapter 2).

In addition, SC microvilli express the inwardly rectifying potassium
channels Kir2.1 and Kir2.3 that have been suggested to play a role in
K" buffering, indicating that even inexcitable cells as SCs participate
actively to maintain a microenvironment for the regeneration of the

action potential at the node (Mi et al., 1996). This is probably similar
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to the buffering role of astrocytes in the CNS. Another type of
potassium channel, Kvl1.5, is enriched on the outer surface of the
Schwann cells in the vicinity of the node. Rather than being involved
in K" buffering, Kv1.5 has been proposed to serve for the subsequent
efflux of K from the Schwann cell (Mi et al., 1995). Extruded K"
may travel a short distance in the extracellular space and then be
recaptured by the axon via the Na'/K'-ATPase pump, which has also
been localized at the nodal axonal membrane.

As stated above, SC microvilli are embedded within a poorly defined
filamentous matrix, the nodal gap substance, which consists of
proteoglycans and non-sulfated mucopolysaccharides, which
contribute to the ability of methylen blue and a wide variety of metal
salts to label nodes of Ranvier (Hess and Young, 1952; Quick and
Waxman, 1977). The nodal gap is also stained by Griffonia
simplicifolia-B4 isolectin and peanut agglutinin (PNA), lectins that
recognize terminal o- and B-D-galactose, an epitope of the GMI1
ganglioside. Proteoglycans that are present at nodes include the V1
isoform of versican (Apostolski et al., 1994; Melendez-Vasquez et al.,
2005), the chondroitin sulfate proteoglycan NG2 (Martin et al., 2001)
and syndecan-3 and 4 (Goutebroze et al., 2005; Melendez-Vasquez et
al., 2005). Syndecan-3 is a transmembrane HSPG, which localizes to
nodes at early stages of development and is subject to
metalloproteinase cleavage in cultured Schwann cells and P4-P10
nerves, raising the possibility that its ectodomain is shed into the
nodal gap (Asundi et al., 2003). This could suggest a role for
syndecan-3 in node organization, however, the analysis of adult

syndecan-3 null mice has not identified significant defects in Nav
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clustering or nodal morphology (Melendez-Vasquez et al., 2005).
NG2 knock out mice were also analyzed for their nodal architecture,
but no obvious abnormalities were found (Colombelli and Feltri,
unpublished observation).

Finally, the nodal matrix is also enriched in laminins, in particular
laminin 211 and 511 (Occhi et al., 2005), and collagen 04(V) that is

known to interact with syndecan-3 (Chernousov et al., 1996).

1.3.3 Paranodes

Flanking the node of Ranvier, the compact myelin sheath opens and
forms a cytoplasmic corridor that spirals around the axon and tightly
associates to the axolemma by junctional complexes, known as
axoglial or paranodal junctions (PNJs). Observed in longitudinal
sections they appear as cytoplasmic loops derived from each turn of
the myelin wrap (Fig. 6C). Axoglial junctions appear relatively late
during myelination, first generated closer to the nodes by the most
outer paranodal loop and then forming gradually as additional loops
are attached to the axon. Paranodal loops are held in register with one
another by autotypic adherens and tight junctions (Fannon et al., 1995;
Scheiermann et al., 2007) and communicate between each other
through gap junctions (Meier et al., 2004).

In the paranode, the glial and neuronal cell maintain their closest
apposition, 2.5-3 nm, and the pockets of the Schwann cell lamellae
indent the surface of the axon, connecting with it through a series of
ridges (transverse bands) that are reminiscent of invertebrate septate
junctions. Freeze-fracture EM revealed that these junctions are

composed of rows of large particles on the glial membrane that are in
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register with a double row of smaller particles on the axolemma
(Wiley and Ellisman, 1980). The molecular composition of these
paranodal septate junctions remained elusive until the identification of
proteins that localized to Drosophila septate junctions, like neurexin
IV (Baumgartner et al., 1996). Subsequently, three independent
studies identified the vertebrate homologue of neurexin IV, referred to
as contactin-associated protein (caspr), paranodin, or NCP1, which
localizes to paranodal septate junctions (Einheber et al., 1997;
Menegoz et al., 1997; Peles et al., 1997). Caspr is expressed at the
paranodal axolemma where it forms a complex in cis with the GPI-
anchored protein contactin that in turn binds in frans the 155 kDa
isoform of neurofascin (Nf155) on the glial, paranodal loops (Rios et
al., 2000; Charles et al., 2002). The association between caspr and
contactin occurs in the endoplasmic reticulum, is required for the
efficient export of caspr from the ER to the plasma membrane (Faivre-
Sarrailh et al., 2000), and regulates the glycosylation and the transport
of contactin (Gollan et al., 2003). Accordingly, in contactin mutant
mice caspr remains in the soma and is not transported into the axon or
the paranodes (Boyle et al., 2001) and in caspr null mice paranodal
contactin is either absent or undetectable (Bhat et al., 2001).

Genetic inactivation of caspr, contactin and Nfl155 have further
confirmed that these proteins are essential for the formation of the
axoglial junction and the conduction of action potentials, as knock out
mice exhibit major defects of the paranodes and decreased conduction
velocities (Bhat et al., 2001; Boyle et al., 2001; Sherman et al., 2005;
Pillai et al., 2009). Particularly, in these mutants transverse bands are

absent and the paranodal loops are less tightly apposed to the axon
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with some everted terminal loops, intrusion of microvillar processes
between the loops and the axon, and an increased periaxonal space.
Disruption of the paranodal septa minimally affects the distribution of
nodal Nav, with a small increase in nodal length and a mild reduction
in intramembranous particles at the nodal axolemma (Bhat et al.,
2001). Both the paranodal and the nodal phenotype of caspr and
contactin null mice is more pronounced in CNS than PNS, suggesting
that interactions mediated by the nodal microvilli and with the basal
lamina may contribute to paranodal stability in peripheral nerves.
However, both in CNS and PNS the absence of septate junctions alters
the distribution of potassium channels Kv1.1/1.2 that are re-
distributed to the paranodes instead of being located to juxtaparanodes
(see below). Therefore, paranodal junctions are considered sort of
fences that separate lateral axonal domains, acting as barriers for ion
diffusion away from the node and by spatially separating voltage-
activated sodium channels (Nav) and voltage-activated potassium
channels (Kv) between the node and the juxtaparanode, respectively.

The functional importance of septate junctions is further demonstrated
by mice deficient in the myelin glycolipids galactocerebroside and
sulfatide (Cgt and Cst¢ null) which lack the caspr-contactin complex
from paranodes and exhibit paranodal defects comparable to those of
the aforementioned paranodal mutants (Dupree et al., 1998; Honke et
al., 2002). The precise role of these glycolipids in junction assembly is
still not understood, but it has been hypothesized that they may be
required for appropriate trafficking and partitioning of glial receptors
to paranodal lipid rafts (Schafer et al., 2004). This is in accordance

with the paranodal abnormalities observed in animals that lack MAL
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(myelin and lymphocyte protein), a raft component implicated in the
apical secretion of membrane proteins in epithelial cells (Schaeren-
Wiemers et al., 2004).

The molecular link between the paranodal septate junctions and the
axonal cytoskeleton is provided by caspr through the protein 4.1B,
which is enriched in paranodes and juxtaparanodes (Ohara et al.,
2000). The short intracellular tail of caspr contains a sequence motif,
identified as GNP (glycophorin C, neurexin IV, paranodin), that
provides a site of anchorage for the FERM domain of 4.1B
(Denisenko-Nehrbass et al., 2003). This interaction is required for the
stable membrane retention of caspr at the paranodes (Gollan et al.,
2002) and for the generation of an efficient membrane barrier at the
PNJ, as caspr mutants lacking their 4.1B binding sequence are not
able to rescue the paranodal invasion of Kvl in caspr null mice
(Horresh et al.,, 2010). In support of this, Kvl are abnormally
distributed at paranodes in the shambling mutant mouse, which
expresses a truncated caspr protein lacking its entire cytoplasmic
domain (Sun et al., 2009). Furthermore, two recently generated 4./B
null mice show mislocalization of caspr and destabilization of PNJs,
establishing a relevant role for 4.1B as an adaptor protein that links
axoglial complexes to the axonal actin-spectrin cytoskeleton, ensuring
long-term stability of axonal domains (Buttermore et al., 2011;
Cifuentes-Diaz et al., 2011).

The axonal cytoskeleton at the paranodes is highly specialized and
also contains ankyrin-B and oll and BII spectrins, that form a
macromolecular complex with 4.1B (Ogawa et al, 20006).

Examination of caspr null mice showed that ankyrin-B fails to
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accumulate at paranodes in the absence of PNJs, suggesting that
neuron-glia interactions are important for the organization of the
axonal cytoskeleton. In zebrafish, all spectrin is also transiently
expressed at nodes and promotes proper Nav clustering at these sites
(Voas et al., 2007).

Less is known about the SC cytoskeleton. No ankyrins have been
reported to be expressed in myelinating glial cells. However, it was
shown that the 4.1G protein is enriched at paranodes (Ohno et al.,
2006), although a study on 4./G null mice has not revealed any
abnormalities in PNJ formation (Terada et al., 2011). Nonetheless, a
very recent work shows that 4.1G is also localized at the periaxonal
membrane, where it is required for the polarized distribution of either

glial or axonal proteins along internodes (Ivanovic et al., 2012).

1.3.4 Juxtaparanodes

The juxtaparanode lies just under the internodal compact myelin
sheath, immediately adjacent to the innermost paranodal loop. This
domain extends into the internodes for 5-15 pum, and is characterized
by high densities of two delayed rectifier potassium channels of the
Shaker-type, Kvl.1 and Kv1.2, with their  subunits and a complex of
adhesion molecules that anchors the channels to this site (Wang et al.,
1993). Although the role of juxtaparanodal Kvl channels is still
unknown, they are thought to have an important physiological
function, acting as an active damper of re-entrant excitation to
maintain the internodal resting potential (Vabnick et al., 1999). The
finding that Kv1.1 null mice have abnormal impulse generators near

the neuromuscular junctions supports this idea (Zhou et al., 1998).
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Similarly, mutations in the human KCNAC/! gene are associated with
ectopic impulse generators in the distal aspects of motor axons. Kv
may also provide a pathway for the movement of K’ ions that
accumulate with electrical activity, from the axoplasm into the
periaxonal space, being then removed through connexin-29
hemichannels located at the adaxonal membrane of the myelinating
Schwann cell (Altevogt et al., 2002).

Kv1.1 and Kv1.2 form a macromolecular complex with the adhesion
molecule Caspr2 and the GPI-anchored transient axonal glycoprotein-
1 (TAG-1) on the axon and TAG-1 on the glial membrane (Poliak et
al., 1999; Traka et al., 2003). Adhesion is mediated by homophilic
trans interactions of TAG-1. This complex is essential for the
accumulation of Kv1 in the juxtaparanodes as disruption of caspr2 or
TAG-1 results in a remarkable decrease of Kv1 enrichment at these
sites (Poliak et al., 2003; Traka et al., 2003).

Caspr2 interacts with 4.1B on the axon via its FERM domain, such as
caspr at paranodes (Denisenko-Nehrbass et al., 2003). Furthermore, in
its C-terminal domain it also contains a PDZ-binding sequence that
can bind the membrane-associated guanylate kinases (MAGUK) PSD-
93 and PSD-95, which are both localized to juxtaparanodes (Rasband
et al., 2002; Horresh et al., 2008) and able to simultaneously bind the
a subunit of Kvl. Different studies have demonstrated that PSD-93
and PSD-95 are dispensable, whereas 4.1B is necessary for the proper
juxtaparanodal localization of Kv1 (Rasband et al., 2002; Horresh et
al., 2008 and 2010). A recent study has identified a disintegrin and
metalloproteinase 22 (ADAM?22) as a novel component of the Kvl

protein complex; ADAM22 is required to recruit PSD-93 and PSD-95,
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but not Kv1 and Caspr2 to juxtaparanodes and has been suggested to

play a role in the modulation of Kv1 function (Ogawa et al., 2010).

1.3.5 Mechanisms of domain assembly

How the Schwann cell-axon unit succeeds in assembling such
differently specialized domains along the myelinated fiber has been
subject of several studies. In the last decade, the mechanisms of nodal
domain formation have been gradually revealed by in vivo
developmental studies and the analysis of both SC-DRG co-culture
systems and mice deficient in key domain components.

Up to now it has been shown that domains assemble in progression,
starting with nodes, paranodes and juxtaparanodes that form
sequentially as myelination proceeds, during the first postnatal days
(Salzer et al., 2003). Furthermore, it is well established that, far from
being considered merely as a passive contributor, peripheral
myelinating glia has an active role in directing the formation of axonal
domains, directly regulating neuron excitability and structure. As
early in vitro studies suggested, peripheral nodes are not intrinsically
specified by the neuron, but are assembled from the outside in,
meaning that an interaction between Schwann cells and the axon is
necessary for Nav to cluster (Ching et al., 1999). This finding further
supported the observation that Nav aggregate in the vicinity of SC cell
processes also in vivo (Vabnick et al., 1996). Specifically, as the
Schwann cell wraps the axon, Nav present at lower levels along the
internode, or possibly newly synthetized Nav, starts to aggregate in
close association with SC microvilli, forming pairs of clusters

between two neighbouring Schwann cells (known as heminodes or
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node intermediates) that eventually fuse to form a node of Ranvier
(Vabnick et al., 1996; Pedraza et al., 2001).

The formation of proper nodes of Ranvier requires different
mechanisms: the glial recruitment of nodal proteins, the retention and
stabilization of nodal clusters on axons through interaction with
cytoskeleton and scaffolding proteins, and the restriction of membrane
protein mobility through the formation of paranodal junctions.
Initially, gliomedin and glial NrCAM, expressed early at SC
microvilli, are secreted and incorporated in the surrounding ECM
(Eshed et al., 2007; Feinberg et al., 2010). At this site, they bind the
ectodomain of Nf186, which is cleared from internodes
(Dzhashiashvili et al., 2007) and forms an initial cluster with axonal
NrCAM. When these CAMs are positioned, they function as a
docking site for ankyrin-G, which in turn forms a scaffold for the
retention of Nav, KCNQs and BIV spectrin, the latter ensuring the
tethering of the complex to the nodal cytoskeleton. In the PNS, the
structural stability of the nodal complex is also provided by the
Schwann cell, that mechanically maintains the position of the nodal
cluster through microvilli (Occhi et al., 2005).

To ensure that Nav are found at high density at nodes, Schwann cells
have evolved a second mechanism that is cooperating with, yet
independent from the one described above. This second mechanism
occurs when paranodal junctions form and acts like a snow-plough,
excluding nodal proteins from beneath the myelin sheath and
restricting them to nodes of Ranvier. This idea that two backup
systems exist for Nav clustering at nodes is experimentally supported:

first, gliomedin and NrCAM null, as well as caspr null mice still
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assemble nodes, although with slight defects (Bhat et al., 2001; Custer
et al., 2003; Feinberg et al., 2010); second, double mutants lacking
both gliomedin or NrCAM and caspr have dramatically impaired node
formation (Feinberg et al., 2010), suggesting that PNJ and ECM-CAM
interactions are overlapping mechanisms to facilitate Nav clustering
(Fig. 9). However, in contrast with the idea that paranodes may suffice
to induce Nav clustering in the absence of nodal CAMs, a recent study
has shown that paranodal domains fail to rescue the Nav clustering
defect in mice lacking Nf186 (Thaxton et al., 2011). Furthermore,
these authors suggest that Nf186 complex acts itself as a molecular
boundary to prevent the lateral mobility of the flanking paranodes into
the nodal space. These discrepancies between the two studies may

reflect the different experimental conditions respectively used.

As myelin lamellae are elaborated, their lateral edges form the
paranodal loops; those closest to the node are generated first. PNJs
similarly mature in a sequence beginning with loops closest to the
node, progressing inward (Tao-Cheng and Rosenbluth, 1983). Even
the assembly of the paranodal junctions requires axo-glial interactions.
Caspr accumulates at paranodes shortly after gliomedin, ank-G and
Nav at nodes, whereas the glial-specifc splice variant of the
neurofascin gene (Nf155) is expressed and concentrated at paranodal
loops subsequently to its neuronal isoform. The establishment of a
distinct detergent-resistant, low-density lipid environment is also a
good candidate for the initiation of the clustering of paranodal
proteins to PNIJs, thus excluding nodal and juxtaparanodal

components solely on the basis of their inability to partition into
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paranodal membranes (Schafer et al., 2004).

Like nodes of Ranvier, the proper assembly of juxtaparanodes also
depends on at least two distinct neuron-glia interactions. On one hand
the PNJs exclude Kv1 from the paranodal region, as evidenced by the
paranodal invasion of Kvl in paranodal mutants (Bhat et al., 2001;
Boyle et al, 2001), on the other hand, the formation of the
juxtaparanodal tripartite complex between glial TAGI1 and
Caspr2/TAG]1 on the axon induces Kv1 clustering, as demonstrated by
mice lacking either one of these proteins (Poliak et al, 2003; Traka et
al., 2003). Temporally, Kvl are transiently expressed at nodes
(Vabnick et al., 1999), then, together with Caspr2, are detected in the
paranodes, but are soon displaced to juxtaparanodes as caspr and

contactin accumulate.

Fig. 8 Organization and composition of domains of peripheral
myelinated fibers. A, Sciatic nerve teased fiber stained for nodal Nav
(blue), paranodal caspr (red) and juxtaparanodal Kv1.1 (green). B-C,
Scheme of a longitudinal cross section through a myelinated axon; the
axon, with intracellular organelles concentrated in the nodal region, is
in red and myelinating SCs are in light blue. The node of Ranvier
(blue) is contacted by microvillar processes arising from the outer
collar of the Schwann cells; the nodal gap substance and basal lamina
are not shown. The paranodal junctions (green) flank either side of the
node. The location of the juxtaparanodes (violet) and internodes (red)
are shown. Major components of these different domains of the
Schwann cell including nodal matrix components synthesized by the
Schwann cell (top row) and axonal components including cell
adhesion molecules (CAMs), cytoskeletal proteins, and ion channels
are listed (from Salzer et al., 2008).
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Fig. 9 Mechanism of Nav clustering. As depicted in the diagrams,
PNS nodes are assembled through three cooperating mechanisms:
interaction of gliomedin and glial NrCAM with axonal Nf186, which
allows Nav to initially cluster at heminodes; restriction by the

paranodal diffusion barrier (caspr/contactin-Nf155); and stabilization
of the clusters by interactions with the underlying cytoskeleton
(modified from Susuki and Rasband, 2008 and Feinberg et al., 2010).
On the right, myelinating co-cultures of DRGs and SCs were
immunolabeled for Nav (green in A, B, C), caspr (red) and
neurofilament (blue). The elongation of SCs along the axon causes
Nav clusters to move (B) until two heminodes fuse in a mature node
(C) (from Pedraza, 2001).

1.4 Schwann cell basal lamina

The whole Schwann cell-axon unit is surrounded by a basal lamina
(BL), which is synthetized and deposited by both myelinating and
non-myelinating Schwann cells on their abaxonal surfaces. At the
ultrastructural level, BLs are sheet-like structures that generally range

from 50 to 100 nm in thickness and that can be visualized with
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periodic acid Schiff and silver staining.

As in other tissues, Schwann cell basal lamina is a basement
membrane whose extracellular matrix components organize giving
rise to an internal lamina, known as lamina lucida, which faces and is
linked to the cell membrane, and an external, fibrillar matrix, called
lamina densa. The composition of basal lamina is cell-specific and
changes in space and time, with differences not only among different
tissues, but also in sub-regions of the same tissue, and during
development. In adult Schwann cells, the outer BL electron-dense
layer is enriched in collagen fibrils (type-I and III), whereas the inner
electrolucent layer contains sulphated proteoglycans (agrin, perlecan,
syndecans), nidogen-1/entactin, collagens (type-IV and V) and is
particularly enriched in laminins. Moreover, the cell-anchored
galactosyl-sulphatide binds laminins and this interaction is believed to
promote BL assembly (Li et al., 2005). The highly organized
supramolecular architecture of BLs is at least in part guaranteed by the
self-binding of laminin and collagen IV molecules to form a mesh-like
polymer, and by the binding interactions among individual laminins,
nidogens, collagens and other components.

In the last few years, the role of basal lamina has emerged to be much
more than merely structural, implying BL components and their
cellular receptors in the control of many cellular functions, such as
migration, proliferation and survival, actin-cytoskeleton dynamics,
polarization and differentiation (for review, Reichardt and Prokop,
2011). Particularly, in the PNS an example is represented by the role
of collagens, laminins and their receptors in controlling the proper

ensheathment and myelination of axons (Feltri and Wrabetz, 2005;
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Chernousov et al., 2008).

During peripheral nerve development, ECM components are secreted
and a rudimentary basal lamina starts to be deposited by immature
SCs at E15-16 in mice. Although this early BL can be discontinuous
and less well organized, signals from laminins are processed probably
by Schwann cells via a6B1 integrin receptor to sort large caliber axons
destined to be myelinated away from smaller axons. Laminins
promote radial extension of cytoplasmic processes around axons and
support SC proliferation and survival to match their number to that of
axons. When at the promyelinating stage, SCs have reached a 1:1
relationship with axons and the nerve fiber is encircled by a
completely mature basal lamina. At this stage, SCs express laminin
receptors as dystroglycan and integrin a6f4. From Pl onwards,
signals from laminins through the dystroglycan receptor are required

for proper morphogenesis of myelinated axons (reviewed below).

1.4.1 Schwann cell basal lamina constituents

One of the prominent components of SC basal lamina are laminins,
whose structure and functions are reviewed in the next section. A brief
description of the heparan sulfate proteoglycans perlecan and agrin is

also added, being relevant for this thesis.

Laminins

Laminins are secreted heterotrimeric glycoproteins composed of one
a, one B and one y chain (afy). Each chain is encoded by different
genes and a wide diversity in the laminin trimers is generated through

the combinatorial assembly of five a, four B and three y subunits. So
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far at least 15 different heterotrimers have been observed in nature
(Miner, 2008). Laminin heterotrimers are relatively large proteins
(with molecular masses ranging from 400 to 900 kDa) and exist as
cross-shaped molecules with two or three short arms and one long
arm.

The a chains contain a large (100 kDa) C-terminal globular domain,
the G-domain, that can be subdivided into five self-folding [-
sandwich modules, termed laminin G (LG1-5) modules, with a hinge-
like region between LG3 and LG4. LG modules are generally
involved in the interaction with several cellular receptors. In
particular, epitopes located along the LGI-3 domains have been
shown to interact preferentially with integrin receptors, while
glycoconjugate-type  receptors, including heparan  sulfates,
galactosylsulfatide (a glycolipid), and a-dystroglycan, are focused at
sites on the LG4 and LG5 domains. Moreover, all the o chains contain
a long coiled-coil domain (I/II) that mediates heterotrimer assembly
with similar domains contained in the  and y chains. Almost all the o
chains have also laminin N-terminal domains VI (LN VI), which
make the heterotrimers capable of polymerization into a network via
inter-trimer domain VI interactions. Although, when present, the N-
terminal short arm domains share a high sequence homology, different
laminin isoforms show the greatest variability in arm length and
domain number in the short arm. Based on these short arm
differences, laminins can be divided into three different subfamilies,
known as cruciform, Y-shaped and rod-shaped, with chains al, a2 or
a5 having full complements of domains in each short arm, or chains

a3A or o4 carrying extensive, if not complete, truncations in their
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short arms (Fig. 10G).

All laminin chains have N-terminal secretion signals that target them
to the ER, where trimers are assembled. Initially, disulfide-linked
dimers of the - and y-subunits form; then, the By dimer is retained in
the cytoplasm and requires o subunit incorporation, and therefore
trimerization, to drive secretion (Yurchenco et al., 1997). As laminin
chains make their way through the secretory pathway, they also
become glycosylated.

Once in the extracellular space, both laminin self-polymerization
(interaction between same trimers) and laminin co-polymerization
(interaction between different isoforms) occur; these processes are
dependent on the binding of LN domains on the short arm of each
trimer and occur when the laminin molecule is bound to cell surface
receptors (Cohen et al., 1997). Moreover, following their secretion
and deposition, laminins interact with several matrix proteins, and this
might affects laminin deposition, BL organization and stabilization.
Besides organizing basement membrane assembly on cell surfaces
(Yurchenco and Patton, 2009), laminins play two additional and
overlapping roles in mammals: they provide attachment sites for cells
via cell surface proteins, by linking BL to the underlying cytoskeleton
(Henry and Campbell, 1996); and they act as ligands for receptors on
cells (e.g. integrins, DQG), initiating signals that influence -cell
behaviour and survival (Schwartz, 2001).

During PNS development, the major laminin isoforms expressed are
LM 211 (old designation, a2f1y1) and LM 411 (a4B1y1). In postnatal
peripheral nerves, adult SCs express LM 211, LM 411 and LM 511

(a5B1yl), whereas LM 421 (04p2yl) and LM 521 (a5B2yl) are
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present in the basal lamina of perineurial cells. Laminin 211 is the
major laminin isoform expressed in PNS and it is present all along the
basal lamina, with enrichments at nodes of Ranvier (Masaki et al.,
2002; Occhi et al., 2005). Laminin 411 is expressed at higher levels in
embryonic and early postnatal endoneurium, but it continues to be
expressed, albeit at lower levels, in adult BL. Laminin 511 is enriched
around nodes and paranodes (Vagnerova et al., 2003; Occhi et al.,
2005) and it becomes expressed and polarized to nodes relatively late
during postnatal development (Colombelli and Feltri, unpublished
observation). It is worth noting that the SC basal lamina is
longitudinally polarized, similar to the axon underneath (Fig. 10A-F).
Schwann cells require laminins throughout nerve development, for the
sorting of axons before birth, and the formation of myelin internodes
after birth.

The importance of laminins in peripheral nerve development and
maintenance has been evidenced by Schwann cell-neuron co-cultures
that showed that laminin deposition is required for myelination in
vitro (Fernandez-Valle et al., 1993). This was confirmed by in vivo
evidences: first, the observation that laminin o2-chain mutant mice,
also known as dystrophic (Lama2®® and Lama®™*"®*; see below)
mice, have naked axon bundles lacking ensheathment and
myelination, and show reduced internodal lengths and altered Nav
clustering at nodes (Bradley and Jenkison, 1973; Stirling, 1975; Occhi
et al.,, 2005; Court et al., 2009); second, mice lacking laminin 7yl
specifically from SCs have amyelinated nerve fibers, with most axons
naked and tightly compacted, impaired SC proliferation, a dramatic

reduction in conduction velocity, absence of a continuous BL and
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altered Nav clustering (Chen and Strickland, 2003; Yu et al., 2005;
Occhi et al., 2005); third, even laminin o4 null mice show
hyopomyelination and polyaxonal myelination in the distal nerve

(Yang et al., 2005; Rasi et al., 2010).

Fig. 10 Laminins are polarized along SC basal lamina. Laminin
211 is enriched at nodes of Ranvier (A-C), while laminin 511 is
localized around nodes and paranodes (D-F) (from Occhi et al., 2005).
G, Schematic drawing of laminin 211 and 511: they are afy trimers
with the classic cruciform structure. The domains of binding to other
basal membrane components - nidogen (Nd), agrin, other laminins
(Polymer), - and to surface receptors - aff integrins, dystroglycan (a-
DG), Lu/BCAM (Lu) - or sulfated-carbohydrates (s-CHO) are
indicated (from Miner and Yurchenco, 2004).
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Perlecan

Perlecan is one of the most abundant heparan sulfate proteoglycans in
vertebrate basement membranes and it is expressed in the Schwann
cell basal lamina as well (Eldridge et al., 1986). Its eponym reflects a
‘beads on a string’ domain structure as visualized by rotary shadowing
electron microscopy (Bix and lozzo, 2008).

Its core protein is large (~400 kDa) and consists of five distinct
domains, including the fourth and fifth regions that are comprised of
Ig-like repeats and LG domains, sites of interaction with a host of
matrix molecules and cell surface receptors. These associations
include nidogen-1 and collagen IV (domain IV), integrin a2B1 and o-
dystroglycan (domain V). Laminins, through their interactions with
nidogen-1, can also form ternary complexes with perlecan.

Perlecan heparan sulfate (HS) side chains, located primarily in the N-
terminal domain I, have the potential to bind laminins and type IV
collagen, and to tether FGF2 and other growth factors, functioning as
a growth factor reservoir, that regulate their transport and
accessibility.

Despite these many interactions and its widespread deposition in BLs,
perlecan does not appear to have a principal role in basement
membrane assembly. Basement membranes develop normally both in
mutant mouse embryos homozygous for a null allele of the perlecan
gene (Hspg?2), which survived to between E10.5 and E19 (Arikawa-
Hirasawa et al., 1999; Costell et al., 1999), and in patients with
various mutations of HSPG2 gene. However, perlecan may have a

critical role in the maintenance of the integrity and stability of the
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basement membranes especially in tissues that are subject to
mechanical stress (Costell et al., 1999).

In humans, two rare skeletal disorders, the severe neconatal lethal
dyssegmental dysplasia, Silverman-Handmaker type (DDSH), and the
relatively mild Schwartz-Jampel syndrome (SJS), are both due to
mutations in HSPG2 gene (Arikawa-Hirasawa et al., 2001; Nicole et
al., 2000). The phenotypic differences between DDSH and SJS
patients are due to ‘quantitative’ changes, that is, the phenotype
severity depends on the amount of functional perlecan in the matrix.
DDSH is a lethal autosomal recessive disorder, in which truncated
perlecan molecules are not properly secreted into the extracellular
space. In contrast, patients with SJS, a nonlethal, autosomal recessive
disorder, secrete truncated forms of perlecan generally lacking domain
V or parts of domain V, thus only partially functional. The SJS
phenotype is complex and includes varying degrees of myotonia and
chondrodysplasia. The former is thought to occur because perlecan is
required for binding to acetylcholinesterase at the neuromuscular
junction (Peng et al., 1999).

In this thesis two Hspg2 mutant mice are analyzed. The first is a
compound heterozygote of the null allele and an allele carrying a
missense mutation, C1532Y, corresponding to a human familial SJS
mutation (Stum et al., 2008). Almost no perlecan is secreted in the
BLs of these mice, which suffer from chondrodysplasia and muscle
stiffness with spontaneous activity at rest on electromyogram (EMG).
This latter feature has been associated with peripheral nerve
hyperexcitability (Echaniz-Laguna et al., 2009).

The second animal model is the Hspg2*¥* mouse, lacking exon 3 of
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Hspg2, which causes the loss of the three HS attachment sites in
domain I, without altering perlecan expression or secretion (Rossi et
al., 2003). These mice are viable and fertile, with no obvious
macroscopical alterations under physiologic conditions, apart from
structural abnormalities in the lens capsule. However, loss of HS
chains results in impaired angiogenesis, delayed wound healing, and
retarded tumor growth due to a decreased trapping and presentation of
FGF2 (Zhou et al., 2004). This result could suggest that perlecan HS
chains might have a similar role in different ligand sequestration and

presentation to their high-affinity receptors in other tissues.

Agrin

A second heparan sulfate proteoglycan of basement membranes is
agrin, a large (more than 400 kDa) multi-domain HSPG that exists in
several variant forms generated through alternative splicing and
transcription initiation sites. The most known isoform is the ‘active’
one, with a short N-terminal domain, that is expressed by motor
neurons at the neuromuscular junction, where it directs the clustering
of acetylcholine receptors (AChRs) (Ruegg and Bixby, 1998). The
predominant agrin isoform in BL contains an N-terminal NtA domain,
which binds the laminin y1 subunit of laminins 111, 211 and 221
(Mascarenhas et al., 1993). The C-terminal laminin globular (LG)
domain region of agrin contains sites of interaction with o-
dystroglycan and is required for heparan binding (Gesemann et al.,
1998). Agrin LG binding to dystroglycan has the highest affinity of all
of the LG domains tested. The affinity of NtA-agrin for both laminin

and dystroglycan may serve to increase laminin anchorage to cell
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surfaces in some tissues. This is consistent with the improvement in
sarcolemma basement membrane structure and function seen by over-
expression of a shortened version of agrin in /ama2 deficient mice
(Moll et al., 2001).

It was shown that Schwann cells express several agrin isoforms,
including the active one, which is able to induce the clustering of
AchR (Yang et al., 2001). This study suggested that perisynaptic SCs
may play a role in AchR clustering both in vitro and in vivo, although
not during synaptogenesis as the active form is expressed only in
regenerating axons, after nerve injury. Axonal SCs express both the
active and the inactive isoforms; whether active agrin could play a
role along myelinated fibers at sites different from NMJ is still not

known.

1.4.2 Laminin receptors

The laminin receptors expressed in peripheral nerves are integrins and
dystroglycan. During embryonic development Schwann cells express
a6Bl integrin, while a6p4 integrin and dystroglycan start to be
synthetized by SCs at the pro-myelinating stage; a781 integrin instead
is expressed later by mature SCs (Previtali et al., 2003).

In the next session I will focus on dystroglycan.

Dystroglycan

In 1987 a laminin-binding membrane protein was found in brain tissue
and was termed cranin (Smalheiser and Schwartz, 1987). Eight years
passed until this protein proofed to be identical with dystroglycan,

which was previously only thought to be associated with muscle
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membranes (Smalheiser and Kim, 1995). In the same years
dystroglycan was also identified in other non-muscle tissues, in
particular in PNS, where it is expressed at the SC abaxonal membrane
that faces the endoneurial basal lamina (Matsumura et al., 1993).
Dystroglycan is encoded by a single gene (DAGI) and cleaved into
two proteins, a-DG and B-DG, by post-translational processing (Holt
et al., 2000). The role of this cleavage and the protease or proteases
involved are still unknown. The two resultant proteins immediately
associate again by a non-covalent bond to form a tightly bound
heterodimer. This complex is anchored in the cell membrane by the
membrane-spanning B-DG and binds to extracellular partners via a-
DG (Ibraghimov-Beskrovnaya et al., 1992). The interaction with
extracellular matrix ligands, as laminins, agrin, perlecan, neurexin or
pikachurin, depends on post-translational modification (mainly
glycolsylation) of a-DG. Schwann cell dystroglycan is known to bind
LM 211 and agrin (Yamada et al., 1994 and 1996).

a-dystroglycan

a-DG is composed of three distinct domains: N-terminal, mucin-like
and C-terminal, with the globular N- and C-terminal domains
connected by the central mucin-like domain, which is highly
glycosylated by O-linked sugar chains (Brancaccio et al., 1995) (Fig.
11J). A recent study has identified a phosphorylated O-mannosyl
glycan on the mucin-like domain that is required for laminin binding
(Yoshida-Moriguchi et al., 2010). Extended glycosylation is the
reason why, although the a-DG core protein is 70 kDa, it migrates at

120 kDa in brain and peripheral nerve and at 156 kDa in skeletal
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muscle. A series of glycosyltransferases have been implicated in a-
DG glycosylation: POMT1 and POMT2, POMGnT1, fukutin, fukutin-
related protein (FKRP), and LARGE. In addition, it has been recently
shown that LARGE functions as a bifunctional glycosyltransferase,
with both xylosyltransferase and glucuronyltransferase activities,
which produce repeating units of [-3-xylose-al,3-glucuronic acid-f1-]
that allow a-DG to bind LG domain-containing ECM ligands (Inamori
et al., 2012).

Mutations in some of these enzymes have been identified in patients
with a subclass of congenital muscular dystrophies (CMDs), also
known as a-dystroglycanopathies, affecting skeletal muscle, eye, brain
and peripheral nerve to different extents. This suggests that a-DG
glycosylation is very important for its function in these districts
(Muntoni et al., 2008).

Another post-translational modification that involves o-DG is the
processing of its N-terminal domain by a proprotein convertase (PC),
called furin (Kanagawa et al., 2004; Singh et al., 2004). The N-
terminal domain has a sequence that is highly conserved between
different species, with a dumbbell-like shape structure that constitutes
an indipendent folding unit (Bozic et al., 2004). It is made up of two
autonomous domains: an Ig-like domain and a domain resembling the
rRna binding protein S6, connected by a long flexible linker. It spans
from residue 30 to 316, at the beginning of the mucin-like domain. At
residue 312, a putative cleavage site for furin has been found.
Cleavage at this site removes a 312 amino acid long peptide (a-DG-
N), both N- and O- sialylated, with a molecular weight of 37-45 kDa.

a-DG-N is secreted in a furin-dependent manner from multiple cell
60



types into culture medium. Moreover, it has been found at detectable
levels in human serum, cerebrospinal fluid and urine (Saito et al.,
2011; Hesse et al., 2011). Nonetheless, the physiological significance
of 0-DG-N is still unclear. Some authors demonstrated that it
functionally serves as an essential recognition site for the
glycosyltransferase LARGE during the maturation process of DG
(Kanagawa et al., 2004), others showed that recombinant a-DG-N
promotes neurite extension of PC12 cells and it can bind laminins
211, 221 and 111, fibronectin and fibrinogen (Hall et al., 2003). It is
also not known whether the proteolytic cleavage takes place inside the

cell or when DG is already inserted in the membrane.

B-dystroglycan

On the other extremity a-DG is anchored to B-DG in the Schwann cell
membrane. B-DG is a type-I transmembrane protein with a single
transmembrane domain and a 120 amino acid long C-terminal
cytoplasmic tail. B-DG has a molecular weight of 43 kDa and it is
only slightly glycosylated in its extracellular part. It has been shown
that in Schwann cells $-DG can be cleaved extracellularly by matrix
metalloproteinase 2 and 9 (MMP-2, MMP-9), vyielding a
transmembrane protein unable to bind a-DG, thus disrupting the
interaction with BL (Yamada et al., 2001; Zhong et al., 2006).

In the PNS, B-DG C-terminal domain is anchored to the cytoskeleton
through three dytrophin isoforms or homologues, which are Dp116,
dystrophin-related protein 2 (DRP2) and utrophin. Although it is
generally believed that dystrophins mediate B-DG interaction with

cytoskeletal proteins, a direct interaction between -DG and F-actin
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was also reported (Chen et al., 2003). The interaction between -DG
and dystrophins involves its WW C-terminal domain and it is
negatively regulated by phosphorylation (Sotgia et al., 2001).

Dpl116 is a SC-specific isoform of dystrophin, that derives from an
alternative promoter usage of the dystrophin gene, that generates a 5.2
kb transcript initiating 850 nucleotides upstream of the DMD exon 56,
only in Schwann cells (Byers et al., 1993). The protein product
represents the C-terminal domain of dystrophin, lacking actin-binding
and spectrin-like rod domains. B-DG binds Dpl16 either with high
affinity, through 15 C-terminal aa of DG C-tail, or with low affinity,
via 26 N-terminal aa of the C-terminal domain (Saito et al., 1999).
Instead, DRP2 is a dystrophin homologue encoded by a separate gene
(Roberts et al., 1996) and highly enriched in SCs. Here it binds B-DG
and periaxin, a SC-specific protein that in turn binds the cytoskeleton
(Sherman et al., 2001).

Utrophin is very similar in overall structure to dystrophin, it is not SC-
specific, but, differently from Dp116 and DRP2, directly binds F-actin
(Love et al., 1989).

Intracellularly, the dystroglycan complex directly or indirectly
interacts with various scaffolding proteins as well. al-dystrobrevin
and four syntrophin isoforms (al, B1, B2 and y2), which can bind
utrophin and dystrophin, are expressed in Schwann cells (Saito et al.,
2003; Albrecht et al., 2008). Moreover, -, d-, &- and {-sarcoglycans
and sarcospan have been detected in sciatic nerves (Saito et al., 2003).
The four sarcoglycan isoforms seem to form a stable tetrameric
sarcoglycan complex that associates with DG and Dp116 to constitute

a larger dystrophin-glycoprotein complex (DGC) in Schwann cells as
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in skeletal muscle (Imamura et al., 2000; Cai et al., 2007).

The Schwann cell abaxonal surface is organized into two distinctive
compartments: a cytoplasm rich domain, known as Cajal bands, and
appositions, in which the plasma membrane is tightly apposed to the
last turn of the myelin sheath (Fig. 5). Several studies have shown that
the molecular composition of the DGC is different between these two
domains (Albrecht et al., 2008; Court et al., 2009 and 2011). In the
former compartment, B-DG forms a complex with Dp116, utrophin,
al-dystrobrevin, syntrophins and the ABCA1 cholesterol transporter.
Appositions, instead, are enriched in B-DG linked to DRP2 and
periaxin (Fig. 12). Furthermore, our lab demonstrated that the
composition and localization of these different DG complexes along
the SC outer membrane depend on cleavage of f-DG by MMP-2 and
9; specifically, the cleaved form of B-DG, not capable to bind laminin,
preferentially associates to Dpll6 and utrophin in Cajal bands,
whereas full-lenght B-DG, capable of laminin binding, interacts with
DRP2/periaxin, along appositions (Court et al., 2011; see Chapter 3).
We proposed that this is a physiological process through which SCs
remodel their cytoplasmic compartments.

The polarization of different DG complexes in different SC domains
also regards the node of Ranvier. Here, the major intracellular partner
of B-DG are Dpll16 and utrophin, whereas DRP2 has not been
detected (Occhi et al., 2005).

Besides the ‘classical’ molecules involved in the DGC, a myriad of
other proteins and signaling molecules have been shown to interact
with dystroglycan in non peripheral nervous tissues. One example is

ezrin, an ERM expressed at nodal microvilli, that have been reported
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to bind B-DG and to play a role in filopodia formation in epithelial
cells (Spence et al., 2004).

o-DG B-DG
membrane
129 316 485 653 895
SPI N-terminal [ Mucin-like l C-terminal
Mucin-like l C-terminal
cleavagy
’ N-terminal ‘

Fig. 11 o- and p-dystroglycan are enriched at nodes of Ranvier,
with the 116 kDa dystrophin isoform. Teased fibers of adult rat
sciatic nerves stained with antibodies against a-DG (A), B-DG (D), or
Dp116 (G) and the paranodal marker caspr (green) (from Occhi et al.,
2005). J, Schematic representation of dystroglycan. DG is synthesized
as a single polypeptide of 895 residues that is post-translationally
cleaved in a- and B-DG. a-DG consists of three domains: mucin-like,
C-terminal and N-terminal. The latter can be further processed by a
furin protease. Instead, B-DG can be cleaved by MMP-2 and -9 in its
extracellular domain (not shown; adapted from Saito et al., 2008).
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Fig. 12 Distinct DGC are differently compartmentalized in
Schwann cell cytoplasm. In Cajal bands DG associates with Dp116
and utrophin that in turn interacts with F-actin (top). In membrane
portions directly apposed to myelin sheath, DG binds DRP2, which in
turn interacts with periaxin. This type of DGC lacks syntrophins and
dystrobrevin (bottom) (from Masaki and Matsumura, 2010).
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1.5 Animal models

Insights into the role of dystroglycan in the peripheral nervous system
have come mainly from studies on animal models. The constitutive
DG knock out is embryonic lethal (~E5.5), due to disruption of
Reichert’s membrane, one of the first basement membranes that form
during early murine development (Williamson et al., 1997). To bypass
this obstacle, mice in which dystroglycan was disrupted selectively in
Schwann cells were generated using the PO protein promoter and Cre-
loxP technology (Saito et al., 2003). Moreover, mice with o-
glycosylation defects were analyzed in the PNS to elucidate the role of
a-DG glycosylation (Hewitt, 2010). The function of some DGC-
associated proteins was assessed through the analysis of the
sarcoglycan null hamster (Cai et al., 2007), the periaxin null mouse
(Gillespie et al., 2000), and the utrophin null mouse (Court et al.,
2009). The deficiency or mutation of the major DG extracellular
ligand in PNS, laminin 211, are modeled by the dystrophic mouse and
its many variants.

Recently, a new mouse model was generated harbouring a missense
mutation (T190M) in the o-DG N-terminal domain, which was
identified in a patient with limb-girdle muscular dystrophy (LGMD)
and cognitive impairment. Unfortunately the peripheral nerve was not

evaluated in this report (Hara et al., 2011).

1.5.1 Dystroglycan null mouse
The Schwann cell dystroglycan null mouse (dgko) exhibits a variety
of morphological and functional abnormalities. Altered myelination

has been detected by the presence of polyaxonal myelination,
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redundant myelin loops, most commonly forming comma-shaped
extensions along the entire internode, and abnormally folded myelin
sheaths that are more frequent and irregularly thickened in older mice.
Only few hypomyelinated fibers were observed, as well as axonal
degeneration and signs of demyelination/remyelination that were
occasionally seen only in the motor component of old mice (Saito et
al., 2003; Figlia et al., 2011). Recently, a study has also shown that in
a specific genetic background the loss of DG can cause an arrest in
radial sorting, mostly in spinal roots, which resembles the defect
found in laminin a2 mutants (Berti et al., 2011). Another remarkable
abnormality of DG deficient mice is represented by the altered
clustering of Nav at nodes of Ranvier. Nav clusters are less intense,
abnormally shaped, lack definite corners, and are diffusive (Occhi et
al., 2005). The nodal abnormality is also evidenced by variable
degrees of microvilli disorganization and blunting, and axonal
abnormalities as presence of elongated axonal protrusions, known as
domes or spines, in the nodal gap (Saito et al., 2003). The analysis of
the Nav clustering defects in these mice is one the objectives of the
present work (see Chapter 2).

Another feature of DG null mice is the shortening of internodes,
which has been associated to the disruption of Cajal bands/appositions
in the outer SC cytoplasm (Court et al., 2009). This, together with the
Nav clustering defect, is probably the prominent cause of the
electrophysiological abnormalities found in both motor and sensory
nerves, where conduction velocity is slowed and action potential

amplitudes are reduced (Saito et al., 2003).
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1.5.2 Mice with a-glycosylation defects

Peripheral nerve involvement in human a-dystroglycanopathies,
namely congenital muscular dystrophy 1D (CMDI1D), muscle-eye-
brain disease (MEB), Walker-Warburg disease (WWS) and Fukuyama
congenital muscular dystrophy (FCMD), has not been extensively
studied. However, three different mouse models have been analyzed
in PNS: the two LARGE mutants, myd and enr (Rayburn and
Peterson, 1978; Levedakou et al., 2005), and the fukutin-deficient
chimeric mouse (Saito et al., 2007). All the three models show a radial
sorting defect similar to that found in DG deficient mice. Moreover,
internodal lengths are shorter in LARGE™? mice and conduction
velocity and amplitude are reduced as well. Hence, the link between
reduced o-DG glycosylation and laminin binding, and loss of
functional dystroglycan is supported by the production of similar
phenotypes in DG null and glycosyltransferase mutants. However, one
difference with DG deficient mice is that the aberrant Nav clustering

has not been observed in LARGE mutants (Levedakou et al., 2005).

1.5.3 Sarcoglycan null hamster

The importance of the DGC in peripheral nerves is also demonstrated
by the phenotype of sarcoglycan null hamsters (BIO14.6). In these
mutants, the loss of the sarcoglycan complex leads to a reduction of
both a-DG and Dp116, with a consequent decrease of DGC stability,
that induces age-dependent myelin disruption, abnormal foldings,
disorganized SLIs. However, Nav clusters are not altered (Cai et al.,

2007).

68



1.5.4 Periaxin null mouse

Studies of periaxin null mice revealed a unique aspect of DGC
biological function in Schwann cells. Periaxin null mice do not show
any defect in peripheral nerve development, instead they show
progressive demyelination and abnormal myelin foldings in sciatic
nerve, suggesting unstable myelin sheath. Moreover, these mutants
exhibit abnormal Schwann cell compartmentalization and reduced
internodes associated with a remarkable decrease in conduction
velocity (Gillespie et al., 2000; Court et al, 2004). Loss of periaxin
due to mutations in PRX gene is responsible for a human hereditary
demyelinating neuropathy, CMT4F, with sensory-motor involvement.
The homozygous PRX mutation C715X, causing expression of a
truncated form of L-periaxin, results in a relatively milder phenotype
of CMT neuropathy with sensory dominant involvement. Nerve
biopsy shows loss of myelinated fibers, onion bulbs, focal thickening
of myelin sheath, and myelin folding, which were similar to the nerve
pathology of periaxin null mice (Takashima et al., 2002). Similar
features, indicative of acute demyelination, have been detected also in
old DG deficient mice and are aggravated by the ablation of P4
integrin (Nodari et al., 2008).

1.5.5 Utrophin null mouse

The PNS of utrophin null mice has been described by Court et al.,
who determined shortened internodes and disrupted Cajal
bands/appositions, suggesting that this dystrophin isoform mediates
the linkage between laminin 211/DG and the actin cytoskeleton,

guiding the formation of proper SC compartments (Court et al., 2009).
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1.5.6 Dystrophic mouse

There is a series of dystrophic mice carrying different mutations or
disruption of the laminin a2 chain coding gene, that are used as
models for the human disorder known as congenital muscular
dystrophy 1A (MDCI1A; see below). The most studied are the
naturally occuring dystrophia muscularis dy/dy (Michelson et al.,
1955) and dy2J/dy2J mice (Meier and Southard, 1970), and the
targeted inactivated dy3k/dy3k (Miyagoe et al., 1997). In dy/dy mice,
laminin a2 expression is absent in nerves and muscles and, although
mapped to the Lama?2 locus, the causative mutation has not been
found. Dy2J/dy2J mutants carry a point mutation causing an in-frame
deletion of the a2 LN VI domain that results in a protein unable to
polymerize, therefore not functional (Xu et al., 1994; Sunada et al;
1995a). The dy3k/dy3k is a full targeted knock out, not expressing
laminin o2 and exhibiting a severe phenotype. Dy2J/dy2] has a
peripheral nerve phenotype similar to that of dy/dy and dy3k/dy3k,
but is more benign due to a more slowly progressive skeletal muscle
degeneration. Thus, it has a longer lifespan and it is more suitable for
experimental use.

All these dystrophic mice provide a strong experimental model of the
human disease, accurately reflecting the variable extent of both
muscle and peripheral nerve pathology in the affected human patient
population. The demonstration that the peripheral neuropathy
significantly contributes to the disease phenotype came from the
transgenic rescue of laminin defect in muscle of dy/dy mice, in which
improvement in muscle morphology and function did not eliminate a

progressive lameness of hind legs, suggestive of a nerve defect
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(Kuang et al., 1998).

In general, dystrophic mice are not able to polymerize a normal
endoneurial basal lamina (Madrid et al., 1975) and exhibit a
dysmyelinating neuropathy with different developmental defects. The
main abnormality is the radial sorting defect characterized by the
presence of bundles of naked axons, more evident in spinal roots that
are severely amyelinated (Bradley and Jenkison, 1973; Stirling, 1975;
Nakagawa et al., 2001). In the peripheral nerves, both laminins a4 and
al are upregulated in the endoneurium, possibly accounting for the
milder phenotype (Patton et al., 1997; Previtali et al., 2003).

Some fibers of the proximal PNS and most fibers in the distal PNS
bypass the sorting block and myelinate. However, myelinated fibers
present several abnormalities: thin or abnormally thickened myelin
sheaths are present (Jaros and Bradley, 1979); internodes are up to
50% shorter and the SC cytoplasm compartmentalization in Cajal
bands and appositions is altered (Jaros and Jenkison, 1983; Court et
al., 2009); nodes of Ranvier can be abnormally wide, some microvilli
are hypotrophic and nodal Nav clusters show reduced density, similar
to DG deficient mice (Bradley et al., 1977; Occhi et al., 2005). As
expected, conduction velocity is decreased in dystrophic fibers to as
little as 5% of normal over bundles of bare axons in roots, and to 70-
75% of normal in sciatic and caudal nerves (Rasminsky et al., 1978;
Nakagawa et al., 2001; Occhi et al., 2005).

Interestingly, these abnormalities are not found homogeneously, either
within or among different nerves. For example, internodal lengths are
shorter and nodal gaps are larger in sciatic nerves but normal in caudal

nerves (Rasminsky et al., 1978). It is not clear whether these
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differences are due to region-specific compensation by other laminins,
as for the sorting defect (Feltri and Wrabetz, 2005).

Importantly, a recent study has shown that overexpression of a
transgenic laminin al lacking the binding sites for dystroglycan (LG4-
5 domains) is not able to rescue the defects in peripheral nerves of
dy3k/dy3k mice (Gawlik et al., 2010). This result strongly suggests
the need of laminin 211/DG binding to guarantee the correct axon-SC
interaction required for proper sorting, myelination and maintenance

of peripheral myelin.

1.6 MDC1A

In humans, the absence of laminin a2, earlier designated merosin,
causes merosin deficient congenital muscular dystrophy (MD-CMD),
also known as congenital muscular dystrophy 1A (MDC1A). It was
first described in 1994 by means of immunohistochemical analysis of
tissue samples lacking laminin 02 (Tomé et al, 1994), and
subsequently linked to human chromosome 6q2 by homozygosity
mapping (Hillaire et al., 1994). The LAMA2 mutations found in
MDCI1A patients are recessive, loss of function mutations that cause
either absence or synthesis of non-functional laminin 02. Generally
nucleotide substitutions, small deletions, or insertions that induce
complete merosin deficiency, are associated with an early onset and a
severe phenotype. Instead, the spectrum of the phenotypes of MDC1A
patients with partial merosin deficiency is wider, ranging from milder
forms to later onset muscular dystrophies, or even predominant PNS
or CNS abnormalities.

MDCI1A is the most frequent type of congenital muscular dystrophy
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in Europe, accounting for about 50% of classical CMDs. Hence the
original name of ‘occidental type of cerebromuscular dystrophy’. In
contrast, this disorder was reported to be relatively rare in Asia, with
about 6% of CMD Japanese patients carrying LAMA2 mutations
(Miyagoe-Suzuki et al., 2000).

MDCI1A characteristically involves skeletal muscle and both
peripheral and central nervous systems. The muscle pathology
resembles the myopathy described for other types of CMDs, as
Duchenne or Becker muscular dystrophies, characterized by muscle
weakness and atrophy, diffuse joint contractures, variable inability to
stand and walk, and markedly raised creatine kinase level in blood
serum. Muscle histopathology shows dystrophic features as marked
variation in fiber size, signs of degenerating and regenerating
processes, interstitial fibrosis and adipose tissue infiltration (Fig. 13B-
D) (Conti Reed, 2009).

In the central nervous system, white matter abnormality was strikingly
visible on brain magnetic resonance imaging (MRI) and may be a
valuable criterion for diagnosis of MDCIA (Fig. 13A). In addition,
some affected patients show structural abnormalities, mainly
involving the occipital cortex, like occipital agyria, hypoplasia of
cerebellum and pons and ventricular dilation (Sunada et al., 1995b;
Vainzof et al.,, 1995; Philpot et al., 1999). However, mental
retardation is very rare.

Like dystrophic mice, patients with MDC1A also develop a peripheral
neuropathy, due to defective signaling within Schwann cells, leading
to various abnormalities in Schwann cell-axon interactions. Although

the involvement of PNS in MDCI1A has been well characterized in
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dystrophic mice, careful electrophysiological and histopathological
studies were performed only on a minority of patients. However,
nerve conduction velocities are moderately decreased in most of them,
with a major impairment of the motor component, as it was previously
reported for the dystrophic mouse (Rasminsky et al., 1978; Shorer et
al., 1995; Quijano-Roy et al., 2004). It is worth noting that the fact
that routine electrophysiological studies measure conduction velocity
of the distal portions of PNS could overshadow a phenotype that is
expected to be more severe in proximal PNS, as expected from mouse
models. Unfortunately, the lack of post-mortem autopsies cannot
confirm the presence of radial sorting defects in the spinal roots of
MDCI1A patients. However, when measured, F-wave latencies were
significantly prolonged, suggesting root involvement (Di Muzio et al.,
2003).

The dysmyelinating neuropathy has been evidenced in several case
reports, where both sural nerve biopsies and teased nerve fibers
revealed several abnormalities in myelinated fibers, such as: reduction
of large myelinated fibers, hypomyelination and hypermyelination,
presence of thickened myelin especially at paranodes, tomacula with
uncompacted myelin (Deodato et al., 2002; Di Muzio et al., 2003)
(Fig. 14). Moreover, the slowing in nerve conduction has been
associated to the observations of short internodes and enlarged nodes
of Ranvier (Di Muzio et al., 2003). Specifically, the same alterations
in Nav clustering found in the animal model were also observed in a
patient homozygous for a missense mutation (G600R) in the LAMA?2
gene, displaying a sensory-motor dysmyelinating neuropathy (Occhi

et al., 2005). In the same patient, the absence of laminin a2 also
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caused a defect in Schwann cell cytoplasm compartmentalization that

may be at the basis of the decreased internodal length (Fig. 14) (Court
et al., 2009).

Fig. 13 Brain and muscle abnormalities in a child with MDC1A.
A, Extensive white matter changes on magnetic resonance imaging,
which is diffuse, bilateral and quite symmetrical. B, Dystrophic
pattern on hematoxylin and eosin (HE) staining of a muscular biopsy.
C-D, Immunohistochemical analysis of laminin a2 (merosin, M) on
muscular biopsy showing absence of expression (M-), compared to
control with a merosin-positive congenital muscular dystrophy (from
Conti Reed, 2009).
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Fig. 14 Peripheral nerve abnormalities in a patient with MDC1A.
A, Semithin section from a sural nerve biopsy showing reduction of
myelinated fibers and presence of thickened and irregularly folded
myelin sheath in some fibers. B, Osmicated teased nerve fibers
display short internodes with irregularly thinned or thickened myelin
in paranodal regions (from Di Muzio et al., 2003). C-D, EM section
from sural nerve derived from the same MDCIA patient. f-ratio™™, a
measure of Schwann cell compartmentalization is increased,
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demonstrating presence of smaller appositions (outlined in red) when
compared to a control patient (not shown) (from Court et al., 2009). E,
Longitudinal sections of sural nerve biopsies from an MDC1A patient
(top) and a control (bottom) double stained with antibodies against all
isoforms of sodium channels (panNav, red) and the paranodal marker
caspr (green). A reduction in the intensity of staining for Nav clusters
(arrows, enlarged in insets) is observed on MDCI1A nerves compared
with control nerves (from Occhi et al., 2005). F, Examples of Nav
cluster abnormalities in a mouse model of MDCI1A (dy2J/dy2J), and
in mice lacking dystroglycan (POCreDGnull) and laminin yIl-chain
(POCreylnull) specifically from SCs. Defects in murine models are
comparable to the ones found in the MDCIA patient (from Occhi et
al., 2005).
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Scope of the thesis

The general aim of this thesis is to examine how the laminin receptor
dystroglycan can regulate different aspects of Schwann cell
architecture and peripheral nerve function. By pairing with different
dystrophin-like proteins (utrophin, Dpl116 and DRP2), cytoskeletal
and cytoskeletal-adaptor proteins (actin) and extracellular-matrix
ligands (laminins, agrin and perlecan), dystroglycan forms complexes
that are differently localized throughout the nerve and that may have
specific functions in radial sorting, compartmentalization of the
myelinated fiber and organization of nodes of Ranvier.

In the present thesis I will focus on the role of Schwann cell
dystroglycan in nodal architecture (1), and I will analyze how DG
cleavage by matrix metalloproteinases 2 and 9 (MMP-2 and MMP-9)
can regulate Schwann cell cytoplasm compartmentalization and
internodal lenght in both physiological and pathological conditions
(2).

These two sub-projects have the following specific objectives:

1. To understand if the defect in Nav clustering at nodes of
Ranvier in the absence of dystroglycan is developmentally-
determined or acquired with age; to unravel the mechanism/s
through which Schwann cell dystroglycan aids Nav clustering
(Chapter 2).

2. To understand if post-translational modification of
dystroglycan by metalloproteainases 2 and 9 can alter the
compartmentalization of Schwann cell cytoplasm and how this

influence the Schwann cell phenotype in physiological
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conditions; to evaluate if the ablation of MMP9, which is
elevated in nerves of dystrophic mice (model of MDCIA),
could ameliorate the peripheral neuropathy (Chapter 3).
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Chapter 2

Dystroglycan is required to build the normal

architecture of peripheral nodes of Ranvier

2.1 Introduction

Nodes of Ranvier are periodical interruptions of the myelin sheath,
where the axolemma is endowed with high densities of voltage-gated
Na" channels (Nav) that ensure the regeneration of action potentials
during fast saltatory conduction (Ranvier, 1871; Hodgkin and Huxley,
1952). How the accumulation of Nav at these focal sites is achieved
has been matter of several studies, especially in the last decade. Both
in vivo and in vitro studies demonstrated that in the peripheral nervous
system (PNS) nodes of Ranvier assembly is the result of a finely
regulated interplay between the axolemma and the overlaying
Schwann cell (Vabnick et al., 1996; Ching et al., 1999; Pedraza et al.,
2001; Poliak and Peles, 2003; Salzer, 2003). One peculiarity of
peripheral nodes is the presence of microvilli, interdigitating
cytoplasmic processes that extend from the outer collars of two
neighbouring Schwann cells and closely appose the nodal axolemma
(Ichimura and Ellisman, 1991). Schwann cell microvilli are embedded
within a nodal gap substance that is enriched in non-sulfated
mucopolysaccharides, hyaluronic acid and proteoglycans, like
versican V1 (Apostolski et al., 1994; Melendez-Vasquez et al., 2005),
NG2 (Martin et al., 2001) and syndecan-3 and 4 (Goutebroze et al.,
2005; Melendez-Vasquez et al., 2005). In addition, Schwann cells

express gliomedin, a molecule that is shed from a transmembrane
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precursor in a furin-dependent manner and is incorporated into the
nodal gap substance forming a molecular complex with glial NrCAM
and heparan sulfates (Eshed et al., 2007; Feinberg et al., 2010).
During early postnatal development, gliomedin-positive microvilli
align with node intermediates, known as heminodes, (Tao-Cheng and
Rosenbluth, 1983; Melendez-Vasquez et al., 2001; Gatto et al., 2003;
Eshed et al., 2005) and interactions between the lateral tips of
Schwann cells and the axon trigger the clustering of axonal cell
adhesion molecules important for Nav clustering. According to the
current model, gliomedin induces the clearance of the axonal isoform
of neurofascin (Nfl186) from the internodal region, allowing its
accumulation at nascent nodes (Feinberg et al., 2010; Zhang et al.,
2012). Subsequently, Nf186 functions as a docking protein for the
recruitment of ankyrin-G and the stable accumulation of BIV-spectrin
and Nav. On the axonal side, Nfl86 is the pioneer molecule that
triggers Nav clustering, as mice lacking Nf186, exhibit severe nodal
disorganization and are not able to cluster Nav (Sherman et al., 2005;
Thaxton et al., 2011). On the glial side, although gliomedin and
NrCAM are required for heminodal clustering, their absence does not
hamper Nav cluster formation at mature nodes. It has been proposed
that, at least in vitro, the establishment of paranodal junctions (PNJs)
can overcome the absence of heminodal molecules, facilitating the
formation of nodal Nav clusters by constraining mechanisms
(Feinberg et al., 2010). Another possibility is that other glial cues may
also contribute to Nav clustering at nodes and function in the absence

of gliomedin.
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A glial molecule related to Nav clustering is dystroglycan (DG). DG
comprises a a-subunit that mediates binding to laminins, agrin and
perlecan in the basal lamina, and a transmembrane B-subunit linked to
the cytoskeleton through different dystrophin isoforms or
homologues. We previously reported that Schwann cell dystroglycan
is enriched at microvilli, where its major intracellular partner is the
116 kDa dystrophin isoform, Dpl16, whereas laminin 211 and
laminin 511 are enriched in the basal lamina over nodes (Occhi et al.,
2005). Schwann cell-specific ablation of Dag-1 results in reduced
conduction velocity, abnormal clustering of Nav and disorganization
of microvilli (Saito et al., 2003). Although to a lesser extent, similar
alterations were found in mice lacking laminins from Schwann cells
and in a merosin deficient muscular dystrophy (MDCI1A) patient
(Occhi et al., 2005). However, the analysis of dystroglycan deficient
mice did not reveal if DG is required for the formation of Nav clusters
or if it is mainly involved in their maintenance. Furthermore, the
mechanism through which this occurs is still unclear.

Here we show that dystroglycan is polarized immediately to nascent
nodes and heminodes, where it is required for the formation of thight
Nav clusters. In addition we observe by immunoelectron microscopy
that a- and B-DG are localized at Schwann cell microvilli facing both
the basal lamina and the nodal gap substance, suggesting a mechanism
of action that involves interactions at both sides. Indeed, we found that
dystroglycan is necessary to localize perlecan at nodes of Ranvier,
which suggests a potential role for this interaction in gliomedin
incorporation in the nodal gap and subsequent Nav clustering.

However, the analysis of two perlecan mutant mice did not reveal any
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alterations in either gliomedin accumulation or Nav clustering,
possibly because of compensatory mechanisms by other heparan
sulfate proteoglycans (HSPGs). Finally, we find that similarly to
gliomedin, the N-terminal domain of a-DG (a-DG-N) is shed from
cultured Schwann cells by a furin protesase and it can bind
myelinating axons in an in vitro system, suggesting that it may have a

role in facilitating Nav clustering.

2.2 Materials and Methods
Mice. The following mice lines were used: dag!""*//POCre (from
now on referred to as dgko) (Saito et al., 2003), caspr null (caspr'/')

(Gollan et al., 2003), Hspg2™™’ (Rossi et al., 2003), Hspg2 " and

HSpg 2 KI/KO

POCre transgenic mice (mPoTOTCre) (Feltri et al., 1999) with

(Stum et al., 2008). Dgko mice were produced by crossing

dystroglycan-floxed mice (Moore et al., 2002) and were maintained
by backcrosses with C57BL6/N (Charles River). Caspr null mice
were gently provided by E. Peles (Weizmann Institute of Science,
Rehovot, Israel) and were maintained by backcrosses with ICR.
Double mutant dgko//caspr’™ mice were obtained by crossing
heterozygous caspr™ with dagl™"*//POCre and intercrossing
dag1™"//POCre//caspr”". Double knock outs were obtained with a
Mendelian ratio. The analysis of dgko//caspr’” mice was done in F1
ICR//C57BI16/N mixed background.

In addition, Spraw-Dawley rats were used. Experiments were
approved by the San Raffaele Institutional Animal Care and Use

Committee and complied with NIH guidelines.
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Primary/secondary antibodies and dyes. Primary antibodies
included the following: rabbit anti-caspr (6061; 1:800), mouse anti-
caspr (M275; 1:1), rabbit anti-olfactomedin (Ab320; 1:1000), rabbit
anti-gliomedin (Ab720; 1:200) and mouse anti-gliomedin (Mab94;
1:50) (all generous gifts from E. Peles, Weizmann Institute of Science,
Rehovot, Israel), mouse anti-B-dystroglycan (43DAG/8DS;
Novocastra) (1:50 for IF; 1:80 for WB), mouse anti-glycosylated a-
dystroglycan (IIH6) (1:100 for IF; 1:1000 for WB) (generous gift
from K.P. Campbell, University of lowa, lowa City, IA), rabbit anti-a-
DG-N (API528; 1:70 for WB) (generous gift from F. Saito, Teikyo
University, Tokyo, Japan), mouse anti-Dpl16 (Mandral; Sigma)
(1:100 for IF; 1:1500 for WB), rabbit anti-ezrin (1:30) (Upstate),
rabbit anti-ERM and rabbit anti-ERM-P (1:50 for IF; 1:1000 for WB)
(Cell Signaling), mouse anti-Nav pan (1:100) (K58/35; Sigma), rabbit
anti-Nav1.6 (generous gift from J. Trimmer, University of California,
Davis, CA), rabbit anti-agrin (AS204; 1:100) (generous gift from M.
Ruegg, Biozentrum, University of Basel, Basel), rat anti-perlecan
(1:100) (A7L6; Chemicon), rabbit anti-syndecan-3 (Abcam), rat anti-
neurofilament-H (TAS51, 1:20) (generous gift from V. Lee, University
of Pennsylvania, PA), rabbit anti-S100 (1:200) (Dako), rabbit anti-
neurofascin pan (NFC2199; 1:4000) (generous gift from P.J. Brophy,
University of Edinburgh, Edinburgh, UK), mouse anti-B-tubulin
(1:1000) (Sigma), rabbit anti-calnexin (1:3000 for WB) (Sigma),
rabbit anti-laminin a5 (1:500 for IF; 1:1000 for WB) (generous gift
from L. Sorokin, University of Muenster, Muenster, Germany).
Secondary antibodies included the following: donkey anti-rabbit FITC
(1:200), goat anti-rabbit DyLight™488 (1:1000), donkey anti-rat
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FITC (1:200), goat anti-rat Cy5 (1:200) and goat anti-human IgGFc-
specific Rhodamine (Jackson ImmunoResearch), goat anti-mouse
TRITC (1:200) and goat anti-mouse IgG2a-specific FITC (1:200)
(Southern Biotech), goat anti-mouse IgM TRITC (Nordic), goat anti-
mouse IgGFab-specific or goat anti-mouse IgGFc-specific HRP
(1:5000) (Sigma), goat anti-rabbit HRP (1:10000). Nuclei were
stained with 4,6-diamidino-2-phenylindole (DAPI; Sigma).

Western blot analysis. Sciatic nerves were dissected from rats or
mice, frozen and homogenized in a metal pestle and then lysed with
lysis buffer containing 25 mM Tris, pH 7.4, 95 mM NaCl, 10 mM
EDTA, pH 8§, 2% SDS, 1 mM NaF, 1 mM Na3;VO,, and 1% protease
inhibitor cocktail (PIC; Sigma). After rocking at 4°C for 30 minutes,
samples were spun at 13,200 rpm in a microcentrifuge for 10 min to
eliminate insoluble material. The supernatant was recovered and
stored at -80°C until use. Protein concentration was determined by
BCA protein assay kit (Pierce) according to the manufacturer’s
instructions. Equal amounts of homogenates (containing 5-30 pg of
protein) were brought up to 10 ul with lysis buffer to which was
added 4.5 pl reducing sample buffer (150 mM TrisHCI, pH 6.8, 6%
SDS, 0.3% bromophenol blue, 30% glycerol, 0.08 M DTT). The
samples were denatured, resolved on 5-12% SDS-polyacrylamide gels
and electroblotted onto a polyvinylidene fluoride microporous
membrane (PVDF; PerkinElmer). To verify equal loading of proteins,
membranes were stained with ponceau red. Blots were blocked with
0.1% Tween, 5% dry milk in PBS, and incubated with the appropriate
antibody in 0.1% Tween, 1% dry milk in PBS. Peroxidase (HRP)-
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conjugated secondary antibodies were visualized using the ECL
method with autoradiography films (Amersham Biosciences). Some
blots were checked directly for equal loading by amido black staining

after antibody experiments were completed.

Immunofluorescence on teased nerve fibers. Sciatic nerves were
dissected and immersion fixed in 4% paraformaldehyde for 30 min.
For immunofluorescence on unfixed tissues, nerves were washed in
PBS after dissection and teased immediately. Perineurium was
removed, nerve fiber bundles were separated through stainless steel
needles, and teased individually on a PBS drop in 3-
aminopropyltriethoxysilane (TESPA; Sigma)-coated slides. After
permeabilization in pre-chilled acetone or methanol for 5-10 min,
teased fibers were blocked and permeabilized with 0.5% TritonX-100,
5% fish skin gelatine (Sigma) in PBS for 1 h at RT. Primary
antibodies were applied in the same blocking solution overnight at
4°C in a humid chamber. After washes in Tris buffer saline (TBS, pH
7.4), appropriate secondary antibodies were applied for 1 h at RT, and
nuclei stained with DAPI. Slides were air-dried, mounted with
Vectashield (Vector Labs, Burlingame, CA), and analyzed with a
Leica DM 5000B microscope or a confocal microscope. Nonspecific
background staining was determined in every experiment by omitting
the primary antibody and no background staining over tissue
autofluorescence was detected with any of the antibodies used in this

study.

Image acquisition. Immunofluorescence stainings of teased fibers
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were imaged using a microscope confocal system [UltraView ERS
spinning disk confocal microscope (PerkinElmer) equipped with a
Plan Apochromat 63A~/1.4 oil-immersion objective and using the
UltraView ERS acquisition software]. FITC, TRITC, cy-5
fluorophores were excited with an Ar laser (488 nm), a He/Ne laser
(568 nm) and a Red Diode laser (640 nm), respectively. In addition a
Confocal-MRC 1024 laser-scanning confocal microscope (Bio-Rad
Laboratories, Inc.), equipped with a Plan Neofluar 40A~/1.3 oil-
immersion objective and using the Laser Sharp 2000 acquisition
software, was used occasionally. Figures were mounted using
Photoshop software (Adobe). To quantify the frequency of abnormal
Nav clusters, images were photographed using Leica TCS-SP2
confocal fluorescence microscope equipped with a Plan Apochromat
63A~/1.4 oil-immersion objective and using the LCS confocal
acquisition software (Leica). The gain of Nav fluorescence detection
was maintained below the threshold of fluorochrome saturation. z-
axis-series spanning around ~ 3.0 pm were acquired as 1024x1024
pixels images by sequentially scanning (between frames), using a step

size 0f 0.1221 pm.

Electron microscopy. Electron microscopy was performed as

described previously (Wrabetz et al., 2000).

Immunoelectron microscopy (IEM). Adult wt and DG deficient
mice (used as negative controls) were anaesthetized intraperitoneally
with 2,2,2-tribromoethanol (0.4 mg/g) and perfused with 4%
paraformaldehyde/0.05% glutaraldehyde in 0.01M sodium periodate,
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0.1M lysine, 3% sucrose in 0.1M phosphate buffer pH7.4. Sciatic
nerves were dissected, fixed for 2 h, and left overnight in 3.5%
sucrose in 0.1M phosphate buffer. Tissues were processed at 4°C as
follows (modified from Scherer et al., 1995): they were stained with
0.25% tannic acid for 1 hour, quenched in 50mM NH4Cl, washed in
4% sucrose in 0.1M maleate buffer (pH 6.2), followed by 1% uranyl
acetate in maleate buffer for 1 h, dehydrated to 90% ethanol, then
infiltrated first with 1:1 ratio of L.R.Gold (Polysciences)/ethanol, then
with a 7:3 ratio of L.R.Gold/ethanol, followed by two changes of
L.R.Gold for 1 h and overnight. The day after the tissues were
infiltrated in L.R.Gold with 0.5% benzoin methyl ether for 1 h and
then overnight, embedded in gelatin and polymerized by UV
irradiation (365 nm) for 48 h at -20°C. Nerves were cut longitudinally
and sections were collected on nickel formward/carbon grids, and
stained according to the method of Nico et al. (Nico et al., 2010). The
sections were incubated with TBS for 10 min at RT, and treated with
0.1% trypsin in TBS for 4 min. After washing in TBS and blocking
with 1% BSA in TBS for 10 min at RT, sections were incubated with
mouse anti-a-DG IgM antibody (IIH6; 1:100) or mouse anti-B-DG
antibody (43DAG1/8DS; 1:1), rinsed with TBS, and incubated with a
10 nm gold particles-conjugated secondary antibody (British BioCell;
1:100). After staining, grids were washed on drops of TBS and dH,O
and stained with saturated uranyl acetate and lead citrate. Images were
taken using a LEO 912AB Transmission Electron Microscope. This

work was performed by Desirée Zambroni in the lab.
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Cell culture. Schwann cells (SCs) were isolated from the sciatic
nerves of 3 day old Sprague-Dawley rats stripped of perineurium
using 1% collagenase and 0.25% trypsin (Brockes et al., 1979). They
were expanded on poly-L-lysine-coated 100 mm” tissue culture plates
in Dulbecco’s Modified Eagle Medium (DMEM), supplemented with
10% heat-inactivated fetal calf serum (FCS), 2 uM forskolin (Fsk;
Calbiochem) and 2 ng/ml of soluble NRG1-B1 (R&D Systems) (Porter
et al., 1986). The cells were refed every 3-4 days and subcultured
every 7 days. For pharmacological treatment, SCs were plated at
35x10* on poly-L-lysine-coated 6-well plates and treated with 20 pM
Furin inhibitor I (Dec-RVKR-CMK; Calbiochem) for 48 hours. Then
cells were scraped and proteins extracted on ice with lysis buffer (25
mM Tris pH 7.4, 95 mM NaCl, 10 mM EDTA, 2% SDS, 1 mM NaF,
1 mM Na3;VOy,, with PIC) as described above.

Production of Fc-fusion proteins and binding experiments. 293FT
cells were transfected with plasmids encoding DG-Fc2, DG-Fc5, DG-
Fc6 and gliomedin Olf-Fc and ECD-Fc fusion proteins (gifts of K.P.
Campbell and E. Peles; Kanagawa et al., 2004; Eshed et al., 2005) in
media containing DMEM, 1% Ultra-Low IgG FBS (Invitrogen), and 2
mM L-glutamine. After 72 hours, the supernatants were collected and
filtered, and Fc-proteins expression was confirmed by Western
blotting. Binding experiments were performed using these Fc-fusion
proteins on rat SCs, purified rat DRG neurons or rat SC-DRG neuron
co-cultures. SCs were grown on poly-L-lysine-coated coverslips and
incubated with conditioned media containing various Fc-fusions for

30 minutes at RT. Cells were then washed, fixed with 4%
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paraformaldehyde for 5 min at RT and incubated with a Rhodamine-
conjugated anti-human Fc antibody (Jackson Laboratories). Condition
media containing DG-Fc2 and Olf-Fc were pre-clustered with the
secondary antibody for 30 min before the binding procedure. After
fixation for 15 min at RT, antibody labeling was performed: cells
were washed with PBS and incubated in blocking solution [PBS, 10%
normal goat serum (NGS), 0.1% Triton X-100, 1% glycine] for 30
min. Primary antibodies diluted in blocking solution were added for 1
h at RT, followed by washing with PBS and incubation with
secondary antibodies diluted in blocking solution for 40 min.
Coverslips were then washed, mounted in Vectashield and analyzed

on a confocal microscope (UltraView ERS).

Organotypic neuron/SC co-cultures. Primary dorsal root ganglia
(DRG) were dissected from embryos of 16.5 gestational days.
Pregnant rats were euthanized by carbon dioxide, and the uterus
removed using aseptic technique. Embryos were extracted and DRGs
dissected out in L-15 (Leibovitz) medium as previously described
(Einheber et al; 1997). One or two DRGs were seeded in coverslips
coated with collagen in a drop of C-medium (MEM, 4g/L D-glucose,
10% FBS, 2 mM L-glutamine, 50 ng/ml NGF) plus 100 U/ml
penicillin/100 pg/ml streptomycin for one night. The day after C-
medium was replaced with supplemented NB medium (Neurobasal,
4g/L. D-glucose, 2 mM L-glutamine, 50 ng/ml NGF, B27 supplement
1X). After one week, myelination was induced with 50 pg/ml ascorbic
acid (Sigma-Aldrich). DRGs were maintained for 10-12 days with
ascorbic acid before being processed for immunofluorescence and

binding experiments as described above.
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For the experiments in which isolated DRG neurons were used,
purified DRGs were obtained cycling the cultures with NB and NBF
(supplemented NB containing fluorodeoxyuridine 10 uM and uridine

10 uM) media.

2.3 Results

o- and p-dystroglycan are early markers of Schwann cell
microvilli

a- and [-dystroglycan are found at nodes of Ranvier in rodent
myelinated fibers. At these sites, the major intracellular partner of -
DG is dystrophin 116 kDa isoform (Dp116), whereas laminin 211 and
511 are enriched in the basal lamina over microvilli (Occhi et al.,
2005). Previous studies have shown that genetic ablation of
dystroglycan from Schwann cells causes a reduction in Nav clusters at
peripheral nodes of Ranvier (Saito et al., 2003). In adult DG deficient
mice Nav were smaller, less intense, abnormally shaped, and lacked
definite corners (Occhi et al., 2005). From these studies however it
was unclear if this abnormality was due to defective cluster formation
during development, or to a degeneration of clusters that formed
normally. Thus, we asked if dystroglycan polarization at nodes
correlated with Nav cluster formation and/or to their maintenance.
Double immunostaining of rat sciatic nerve teased fibers showed that
both a- and B-DG co-localize with ezrin, an early marker of nodes of
Ranvier, soon after birth (Fig. 1A-D, 1E-H). B-DG is polarized to
nodes as early as ezrin: at postnatal day 2 (P2), 96.1% of ezrin-
positive nodes are also positive for B-DG, at P5 the percentage

increases to 96.9% to reach the 100% at P10 (Fig. 1I). a-DG is
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polarized early to nodes as well (79.7% at P2, at 82.4% at P5 and
82.2% at P10), even if slightly later than B-DG (Fig. 1J).

Western blot analysis on sciatic nerve lysates confirmed that B-DG is
present at P2, when it is already proteolitically cleaved by MMP-2 and
-9, as evidenced by the presence of the cleaved 31 kDa form (B-DGs))
(Fig. 1J and Court et al., 2011). a-DG, recognized by a glyco-specific
antibody (ITH6), increases its molecular weight from P2 to adulthood,
suggesting that the extent of its glycosylation is regulated during
development, as already known in nerve and other tissues (Martin,

2003; Cai et al., 2007; Court et al., 2011).

Dp116, but not laminin 511, is rapidly polarized at nodes during
Nav cluster formation

We next evaluated if Dp116, the most abundant dystrophin isoform
present in microvilli, and laminin 511, localized in the basal lamina
over nodes and paranodes (Vagnerova et al., 2003; Occhi et al., 2005),
are polarized in early node development. By Western blot analysis we
confirmed previous data showing that Dpl116 is expressed from P1
onwards in peripheral nerve (Fig. 2F; Cai et al., 2007). Dp116 is also
polarized early at nodes, although later than the transmembrane
receptor B-DG (the percentage of Dpl16-positive nodes is lower than
dystroglycan-positive nodes at P2, P5 and P10) (Fig. 2A-D, 2E). This
may suggest that dystroglycan is first inserted in the membrane of
Schwann cell microvilli and soon after Dpl16 is recruited to the
cytoplasm of Schwann cells at these sites. On the other hand, protein
levels of laminin a5-chain are low at P5 and P10 and reach the

maximum only in mature nerves, as shown by Western blot analysis

131



(Fig. S1D). Early in postnatal development (P2-P5) laminin a5-chain
is found predominantly in perinuclear regions, and it acquires its
mature localization only from P10 (Fig. S1A-C). Thus, differently
from Dpl16, laminin 511 is polarized at nodes of Ranvier after they

are formed.

Fig. 1 (next page) (A-D; I) B-DG is expressed and localized at
nodes as early as the first nodal marker ezrin. Images of sciatic
nerve teased fibers from rats at postnatal age 2 (P2), 5 (P5), 10 (P10)
and adult (Ad). A-D, Double immunostaining for -DG (green; A-D)
and the nodal marker ezrin (red; A’-D’). The merged confocal images
are shown (A’’-D”’). Arrows indicate double positive nodes.

I, The graph summarizes data from P2 to adulthood. Data are plotted
as a percentage of total sites present at each of the indicated day.
Black bars, ezrin alone; gray bars, B-DG; white bars, both ezrin and
B-DG. B-DG-positive nodes are 96.1% at P2, 96.9% at P5 and 100%
at P10. Western blot for B-DG on rat sciatic nerve lysates at P2, P5,
P10 and Ad.
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Fig. 1 (next page) (E-H; J) a-DG is expressed and localized at
nodes immediately after ezrin during postnatal development.
Images of sciatic nerve teased fibers from rats at P2, P5, P10 and adult
(Ad). E-H, Double immunostaining for a-DG (red) and the nodal
marker ezrin (green; E’-H’). The merged confocal images are shown
(E’-H”’). Arrows indicate double positive nodes, asterisks o-DG-
negative nodes. Scale bar, 35 um.

J, Black bars, ezrin alone; gray bars, a-DG alone; white bars, both
ezrin and o-DG. a-DG-positive nodes are 79.7% at P2, 82.4% at P5
and 82.2% at P10. Western blot for a-DG on sciatic nerve lysates at
P2, P5, P10 and Ad. Equal loading was verified by calnexin (clnx).
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Fig. 2 (next page) Dp116 is localized at nodes early, immediately
after ezrin, during node formation. Images of sciatic nerve teased
fibers from wild type rats at P2, PS5, P10 and in adulthood (Ad). A-D,
Double immunostaining for Dpl16 (green; A’-D’) and the nodal
marker ezrin (red; A-D). The merged confocal images are shown (A”’-
D’’). Arrows indicate double positive nodes, asterisks Dp116-negative
nodes. E, The graph summarizes data from P2 to the adult. Black bars,
ezrin alone; gray bars Dp116 alone; white bars, both ezrin and Dp116.
Dp116-positive nodes are 63.3% at P2, 76.8% at P5 and 97.4% at P10.
F, Western blot on sciatic nerve lysates at P2, P5, P10 and adulthood
(Ad) for Dpl116 (116 kDa). Equal loading was verified by p-tubulin

(B-tub).
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Fig. S1 (next page) Laminin 511 polarization around nodes follows
Nav and gliomedin clustering during early nerve development.
Images of sciatic nerve teased fibers from rats at P5, P10 and adult
(Ad). A-C, Double immunostaining for laminin a5 (green; A-C) and
the nodal marker gliomedin (red; B’-C”). The merged confocal images
are shown at the right (A’’-C””). Nuclei are stained with DAPI (blue).
Arrows indicate double-positive nodes, asterisks perinuclear staining.
Scale bar, 17.5 um. D, Western blot analyis for laminin a5-chain on
sciatic nerve lysates at P5, P10 and adulthood (Ad). The 450 kDa a5-
chain is of the expected size. Smaller a5-immunoreactive bands (380,
320, and 210 kDa), representing post-translationally cleaved forms,
were also detected. For comparison, the same blot was incubated with
anti-laminin a2-chain antibody (320 kDa). Equal loading was verified
by B-tubulin (B-tub).

138



139



Absence of dystroglycan does not interfere with the timing of Nav
cluster formation

To understand if dystroglycan is involved in Nav cluster formation,
we asked if Nav clusters formed in a timely manner when DG is
ablated from Schwann cells. Counting the number of clusters flanked
by caspr-positive paranodes at different postnatal days (P2, P5 and
P10), we found that at each time point the number of clusters per field
of view was similar in DG deficient and wild type animals (Fig. 3A).
Therefore, the absence of dystroglycan does not affect the timing of
cluster formation, contrary to what happens in other nodal mutants
such as NrCAM deficient mice, in which a slight delay of Nav clusters

appearence was reported (Custer et al., 2003).

Newly formed clusters are already abnormal in the absence of
dystroglycan

To understand whether dystroglycan is required for clusterization of
newly formed clusters or for their maintenance in time, we evaluated
the morphology of newly formed Nav clusters in early postnatal
development. Sciatic nerve fibers from P4 and P7 mutant and control
mice were immunostained with an antibody recognizing all the
isoforms of Nav (anti-panNav). To quantify the frequency of
abnormal clusters, the Nav cluster staining at the node was classified
as normal (rectangular, with square corners and normal width) or
abnormal (irregularly shaped and lacking square corners, diffuse and
long, low intensity in every optical plane, or difficult to put into focus,
see fig. 3B); the analysis was performed blindly by two independent
investigators, as previously described (Occhi et al., 2005). Whereas
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clusters in wt animals were rectangular and had square corners, DG
deficient clusters were irregular and lacked definite corners both at P4
and P7, like in adult mice (Fig. 3B). When counted blindly, abnormal
clusters were significantly more frequent in mutant than in control
mice (79% of dgko nodes at P4 and 76% of dgko nodes at P7, vs 23%
and 24% of wt nodes at P4 and P7 respectively; p < 0.001 by % test)
(Fig. 3B). Thus, DG is required for proper clusterization of nascent

Nav channels, not for their maintenance.

Proper heminodal clustering of Nav requires dystroglycan

During early development Nav are first clustered at heminodes located
at the tips of myelinating Schwann cells, bordering each myelin
segment. Longitudinal growth of the glial processes displaces these
heminodal clusters, bringing them closer together until they fuse and
form a single focal node (Rasband et al. 1999; Boiko et al., 2001). It
has been shown that gliomedin, a component of the nodal matrix that
binds neurofascin 186 and NrCAM, is required for formation of these
heminodal clusters (Feinberg et al., 2010). To understand if
dystroglycan is involved in the initial Nav clustering also at the level
of heminodes, we examined Nav clusters in the developing sciatic
nerve of wt and DG deficient mice at P6, a time when both nodes and
heminodes can be detected (Schafer et al.,, 2006) (Fig. 3C). Two
independent investigators counted Nav heminodal clusters (identified
by the presence of one flanking capsr-positive paranode) and
classified them as normal or abnormal/absent. Although some
abnormally shaped clusters were occasionally found also in wt

because of the handling of fibers during teasing, the frequency of
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abnormal or absent clusters was significantly higher in mutants than
controls (40% in dgko vs 14% in wt; p < 0.001 by % test). This result
suggests that proper heminodal, not only nodal, clustering of Nav

channels requires Schwann cell dystroglycan.

Fig. 3 (next page) Dystroglycan influences the shape, not the
timing, of newly formed Nav clusters, and is required for efficient
heminodes formation. A, No delay in Nav clustering at nodes of
Ranvier of DG deficient mice. Number of sites were plotted versus
age. Black bars, sites with both caspr-positive paranodes and Nav
clustered at node; white bars, sites with caspr-positive paranodes but
no detectable Nav nodal cluster. Total sites analyzed were as follows:
wild type (P2, 89; PS5, 362; P10, 1107); dgko (P2, 74; P5, 336; P10,
786). Results are reported as average + SEM of three mice/genotype.
B, Nav clusters form abnormally in the absence of dystroglycan.
Sciatic nerve teased fibers from P4 and P7 wt and DG deficient mice
were labeled using an antibody to panNav (red). Analysis of Nav
cluster shape and morphology shows that also at P4 and P7, Nav
clusters are often smaller, diffusive and irregularly shaped, in the
absence of DG. On the right, quantification of frequency of normal
and abnormal Nav clusters shows that both at P4 and P7 the majority
of Nav clusters are abnormal in DG null (P4 n=83, 79%; P7 n=41,
69.5%) versus wild type (P4 n=27; 23%; P7 n=15, 23.8%). p < 0.001
by % test, N 224 (P4), N 122 (P7). C, Nav clusters are absent or
abnormally-shaped at heminodes of dgko mice. Sciatic nerve teased
fibers from P6 wt and DG deficient mice labeled using antibodies to
panNav (red), caspr (green) and neurofilament (NFH; blue). For each
genotype heminodes at different stages of development, and nodes,
are shown. Quantification of frequency of normal and abnormal
heminodal Nav clusters indicates that abnormal or absent Nav clusters
are more frequent in dgko (n=186; 40%) than control (n=49; 14%). p
<0.001 by ” test N 823. Scale bar, 17.5 um.
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The absence of paranodal junctions only slightly worsens the Nav

clustering defects of DG deficient mice

It has been proposed that two independent, yet overlapping systems
(i.e.. heminodal clustering and paranodal junction-mediated
restriction) cooperate to ensure high-density Nav cluster formation at
peripheral nodes (Feinberg et al., 2010). To understand if the
formation of defective Nav clusters in the absence of dystroglycan
might be further impaired by the disrupture of the paranodal
restriction mechanism, we crossed DG deficient mice (dgko) with
mice lacking paranodal junctions (caspr null), thus generating
dgko//caspr null (dgko//caspr’") mutants. In agreement with previous
reports (Bhat et al., 2001; Gollan et al., 2003) caspr null mice exhibit
progressive neurological defects, but have a normal life span.
Homozygous dgko//caspr’”™ mice were macroscopically similar to
caspr’” mice without any obvious worsening of the neurological
phenotype or a decrease in life span. Immunofluorescence analysis of
P28 dgko//caspr’ sciatic nerves revealed a trend towards higher
percentage of abnormal clusters compared to dgko nerves (Fig. 4A,
E). However, the increase in the amount of abnormal Nav clusters in
double homozygous vs DG null mice is not statistically significant by
Kruskal-Wallis test. Measurement of the nodal lenght does not reveal
an increase in double mutants vs DG deficient mice, suggesting that
the major defects pertain to the morphology of the clusters rather than
to their lateral diffusion (Fig. 4F). Thus, we performed electron
microscopy (EM) to analyze the nodal ultrastructure. Double
homozygous showed an increased number of nodal defects when

compared to single mutants. The absence of paranodal junctions
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enhanced the disorganization of microvilli, which do not attach to the
nodal axolemma and often penetrate the space between the paranodal
loops and the axon. Moreover, elongated axonal protrusions into the
nodal gap, occasionally found in DG deficient mice (Saito et al.,
2003), were detected with higher frequency in double vs single
homozygous mice (Fig. 4G). Abnormally large axonal protrusions
contained numerous mitochondria and small vesicles, and invaded the

nodal gap in place of the atrophic microvilli (Fig. 5).

Fig. 4 (next page) Nodal abnormalities in dgko//caspr null
mutants. A-D, Sciatic nerve teased fibers from P28 wt, caspr”, dgko
and dgko//caspr’” mice. Double staining for panNav (red; A-D) and
the paranodal marker caspr (green). The merged confocal images are
shown (A’-D’). Scale bar, 17.5 um. E, Quantification of frequency of
normal and abnormal Nav clusters in sciatic nerves from P28 mice of
the four indicated genotypes. Abnormal clusters are more frequent in
double than single mutants (n=102, 79% in dgko//caspr’™; n=72, 69%
in dgko; n=49, 45% in caspr '/'; n=16, 13% in wt). The difference
between dgko//caspr’"and dgko is not statistically significant by
Kruskal-Wallis test. F, Average lenght of the node of Ranvier was
quantified from P28 wt, caspr”, dgko and dgko//caspr’™ mice sciatic
nerves by EM (n=61; n=60; n=72; n=79, respectively, 3
mice/genotype). No statistical significance was observed by Student’s
t test. G, Quantification of the number of elongated axonal ‘spines’
found at nodes of sciatic nerves from wt, caspr”, dgko and
dgko//caspr’” mice at P28. The percentage of spines is reported (n=64,
9% 1in wt; n=70, 39% in caspr'/'; n=80, 41% in dgko; n=82, 82% in
dgko//caspr’). p < 0.001 by % test.
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dgko easpr”

Fig. 5 Nodal ultrastructure in dgko//caspr'/' nerves. Electron
microscopy images of the nodal area of sciatic nerves from P28 wt
(A), single (B-C) and double mutant (D) animals. The location of
Schwann cell microvilli (MV) and paranodal loops (PNL) are marked
in red. SC microvilli of dgko//caspr”™ are disorganized and blunt, and
occasionally invade beneath the paranodal loops (arrowhead), or
penetrate the area between the paranodal loops and the axolemma
(arrowhead). Example of an elongated axonal protrusion full of
mitochondria is shown (asterisk in D). Note the detachment of PNL
from the axolemma in caspr”™ and dgko//caspr’™ mice (arrows). Scale
bar, 1 um.
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a- and B-DG are localized in the nodal gap

We previosly showed that dystroglycan colocalizes with ERM
proteins at Schwann cell microvilli by confocal immunofluorescence
microscopy (Occhi et al., 2005), but it is unclear whether DG is
inserted solely in the Schwann cell abaxonal membrane facing the
basal lamina, or if it localizes in the nodal gap and facing the axon as
well. To understand the mechanism/s through which DG favours
proper Nav clustering at peripheral nodes of Ranvier, we evaluated its
subcellular nodal localization by performing immunogold electron
microscopy (IEM) on wild type mouse sciatic nerves. Both a- and -
DG are found in Schwann cell microvilli not only adjacent to the basal
lamina, but also in the nodal gap abutting onto the axon (Fig. 6A-B).
No gold grains were found in DG deficient mice (not shown).

In light of this dual localization, we hypothesize two different, not
mutually exclusive mechanisms through which DG aids Nav
clustering. First, through its binding to the basal lamina, DG could
trigger a rearrangement in the cytoskeleton of Schwann cell
microvilli, thus favouring the compaction of Nav clusters at the node.
This could be mediated by the cytoskeletal linker ERM proteins, in
particular ezrin, which is present at Schwann cell microvilli and has
been shown to interact with B-DG in other systems (Spence et al.,
2004). Another possibility is that DG favours the presentation and
anchoring of other cell adhesion molecules important for Nav

clustering to the nodal axon.
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Fig. 6 a- and B-dystroglycan localization in the nodal gap. IEM on
sciatic nerve of wild type adult mouse using antibodies against a-DG
(A) and B-DG (B) shows gold particles decorating both the Schwann
cell microvilli abaxonal surface facing the basal lamina (arrows in A’
and B’, magnified at the right), and Schwann cell microvilli in the
nodal gap, abutting to the axon (arrowheads in A’ and B’, magnified
at the right). Scale bar, 1 wum and 0.5 um for magnifications.
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Slight reduction of ERM proteins in DG deficient sciatic nerves
The first hypothesis is strengthened by the fact that even laminin

22 and POCreLamaylnull) show Nav clustering

mutants (Lama
defects similar to those found in DG deficient mice (Occhi et al.,
2005). Moreover, we observed that the absence of laminin 211, a
known ligand of DG, alters both nodal and heminodal Nav clusters,
like in DG null animals (data not shown). We then asked if ERM
proteins could be involved in this mechanism as mediators of BL-
driven microvillar cytoskeleton rearrengements. To this end we
checked if ERMs were normally expressed and polarized at peripheral
nodes in the absence of dystroglycan. Western blot analysis revealed a
slight decrease in total ERMs and phosphorylated ERMs (ERM-P)
when normalized to neurofascin, to account for the fact that DG
deficient mice have shorter internodes and thus more nodes (Fig. 7A).
Immunofluorescence of teased fibers shows that in the absence of DG
ezrin is normally polarized to nodes. However, we observed a higher
amount of cytoplasmic puncta all along the fiber, suggesting an
impairment of ERM transport (Fig. 7C arrows). Phosphorylated
ERMs are normally localized in the majority of nodes, with occasional
reduction of their staininig, reflecting their decreased expression
(arrows in Fig. 7E-E’). Thus, the absence of DG does not impede
ERM localization at microvilli, but causes a decrease of ERM proteins

possibly due to impaired trafficking.
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Fig. 7 (previous page) ERM proteins expression is reduced in the
absence of DG, but their nodal localization is not altered. A,
Western blot on sciatic nerve lysates from wt and DG deficient mice.
Filters were blotted with antibodies against ezrin/radixin/moesin
(ERM) and phosphorylated ERM (ERM-P). Neurofascin 155 (Nf155)
was used as normalization for the higher number of nodes in dgko.
Equal loading was verified by pB-tubulin (B-tub). On the right,
quantification of Western blot on three mice/genotype, represented as
ratio of ERM/Nf155 and ERM-P/Nf155, respectively. B-E, Sciatic
nerve teased fibers from wt and dgko adult mice were immunostained
for ezrin (B-C; green) or ERM-P (D-E; green) and caspr (red). The
merged confocal images are shown (A’-E’). Notice increased ezrin-
positive puncta (C-C’) and lower levels of ERM-P at some dgko
nodes (arrows in E-E’). Scale bar 17.5 um.

Perlecan is reduced at DG deficient nodes, but two different
perlecan mutants have normally clustered Nav

A second mechanism through which DG mediates Nav clustering
could be by favouring the presentation or aggregation of gliomedin
and/or NrCAM to the nodal axon. Similarly to DG, gliomedin and
glial NrCAM are necessary for the initial clustering of Nav at
peripheral heminodes (Feinberg et al., 2010). Furthermore, gliomedin
is secreted by Schwann cells and deposited in the ECM of the nodal
gap by binding to heparan sulfate proteoglycans (HSPGs) (Eshed et
al., 2007). Given its localization in the nodal gap and its ability to bind
various HSPGs, DG could properly maintain a high concentration of
HSPGs which in turn favour aggregation of gliomedin and NrCAM in
the nodal gap. Thus we evaluated the nodal expression of various
HSPGs in wild type and DG deficient sciatic nerves. Both agrin and
perlecan, two HSPGs expressed by Schwann cells, and known DG
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ligands (Gesemann et al., 1998; Talts et al., 1999), are enriched at
nodes of Ranvier, however in the absence of DG, only perlecan
expression is decreased at these sites (Fig. 8A-F). Of note, perlecan is
also polarized to nodes early in postnatal development and this
polarization is absent in DG deficient nerves as early as P6 (Fig. 8G-
J), further supporting a potential role in the formation of Nav clusters.
To test this, we analyzed peripheral nerves isolated from two different
perlecan mutant mice, one lacking the attachment sites of HS-side
chains (Hspg2A3/A3; Rossi et al., 2003), and the other lacking almost all
the secreted protein, being a compound heterozygote of the Hspg2
null allele and an allele carrying one missense substitution that
corresponds to a human familial Schwarz-Jampel Syndrome (SJS)
(Hspg2*"©; Stum et al., 2008). In both cases nerve morphology was
not altered by semithin section (not shown). HsngKI/KO mutants
display muscle stiffness and fatigability at low frequencies of nerve
stimulation. This is presumably attributable to achetilcolinesterase
(AchE) deficiency at the neuromuscular junction (NMJ), but recent
electrophysiological studies suggested that also peripheral nerve is
involved (Echaniz-Laguna et al., 2009). The clusterization of

gliomedin and Nav were not altered in Hspg2"'™

mice, indicating
that the heparan sulfate chains of perlecan are dispensable for the
concentration of gliomedin at the nodal gap and for proper clustering

KI/K!
2/0

of Nav at nodes of Ranvier (Fig. 9A). Hspg v

and Hspg
animals were immunolabeled at P6 and P60 for Navl.6 isoform,
panNav, or gliomedin, and perlecan or the paranodal marker caspr.
First we confirmed that perlecan levels are markedly reduced in

mutant mice and no enrichment is found at Hspg2"*© nodes of
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Ranvier. Despite this, gliomedin normally accumulates in the nodal
gap and Nav clusters are not altered either at nodes or heminodes in
Hspg2*"© mutants (Fig. 9B). Overall, the results from the analysis of
these two perlecan mutants suggest that perlecan is not involved in
Nav clustering. It is probale that a significant redundancy of HSPGs
exists in the nodal area, and this could overshadow the effect of

absence of a single HSPG.
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Fig. 8 Perlecan and agrin are present at nodes of Ranvier,
perlecan is reduced in this location in the absence of dystroglycan.
A-F, Images of sciatic nerve teased fibers isolated from adult wild
type (wt) and DG null mice. Double staining for the HSPGs agrin
(agr), perlecan (pcan) or syndecan-3 (syn-3) (green; A-F) and the
paranodal marker caspr (red). The merged confocal images are shown
(A’-F’). Note that perlecan is enriched at wt nodes (arrow in C-C’),
whereas in the absence of DG it is reduced at these sites (asterik in D-
D’). G-J, Perlecan is polarized early to nodes during postnatal
development, and missing even at early time points in DG deficient
nodes. Images of sciatic nerve teased fibers isolated from P6 and P10
wt and DG deficient mice. Double staining for perlecan (green; G-J),
and the paranodal marker caspr (red). The merged confocal images are
shown (G’-J”). Note that perlecan is polarized at nodes of Ranvier in
wt (arrows in G-G’ and I-I”), but not in dgko (asteriks in H-H’ and J-
J") fibers both at P6 and P10. 68% and 87% caspr-positive paranodes
are flanked by perlecan-positive nodes at P6 and P10 in wt nerves.
Only 4% and 6% nodes have been quantified as perlecan-positive in
dgko age-matched animals. Scale bar, 17.5 um.
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Fig. 9 (next page) Nav clusters are not altered at nodes or
heminodes of two different perlecan mutants. A-D, Images of
sciatic nerve teased fibers isolated from adult wt (A, C) and
Hspg2™'> (B, D) mice. Double immunostaining for Nav1.6 (A-B;
green) or gliomedin (C-D; green) and the paranodal marker caspr (A’-
B’; C’-D’; red) does not show any obvious alterations in nodal
clusters. E-J, Images of sciatic nerve teased fibers isolated from P6
Hspg2""" (E, G, 1), used as controls, and Hspg2“"*° (F, H, J).
Double staining for Nav1.6 (E-F; red) and pcan (E’-F’; green). Note
that whereas perlecan is enriched at nodes of controls (asterisks in E’),
its expression is almost absent in Hspg2“"*© nerves (asterisk in F°).
Double immunostaining for panNav (G-H; red) and caspr (G’-H’;
green), or gliomedin (I-J; green) and caspr (I’-J’; red). Fibers are
counterstained with neurofilament (NF, blue). Notice that both
panNav and gliomedin can form normal clusters, either heminodal
(arrows) or nodal. K-N, Images of sciatic nerve teased fibers isolated
from P60 Hspg2"" (K, M), used as controls, and Hspg2“"*° (L, N).
Double immunostaining for panNav (K-L; red) and caspr (K’-L’;
green), or gliomedin (M-N; green) and caspr (M’-N’; red). Scale bar,
17.5 um.
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Potential role of a-DG-N at nodes of Ranvier

Gliomedin and NrCAM, two glial cell adhesion molecules that trigger
Nf186 clustering by initiating heminode formation, are secreted in the
nodal gap upon furin proprotein convertase cleavage (Maertens et al.,
2007; Eshed et al., 2007; Feinberg et al., 2010). Then, the N-terminal
fragment of gliomedin (olfactomedin) and the extracellular domain of
NrCAM are incorporated in the nodal gap substance, where they form
a multimeric complex whose composition is still not completely
known. By analogy, the N-terminal domain of o-DG, o-DG-N
(spanning from residue 30 to 316), can be cleaved by a furin protease
in a wide variety of cell lines (Singh et al., 2004; Saito et al., 2008);
furthermore, recent studies have shown that a-DG-N is probably
secreted and can be found in human blood serum, cerebrospinal fluid
and urine, but its physiological significance is unclear (Saito et al.,
2008 and 2011; Hesse et al, 2011). To understand if a-DG-N could
have a role in peripheral nerve, specifically at nodes of Ranvier, we
first asked whether a-DG-N is cleaved and secreted by Schwann cells.
To this end, rat Schwann cells were cultured in the presence of the
furin inhibitor I (CMK) for 48 hours; subsequently, the cell lysate and
the culture medium were analysed by Western blot. In the absence of
CMK, a-DG with a molecular weight of 120 kDa was detected in cell
lysates by IIH6 antibody, which recognizes the mucin-like domain of
0-DG. In the same conditions, the culture medium contained a 35-40
kDa fragment that is detected by an anti-a-DG-N-specific antibody
(API528) (Fig. 10A). Instead, after treatment with CMK, IIH6
antibody detected a-DG with a molecular mass of 160 kDa, whereas

the 35-40 kDa band became undetectable in culture medium (Fig.
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10A). These data indicate that a-DG-N is excised by a furin
proprotein convertase in cultured Schwann cells and is shed in the
medium immediately upon cleavage.

To wunravel a possible role of o-DG-N in PNS in vivo, an
immunofluorescence with the API528 antibody was performed on
nerve teased fibers. Unfortunately, this antibody does not work in this
experimental setting.

As an alternative approach, a-DGFc fusion proteins were used to
perform binding assays on Schwann cells and neurons. Full-lenght
and truncated o-DG molecules, fused with human IgGFc (DGFc),
were generated by transfection of 293FT cells with constructs gently
gifted by Kevin Campbell (Kanagawa et al., 2004). The presence of
each fusion protein was confirmed in culture media by Western blot
with proteinA-HRP (not shown). DGFc5 represents whole a-DG,
DGFc6 has a deletion in the N-terminal domain, while DGFc2
encompasses the N-terminal domain only (Fig.7B).

Binding experiments on cultured rat Schwann cells revealed that both
DGFc5 and DGFc6 bound to the Schwann cell membrane, but they
were not incorporated in the associated ECM like it has been
described for extracellular gliomedin (Gldn-ECDFc; Eshed et al.,
2007), that was used as a positive control (Fig. 7C). We excluded that
DGFc¢5 and DGFc6 bound to a-DG expressed on the surface of
Schwann cells, as the binding did not change upon DG knock down
by shRNA (not shown). In contrast, DGFc2 was not able to bind
either Schwann cells or their ECM, similarly to what was previously
shown for the more distal domain of gliomedin, olfactomedin (Gldn-

OlfFc; Eshed et al., 2007) (Fig. 7C). Furthermore, deletion of a-DG-N
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in the DGFc6 construct does not alter the ability of a-DG to bind the
SC membrane, suggesting that the mucin-like and the C-terminal
domains of a-DG are sufficient to mediate this interaction.

The same experiment was also performed on isolated DRG neurons.
Although pre-clustered olfactomedin-Fc (Gldn-OlfFc), that was used
as positive control, bound to axons, as expected (Eshed et al., 2007),
none of the DGFc constructs were able to interact with DRG neurons
(Fig. 7D).

However, when myelinating Schwann cell-DRG co-cultures were
incubated with DGFc fusion proteins, DGFc2 bound to some
Schwann cells aligned with axons, similarly to Gldn-OlfFc (Fig.7E).
Instead, DGFc5 and DGFc6 robustly bound the matrix in between
neurons and Schwann cells (Fig.7E). These results suggest that,
similarly to the olfactomedin domain of gliomedin, a-DG-N can
interact with myelinating fibers, but only after the Schwann cell-axon
contact is established. This indicates that whereas gliomedin directly
interacts with an axonal protein (i.e. neurofascin 186), the N-terminal
fragment of DG might bind a complex of molecule that forms only
when myelination is triggered. Instead, full lenght a-DG can bind
components of the ECM deposited by Schwann cells either in the
presence or in the absence of neurons. Most likely, full lenght a-DG
interactors are represented by laminins, perlecan or agrin. Future

experiments will elucidate this aspect.
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Fig. 10 (previous page) Cultured Schwann cells secrete a-DG-N, and
different portions of a-DGFc differently bind Schwann cells, DRG
neurons and SC-DRG co-cultures. A, Native a-DG-N is cleaved by a furin
protease in rat Schwann cells. Rat SCs were cultured for 48 hours with (+) or
without (-) furin inhibitor I (CMK). Western blot analysis on SC lysate (left)
and culture medium (right) shows that in the absence of CMK a 35-40 kDa
a-DG-N is secreted in cell medium and a 120 kDa a-DG is detected in cell
lysate by IIH6 antibody. In the presence of CMK, a-DG is not cleaved, as
shown by both the higher MW (around 160 kDa) of a-DG in SCs or the
absence of a-DG-N in the cell culture medium. B, Schematic representation
of a-DG, showing its domain composition (Signal peptide, SP, N-terminal,
Mucin-like, C-terminal, and transmembrane, TM). The N-terminal domain of
a-DG is cleaved by a furin proprotein convertase at residue 316. The three
deletion mutants of DGFc proteins are shown: DGFc5 (whole a-DG fused
with Fc), DGFc6 (deletion of a-DG-N fused with Fc¢) and DGFc2 (a-DG-N
fused with Fc). C, Binding of DGFc5, DGFc6 and DGFc2 to isolated rat
Schwann cells. Both DGFc¢5 and DGFc6, but not DGFc2, binds to the matrix
associated with the SC membrane. In contrast Gldn-ECDFc, used as positive
control, binds to the ECM between the SC. Fc binding is shown in red,
Schwann cells were labeled with an antibody against S100 (green) and the
nuclei of Schwann cells were labeled with Dapi (blue). D, Binding of
DGFc5, DGFc6 and DGFc2 to isolated DRG neurons. Gldn-OlfFc, used as
positive control, interacts with the axon, whereas none of the DGFc proteins
bind isolated neurons. Fc binding is shown in red and neurons are labeled
with an antibody against neurofilament (NF, green). E, Binding of DGFc5,
DGFc6 and DGFc2 to SC-DRG co-cultures after 10 days from the induction
of myelination. Fc binding is shown in red, neurons are labeled with an
antibody against neurofilament (NF, green). Note the binding of DGFc2 to
SCs aligned with axons (arrows). Scale bar, 17.5 um.
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2.4 Discussion

We and others previously reported that dystroglycan is
enriched at Schwann cell microvilli and its absence causes abnormal
clustering of Nav and variable degrees of microvilli disorganization
(Saito et al., 2003; Occhi et al., 2005). Here we have demonstrated
that these abnormalities depend on a defective formation of Nav
clusters rather than a degeneration of normal clusters with time. We
have also shown that dystroglycan is polarized immediately to
Schwann cell processes at nascent nodes, and that at microvilli it faces
both the basal lamina and the nodal gap substance. The analysis of the
mechanism does not indicate an involvement of perlecan, we rather
propose a model in which DG stabilizes newly formed Nav clusters by
interactions with laminin 211 in the basal lamina, and yet unknown
molecules in the nodal gap, possibly through its shed N-terminal
domain.

Our findings support the notion that Schwann cell microvilli
contribute to the proper formation of Nav clusters at nodes of Ranvier.
Several observations go in the same direction. First, in the peripheral
nervous system, a direct contact between Schwann cells and the axon
is necessary for Nav to cluster (Ching et al., 1999; Vabnick et al.,
1996). Second, in early postnatal development, Nav clusters appear in
close association with ERM-positive Schwann cell processes, early
precursors of Schwann cell microvilli (Melendez-Vasquez et al.,
2001; Gatto et al., 2003). Third, gliomedin and NrCAM, glial cues
that promote the initial clustering of axonal CAMs, are polarized early
to microvilli (Eshed et al., 2005; Feinberg et al., 2010), and their

absence leads to microvillar disorganization, absence of heminodal
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clusters (Feinberg et al., 2010) and delay in Nav appearence (Custer et
al., 2003).

Early polarization of DG at nascent nodes of Ranvier is consistent
with a role in Nav cluster formation

We have confirmed the observation that in rodent peripheral nerves
dystroglycan is expressed during early postnatal development, and we
have extended this notion to its nodal polarization. Previous works
have shown that expression of B-DG is low and not confined to the
Schwann cell outer membrane from embryonic day 18, when only -
DG mRNA was found in spinal nerves (Previtali et al., 2003), to birth
(Masaki et al., 2002). Just prior the onset of myelination DG is
detected at the protein level and soon after its expression increases, as
confirmed by Western blot analysis for both a- and B-DG at P2, and in
accordance with other reports (Cai et al., 2007). In the present work
we found that in rat sciatic nerves, the majority of ezrin-positive
Schwann cell processes were also positive for a- and B-DG as soon as
P2. We also noticed that for each one of the analyzed time points the
percentage of a-DG-positive nodes was always lower than -DG. The
extent of a-DG glycosylation increases during development, thus it is
possible that a glyco-specific antibody as the one used in this analysis
exhibits a lower affinity for a not completely glycosylated target.
Alternatively, it might be that a minority of the nodal dystroglycan
complex lacks a-DG as a consequence of B-DG cleavage by MMP-2
and -9, that are active during early postnatal development (Court et

al., 2011). The same immunofluorescence analysis performed with
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antibodies recognizing either a-DG core protein or the cleaved B-DGs;

fragment could clarify this aspect.

Dystroglycan is required for proper Nav clustering at nodes and
heminodes

Data from the developmental analyses are consistent with the idea that
dystroglycan in Schwann cell processes have a role in mediating the
formation of Nav clusters because newly formed Nav clusters have
the same abnormalities found in adult mice, indicating that DG
mediates Nav clustering rather than their maintenance. In addition,
even heminodal clusters were defective in DG deficient mice, strongly
suggesting that, in virtue of its temporal and spatial localization, DG
contributes with gliomedin and glial NrCAM to promote the first steps
of Nav accumulation. However, an important difference between mice
lacking gliomedin or NrCAM and DG deficient mice is that the
former completely lack Nav clusters at heminodes, whereas in the
absence of DG clusters can generally be detected, albeit with the same
morpholgical defects of nodal clusters. This indicates that DG is
required for the stabilization of both nodal and heminodal clusters as
they form, but it is not necessary to induce clusterization per se. This
finding is supported by the fact that gliomedin and Nfl186 are still
found at DG deficient nodes (not shown and Saito et al., 2003), where
they can trigger Nav clustering, although in a defective way due to the

lack of DG stabilization.
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Removal of paranodal junctions worsens the nodal defects of DG
deficient mice

It has been proposed that, when nodal axo-glial contact is impaired,
like in the absence of gliomedin and NrCAM, a paranodal junction-
dependent mechanism allows Nav to accumulate at mature nodes by
restricting their distribution between two growing myelin internodes
(Feinberg et al., 2010). Indeed, removal of paranodal junctions in
gliomedin and NrCAM deficient mice resulted in a remarkable
decrease of the total amount of Nav clusters (Feinberg et al., 2010).
However, the idea that PNJs can substitute heminodal interactions is

. NF186
controversial, as Nfasc

null mice are not able to cluster Nav,
despite the presence of intact paranodes (Sherman et al., 2005;
Thaxton et al., 2011).

Here we asked whether ablation of the paranodal junction
mechanism would worsen cluster abnormalities in DG deficient
nerves. Dgko//caspr-null mice exhibit a higher number of abnormal
Nav clusters and an overall worsening of the nodal architecture.
Ultrastructurally, concomitant elimination of caspr and a microvillar
protein (gliomedin, NrCAM or dystroglycan) causes microvilli to
invade the space between the axolemma and the detached paranodal
loops. Moreover, in dgko//caspr null mice we observed a significant
increment of the number and the dimensions of bulging axonal
protrusions into the nodal gap. These structures, full of vesicles and
mitochondria, could be either an adaptive mechanism of the axon to
overcome the higher energetic load, or the tendency of the neurite to
form sprouts in the absence of a stable glial covering.

Overall, these data suggest that properly formed microvilli and
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intact paranodal axo-glial junctions, if not equally required for the
clustering, do cooperate in stabilizing Nav clusters at nodes of

Ranvier.

Dp116 and perlecan, but not laminin 511, are polarized early to
nascent nodes.

Specific laminins and specific dystrophin-glycoprotein complexes are
expressed at mature nodes of Ranvier (Occhi et al., 2005). This
regional polarization might have a functional significance for the
nodal architecture, and the analysis of the temporal expression of DG
intracellular and extracellular partners could suggest which complex
might regulate Nav clustering. Here we have shown that Dp116, the
major dystrophin isoform found at nodes of Ranvier, accumulates at
sites of Schwann cell-axon contact as early as P2. We also noticed that
Dpl116 nodal localization is slightly delayed compared to that of
dystroglycan, suggesting a progression of events in which DG is first
inserted in the membrane of Schwann cell microvilli, followed by the
recruitment of Dp116 to the cytoplasm of these structures. Thus, in the
first days of postnatal development, the nodal DG complex could
function independently of Dpl16. To elucidate this eventuality it
could be interesting to analyze Nav clustering in mice deficient in all
dystrophin isoforms, including Dp116 (mdx**"*%"), or mdx**"**/jutr”"
mice that also lack utrophin, to avoid compensation issues. Previous
analysis of these mutants did not show evident signs of peripheral
nerve disease (Rafael et al., 1998 and 1999), however a more careful

investigation might be required.
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In the basal lamina over nodes, potential DG ligands are
laminin 211 and 511, and the heparan sulfate proteoglycans agrin and
perlecan (Gesemann et al., 1998; Talts et al., 1999; Ido et al., 2004),
which are enriched in the nodal region. Immunofluorescence analysis
revealed that laminin a5-chain acquires its mature polarization around
nodes and paranodes only after P10, a period when nodes have
already formed. Thus, it is more likely that laminin 511 has a role
unrelated to the maintenance of the nodal architecture; the generation
of Schwann cell specific Lama5 null mice would be the best way to
gain insight into its function.

On the contrary, laminin 211 and perlecan become polarized to nodes
earlier, indicating that their interaction with DG might be involved in
the first steps of Nav clustering. For laminin 211, this is confirmed by
the observation of abnormal Nav clusters in mice and humans with
defective laminin a2-chain (Occhi et al., 2005). Furthermore, in the
murine model of MDC1A we also found abnormalities in heminodal
clusters (Colombelli and Feltri, unpublished observation), suggesting
that together with dystroglycan, laminin 211 is involved in node
formation. Specifically, we propose that interactions between a-DG
and laminin 211 can trigger rearrangements in the cytoskeleton of
microvilli that in turn favour the compaction of Nav clusters in the
nodal axolemma. This mechanism is supported by three experimental
observations. First, laminin mutants phenocopy the clustering defects
of DG deficient mice, even if with lower severity. Second, [-
dystroglycan can directly interact with actin and ezrin, which are
enriched at Schwann cell microvilli (Chen et al., 2003; Spence et al.,

2004). Third, Schwann cell microvilli are disorganized in the absence
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of dystroglycan (Saito et al., 2003). Ezrin is part of the ERM family
proteins that, when activated by phosphorylation at a conserved
threonine residue, function as linkers between transmembrane
receptors and the cytoskeleton (Bretscher et al., 2002; McClatchey
and Fehon, 2009). In epithelial cells the interaction between B-DG and
phospho-ezrin induces actin-rich surface protrusions (Spence et al.,
2004), hinting at a potential involvement of this alternative
dystroglycan complex in the formation of peripheral filopodia and
microvilli. Indeed, in the absence of DG, we found a slight reduction
in ERM protein levels. How dystroglycan can modulate ERM
expression in nerves is not known, but it is possible that the Cajal
band/apposition disorganization in DG deficient mice (Court et al.,
2009) slows ERM transport to microvilli, thus reducing their
localization to the microvilli. In support, we found higher amounts of
ERM-positive puncta along the nerve fibers of DG deficient mice.
However, ERM nodal localization is generally preserved; probably, in
the absence of DG, the interaction between cytoskeletal F-actin and
the microvillar membrane is maintained, at least in part, by syndecan-
3 that, akin to syndecan-2, might bind ezrin (Granes et al., 2000 and
2003). An analysis of B-DG/ezrin or B-DG/F-actin interactions during

node formation may clarify this aspect.

Perlecan is dispensable for Nav clustering

In the last few years growing evidence pointed to the nodal gap
substance as a region where communication between the Schwann cell
and the axolemma, critical for Nav clustering, takes place.

Specifically, gliomedin is able to bind Nf186 only when shed in the

169



nodal gap and incorporated in a multimolecular complex in a heparan
sulfate-dependent manner (Eshed et al., 2007). The composition of the
nodal gap substance, earlier termed ‘cementing disc of Ranvier’
(Landon and Langley, 1971), is still poorly defined, but many
proteoglycans and non-sulfated mucopolysaccharides have been
identified (Hess and Young, 1952; Quick and Waxman, 1977).
Through their HS-chains, heparan sulfate proteoglycans (HSPGs) can
sequester and trap growth factors as a form of protection against
proteolytic degradation, or to present them for high-affinity receptor
binding. For instance, perlecan presents FGF-2 to its receptor and lack
of perlecan HS-chains causes delayed wound healing and retarded
tumor growth due to reduced FGF-2 signalling (Zhou et al., 2004).
Similarly, in the perinodal matrix the HS-chains of a still
undetermined HSPG bind gliomedin, creating high local
concentrations that may favour its interaction with NfI86 and
subsequent Nav clustering. We hypothesized that DG may serve to
immobilize such a HSPG in this specific location. One open question
is whether perlecan and agrin, two HSPGs expressed by Schwann
cells and able to bind DG, are present solely in the basal lamina or are
also secreted in the nodal gap substance. We found that both agrin and
perlecan are localized at nodes of Ranvier in wild type nerves, and in
the absence of DG perlecan nodal enrichment is lost, indicating that
dystroglycan is necessary for the positioning of this HSPG in this
specialized area. Nonetheless, the absence of perlecan HS-chains does
not affect gliomedin accumulation or Nav clustering at peripheral
nodes. To avoid the possibility that the C-terminal HS chain that is

still present in Hspg2** mice compensated for the absence of the
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other 3 N-terminal HS-chains, we also analyzed mice lacking almost
all secreted perlecan. However, even these mutants did not present
abnormalities in gliomedin and Nav clusters. We conclude that
perlecan is dispensable for Nav clustering, even if it is likely that other
HSPGs present at nodes of Ranvier, like syndecan-3 and -4, NG2
proteoglycan, versican V1 and agrin, are redundant with perlecan in
this function (Martin et al., 2001; Goutebroze et al., 2003; Melendez-
Vasquez et al., 2005). Of note, syndecan-3 and NG2 deficient mice
exhibit normal nodal organization and unaltered clustering of Nav
(Melendez-Vasquez et al., 2005; Colombelli and Feltri, unpublished
observation), making it necessary the generation of multiple HSPG
knock outs to unveil heparan sulfate function in the nodal region.
Similarly, CNS nodes present a specialized extracellular matrix that
contains the chondroitin-sulfate proteoglycans (CSPGs) brevican,
versican V2 and phosphacan, the glycoprotein tenascin-R and brain-
specific hyaluronan-binding link protein Brall (Rasband, 2010). It has
been proposed that these ECM proteins may have a role in active
clustering of channels at CNS nodes, but genetic loss of any single
one of them does not affect the clustering of Nav (Weber et al., 1999;
Brakebusch et al., 2002; Dours-Zimmerman et al., 2009; Bekku et al.,
2010). As in PNS, redundancy could play a role, but alternative
functions, including buffering of ions and stabilization of clusters,

have been advocated (Hedstrom et al., 2007; Bekku et al., 2010).

Potential role of a-DG-N at nodes
The hypothesis that, with or without a HSPG, dystroglycan might

have a role in coordinating the NrCAM-gliomedin multimolecolar

171



complex is supported by the finding that at microvilli DG not only
faces the basal lamina, but also the nodal gap substance. Moreover,
like glial NrCAM and gliomedin, o-DG contains a consensus
sequence for furin-mediated cleavage. It has been shown that the N-
terminal domain of a-DG (a-DG-N) is released in culture media of
several cell types (Singh et al., 2004; Saito et al., 2008), and can also
be found in different body fluids, like plasma, urine and cerebrospinal
fluid (Saito et al., 2008 and 2011; Hesse et al., 2011). Some reports,
but not others, suggested that a-DG-N can bind laminins and other
ECM ligands, and promote neurite extension in vitro (Hall et al.,
2003; Kangawa et al., 2004). Nonetheless, its biological function is
still elusive. By analogy with gliomedin and NrCAM, we
hypothesized that a-DG-N is shed in the nodal gap substance where it
can exert a stabilizing effect on the NrCAM-gliomedin/Nf186
complex. Indeed, we demonstrated that in the absence of furin
inhibitor Schwann cells released o-DG-N in the culture medium.
Although direct detection of native a-DG-N in vivo was hampered by
the absence of a suitable antibody, dystroglycan-Fc binding assays
revealed that the N-terminal fragment of DG is able to bind
myelinating fibers in an in vitro system. Complete a-DG, comprising
the mucin-like domain deposited onto the surface of cultured Schwann
cells, probably binding laminins, perlecan and/or agrin. Instead, o-
DG-N was not able to interact with either Schwann cells or isolated
neurons, but interaction could be detected upon ascorbic acid addition,
in SC-DRG co-cultures. From preliminary experiments, similarly to
the olfactomedin domain of gliomedin, a-DG-N decorates the surface

of Schwann cells aligned with axons and progressively accumulates at
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nodes of Ranvier as myelination proceeds (not shown). This suggests
that a-DG-N binds one or more molecules that are expressed by or
complexed onto the axonal surface only when myelination is
triggered. Future experiments are aimed at confirming the exact
localization of a-DG-N in myelinating fibers in respect to nodal and
paranodal markers, and at different stages of myelination. Potential a-
DG-N binding partners in the nodal gap are not known, but a-DG-N is
an autonomous folding unit, with an Ig-like domain, a module that is
commonly implicated in cell-cell interactions and adhesion (Barclay,
1999). A recent study describes the extracellular protein DIG-1, a new
potential interactor of the N-terminal domain of the DG ortholog in C.
elegans (DGN1) (Johnson and Kramer, 2012). DIG-1 has been first
described as a giant secreted protein containing many protein
interaction domains, with high similarity to mammalian hyalectans,
like aggrecan and versican. Its function is to mantain axons and cell
bodies in place whithin axonal fascicles and ganglia (Bénard et al.,
2006; Burket et al., 2006). It has been shown that a direct or an
indirect interaction between DIG-1 and the N-terminal domain of
DGN-1 is required for the maintenance of lumbar neuron position
(Johnson et al., 2012). As cell-matrix interactions are important in
nematode embryonic positional maintenance, in a similar way
vertebrate a-DG-N could favour the positioning of microvilli by
mediating the binding between a nodal gap proteoglycan and the
NrCAM-gliomedin/Nf186 multimeric complex. This proteoglycan
could be perlecan, that is in fact reduced in the absence of DG, or

alternatively versican V1.
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Dystroglycan mediates Nav clustering through two distinct
mechanisms

In conclusion, our study demonstrated that dystroglycan is required
for the formation of properly shaped Nav clusters at peripheral nodes
and heminodes. We propose a model implying two cooperating
mechanisms. On the basal lamina side DG-laminin 211 interaction
induces the reorganization of the cytoskeleton of Schwann cell tips,
during the formation of microvilli, thus stabilizing Nav clusters in the
nodal axolemma. On the axonal side, the N-terminal domain of a-DG
might be shed in the nodal gap where it stabilizes the glial complex

that induces axonal neurofascin and Nav accumulation (Fig. 12).
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Fig. 12 Schematic representation of the potential mechanisms
through which DG mediates proper Nav clustering at nodes of
Ranvier. We propose that dystroglycan aids axonal Nav clustering via
two different, not mutually exclusive, mechanisms. At the side of
basal lamina (in blue), DG interaction with laminin 211 can trigger a
remodeling of the cytoskeleton of microvilli through ERM proteins.
The interactions of B-DG with ERMs and Dpll6 can occur
simultaneously (Spence et al., 2004). We also hypothesize that a-DG-
N is cleaved and released in the nodal gap substance (in light blue)
where it can stabilize gliomedin/NrCAM-complex through
interactions with a still undefined molecule. This could be an HSPG,
like perlecan, agrin or versican V1. It is not known if furin cleavage
occurs intracellularly or at the membrane and whether B-DG is also
cleaved by MMP-2 and -9 at nodes of Ranvier. It is possible that two
sequential cleavages, by MMPs and furin, can release two forms of a-

DG, with distinctive functions in Nav clustering.
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Chapter 3

Dystroglycan regulation of Schwann cell cytoplasm

compartmentalization and internodes

3.1 Introduction

Function of many cell types depends on polarization, the formation of
different anatomical, and molecular domains. Myelinating Schwann
cells are highly polarized both radially and longitudinally, a
configuration required for action potential propagation (Salzer, 2003).
In addition, the cytoplasm outside myelin is organized into regions in
which the outer cell membrane and myelin are apposed or cytoplasmic
channels extending from perinuclear to nodal regions (Cajal bands and
trabeculae) (Ramoén y Cajal, 1933). These structures probably fulfill
the metabolic and transport requirement of Schwann cells (Kidd et al.,
1994; Court et al., 2004), which must extend up to 1 mm in length and
produce 50-100 wraps of spiraling membrane during myelination. It
has been proposed that this pattern is also required to achieve the
correct length of a myelin segment (internodal length), which in turn
regulates nerve conduction velocity (Court et al., 2004). We recently
demonstrated that the dystrophin-glycoprotein complex (dystroglycan
complex), containing utrophin and laminin 211, plays a role in this
process (Court et al., 2009). This may explain the internodal
abnormalities seen in mice and patients lacking laminin 211 in
congenital muscular dystrophy 1A (MDC1A) (Bradley and Jenkison,
1973; Di Muzio et al., 2003). The dystroglycan complex connects the
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cytoskeleton to extracellular matrix, and, in Schwann cells, it consists
of a- and p-dystroglycan (DG), sarcoglycans, dystrobrevins,
synthrophins, and the dystrophin family members utrophin, Dp116,
and DRP2. The dystroglycan complex provides a scaffold for specific
proteins required for myelin stability (Sherman et al., 2001; Cai et al.,
2007; Albrecht et al., 2008), and its composition varies in different
Schwann cell compartments: utrophin, Dp116, a-dystrobrevinl, and
syntrophins are in Cajal bands (Albrecht et al., 2008; Court et al.,
2009), DRP2 and periaxin are in appositions (Sherman et al., 2001),
and Dpl16 is enriched in microvilli (Occhi et al., 2005). How the
differential distribution of dystroglycan complex components is
achieved is unknown. Here we provide evidence that selective
proteolytic processing is a mechanism contributing to this cell
polarization.

DG is processed after synthesis into transmembrane B-dystroglycan
(B-DG) and extracellular a-dystroglycan (a-DG), which binds
laminins and proteoglycans (Ibraghimov-Beskrovnaya et al., 1992;
Holt et al., 2000). B-DG can be further cleaved extracellularly by
matrix metalloproteinase 2 and 9 (MMP-2 and -9), yielding a
transmembrane protein unable to bind a-DG, therefore disrupting the
linkage between the basement membrane and the cytoskeleton
(Yamada et al., 2001; Zhong et al., 2006). With few exceptions, this
processing has been associated with pathological conditions, including
cancer invasion, autoimmune encephalomyelitis, and muscular
dystrophies (Matsumura et al., 2003; Jing et al., 2004; Agrawal et al.,
2006; Shang et al., 2008).
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Here we show that the composition and localization of components of
the dystroglycan complex change depending on cleavage of B-
dystroglycan by MMP-2 and MMP-9 and that this is a physiological
process that Schwann cells may use to remodel subcellular
compartments. In contrast, excessive dystroglycan cleavage results in
abnormal compartments in nerves from Lama2®™*"%* mice, an animal
model of MDCI1A (Bradley and Jenkison, 1973; Di Muzio et al.,
2003). Inhibition of DG proteolysis restores normal compartments and
partially rescues internodal lenght in myelinating Lama2®*'®*
cultures. However, the genetic ablation of MMP-9 from two murine

models of MDC1A (Lama2®*"®* and Lama2™**%*) is not sufficient

to rescue these parameters in vivo.

3.2 Materials and Methods

Mice. POCreDGko (dgko), Lama2®™*'®* (Dy2j/2j), and Lama2®***
(Dy3k/3k) (from S. Takeda) mice were reported previously (Meier
and Southard, 1970; Miyagoe et al., 1997; Feltri et al., 1999; Saito et
al., 2003) and were on a C57BL/6 background. MMP-2 knock out
(KO) mice (C57BL/6) were from S. Itohara (Riken Institute, Tokyo,
Japan) (Itoh et al., 1997), MMP-9KO mice were from G. Odenakker
(University of Leuven, Leuven, Belgium) (Dubois et al., 1999)
(C57BL/6) and The Jackson Laboratory (Vu et al., 1998) (FVB).
Experiments were approved by the San Raffaele Institutional Animal

Care and Use Committee and complied with NIH guidelines.
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Primary/secondary antibodies and dyes. Primary antibodies
included the following: rabbit anti-DRP2 (1:400 for IF; 1:2000 for
WB) and rabbit anti-periaxin (1:30000 for WB) (both generous gifts
from P.J. Brophy and D. Sherman, University of Edinburgh,
Edinburgh, UK), mouse anti-B-tubulin (Sigma) (1:1000), FITC- and
TRITC-conjugated phalloidin (Sigma), mouse anti-f-dystroglycan
(43DAG/8DS5; Novocastra) (1:50 for IF; 1:80 for WB), mouse anti-
Dpl116 (Mandral; Sigma) (1:100 for IF; 1:1500 for WB), mouse anti-
glycosylated a-dystroglycan (ITH6) (1:100 for IF; 1:1000 for WB) and
goat anti-core a-dystroglycan G20 (1:20 for IF) (both generous gifts
from K.P. Campbell, University of lowa, lowa City, [A), rat anti-
myelin basic protein (MBP; 1:10 for IF) (generous gift from V. Lee,
University of Pennsylvania, Philadelphia, PA), mouse anti-utrophin
(1:1000 for WB) (NovoCastra Laboratories), mouse anti-utrophin
(1:10 for IF) (generous gift from G.E. Morris), rat anti-f1-integrin
(1:20 for IF) (R&DSystems), mouse anti-B1-integrin (BD Trans Lab)
(1:1000 for WB), goat anti-MMP-9 (1:1000 for WB) (R&DSystems),
rabbit anti-neurofilament (1:3000 for WB) (Chemicon), and rabbit
anti-calnexin (1:3000 for WB) (Sigma). Secondary antibodies
included the following: goat anti-rabbit FITC or TRITC and goat anti-
mouse Cy5 (1:200) (Jackson ImmunoResearch), goat anti-mouse
(Fab-specific) or goat anti-mouse (Fc-specific) HRP (1:5000)
(Sigma), donkey anti-goat HRP (1:5000) (Tebu-Bio), goat anti-rabbit
HRP (1:10000), and DAPI (Sigma). The goat anti-mouse secondary
antibodies were used to reveal the mouse anti-B-dystroglycan
43DAG/8D5 antibody (see Fig. 2-9). When using the Fab-specific or
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Fc-specific goat anti-mouse antibody, a non specific band of 25 or 55
kDa, respectively, appeared, which was present even when the
primary antibody was omitted (marked with * in the figures) and

represented Ig in the nerves recognized by the secondary antibody.

Western blot analysis. Sciatic nerves and dorsal root ganglia or
coverslips with explants were frozen and homogenized in a metal
pestle and then lysed with buffer PN1 containing 25 mM Tris, pH 7.4,
95 mM NaCl, 10 mM EDTA, 2% SDS, 1 mM NaF, 1 mM Na3;VQ,,
and 1% protease inhibitor cocktail (PIC) (Sigma-Aldrich). Western

blot was performed using standard techniques.

Gelatin zymography. Sciatic nerves were dissected and perineurium
removed. Nerves were homogenized in 100 mM Tris, pH 7.4, 200
mM NaCl, 1% Triton X-100, 1 mM 4-(2-aminoethyl)benzenesulfonyl
fluoride (AEBSF), and 1% PIC and centrifuged for 15 min at 4°C.
Supernatants were recovered, and proteins were quantified (BCA Kkit;
Invitrogen). Proteins, 60 ng, were mixed with 3X sample buffer and
loaded in an SDS gel containing 1 mg/ml pig skin gelatin (Fluka) in
the running part of the gel. Samples were not boiled or treated with
DTT to avoid loss of enzymatic activity. After running, the gel was
washed in distilled water (dH,O) twice, incubated in a solution
containing 2.5% Triton X-100 in dH,O, washed, and incubated in 50
mM Tris, pH 7.6, 5 mM CaCl,, and 0.02% NaNj; at 37°C. After two
washes in dH»0, gels were stained with Coomassie Brilliant Blue and
destained until degradative, negative bands appear.
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Wheat germ agglutinin pull-down. Sciatic nerves were frozen and
grinded in a metal pestle. From this step, all procedures were
performed at 4°C. Nerve powders were incubated with lysis buffer B
(50 mM Tris-HCI, pH 7.5, 120mM NaCl, 1% digitonin, 0.25mM
AEBSF, and 1% PIC) for 2 hs in a rotating apparatus, lysates were
centrifuged at 13,200 rpm for 30 min, and the supernatant (input) was
mixed with wheat germ agglutinin agglutinin (WGA)-Sepharose
(washed in buffer B overnight). After centrifugation, the supernatant
was stored (void), and WGA-bound proteins were washed in buffer B
and eluted using 0.6 M N-acetyl-D-glucosamine for 5 min at room
temperature (WGA). After spinning, eluted proteins were loaded in an
SDS gel for Western blot. Although B-DG is also glycosylated, our

protocol allows us to obtain a fraction rich in a-DG.

Electron microscopy. Electron microscopy was performed as

described previously (Wrabetz et al., 2000).

Immunofluorescence. For immunofluorescence, sciatic nerve fibers
were teased and immediately stained with mild permeabilization to
preserve the abaxonal subcortical Schwann cell structure as described
(Court et al., 2009), with the following modification for dystroglycan
complex proteins: nerves permeabilized for 5 min in methanol at room
temperature and blocked with 1% fish skin gelatin. Dorsal root
ganglia were fixed for 10 min in 4% paraformaldehyde and
blocked/permeabilized with 5% fish skin gelatin and 0.5% Triton X-
100.
194



Drug injection. Intraperineurial drug injection (IL-1B, 20 pg/ml;
GM6001 (Sigma-Aldrich) (N-[(2R)-2(hydroxamidocarbonylmethyl)-4
methylpantanoyl]-L-tryptophan methylamide), ImM) was performed
as described (Court and Alvarez, 2000).

Rat dorsal root ganglia-Schwann cell co-cultures. Primary rat
dorsal root ganglia and Schwann cell cultures were prepared from
embryos of 15-17 gestational days following the method described
(Einheber et al., 1997).

Mouse dorsal root ganglia explants. Dorsal root ganglia were
dissected from embryos of 14.5 gestational days as described
previously (Nodari et al., 2007). After 3 days, ascorbic acid (50
ng/ml) was added to the medium to induce myelination for 2-3 weeks,

in the presence or absence of GM6001 (4-20 uM) or vehicle.

Teasing of osmicated fibers and internodal lenght measurement.
Sciatic nerves from adult mice were dissected and fixed 1 hour at 4°C
in 2% glutaraldehyde in 0.12 M phosphate buffer. Nerves were then
washed in 0.12 M phosphate buffer and osmicated in 1% OsO, for 2
hours at room temperature. After 3 washes in 0.12 M phosphate
buffer, osmicated nerves were left in 66% glycerol overnight at RT.
The day after they were transferred to 100% glycerol and stored at
4°C until teasing. With pointed forceps and using a dissecting
microscope, epineurium and perineurium were stripped away from
endoneurium on lightly glycerinated glass slides. Next, small strands
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of nerve fibers were torn from the endoneurium and a single fiber or a
small bundle of fibers was pulled away from the main strand. The
proximal end of each separated fiber strand was grasped with forceps
and slid onto a clean slide through a minute drop of glycerine.
Coverslips were applied and sealed with nail polish. Images of single
fibers were taken in bright field using a Leica DM 5000B microscope.
This procedure permits evaluation of consecutive internodes of the
same myelinated nerve fiber and is used to establish the frequency of
certain neuropathologic abnormalities, such as tomacula, segmental
demyelination, presence of myelin ovoids (Griffin et al., 1993; Krinke
et al., 2000). For internodal length analysis, the length between two
nodes of Ranvier was measured using ImageJ software. Around 100
internodes were measured for each animals, and 3 animals/genotypes

were analyzed.

Morphological analysis, f-ratio, and imaging. All images were
acquired with either a spinning Nipkow disk confocal microscope
(UltraVIEW; PerkinElmer Life and Analytical Sciences) using a 63X
objective or with a TCS SP2 Laser Scanning Confocal microscope
using a 63X objective. Images were composed using Photoshop
software (Adobe Systems). Any image manipulation was equally
applied to all the panels in a figure. f~ratio analysis at the light (LM)
and electron (EM) microscopic level was performed as described
previously (Court et al., 2009). Semiquantitative estimate of
dystroglycan complex proteins was performed using a mask
corresponding to either DRP2 staining or actin staining using TRITC-
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conjugated phalloidin. The signal intensity was measured in each
domain and normalized to the total intensity of the complete optic

slice.

3.3 Results

B-DG is present without a-DG in Cajal bands

We first assessed the localization of dystroglycan complex
components by staining freshly isolated nerve fibers. Interestingly, we
observed that a-DG is detectable only in appositions, where it forms a
complex with DRP2 and periaxin (Sherman et al., 2001), whereas [-
DG is also present in Cajal bands where it colocalizes with utrophin
and Dpl16 (Fig. 1). Staining with antibodies recognizing either the
core 0o-DG protein or its glycosylated epitope colocalized in
patches/appositions, excluding the possibility that a-DG was not
detectable in Cajal bands because of potential differences in
glycosylation that affect antibody binding (Fig. 1B). Therefore,
utrophin, Dp116, and DRP2 are not only segregated in different
subcellular domains but are found with two different DGs: complete
DG (o and B) in appositions or B-DG alone in Cajal bands. Absence of
a-DG in Cajal bands does not preclude linkage to the basal lamina in
these regions, because other laminin receptors such as a6p1 or a6p4

integrins are localized in Cajal bands (Fig. 1F) (Nodari et al., 2008).
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Fig. 1 B-DG, not a-DG, is localized in Cajal bands. Teased fibers
from adult sciatic nerves stained with anti-DG complex antibodies. A,
a-DG (green) is restricted to patches corresponding to appositions, in
which DRP2 is also localized (E). In contrast B-DG (red) is also
present in Cajal bands. B, Antibodies against glycosylated a-DG (red)
or the a-DG core protein (green) colocalize and are both restricted to
patches. Utrophin (UTR) (C), Dpl16 (D), and Blintegrin (F) are in
Cajal bands. The fluorescence intensity of each protein in patches
(black) or Cajal bands (white) is represented in G. Error bars
corresponds to SEM. Scale bar, 10 um.
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Metalloproteinase-cleaved B-DG copurifies with different
dystrophin-like proteins

The presence of B-DG without a-DG in Cajal bands suggested
cleavage of the extracellular domain of B-DG. In several tissues the
gelatinases MMP-2 and -9 cleave B-DG in its N-terminal extracellular
portion, releasing o-DG (Yamada et al., 2001). We confirmed that
also in peripheral nerves the proteolysis of full length B-DG (-DGua3)
occurs, and gives rise to a 31 kDa fragment (B-DG3,;) (Fig. 2A, input
lane; Yamada et al., 2001).

To support that the cleavage of N-terminal $-DG explains the absence
of a-DG in Cajal bands, we asked whether only B-DGy; copurified
with glycosylated a-DG after pull down of nerve lysates using wheat
germ agglutinin (WGA). As expected, WGA pulled down a-DG from
nerves (Fig. 2A). B-DGuas, but not B-DGs;, was associated with the
WGA fraction, whereas the void fraction contained 3-DGs;, but little
B-DGys, strongly suggesting that B-DG in Cajal bands is mainly
cleaved (Fig. 2). Furthermore, from the immunolocalization data, we
expected that components of the dystroglycan complex in appositions
(a-DG , B-DGss and DRP2) would copurify in the WGA fraction,
while components of the dystroglycan complex in Cajal bands (3-
DGs;, Dpl16, utrophin) would be absent. Indeed, only DRP2 was in
the WGA fraction, whereas utrophin and Dpll6 were almost
completely found in the void fraction with $-DGs3; (Fig. 2). DRP2 was
also detected in the void, probably representing DRP2 protein not

efficiently pulled-down. These results indicate that when not cleaved,
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B-DG interacts with a-DG and forms a complex preferentially with
DRP2, which is localized in appositions; vice versa B-DG cleavage
favours the dystroglycan-utrophin/Dp116 complex in Cajal bands that

corresponds to the void fraction. This model is represented in Fig. 2B.
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Fig. 2 B-DGy4s; and B-DGs; copurify with different intracellular
partners. A, WGA pull-down from adult mouse sciatic nerves. Notice
that the WGA fraction, enriched in a-DG, contains -DGa3, whereas
B-D@Gs, is present only in the void fraction. The only dystrophin in the
WGA fraction is DRP2, while utrophin and Dpll16 are found
preferentially in the void fraction. Both B-DGy; and B-DGs; are
detected by an antibody recognizing -DG C-terminus. B, Proposed
model of the localization of different dystroglycan complexes in

Schwann cells. pB-DGs; is cleaved by MMP-2/9 (scissor) and
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associates with utrophin or Dp116 in Cajal bands. Uncleaved $-DGuas
associates with o-DG extracellularly, DRP2 and periaxin
intracellularly, and localizes at appositions.

B-DG cleavage by MMP-2 and -9 is developmentally regulated
and correlates with the expression of the corresponding
dystrophin family member

We wondered whether gelatinase activity and cleavage of -DG were
regulated during development. We showed previously that
compartmentalization of Schwann cell cytoplasm in vivo starts at
approximately P10, with formation of an actin scaffold around nascent
appositions (Court et al., 2009). We found that MMP-9 is expressed at
low levels throughout development and up-regulated after nerve
injury, as previously reported (La Fleur et al., 1996) (Fig. 3A). In
contrast, active MMP-2 is detected at P10 and 4 weeks, but not early
in development or in mature nerves (Fig. 3A). This temporal
expression/activation of MMPs correlates with the timing of Cajal
band/apposition formation, and supports the idea that the modulation
of B-DG cleavage could regulate the establishment of these specific
compartments in Schwann cells. Furthermore, during the first
postnatal days (P2-P10), a period in which appositions have not
formed yet, f-DG is highly cleaved (Fig. 11 in Chapt. 2 and Fig. 3B)
and Dpl16 and utrophin are expressed at high levels (Fig. 2F in
Chapt.2 and Fig. 3B); conversely, as appositions first appear (P10)
and progressively grow (4 weeks), f-DGa3 with its partner DRP2

increase, while PB-DGj;;, utrophin and Dpll6é show a decrease,
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suggesting a redistribution of these components to Cajal bands (Fig.
3B). a-DG expression does not change during development but its
glycosylation does, a modification that might modulate the
susceptibility of f-DG to MMP cleavage (Fig. 1J in Chapt. 2 and Fig.
3B).

These data suggest that MMP cleavage of -DG may be directly
involved in cytoplasmic compartmentalization by regulating the
amount and composition of dystroglycan complex required for the

formation of each cytoplasmic domain.

Modulation of MMP acitvity in nerves leads to modification of
Schwann cell compartments

Selective a-DG shedding in Cajal bands may regulate formation and
maintenance of compartments in Schwann cells, because this requires
linkage between the cortical cytoskeleton and the basement membrane
(Court et al., 2009).

To ask whether manipulation of MMP activity in vivo leads to
changes in compartments, we injected the MMP-activating
recombinant protein IL-1f (Wu et al.,, 2009) or the general MMP
inhibitor GM6001 into the endoneurium of adult mice. Injection of
IL-1B quickly increased B-DGsi/B-DGas ratio, resulting in a reduction
of the definition and intensity of DRP2 staining in patches (Fig. 4A
and D). Conversely, acute treatment with GM6001 lead to depletion
of B-DGs; and resulted in increased patch size with fusion in the
longitudinal orientation (Fig. 4A and D). Furthermore, Western blot
analysis confirmed that inhibition of DG cleavage lead to an increase
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in DRP2 protein levels and decreased utrophin content (Fig. 4B), as
expected from the existence of different dystroglycan complexes
independently regulated by cleavage of $-DG. Thus, acute modulation
of MMP activity by a single in vivo injection in nerves dynamically
regulates B-DG cleavage, the amount of different dystroglycan
complexes, and the size of subcortical cytoplasmic compartments in
Schwann cells.

One surprising aspect of this experiment was its short time frame.
Cleaved B-DGs; disappeared within two hours, and this translated into
a rapid increase in steady-state levels of DRP2 and to an increase in
patches/apposition size. The rapid disappearance of B-DGs; suggested
degradation. When GMO6001 was injected with the general
proteasomal inhibitor MG132 (carbobenzoxy-L-leucyl-L-leucyl-L-
leucinal), B-DG3; was still detectable 1 hour after injection (Fig. 4C).
MG132 also increased the amount of -DGj;; normally present in
sciatic nerve, suggesting that the proteasome constitutively degrades
the B-DGs; that is produced in physiological conditions.

These results indicate that the ratio between the transmembrane
dystroglycan forms (-DGj31/p-DGyss, which is regulated by
endogenous gelatinase activity, dynamically regulate compartments in

the Schwann cell cytoplasm.

203



v 9 ,49,%0 ><\b B Q‘)Q’\Qéb‘@

Q N
P5 P10 4W 4M 8& S““ o

— —e» fDG”
. W™ & DG

@s wse = s Tubulin

. (XD Gglyco
g

active MMP2

~ aDGcnre

0 s== W0 W Ncurofilament

ssam — * UTR
@& - +  Dpl16
@8 Drp2

— v w» Prx

MM BlInt

SN0 W B M Neurofilament

Fig. 3 Expression of DG complex proteins during development
correlates with B-DG processing. A, Gelatin zymography of sciatic
nerves shows active MMP-2 and -9 during development. Recombinant
MMP-2 and MMP-9 (rMMP-2/9), nerves from MMP-2- and MMP-9-
deficient mice or 1 day after crush injury were used as controls. B,
Western blot of sciatic nerves. Before compartments form in Schwann
cells (P5), B-DG is mostly cleaved (B-DGs1). When appositions
appear (P10) and progressively grow [4 weeks (4W) to 4 months
(4M)], the uncleaved B-DGa; form increases and -DGs; decreases.
The abundance of the proposed partners (utrophin and Dp116 for {-
DGs3,; DRP2, periaxin, and a-DG for $-DGas) changes accordingly. a-
DG also shows a developmental increase from 90-100 to 120-130 kDa
as a result of glycosylation. p-tubulin and neurofilament were used as
loading controls. (* marks an Ig non-specific band recognized by the
secondary antibody).
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Fig. 4 MMPs cleave B-DG in Schwann cells and modifies
compartments. A, Western blot of B-DG in adult sciatic nerves
injected with saline, the MMP activator IL-1f3 (20 pg/ml), or the
MMP inhibitor GM6001 (I mM). MMP activation increases, whereas
MMP inhibition decreases, 3-DG3; in nerves. B, GM6001 increases
DRP2 expression, whereas utrophin (UTR) disappears. C, The
proteasome inhibitor MG132 increases B-DGs;. D,
Immunofluorescence on teased fibers from nerves 24 hs after injection
stained for DRP2 and FITC-phalloidin. Activation of MMPs with IL-
1B (middle) decreases the intensity and definition of DRP2-positive
patches. In contrast, MMPs inhibition using GM6001 increases DRP2
patches size, with longitudinal fusion of patches (bottom fiber).
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Absence of MMP-2 and MMP-9 in vivo alters Schwann cell
compartmentalization

B-DG cleavage appears to play a role in the dynamic regulation of
cytoplasmic compartments. To investigate whether this regulation also
has long term effects, we analyzed mice lacking MMP-2, MMP-9, or
both (Itoh et al., 1999; Vu et al., 1998; Dubois et al., 1999). In adult
mutant nerves, cleavage of B-DG was inhibited in double null nerves,
decreased in MMP-2 null nerves, and variable in MMP-9 null nerves
(Fig. 5B and data not shown). Compartmentalization of the Schwann
cell cytoplasm was quantified as the previously described ratio
between the Schwann cell membrane found above Cajal bands and
above appositions on electron-microscopy samples (fratio"") or
above Cajal bands and DRP2-positive patches on immunostained
fibers (fratio™™) (Court et al., 2009). The fratio is a constant of 1-1.5
in mature myelinated fibers of any caliber, and it is high when
appositions are too small as a result of laminin 211 or dystroglycan
deficiency (Court et al., 2009). In one (Dubois et al., 1999) of two
independently generated strains of MMP-9 null mice, appositions
were larger and the f-ratio decreased (Fig. 5A), whereas in a second
strain (Vu et al., 1998), f-ratio was not decreased (data not shown). In
mice lacking MMP-2 and both MMP-2 and MMP-9, f-ratio was also
decreased (Fig. 5A). Thus, the absence of MMP-2 and MMP-9 causes

a long term reduction in the size of Cajal bands.
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Fig. 5 Deletion of MMP-2 and MMP-9 in mice results in smaller
Cajal bands. MMP-2 and MMP-9 deficient mice sciatic nerves were
analyzed by EM (A) and Western blot (B) at 8 months. A, EM showed
larger appositions (pseudocolored in yellow) in MMP-2 and MMP-9
null mice; consequently, the fratio™ is decreased (wt vs MMP-9 or
MMP-2 null, p < 0.0001; wt vs double null, p < 0.01; n=25 fibers for
wt, 18 for MMP-9 null, 25 for MMP-2 null, and 28 for double null, by
Student’s ¢ test; error bars indicate SEM). Scale bar, 2 um. B, Western
blot shows absence of B-DGs; when both gelatinases are deleted.
Equal loading was verified by p-tubulin (* marks an Ig non-specific
band recognized by the secondary antibody; see Methods).
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Increase in B-DG cleavage underlies the defect in dystrophic
nerves

Unregulated and prolonged activation of MMP-2 and -9 has been
observed in many peripheral neuropathies (Hartung and Kieseier,
2000; Shubayev and Myers, 2000). It would be interesting to know if
the resulting excessive -DG proteolysis would negatively affect
Schwann cell compartments and internodal lenghts in these
pathological conditions.

Different mouse models of MDCIA, known as dystrophic mice,
exhibit reduced internodal lenghts (Jaros and Jenkison, 1983) and the

2B mouse show an altered Schwann cell cytoplasm

Lama
compartmentalization into Cajal bands and appositions (Court et al.,
2009). We wondered if such a phenotype might be correlated to a
dysregulation of metalloproteinase activity and B-DG cleavage. To
test this, we analyzed the expression levels of MMP-9 in sciatic
nerves from two different dystrophic mouse models, Lama2®*'%* and
Lama2®*®* As shown by Western blot analysis, MMP-9 was
increased in both mutants (Fig. 6A). To determine whether MMP-9
protein present in sciatic nerves of dystrophic mice was enzymatically

active, we performed gelatin zymography. A remarkable increase in

the gelatinolytic activity of MMP-9 was observed in both

dy2J/dy2 dy3k/dy3k
aZyJ/yJ ody3kidy

Lam and Lama mice (Fig. 6B and not shown); in
addition, the activity of MMP-2 was slightly increased (Fig. 6B). Next
we evaluated B-DG cleavage and found an increase in -DGs; in
nerve lysates from dystrophic mice (Fig. 6C). To ask whether this was

responsible for the disruption of appositions, we inhibited MMPs
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during myelination in vitro and asked if we could rescue the

2dy2J/dy2J

phenotype of Lama Schwann cells. We used dorsal root

dy2J/dy2 dy2J/+
2yJ/yJ 2yJ

ganglia (DRG) explants from Lama and Lama mice
embryos and induced myelination in the presence of the MMP
inhibitor GM6001. Cleavage of $-DG was inhibited in explants of
both genotypes treated with GM6001 (Fig. 7C). Myelin segments
formed in vitro and were visualized with anti-MBP antibody and co-
stained with DRP2. As in vivo (Court et al., 2009), Lama2®*"®¥
Schwann cells have smaller DRP2 patches, larger Cajal bands, and
higher f-ratio than heterozygous Schwann cells (Fig. 7A, B). Of note,
inhibition of MMP activity increased patches size and reduced Cajal
bands and f-ratio in both Lama2®*"®* and Lama2®™*"" Schwann cells

(Fig. 7A, B). Thus, after MMP inhibition and reduced $-DG cleavage,

the increased fratio in Lama2®*"®*' Schwann cells was normalized.
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Fig. 6 MMP-9 is increased in dystrophic nerves. A, Western blot
analysis of MMP-9 on sciatic nerves from P28 Lama2®*'®* and
Lama2®*%* animals and age-matched littermate controls (wt).
Equal loading was verified by B-tubulin. B, Gelatin zymography on

. dy3k/dy3k
sciatic nerves from P28 Lama2®*¥%

2dy3 k/dy3k

and wt. MMP-9 is hyperactive
in Lama nerves. C, Western blot analysis of B-DG on sciatic
nerves of P28 Lama2®™*" ¥ Lama2®*%* and control shows that f-

DGs; is higher in dystrophic mutants vs control.
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Fig. 7 (next page) Inhibition of excessive DG proteolysis restores
compartmentalization defects in Lama2®*""¥*' Schwann cells. A,
DRG explants from Lama2®" and Lama2®®* embryos
myelinating in the presence or absence of the MMP inhibitor
GM6001. Lama2®™"" and Lama2®™"'®*' explants stained with
antibodies against DRP2 (red) and MBP (green). Bottom panels show
the DRP2 signal above an arbitrary threshold in black and white (for
details, see Court et al., 2009). Lama2®*'%¥* Schwann cells form
smaller DRP2-positive patches, and this is prevented by GM6001.
Scale bar, 10 pm. B, 3-DG31 is decreased after GM6001 treatment.
Asterisk marks a non-specific band. C, Quantitative analysis of DRG
compartments (mean f-ratio, calculated as cytoplasmic area/DRP2
patches area, as described by Court et al., 2009) (n=4 explants for
each genotype and treatment; *p < 0.0001 by Student’s ¢ test; error
bars indicate SEM). Dy/+, Lama2®*""; Dy/Dy, Lama2®*'®*
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Elongation defects in Lama2™*""* Schwann cells are partially
rescued by MMP inhibition

Internodal lengths are reduced in Lama2®*'®* animals and MDC1A
patients (Jaros and Jenkison, 1983; Di Muzio et al., 2003; Court et al.,
2009). In several, but not all, instances (Court et al., 2004 and 2009;
Triolo et al., 2009), defective cytoplasmic compartmentalization
(smaller appositions/larger Cajal bands) was associated with reduced
internodal length. We thus asked whether inhibition of DG cleavage
and normalization of compartments in Lama2®*"®* Schwann cells
also restores internodal lengths. We first confirmed that, even in

Hdy21/dy2]

myelinating explants, Lama internodes were shorter than those

2% Schwann cells (Fig. 8). When MMP activation was

in Lama
inhibited, Lama2®*'®* myelin segments increased in length by 23%,
even if they did not reach the length of wild type internodes (Fig. 8),
indicating that reducing MMP activation in this pathological context

improves Schwann cell elongation.
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Fig. 8 Shorter internodes of Lama2™"%*' SCs are partially
rescued by MMP inhibition. DRG explants from wt, Lama2®*",
and Lama2®*'™* embryos were treated during myelination with the
MMP inhibitor GM6001 and stained with an antibody against MBP
(green). A, In vitro, internodal lengths of Lama2®*'®* SCs are
smaller than wt and LamaZdym, but continuous MMP inhibition
increases length of internodes in Lama2®*'®* Scale bar, 100 pm. In
B, the mean internodal length for each genotype and treatment are
plotted, respectively (at least 10 explants/genotype and treatment were

used; *p <0.0001, by Student’s ¢ test; error bars indicate SEM).
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Genetic ablation of MMP9 is not sufficient to rescue either
compartmentalization defect or internodal lenght in dystrophic
mice

To confirm these results in vivo, and taken into account the prominent

increase of MMP-9 activity in dystrophic nerves (Fig. 6A, B), we

dy2J/dy2 dy3k/dy3k
2nyJ 2y/y

crossed Lama and Lama mice with MMP-9 null mice
(Mmp9™"; Vu et al., 1998), thus generating Mmp9”//Lama2®*'%* and
Mmp9™"l/Lama2®**¥* double mutants.

Both double homozygous were born in expected Mendelian ratios and
were macroscopically similar to dystrophic littermates. Like
homozygous Lama2®*'¥* mice, Mmp9”//Lama2®*'%* animals have
a normal life span and suffer from a congenital muscular dystrophy
and a peripheral neuropathy. Similarly, Mmp9"//Lama2®™*®3
animals do not survive longer than the 3-5 weeks already observed for
Lama2®** mutants (Miyagoe et al., 1997), primarly due to the
severity of the muscular dystrophy. Hence, we analyzed peripheral
nerves of Mmp9"//Lama2®**®** at P28, and Mmp9”//Lama2™*'¥*
at 4 months of age.

First we confirmed that the deletion of a single allele of the Mmp9
gene reduced the protein levels of MMP-9 in sciatic nerves of
dystrophic mice and there was no detectable MMP-9 protein in double
homozygous mice (Fig. 9A and not shown). Gelatin zymography also
showed reduced or absent MMP-9 acitvity in dystrophic mice
heterozygous and homozygous for Mmp9 respectively (Fig. 9B).
Then, we asked whether B-DG cleavage was reduced in nerves of
dystrophic mice lacking MMP-9. Indeed, PB-DGsi/B-DGss ratio
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decreased when MMP-9 was absent or partially deleted, indicating
that a reduced MMP-9 activity results in higher amounts of uncleaved
B-DGas (Fig. 9C). Nonetheless residual levels of B-DGs; were still
detectable, likely due to the presence of MMP-2 (Fig. 9B). Reduction
of B-DG cleavage was expected to translate into an increase in a-DG
that could favour attachment to the basal lamina. However, albeit
partial decrease of B-DGs;, a-DG was actually reduced (Fig. 9D).
Since pharmacological inhibition of MMPs lead to an amelioration of
dystrophic Schwann cell compartment organization and elongation in
vitro, we asked whether the removal of MMP-9 had a similar effect in
vivo. As a measure of compartmentalization of the Schwann cell
cytoplasm, f-ratio was quantified at the EM level. The mean f-ratio of
Lama2®**%** nerves was increased than expected for a wild type
nerve, as previously shown (Court et al., 2009); however, in Mmp9'/'
//Lama2®**%3* this parameter was not decreased (Fig. 10C).

Our second endpoint was internodal lenght. As anticipated by f-ratio
measurements, also internodal lenghts, measured on osmicated teased
fibers (Fig. 10A), were similar between Lama2®™® and Mmp9"
//Lama2™® mice (Fig. 10B). In line with these findings, we were also
unable to detect any significative increase in nerve conduction
velocity in dystrophic mice with MMP-9 deficiency (Fig. 10D).
Overall, both morphometric and electrophysiological data suggest that
in vivo, genetic ablation of MMP-9 is not sufficient to rescue either
the compartmentalization defect or the shorter internodal lenghts of
dystrophic mice. This is might be due to redundancy of MMP-2,

which is slightly increased in dystrophic nerves lacking MMP-9.
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Fig. 9 B-DG cleavage is reduced in dystrophic mice lacking MMP-
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nerve lysates. MMP-9 activity is absent or reduced in Mmp9"
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Fig. 10 (previous page) Neither f-ratio nor internodal lenght and
conduction velocity are ameliorated in dystrophic mice upon
MMP-9 ablation. A, Examples of osmicated teased fibers from
sciatic nerves of Mmp9//Lama2®** and Mmp9//Lama2®* mice (nodes
of Ranvier are marked by red asterisks). B, Mean internodal lenghts
were calculated for P28 Mmp9//Lama2®** mice and 4 month old
Mme//Lama2dy2J mice (Error bars indicate SEM). 3 animals/genotype
were analyzed: Mmp9™"//Lama2™, 553 pm (n=281); Mmp9"
/[Lama2™™, 547 pm (n=268); Mmp9""//[Lama2®*¥* 255 pm
(n=344);  Mmp9"//Lama2®*¥¥*, 260 um  (n=460).
Mmp9*™""//Lama2™", 678 pum (0=123); Mmp9"//[Lama2™, 695 pm
(m=134); Mmp9" //Lama2® ¥ 433 pm (0=152); Mmp9"
//Lama2®" ¥ 402 pum (n=198). C, Quantitative analysis of
compartments in Mmp9"*//Lama2®**™* and Mmp9™"//Lama2®™**>*
mice. Mean f-ratios™ were calculated as cytoplasmic area/apposition
area in EM sections of sciatic nerves (5 animals/genotype were
analyzed. Error bars indicate SEM). D, Conduction velocities were
measured in 4 month old MMP9dy2J and littermate controls. Mean
conduction velocities (m/sec) are plotted (Error bars indicate SEM):
Mmp9*™""//Lama2"", 39.7+0.73 (n=8); Mmp9"//Lama2™"*, 36.7+1.91
(m=4);  Mmp9" //Lama2®'¥  31.9+1.18 (n=17); Mmp9"
//Lama2®*' Y 332+1.51. Mmp9™"//Lama2®™' Y vs  Mmp9”
//Lama2®*"¥* not significative by Student’s ¢ test (p=0.5083).
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3.4 Discussion

Protein polarization in specific cell domains is crucial for cell
function. In myelinated nerve fibers, several specialized domains are
required for fast propagation of action potentials. The cytoplasm and
membrane outside myelin in the peripheral nervous system are
compartmentalized into two domains characterized by the expression
of different dystroglycan complexes. Here we show that this
differential distribution and the size of these domains depend on -DG
cleavage by MMP-2 and MMP-9 (Fig. 11). Modulation of MMP
activity quickly remodels subcellular domains in physiological
situations. In contrast, during a peripheral neuropathy, excessive and
unregulated 3-DG cleavage causes disruption of cytoplasmic domains.
Importantly, inhibition of 3-DG cleavage is able to restore the normal
domain organization of Schwann cells in vitro. However, genetic
ablation of MMP-9 from two murine models of MDCIA is not
sufficient to rescue defective compartments in vivo. Our results
present a novel mechanism regulating both normal and abnormal
subcellular polarization, dependent on physiological cleavage of p-

DG by MMP-2 and MMP-9.

MMP-mediated B-DG cleavage leads to spatially distinct
dystroglycan complexes in Schwann cells

Dystroglycan is best known for its function in muscle, but it also
occurs in non-muscle tissues within diverse supramolecular
complexes, each with a precise subcellular distribution (Haenggi and

Fritschy, 2006). These complexes act as a scaffold for segregating
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functional proteins into specific cellular subdomains. Examples are
aquaporin 4 at the astrocytic endfeet (Neely et al., 2001), Kir4.1
channels in retinal Miiller glia (Noél et al., 2005), aquaporin 4 and
neuronal nitric oxide synthase in sarcolemma (Adams et al., 2008),
acetylcholine receptors at neuromuscular junctions (Grady et al.,
2000), and laminins and polarity proteins in mammary epithelia (Weir
et al., 2006). Similarly, in Schwann cells, dystroglycan complex with
DRP2 localizes periaxin in appositions possibly to bind the outer
myelin wrap, whereas the dystroglycan complex with utrophin,
Dpl116, dystrobrevin, and syntrophins in Cajal bands localizes the
ABCALI1 cholesterol transporter (Albrecht et al., 2008). We show that
B-DG cleavage changes the relative amount of these spatially distinct
complexes and the size of the domain in which they reside.

In physiological conditions, we detected high levels of cleaved B-DG,
Dp116 and utrophin, during early postnatal development, a period in
which appositions have not formed yet. When DRP2 starts to be
polarized to appositions, B-DG cleavage is reduced, and Dpl116 and
utrophin levels decrease, indicating that these complexes are gradually
confined to cytoplasmic bands. Treatment of nerves with either
inhibitors or activators of MMPs results in higher DRP2 expression
and larger appositions or higher B-DG cleavage and decreased size of
appositions respectively. This indicates that B-DG cleavage is
responsible for the distribution of the different dystroglycan
complexes not only during the formation of Cajal bands and
appositions, but also in adult nerve, where a fine modulation of MMP
activity is required to maintain the correct proportion between these
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domains.

How B-DG cleavage can regulate the sorting of different complexes to
different domains remains obscure. It is possible that interaction with
both intracellular or extracellular ligands might favour the localization
in a specific domain. For instance, a-DG in apposition can bind
laminin 211, agrin, or perlecan in the basal lamina, and DRP2
intracellularly. This interactions can be protective, reducing B-DG
accessibility to MMPs. The rapid increase in DRP2 protein seen by
Western blot after inhibition of B-DG cleavage likely reflects an
increase in protein stabilization after linkage within a stable complex.
The concomitant decrease in utrophin and B-DGs, the latter delayed
by proteasome inhibition, suggests that active and regulated
degradation of the whole dystroglycan complex located in Cajal bands
is taking place constituvely. Indeed dystroglycan complex
components are degraded by the proteasome (Bonnuccelli et al., 2003;
Gazzerro et al., 2010). B-DG shedding could also favour lateral
movement of B-DGs; and association with Dpl16/utrophin in Cajal
bands, similar to the way cleavage of o/f-DG precursor changes its
affinity for laminin binding (Akhavan et al., 2008). Finally, the rate of
B-DG cleavage may vary depending on the association with other
protein(s) (Singh et al., 2004) that also direct targeting to either
appositions or Cajal bands. DRP2 is a good candidate because it
appears in development after utrophin and Dp116, and is targeted to
future appositions (regions free of actin) (Court et al, 2009). It is salso
known that DRP2 in parallel binds a basic domain of periaxin that
contains a nuclear localization signal in embryonic Schwann cells
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(Sherman and Brophy, 2000). When DRP2 is expressed, it may trigger
formation of appositions by sequestering periaxin from its nuclear
localization and by linking it to the abaxonal membrane through the
DG complex (Wrabetz and Feltri, 2001). Here, interactions with basal
lamina guarantee the stability of the complex by preventing B-DG
cleavage. This is supported by the finding that shedding of B-DG is
increased in perlecan-deficient fibroblasts (Herzog et al., 2004).
Independently of the mechanism, because altering B-DG cleavage
rapidly changes the amount of dystroglycan complex proteins and the
size of cellular domains, we propose that this mechanism represents a
dynamic way to regulate the sorting of functional proteins depending

on the mechanic or metabolic requirement of myelinating cells.

Physiological function of B-DG cleavage and a-DG shedding

Contrary to other tissues, like skeletal muscle, where B-DG cleavage
is detected only in pathological conditions (Yamada et al., 2001;
Matsumura et al., 2003), we demonstrated that in peripheral nerve
dystroglycan cleavage by MMP-2 and -9 occurs constitutively, both
during early postnatal development and in mature nerves. The idea
that MMPs can regulate DG function in a physiological context is not
completely new. A previous report showed that B-DG is digested by
MMP-9 at some CNS synapses in response to neuronal activity
(Michaluk et al., 2007). In addition, B-DG is proteolytically released
from the surface of normal cutaneous cells, although the functional
role of the cleavage is unknown (Herzog et al., 2004). We show that
in peripheral nerve B-DG is present in two forms, full-length (B-DGua3)
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and cleaved (B-DGs;), and that their preferential aggregation with
specific DGC components influences their spatial segregation,
affecting the formation of cytoplasmic bands and appositions. For
long time dystroglycan has been described as a merely structural
protein with the main function to link extracellular matrix to
cytoplasmic cytoskeleton. Upon MMP cleavage the non-covalent a-
DG/B-DG binding is lost and a-DG is shed in the ECM. Two
questions arise. One is whether B-DGs;, which is not able to bind
basal lamina, could have any unconventional role in Schwann cells;
the second is if shed a-DG could have an active function as well. It is
known that through its C-terminal domain B-DG can bind a host of
proteins, ranging from actin, cytoskeletal adaptors, such as ERMs,
plectins, ankyrin-G and vinculin, to signaling molecules, as Grb2
(Moore and Winder, 2010); thus, it is plausible that -DGs; in Cajal
bands might act independently of basal lamina binding. Moreover, it
is worth noting that in the absence of dystroglycan, utrophin remains
in Schwann cells, although not bound to the membrane, and small
DRP2-positive patches can still form (Saito et al., 2003; Court et al.,
2009). This suggests that members of the dystroglycan complex, such
as utrophin, can function independently of a-DG.

Another intriguing idea is that shed a-DG or the cleaved N-terminal 3-
DG may have some active roles after cleavage. This is supported by
the fact that shed a-DG is released in cell culture media (Herzog et al.,
2004) and it would parallel a myriade of ECM molecules that become
bioactive only upon cleavage, such as collagen XVIII/endostatin
(O’Reilly et al., 1997), perlecan/endorepellin, collagenlV/tumstatin
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(Bix and lozzo, 2005), or gliomedin/olfactomedin (Eshed et al., 2007).

Timescale of DG cleavage and the remodeling of Schwann cell
compartments

The rapid changes in protein level and in the size of cytoplasmic
compartments after acute manipulation of B-DG cleavage were
surprising. DRP2 and utrophin protein levels changed rapidly after
pharmacological inhibition of gelatinases. The increase of B-DGs
after proteasome inhibition suggests that B-DG cleavage occurs
constitutively and that B-DGs; is rapidly degraded. Finally, mice
lacking MMP-2 and MMP-9 had increased size of appositions. These
data suggest that abaxonal cytoplasmic compartments in Schwann
cells are quickly remodeled by metalloproteinases, possibly in
response to mechanic or metabolic requirements. Additional

experiments will be required to explore this intriguing possibility.

Increased B-DG cleavage in pathological conditions results in
Schwann cell compartmentalization defect

MMP-2 and MMP-9 have been shown to be up-regulated in several
pathological conditions, such as muscular dystrophies (Kherif et al.,
1999; Matsumura et al., 2003), tumor progression and metastasis,
multiple sclerosis (Agrawal et al., 2006), brain injury and vascular
cognitive impairment (Rosenberg, 2009). As a consequence, abnormal
B-DG cleavage has been demonstrated in many of these diseases. In
peripheral nerves, MMP-2 and -9 initiate early degenerative events of
Schwann cell activation, macrophage recruitment and demyelination,
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as demonstrated in experimentally induced nerve injuries (Shubayev
and Myers, 2000 and 2002; Siebert et al., 2001; Shubayev et al., 2006;
Chattopadhyay et al., 2007; Kherif et al., 1998), inflammatory
neuropathies (Zhao et al., 2010), pure neuritic leprosy (Teles et al.,
2007) and other clinical neuritic processes (Mawrin et al., 2003; Gurer
et al.,, 2004). Furthermore, it has been long established that myelin
segments formed after remyelination are shorter than normal (Hiscoe,
1947). We provide evidence that this could potentially be caused by
excessive cleavage of B-DG and formation of defective compartments,
which has been linked to internodal lenght.

We have analyzed peripheral nerves of two different murine models
of MDC1A, a congenital muscular dystrophy with a peripheral
neuropathy characterized by reduced internodal lengths and defective
Schwann cell compartments (Jaros and Jenkison, 1983; Court et al.,
2009). Surprisingly, we found increased levels and enzymatic activity
of MMP-9 in sciatic nerves of mutant mice, even if MDC1A has not
previously described to have an inflammatory component. Indeed, the
analysis of nerves from these animals did not show the presence of
infiltrating macrophages. Moreover, the SC-DRG co-culture system,
that lacks macrophages, is characterized by the same increase in
gelatinolytic activity (not shown), suggesting that Schwann cells
release MMP-2 and MMP-9 as part of a cell-autonomous mechanism
regulating cytoplasmic compartmentalization. It is likely that absence
of laminin 211, or its inability to polymerize, which results in a
defective basal lamina, induces Schwann cells to increase MMP
expression in the attempt to remodel the extracellular matrix. In
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addition, the dystroglycan complex might be destabilized by the
absence of its major extracellular ligand, becoming exposed to MMP-
dependent proteolytic processing. Similarly, perlecan (Herzog et al.,
2004) and sarcoglycans might mask the MMP cleavage site on B-DG
(Roberds et al., 1993; Straub et al., 1998; Yamada et al., 2001).
Inhibition of MMP-2/9 in all these situations may help to reserve the
integrity of the dystroglycan complex and may explain in part the

beneficial effect recently demonstrated in mdx mice (Li et al., 2009).

Genetic ablation of MMP-9 does not ameliorate the peripheral
neuropathy in mouse models of MDC1A

We showed that pharmacological inhibition of MMPs rescues the
compartmentalization and elongation defects of dystrophic Schwann
cells in vitro. Importantly, shorter internodal lenghts in DG deficient
Schwann cells are not rescued by MMP inhibition (not shown), which
demonstrates that DG is a substrate of MMPs required for the
observed effects. However, when we crossed dystrophic mice with
MMP-9 deficient mice, although a reduction of B-DG;; was observed,
f-ratios were not reduced. This could depend on the presence of active
MMP-2 that in this pathological condition might be sufficient to
cleave B-DG. Although less cleavage was detected, in the absence of
laminin 211, MMP-2 might cleave B-DG indiscriminately, leading to
disruption of compartments. This is supported by the fact that less -
DG cleavage is not paralleled by higher levels of a-DG, on the
contrary a-DG shedding is actually increased .

Thus, ablation of the sole MMP-9 is not sufficient to restore normal
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compartments, proper internodal lenght and conduction velocity in
dystrophic mice. Future experiments involving MMP-2//MMP-9

double null mice would be necessary to address this issue.

Laminin
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p-dystroglycan 43
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Extracellular
Intracellular
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Fig. 11 Schematic representation of Schwann cell abaxonal
domains and their molecular composition. Appositions are formed
by a complex consisting of B-DG, full-length B-DGy43;, DRP2, and
periaxin. In contrast, in Cajal bands, f-DG is cleaved by MMP-2 and
MMP-9, a-DG is shed, and the resulting B-DGs; is found with
utrophin and Dp116 and in part degraded by the proteasome. Utrophin
can bind actin and possibly organizes the Cajal bands cytoskeleton.
Linkage to the basal lamina in Cajal bands is ensured by other laminin
receptors found in this location, such as a6p4 and a6f1 integrins.
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Chapter 4

Conclusions and future perspectives

Dystroglycan is an intriguing molecule with a fascinatingly complex
biogenesis, a large number of interacting partners, and a wide-
reaching biological involvement in a broad range of processes. It has
been extensively studied as part of the dystrophin-glycoprotein
complex (DGC) in skeletal muscle, where it serves as a physical link
between extracellular matrix and subsarcolemmal cytoskeleton,
providing the sarcolemma with the structural stability necessary
during contraction and extension. Dystroglycan is also expressed in
many other cell types and growing evidence shows that it plays
different functional roles beyond muscle tissue (Cohn, 2005). For
instance, it has been implicated in epithelial development (Durbeej et
al., 1995), somitegenesis (Hidalgo et al., 2009), synaptogenesis
(Jacobson et al., 1998; Montanaro et al., 1998), cell polarization
(Deng et al., 2003; Li et al., 2003; Weir et al., 2006; Masuda-Hirata et
al., 2009), immunological synapse formation (Gong et al., 2008),
carcinogenesis (Henry et al., 2001; Jing et al., 2004; Sgambato and
Brancaccio, 2005), infective pathogen targeting (Cao et al., 1998;
Rambukkana et a., 1998 and 2003), visual function (Satz et al., 2008
and 2009), and development of the central nervous system (Moore et
al., 2002; Schroder et al., 2007; Satz et al., 2010).

In the peripheral nervous system, dystroglycan has been shown
to regulate several processes, like infection of Mycobacterium leprae
(Rambukkana et al., 1998), radial sorting of axons (Berti et al., 2011),
stabilization of the myelin sheath (Saito et al., 2003; Nodari et al.,
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2008), establishment of proper Schwann cell cytoplasmic
compartments and correct internodal lenghts (Court et al., 2009), and
stabilization of the nodal architecture (Saito et al., 2003; Occhi et al.,
2005). The mechanisms through which DG mediates each one of these
processes are currently under study, and the comprehension of the
molecular bases underlying DG function might be useful to
understand the pathogenesis of a series of diseases involving not only
the peripheral nervous system, but also other tissues. Due to its nearly
ubiquitous distribution and multiple functions also in embryonic
development, only one mutation in the DAGI gene has been described
so far (Hara et al., 2011). The affected patient suffered from a limb-
girdle muscular dystrophy with mental retardation; unfortunately, the
peripheral nervous system was not analyzed in this patient. However,
many forms of human congenital muscular dystrophies with
peripheral nervous system (PNS) involvement have been described. In
particular, loss of function mutations in the gene encoding laminin a2-
chain causes MDCI1A, a congenital muscular dystrophy characterized
by a dysmyelinating and mild demyelinating peripheral neuropathy
(Shorer et al., 1995; Di Muzio et al., 2003). In addition, a-DG
hypoglycosylation, due to deficiency of at least six
glycosyltransferases, causes secondary a-dystroglycanopathies with
major involvement of muscle, eye and brain, but also PNS
abnormalities have been described in some patients (Kimura et al.,
1992; Jang et al., 2012). Many pathological features observed in these
conditions resemble peripheral nerve defects found experimentally in
the Schwann cell-specific conditional DG null mouse. This has

suggested that dystroglycan interaction with laminin 211, which
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largely depends on a-DG glycosylation, is functionally important for
certain processes occurring in the peripheral nerve.

In the present work, we have analyzed the differential roles of
Schwann cell dystroglycan in two specialized domains of the
peripheral myelinated fiber, the node of Ranvier and the internode.
Proper clustering of Nav at nodes of Ranvier and a correct length of
internodes, together with an intact myelin sheath, are prerequisites for
a fast and efficient electrical conduction in myelinated fibers. Reduced
conduction contributes to disability in patients affected with
peripheral neuropathies. Hence, understanding the underlying
molecular mechanisms would be important to determine the targets of

potential therapeutic treatments.

4.1 Dystroglycan at nodes of Ranvier

In the first part of this thesis we demonstrated that dystroglycan
stabilizes the formation of Nav clusters during early postnatal
development in mice. Absence of DG causes clusters to form
abnormally and this has been correlated to slowed nerve conductions.
Previously in our lab, the analysis of a sural nerve biopsy from a
MDCIA patient revealed Nav cluster abnormalities similar to those
found in mice lacking DG or laminins (Occhi et al., 2005). This
suggests that the interaction of DG with laminin 211 is important for
Nav clustering in both humans and mice. However, one report did not
detect Nav clustering defects in a murine model of a
glycosyltransferase deficiency (Levedakou et al., 2005). The analysis

of other mutants and, possibly, nerve biopsies from a-
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dystroglyconopathy patients would clarify this point.

The idea that Nav clustering could be regulated by other DG
ligands in addition to laminins is supported by our finding of a
potential role for the N-terminal domain of a-DG (a-DG-N) in the
nodal gap substance. Further investigations are aimed at assessing the
presence of a-DG-N at peripheral nodes in vivo, and at determining its
interacting partners in this specific context. In the last few years o-
DG-N has been detected not only in several types of cultured cells, but
also in body fluids, like blood serum and cerebrospinal fluid (CSF)
(Saito et al., 2008 and 2011). Although its biological function is still
unclear, it has been suggested that a-DG-N could be used as a
biomarker for some neuromuscular or neurological diseases (Bozzi et
al., 2009); for instance, increased levels of a-DG-N were recently
found in the CSF of patients with Lyme neuroborreliosis (Hesse et al.,
2011). Nonetheless, an urgent issue is to determine whether the N-
terminal cleavage of a-DG takes place in all DG-expressing tissues, or
only in specific districts, and if it is regulated during development
and/or under pathologic conditions. This may shed light on a molecule
that, similarly to other furin substrates, including growth factors,
hormones and receptors, might be synthetized as an inactive
proprotein (complete DG) and then processed to become a
biologically active protein by proteolytic cleavage (Nakayama, 1997;
Thomas, 2002). Another intriguing possibility is that at nodes of
Ranvier, also laminin 211 is cleaved by furin protease. It is known
that laminin a2 chain can be cleaved by furin in its LG3 domain (Talts
et al., 1998), and the released processed form, lacking LG4-LG5

domains, is able to induce agrin-independent AchR clustering in
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myotubes (Smirnov et al., 2002). The function of both a-DG and
laminin 211 could be regulated at nodes by the same protease that
activates them for their ‘Nav clustering activity’. Future experiments
will assess laminin 211 cleavage in peripheral nerves and furin
activity at nodes of Ranvier.

From a more general point of view, the study of the mechanisms of
Nav clustering and nodal domain assembly is useful because different
pathological conditions, either inherited or acquired, causing
demyelination, dysmyelination and altered neuron-glia interaction,
lead to loss or misexpression of nodal ion channel clusters and altered
nerve conduction. For instance, in the Trembler-J mouse, an authentic
model of a dominantly inherited demyelinating neuropathy in humans
(CMTI1A), segmental demyelination and remyelination have been
associated with unusual expression of Nav1.8 and Kv3.1b isoforms at
nodes and heminodes (Devaux and Scherer, 2005). A similar ectopic
expression of Navl.8 was also reported in the Mpz-null mouse that
develops a severe and early onset dysmyelinating neuropathy
(Ulzheimer et al., 2004).

Nodes of Ranvier have also been proposed to be the direct targets of
autoantibodies in some forms of PNS autoimmune diseases (Pollard
and Armati, 2011). In acute motor axonal neuropathy, a form of
Guillain-Barré  syndrome (GBS), autoantibodies against the
gangliosides GM1 and GD1a bind preferentially to the nodal region,
with subsequent dismantling of nodes of Ranvier due to the activation
of the complement cascade (Susuki et al., 2007). More interestingly,
autoantibodies against two nodal components involved in Nav

clustering, gliomedin and neurofascin 186, were also found in a form
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of experimental allergic neuritis (EAN), another model of GBS. In
this situation, the nodal axo-glial unit is selectively affected before the
onset of the disease, suggesting that disruption of nodes themselves
maybe a major contributor to the pathophysiology of the disease
(Lonigro and Devaux, 2009). It would be interesting to know if also
dystroglycan might be the target of an immune response in this
pathology.

In conclusion, these studies suggest that disruption or alteration of ion
channel clusters may be a common early consequence or a common
cause of many types of peripheral nervous system diseases. Given the
central role played by clustered ion channels in nervous system
function, it will be important to understand the developmental
mechanisms that lead to channel clustering when -considering

therapeutic strategies aimed at nervous system repair.

4.2 Dystroglycan at internodes

In the second part of this thesis we have shown that the post-
translational cleavage of B-dystroglycan by MMP-2 and -9 regulates
the size and the molecular composition of Schwann cell domains and
this has been related to changes in internodal length (Court et al., 2009
and 2011).

Internodal length influences nerve conduction velocity because the
presence of more nodes in a given segment (decreased internodal
length) increases the action potential regeneration events, thus
increasing the time for the action potential to travel along the nerve
fiber. This has been predicted theoretically by mathematical models

(Brill et al., 1977; Moore et al., 1978) and proved experimentally
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(Court et al., 2004).

Moreover, the proper distribution of Cajal bands and appositions in
the outer Schwann cell cytoplasm has been associated with the
establishment of a correct internodal length (Court et al., 2004 and
2009). Although this correlation is not absolute (Triolo et al., 2009;
Brophy P.J., personal communication), loss or mutation of some
components of the dystroglycan complex, like DG, utrophin and
periaxin, or one of its ligand, laminin 211, result in defective Schwann
cell compartmentalization and reduced internodal lengths (Court et al.,
2004 and 2009). Future studies are aimed at understanding if other
parameters regulate the ability of Schwann cells to form normal
cytoplasmic channels, allowing them to properly elongate.
Microtubule (MT) organization and connection with the actin-based
cytoskeleton have been advocated as potential regulators of internodal
length. In this regard, it is worth noting that both Dp116 and utrophin
contain a microtubule-binding domain (Prins et al., 2009), making
them potential cytolinker between DG, the actin- and the MT-
cytoskeleton.

Metalloproteinases have been implicated in the regulation of a
plethora of physiological and pathological processes, such as embryo
implantation, bone remodelling and organogenesis, or inflammation,
wound healing and tumor invasion (Page-McCaw et al., 2007). Here
we have shown that in peripheral nerve MMP-2 and -9 are important
regulators of Schwann cell compartmentalization in physiological
conditions. However, their dysregulated expression might be
detrimental in certain pathological circumstances. This holds true in a

series of neurodegenerative and neurovascular diseases, and also in
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PNS disorders, like experimental allergic neuritis in rats (Rosenberg,
2009). We have shown that also in the mouse model of MDCIA,
metalloproteinases are abnormally upregulated and we associated the
unregulated cleavage of B-DG to the reduced internodes and
conduction, that have been reported also in MDCI1A patients (Di
Muzio et al., 2003; Court et al., 2009). As a proof of principle, the
inhibition of B-DG cleavage by a MMP inhibitor rescued defective SC
compartmentalization and, at least in part, internodal length of
dystrophic mice in vitro. However, the genetic ablation of MMP-9 in
dystrophic mice did not show the same ameliorations, probably due to
redundancy mechanisms by MMP-2, or to the fact that MMP-9
ablation would have been modulated in time. To address this point,
the analysis of MMP-2 MMP-9 double knockouts and the generation
of an inducible knockout mouse in the dystrophic background might
be useful. In addition, a pre-clinical study with a MMP inhibitor in
dystrophic mice should be designed. Defining the temporal expression
of active gelatinases during the development of the peripheral
neuropathy would be important to determine the timing of the
treatment. A second crucial issue is the choice of the inhibitor:
specificity, high selectivity and ability to cross the blood-nerve barrier
are three prerequisites to avoid the onset of dramatic side effects and
to guarantee the correct bioavailability (Hu et al., 2007). A group of
completely novel and promising type of MMP inhibitors are the
mechanism-based inhibitors developed by the group of Mobashery
(Brown et al., 2000). The first prototype was named SB-3CT and is
highly selective for gelatinases. Specifically, this compound contains

a thiirane group that coordinates with the active-site zinc. In turn, this
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leads to a conformational change and a covalent attachment to the
active-site Glu. This is the reason why this class of inhibitors is also
called suicide inhibitors. New variants were recently designed,
synthetized and proved to be active in vivo.

Last, but not least, a treatment with such an inhibitor should take into
account the dystrophic pathology affecting the skeletal muscle.
Recently, the removal of MMP-9, but not MMP-2, proved to be
beneficial in mdx mice, a model of Duchenne muscular dystrophy (Li
et al., 2009; Miyazaki et al., 2011). Thus, the analysis of gelatinases
and their role in the pathogenesis of muscular dystrophy in MDC1A
should be performed.

In principle, our finding that the regulation of B-DG cleavage by
MMPs can be modulated to ameliorate peripheral nerve pathology
could be useful in other PNS pathological conditions, especially
inflammatory demyelinating diseases, in which excessive gelatinase
activation was detected. In this direction, the use of captopril, a broad-
spectrum MMP inhibitor, improved the clinical signs of EAN in rats
and this was associated with a reduced cleavage of B-DG (Zhao et al.,
2010).

In addition, MMP-2 and -9 generally increase after nerve injury,
promoting the breakdown of blood-nerve barrier, macrophage
recruitment into injured nerve, MBP degradation, and causing
neuropathic pain. It would be interesting to determine if also in these
situations higher gelatinase activity results in abnormal B-DG
cleavage and SC compartmentalization, possibly determining the
reduced internodal lengths observed in remyelinated fibers.

It has been shown that MMP-9 removal protects nerve fibers from
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demyelination and axonal degeneration, and reduces neuropathic pain

after injury (Shubayev et al., 2006; Chattopadhyay et al., 2007).

However, MMPs also exert beneficial effects during regeneration of

the damaged nervous system. Hence, the necessity to use MMP

inhibitors only in finely regulated temporal windows.
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