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Abstract

The health and function of the nervous system relies on glial cells that ensheath neuronal axons
with a specialized plasma membrane termed myelin. The molecular mechanisms by which glial
cells target and enwrap axons with myelin are only beginning to be elucidated, yet several studies
have implicated extracellular matrix proteins and their receptors as being important extrinsic
regulators. This review provides an overview of the extracellular matrix proteins and their
receptors that regulate multiple steps in the cellular development of Schwann cells and
oligodendrocytes, the myelinating glia of the PNS and CNS, respectively, as well as in the
construction and maintenance of the myelin sheath itself. The first part describes the relevant
cellular events that are influenced by particular extracellular matrix proteins and receptors,
including laminins, collagens, integrins, and dystroglycan. The second part describes the signaling
pathways and effector molecules that have been demonstrated to be downstream of Schwann cell
and oligodendroglial extracellular matrix receptors, including FAK, small Rho GTPases, ILK, and
the PI3K/Akt pathway, and the roles that have been ascribed to these signaling mediators.
Throughout, we emphasize the concept of extracellular matrix proteins as environmental sensors
that act to integrate, or match, cellular responses, in particular to those downstream of growth
factors, to appropriate matrix attachment.
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Introduction

The term glia, derived from the Greek word for glue, is used to describe the majority of non-
neuronal cells in the nervous system. The word origin of glia reflects an early concept of glia
in which they were viewed as the “glue” that held together the operating cells of the nervous
system, the neurons. However, more than a century since their discovery, glia are now
known to be diverse cell types, with many critical roles that render them active participants
in neural development and functions.

Analogous to the way in which glia were underestimated historically, extracellular matrix
(ECM) proteins were first ascribed roles primarily as cell anchors or scaffolds, and thus were
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thought to act as another type of cellular “glue”. Today, the important job of providing
structural support for cells is only one of the numerous functions provided by ECM proteins.
These diverse roles include regulating cell migration, cell division, cell fate, and cell
survival, as well as acting as molecular sinks to localize otherwise soluble molecules e.g.
growth factors and, thus provide a way to amplify, or target, signaling events in space and
time (Baron et al., 2005; Fernandes et al., 2006; Tsang et al., 2010).

In the current review we describe the role of ECM proteins in the development and function
of myelinating glia: Schwann cells in the PNS and oligodendrocytes in the CNS. Both cell
types interact with ECM proteins, but in strikingly different ways: Schwann cells by virtue
of a classic basal lamina and oligodendrocytes by virtue of “brief encounters” with cell-
associated ECM found in the developing CNS. Both cell types, however, require particular
ECM proteins, ECM receptors, and ECM-regulated signaling effectors to develop and
function normally. Interestingly, some of the ECM requirements overlap between the two
cell types, but many do not. Finally we discuss what has been learned regarding ECM
proteins as “cell agonists” that can act alone or to potentiate other extrinsic signals found in
the cellular environment, as well as to integrate external stimuli with the ongoing cellular
mechanisms that drive glial cell development.

Myelination

Axons are myelinated by Schwann cells in the peripheral nervous system (PNS), and by
oligodendrocytes in the central nervous system (CNS). In both cases, myelin ensheathment
consists of a specialized plasma membrane of the myelinating cell that wraps multiple, even
many dozens, of times around an axon. The number of wraps is stereotypical to the axon
itself, such that myelin thickness is proportional to axon diameter (Moyvodic, 1989). Myelin
wrapping is followed by myelin compaction, in which the cytoplasm of the myelinating cell
is mostly excluded from the myelin sheath; this process gives myelin its characteristic
concentric ring appearance by electron microscopy. The myelinated zones are termed
internodes, while unmyelinated zones in between the internodes are termed nodes of
Ranvier; the nodes and their border regions, the paranodes, contain high concentrations of
ion channels and a specialized cell and molecular architecture. Overall axonal conduction
velocity is dictated by myelin thickness and integrity, intermodal length, and nodal
composition. (Sherman and Brophy, 2005; Hartline and Colman, 2007; Nave and Trapp,
2008)

Schwann cells and oligodendrocytes

Schwann cells and oligodendrocytes both myelinate axons, but differ in several key respects
that are relevant to their ECM interactions. One, Schwann cells form a 1:1 relationship with
the axons they myelinate, while individual oligodendrocytes each myelinate multiple, as
many as 50+, axons. To achieve a 1:1 axoglial relationship, Schwann cells undergo a unique
process termed radial sorting. Interestingly, radial sorting is highly dependent on interactions
between Schwann cell adhesion receptors and extracellular matrix proteins found in the
Schwann cell basal lamina (BL) (Bradley and Jenkison, 1973; Bradley and Jenkison, 1975;
Nakagawa et al., 2001; Feltri et al., 2002; Chen and Strickland, 2003; Yang et al., 2005; Yu
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et al., 2005; Gawlik et al., 2010) Two, Schwann cells secrete and assemble their own BL,
which is highly enriched in laminins-211 and -411, as well as in the classical BL
components type IV collagens, nidogens, and heparin sulfate proteoglycans (HSPGs) such
as agrin and perlecan (Bannerman et al., 1986; Baron-Van Evercooren et al., 1986; Dziadek
et al., 1986). In contrast, oligodendroglia do not have a BL, although some evidence
suggests that developing oligodendrocyte precursor cells can secrete low levels of ECM
proteins, including laminins (Yang et al., 2006). This distinction suggests that Schwann cells
act primarily in an autocrine fashion in terms of ECM interactions, while oligodendroglia
may instead interact with outside sources of ECM that may be more restricted, both spatially
and temporally. Third, Schwann cells and oligodendrocytes differ in the way they
differentiate. Immature Schwann cells differentiate into myelinating (or non-myelinating)
Schwann cells that remain associated with a BL (Baron-Van Evercooren et al., 1986;
Dziadek et al., 1986). These mature, BL-associated Schwann cells remain capable of “de-
differentiating” and re-entering the cell cycle during repair (Jessen and Mirsky, 2008).
Oligodendrocytes, in contrast, are believed to be terminally differentiated cells. In the adult
CNS, therefore, the need for new oligodendrocytes is met by the ability of adult neural stem
cells to generate new oligodendrocyte progenitor cells (OPCs), as well as by a more local
pool of adult OPCs. Therefore, Schwann cells, which remain ECM-associated, retain their
ability to de-differentiate and contribute to nervous system repair, while mature
oligodendrocytes are not associated with apparent ECM structures and are not able to de-
differentiate and contribute to nervous system repair. It remains unknown, however, if these
two properties i.e. ECM-association and regenerative capacity, are causally linked.
Interestingly, however, adult neural stem cells of the subventricular zone reside in an ECM-
rich niche (Mercier et al., 2002; Mercier et al., 2003; Kerever et al., 2007), in sharp contrast
to much of the brain parenchyma where ECM is highly limited (Jucker et al., 1996). Recent
studies have suggested that integrin-mediated progenitor cell interactions with the ECM of
the germinal niche are necessary for the appropriate formation of new neurons (Shen et al.,
2008; Kazanis et al., 2010), although it is not clear if this ECM requirement also applies to
the formation of new oligodendroglia. In addition, it remains unknown whether adult OPCs,
found throughout the brain in both white and gray matter, interact with ECM.

The Schwann cell basal lamina

The Schwann cell basal lamina (BL) contains several laminins, type IV collagens, nidogens,
and HSPGs such as perlecan (Bannerman et al., 1986; Baron-Van Evercooren et al., 1986;
Dziadek et al., 1986). Cell culture studies from the 1980s first established a connection
between the Schwann cell BL and myelination, where myelin formation in Schwann cell —
dorsal root ganglion co-cultures was found to rely on the ability of the Schwann cell to
produce extracellular matrix proteins (Bunge et al., 1980; Moya et al., 1980; Bunge et al.,
1982; Carey et al., 1986; Eldridge et al., 1989). Laminins were furthermore shown to be
sufficient to induce this matrix-dependent switch to a myelinating phenotype (Carey et al.,
1986). In the 1990s laminin deficiencies selective to LAMAZ2, the gene that encodes the
laminin a2 subunit, were shown to cause a large subset of congenital muscular dystrophies,
now known as MDC1A, that present with accompanying peripheral nerve defects, including
myelination defects (Sparks et al., 1993; Helbling-Leclerc et al., 1995; Nissinen et al., 1996;
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McGowan and Marinkovich, 2000; Geranmayeh et al., 2010). At around the same time, PNS
myelination defects in dystrophic dy/dy (Bradley and Jenkison, 1973; Madrid et al., 1975)
and dy?/ (Bray and Aguayo, 1975) mice, spontaneous mutants that arose in the 1950s, were
found to be caused by a laminin deficiency (in the case of d)) (Sunada et al., 1994; Xu et al.,
1994) or a partial laminin loss-of-function (in the case of @)% (Sunada et al., 1995). More
recent work using mice engineered to lack individual laminin subunits (Nakagawa et al.,
2001; Chen and Strickland, 2003; Wallquist et al., 2005; Yang et al., 2005; Yu et al., 2005),
or laminin receptors (Frei et al., 1999; Saito et al., 1999; Feltri et al., 2002), has solidified
the view that Schwann cells need at least two types of laminin, as well as other signals from
the ECM, to myelinate properly, and has also provided important insights into the molecular
basis for these requirements.

ECM regulates radial sorting and Schwann cell myelination

Prior to myelination, immature Schwann cells surround bundles of axons. Perinatally,
Schwann cell processes begin to isolate individual axons, and ultimately “pair off” in a
process known as radial sorting. Once the Schwann cell-axon 1:1 relationship is established,
myelin wrapping ensues. At the same time, sensory axons of less than 2 microns in diameter
become ensheathed as Remak bundles, but are not myelinated. (Sherman and Brophy, 2005)
The process of radial sorting relies heavily on components of the Schwann cell BL, and,
most strikingly, the laminins. The Schwann cell BL contains mainly laminins-211 (formerly
known as laminin-2, composed of laminin a2, 1, and y1 subunits) and 411 (formerly
known as laminin- 8, composed of laminin a4, B1, and y1 subunits), but only laminin-211
engages in self-interactions to form laminin polymers, structures that are required
components of BL (Bannerman et al., 1986; Baron-Van Evercooren et al., 1986; Dziadek et
al., 1986) (Cheng et al., 1997) (Yurchenco et al., 1985; Yurchenco et al., 2004). However,
both laminin types bind to cell surface receptors and interact with other ECM proteins
(Yurchenco et al., 2004). Laminin-511 (formerly known as laminin-10, composed of the
laminin a5, B1, and -y1 subunits) is also produced by Schwann cells, at lower levels, and is
mostly enriched at and near nodes of Ranvier (Occhi et al., 2005).

Mice that lack all Schwann cell laminins, generated by a conditional knockout of the laminin
v1-subunit that is a necessary component of laminins-211, -411, and 511, have a
discontinuous Schwann cell BL and a severe block in radial sorting. In addition, the
Schwann cells in these mice appear to be developmentally arrested, and fail to upregulate
nuclear-localized Krox20, a transcription factor that is required for Schwann cell
differentiation (Yu et al., 2005). Disruption of laminin-211 expression also causes similar
profound abnormalities in Schwann cell development. This can be observed in humans with
MDC1A (Sparks et al., 1993; Helbling-Leclerc et al., 1995; Nissinen et al., 1996; McGowan
and Marinkovich, 2000), or in mice with a targeted disruption of the LAMAZ gene, termed
ay°K (Nakagawa et al., 2001), which have a severe myelination arrest due to a failure in
radial sorting, although some axons, primarily in distal nerves, “escape” to become both
sorted and myelinated. These mice, similar to the laminin y1-subunit deficient mice, also
show arrested Schwann cell development, and have either no visible BL, or an abnormal
appearing BL, depending on the region (Nakagawa et al., 2001). Thus, while a correlation
exists between Schwann cell BL and myelination, it is clearly not an absolute prerequisite as
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once thought, as some degree of myelination can occur in regions that appear to have no BL
that is detectable by electron microscopy. A caveat is that, while an organized BL may be
absent, some level of cell-associated ECM may still be present, which could, in theory,
mediate interactions with appropriate cell receptors.

Another Schwann cell laminin, laminin-411, was found recently to have both overlapping
and distinct functions to those of laminin-211 in PNS myelination. First, mice with a
targeted disruption of the LAMA4 gene have a similar phenotype to that of LAMA2 mutants
i.e. partial arrest of radial sorting. Intriguingly, however, mice that lack laminin a4 have a
reasonably intact Schwann cell BL, albeit with subtle abnormalities such as outfoldings
(Wallquist et al., 2005; Yang et al., 2005). Thus the phenotype of LAMA4 deficient mice
suggests that the Schwann cell requirement for laminin to achieve normal radial sorting is
not specific to laminin-211. Instead, two different laminins are required for radial sorting:
laminin-211 (Bradley and Jenkison, 1973; Stirling, 1975; Nakagawa et al., 2001), which
polymerizes (Cheng et al., 1997) and is strongly associated with the ability to form an intact
Schwann cell BL (Madrid et al., 1975; Nakagawa et al., 2001), and laminin-411 (Yang et al.,
2005), which does not polymerize and is dispensable for BL formation (Wallquist et al.,
2005; Yang et al., 2005). What is the common feature of both laminins? Both are known to
interact with a6p1 integrin (Sonnenberg et al., 1991), and Schwann cells that lack a1
integrins show severe radial sorting defects (Feltri et al., 2002), which could reflect a loss of
both laminin-211 and -411 interactions. And, while laminin-411 is not required to form a
visibly “intact” BL (Wallquist et al., 2005; Yang et al., 2005), it is worth speculating that it
could be required to form a fully functional BL i.e. one that confers the correct degree of
rigidity/plasticity. This property could be achieved via interactions with other Schwann cell
BL components, such as collagens (Muona et al., 2002). In support of this possibility,
collagen XV mutants also have moderate radial sorting defects, and, mice that lack both
collagen XV and laminin-411 have even more severe BL abnormalities, accompanied by
radial sorting defects as well as thinner myelin (Rasi et al., 2010).

While the phenotypes of laminin-411 (Wallquist et al., 2005; Yang et al., 2005; Rasi et al.,
2010) and collagen XV mutants (Rasi et al., 2010) suggest that the presence of a
polymerizing laminin is not sufficient for normal sorting to occur, the phenotypes of two
mouse mutants, dy2’ (Bradley and Jenkison, 1973; Bray and Aguayo, 1975; Stirling, 1975;
Okada et al., 1977) and nmf417 (Patton et al., 2008), do support the idea that the polymer
forming domain of laminin-211 is important both for normal sorting and for myelination to
occur. dy?-LAMA2 contains a point mutation in a splice donor site of the laminin a2 LN
domain, which leads to the expression of a laminin a.2 subunit that lacks most of the LN
domain (Xu et al., 1994; Sunada et al., 1995); @2’ -laminin-211 has furthermore been found
to retain the ability to interact with cells via integrin- and dystroglycan-binding sites, but to
lose the ability to polymerize (Sunada et al., 1995; Colognato and Yurchenco, 1999).
Another point mutation in a conserved cysteine of the LN domain of laminin a2, termed
nmi417, was recently identified (Patton et al., 2008). Both a2’ and nm#f417mice have
severely defective radial sorting (Bradley and Jenkison, 1973; Stirling, 1975; Okada et al.,
1977; Patton et al., 2008), similar to that seen in a complete lack of laminin-211 (Nakagawa
et al., 2001; Patton et al., 2008). Both @y’ and nmf417 mice lack detectable BL in at least a
subset of premyelinating Schwann cells (Patton et al., 2008), however, in myelinating
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Schwann cells, @2/ mice have thin and patchy BL (Bradley and Jenkison, 1973; Bradley
and Jenkison, 1975; Madrid et al., 1975; Yang et al., 2005), while nmf417mice have
continuous BL with more subtle abnormalities e.g. a less compact appearance (Patton et al.,
2008). Thus the LN domain of laminin a2 is critical for normal myelination. It remains
unclear, however, if this requirement reflects its polymerization ability or not. An important
goal therefore is to determine if nmf417mutant laminin-211 is unable to form polymers.

In addition to the polymer-forming LN domain, recent evidence also highlights the role of
the LG4-5 domain of the a.2 subunit of laminin-211. Here, transgenic expression of
LAMAL, the gene that encodes a1 laminin, almost fully rescues the PNS myelination
defects in LAMA2 —/- (ay°X) mice (Gawlik et al., 2006). These results are logical given
that a1-containing laminin-111 heterotrimers, similar to laminin-211, polymerize and bind
to the same subset of receptors (Cheng et al., 1997; Yurchenco et al., 2004). However,
surprisingly, transgenic expression of a laminin a1 subunit that lacks domains 4-5 of the LG
domain does not fully rescue @y?K PNS defects (Gawlik et al., 2010), suggesting that
laminin LG domains 4-5 contain sites that are important for sorting and myelination. The
mutant laminin a1 ALG4-5 has a fully functional polymerization domain, and a fully
functional integrin binding region (found in LG 1-3), but lacks the ability to bind to
dystroglycan (Gawlik et al.), an adhesion receptor implicated in later stages of myelination
(described ahead). Yet, dystroglycan-deficient Schwann cells do not have severe sorting and
myelination abnormalities (Saito et al., 2003), suggesting that additional laminin LG domain
4-5 functions may be needed; one possibility is interactions with cell surface sulfatides,
which also have been mapped to this region (Roberts et al., 1986; Taraboletti et al., 1990;
Talts et al., 1999). Indeed, analysis of cultured Schwann cells indicates that laminin
interactions with Schwann cell sulfatides may be necessary for BL formation (Li et al.,
2005).

In addition to defects in radial sorting, ECM-deficient Schwann cells also have defects in
proliferation. Again, laminin-211 and laminin-411 likely both contribute, as both single a.2
and a4 laminin mutant Schwann cells have decreased proliferation (YYang et al., 2005).
However, double mutants that lack 6ot functional a2 and a4 (Yang et al., 2005), or a
conditional deletion of both laminins by removal of the y1 subunit (Yu et al., 2005), have
even more severe defects in proliferation. To date, however, the receptor that mediates the
laminin effect on Schwann cell proliferation remains unclear, as p1 integrin conditional
mutants have normal proliferation (Feltri et al., 2002), and conditional deletion of the a.6
integrin subunit in Schwann cells has not been examined. Intriguingly, however, laminin a4
mutants, while proliferating less than normal at postnatal day 7, actually show a persistence
of the immature “proliferative” phenotype at 1 month and thus proliferate more than typical
(YYang et al., 2005). This suggests that laminin-411 may normally help to transition immature
Schwann cells to the myelinating phenotype. However, a4 laminin mutants also show a
propensity to myelinate unsorted bundles of axons, a phenotype known as polyaxonal
myelination (Wallquist et al., 2005; Yang et al., 2005). Polyaxonal myelination is also
observed (occasionally) in mice that lack Schwann cell dystroglycan (Saito et al., 2003),
suggesting that both dystroglycan and laminin-411 help to couple the onset of myelination to
the post-sorted Schwann cell. Interestingly, type XV collagen mutants also display
polyaxonal myelination (Rasi et al., 2010), suggesting that both type XV collagen and
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laminin-411 might regulate normal myelination through similar mechanisms, such as by
modulating ECM spatial organization within the BL.

Developing oligodendroglia: where do they encounter ECM?

Unlike Schwann cells, developing oligodendroglia do not secrete and assemble a basal
lamina. In fact, very little “traditional” basal lamina exist in the CNS, with the prominent
exception of blood vessel BLs, found throughout the brain parenchyma (Baeten and
Akassoglou, 2011), and the pial BL, found on the brain surface (Jucker et al., 1996). An
obvious question, therefore, is whether developing oligodendroglia encounter ECM
components outside of these traditional BL structures? And, if so, does CNS ECM regulate
oligodendroglial development and myelination?

The embryonic CNS does, however, contain high levels of ECM proteins, often cell-
associated but not necessarily in classical BL (Liesi, 1985; Hagg et al., 1989; Morissette and
Carbonetto, 1995; Chen and Strickland, 1997; Tian et al., 1997; Georges-Labouesse et al.,
1998; Powell et al., 1998; Farwell and Dubord-Tomasetti, 1999; Koch et al., 1999; Libby et
al., 2000; Colognato et al., 2002; Sharif et al., 2004). Although the organization of the ECM
in the developing CNS remains poorly understood, ECM and ECM receptor loss-of-function
studies in mice have led to the realization that ECM interactions are important to neural cell
development (Colognato et al., 2005). In contrast to the developing brain, however, ECM in
the adult brain is mostly localized to vascular BL, perineuronal nets (Dansie and Ethell,
2011; Wlodarczyk et al., 2011), and unique regions that retain germinal capacities i.e. so-
called adult neural stem cell niches. Much of oligodendroglial development takes place peri-
and postnatally (Pringle and Richardson, 1993; Spassky et al., 1998; Tekki-Kessaris et al.,
2001; Kessaris et al., 2006; Richardson et al., 2006), where the landscape of ECM changes
dramatically, going from broad in the embryo, to highly restricted in the adult. To date,
however, this postnatal transition in brain ECM expression remains poorly characterized. A
few ECM proteins, however, have begun to be investigated during early postnatal brain
development when oligodendrocyte development and myelination are taking place. For
example, laminin immunoreactivity has been found in association with axons in pre-
myelinating white matter tracts (Colognato et al., 2002), although it remains unclear whether
the source of the laminin is axonal or glial (or both). Here it has been hypothesized that
oligodendroglial contact with axon-associated laminin can alter oligodendroglial survival
and differentiation capacity, thus contributing to a time-sensitive targeting mechanism for
myelination (Colognato et al., 2002). Interestingly, white matter tract laminin becomes
virtually undetectable in fully-myelinated tracts (Powell et al., 1998; Colognato et al., 2002;
Tom et al., 2004; Relucio et al., 2009), and laminin has been reported to “re-appear” in
demyelinated lesions that are undergoing repair (Zhao et al., 2009). Fibronectin, on the other
hand, has been observed in normal adult white matter (Tom et al., 2004), although,
fibronectin levels increase in damaged white matter, a property that is assumed to be from
leakage of serum fibronectin into the brain parenchyma (Sobel and Mitchell, 1989). The
presence of collagens in white matter is even less well characterized, although cultured
astrocytes have long been recognized to express many collagen subtypes and therefore may
deposit collagens during postnatal white matter development (Liesi and Kauppila, 2002;
Heck et al., 2003; Hirano et al., 2004). Classic BL, containing laminins, type IV collagens,
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and nidogens, are, however, found in white matter, as endothelial cells produce BL that
surround blood vessels (Del Zoppo et al., 2006). A recent study has reported that the
survival and proliferation of OPCs can be modulated by coculture with cerebral endothelial
cells (Arai and Lo, 2009), raising the interesting possibility that oligodendroglia in the
developing brain are regulated by interactions with endothelial BL that surrounds blood
vessels.

In addition to the developing white matter, ECM proteins are also prominent in the pial BL,
to which the basal processes of radial glia attach (Rakic, 1972; Levitt and Rakic, 1980;
Sievers et al., 1994; Kriegstein and Alvarez-Buylla, 2009). While embryonic radial glial cell
phenotypes are beyond the scope of this review (see (Franco and Miller, 2011), same issue),
radial glial phenotypes are mentioned here to highlight the fact that disturbances in radial
glia may also perturb oligodendrogenesis, as radial glial cells, in their role as neural stem
cells, give rise to glial progeny in the perinatal period (Merkle et al., 2004; Fogarty et al.,
2005; Casper and McCarthy, 2006). Detachment of radial glial cells from the pial BL can
occur by disturbing the expression or function of laminin (Halfter et al., 2002; Haubst et al.,
2006; Radakovits et al., 2009), nidogen (Halfter et al., 2002; Haubst et al., 2006), perlecan
(Haubst et al., 2006), integrin (Georges-Labouesse et al., 1998; Graus-Porta et al., 2001;
Loulier et al., 2009; Radakovits et al., 2009), and dystroglycan (Satz et al., 2010); these
defects result in varying severities of type I, or cobblestone, lissencephalies, which are
cortical malformations resulting from aberrant neuronal migrations out of the brain
parenchyma into the meninges (Georges-Labouesse et al., 1998; Arikawa-Hirasawa et al.,
1999; Graus-Porta et al., 2001; Halfter et al., 2002; Muntoni and Voit, 2004). ECM proteins
are also found in the developing ventricular/subventricular zones (VZ/SVZ) (Dityatev et al.;
Doetsch, 2003; Lathia et al., 2007), where the apical processes of radial glial cells attach
(Rakic, 1972); detachment here perturbs corticogenesis by dysregulation of progenitor cell
proliferation (Loulier et al., 2009).

In the adult brain, ECM proteins show a highly restricted pattern, yet remain in regions of
ongoing neurogenic capacity such as the SVZ (Dityatev et al.; Doetsch, 2003; Lathia et al.,
2007) and the dentate gyrus of Hippocampus (Johansson, 2007). In the adult SVZ, ECM
structures termed “fractones” emanate from blood vessel BL (Mercier et al., 2002; Mercier
et al., 2003); fractones have furthermore been postulated to regulate the capacity of the
germinal niche to sequester growth factors (Kerever et al., 2007). Laminin-integrin
interactions in the adult SVZ were recently shown to modulate the spatial organization of
cells in the niche, as well as the ability of niche neural progenitor cells to proliferate
(Mirzadeh et al., 2008; Shen et al., 2008; Tavazoie et al., 2008; Kazanis et al., 2010).
However it remains to be determined whether laminin-integrin interactions in the adult, or
postnatal, SVZ regulate oligodendrogenesis.

ECM-mediated regulation of oligodendroglia

Several studies, however, have implicated ECM interactions as potential regulators of
oligodendroglial development. For instance, the laminin receptor a6p1 integrin is expressed
in developing oligodendroglia (Milner and Ffrench-Constant, 1994), and, when a6p1
interactions with laminin are blocked, oligodendroglia differentiate improperly and have
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smaller than normal myelin “sheets” (large lamellar-like protrusions that myelinating
oligodendrocytes form in culture in the absence of their axon targets) (Buttery and ffrench-
Constant, 1999). Subsequent studies have revealed that laminin-integrin interactions regulate
oligodendroglial process dynamics, affecting both process length and process branching
(Buttery and ffrench-Constant, 1999; Relvas et al., 2001; Colognato et al., 2004; Olsen and
Ffrench-Constant, 2005; Hoshina et al., 2007; Hu et al., 2009; Siskova et al., 2009;
Lafrenaye and Fuss, 2010). In addition, laminins potentiate the ability of newly-formed
oligodendrocytes to survive in response to limited quantities of trophic factors, thereby
shifting the dose response curve of developing oligodendroglia in contact with laminin
(Frost et al., 1999; Colognato et al., 2002; Baron et al., 2003; Colognato et al., 2004; Decker
and ffrench-Constant, 2004), a property predicted to be useful to oligodendroglia in the
developing brain where as many as 50% of developing oligodendrocytes die in response to
lack of appropriate axon-associated trophic signals (David et al., 1984; Barres and Raff,
1999). Fibronectin, on the other hand, decreases the ability of developing oligodendroglia to
produce long and branched processes (Milner et al., 1996; Milner et al., 1997; Siskova et al.,
2006; Hu et al., 2009; Siskova et al., 2009; Lafrenaye and Fuss, 2010), yet also potentiates
the ability of OPCs to proliferate (Blaschuk et al., 2000; Baron et al., 2002), thereby
indirectly acting to slow oligodendroglial differentiation.

Several ECM proteins have been shown to modulate OPC migration. The ECM protein
anosmin, which contains FN-like repeats, is found in embryonic optic nerves, and regulates
the ability of cultured OPCs to migrate (Bribian et al., 2006; Bribian et al., 2008). Netrins,
which are laminin-related ECM proteins found throughout the developing brain (Colamarino
and Tessier-Lavigne, 1995; Shirasaki et al., 1996; Manitt et al., 2001), regulate OPC
migration via interaction with DCC, a netrin receptor expressed in migrating OPCs (Spassky
et al., 2002; Jarjour et al., 2003; Tsai et al., 2003). Interestingly netrins have also been shown
to regulate oligodendrocyte process morphology (Rajasekharan et al., 2009), and thus could
potentially influence oligodendroglial myelination capacity. In addition, netrin-DCC
interactions are required for the maintenance of nodal and paranodal organization in the
adult CNS (Jarjour et al., 2008). Autotaxin, another secreted ECM protein, acts in an
autocrine fashion to antagonize adhesion to other ECM proteins and hence modulates
oligodendroglial process dynamics (Dennis et al., 2005; Dennis et al., 2008). Tenascin-R,
Tenascin-C, and syndecans also regulate OPC or oligodendrocyte phenotypes, but their roles
remain less well understood in the developing mouse.

In the developing CNS, in contrast to the PNS, very little is known regarding the ECM
proteins that are required for normal oligodendroglial development and myelination. One
exception is a subset of laminins that contain the a.2 subunit, the LAMAZ2 gene product.
MDC1A, caused by mutations in LAMAZ2 (Helbling-Leclerc et al., 1995; Nissinen et al.,
1996), is a severe congenital muscular dystrophy that is associated with abnormal white
matter signals by MRI, some of which are suggestive of delayed or abnormal myelination
(Mercuri et al., 1995; Philpot et al., 1995; Farina et al., 1998; Caro et al., 1999; McGowan
and Marinkovich, 2000). However, white matter hypointensities in MDC1A patients could
also reflect changes in brain water content, possibly through alterations in the blood-brain-
barrier (Caro et al., 1999); for more information on the role of ECM in the formation and
maintenance of the BBB see (Baeten and Akassoglou, 2011), same issue. Mouse models of
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LAMAZ2 deficiencies have therefore been examined to learn more about the potential role of
a2 laminins in myelination. Here it has been reported that the d)y/dy strain, which are a2
laminin hypomorphs that express extremely low levels a2 laminin, do indeed myelinate, yet
show regional deficits in their myelin including increased percentages of unmyelinated
axons as well as thinner myelin (Chun et al., 2003). A second study revealed that
oligodendroglial maturation is delayed in dy/dy mice, as OPCs accumulate in regions that
fail to produce sufficient numbers of mature oligodendrocytes (Relucio et al., 2009). ay°K
mice, which completely lack the laminin a2 subunit, also have deficits in myelination
(unpublished observations, J.R. and H.C.). To date, however, it remains unknown if
fibronectin or collagen loss-of-function result in CNS myelination abnormalities (although
collagen XV null mice were reported to have normal CNS myelin (Rasi et al., 2010), ruling
out a collagen XV requirement for CNS myelination).

Extracellular matrices at Nodes of Ranvier in peripheral nerves

Assembly and maintenance of nodes of Ranvier are critical functions of myelinating glia.
Nodes of Ranvier are highly organized axonal domains that lie in between two adjacent
internodes, the myelinated domains of the axon, and, as nodes of Ranvier are the sites of
axon potential propagation, proper nodal assembly is critical for nerve function. The ECM
found at nodes of Ranvier is unique and highly compartmentalized, and recent work has
illustrated how nodal ECMs are important for maintaining the correct structure and function
of the node.

Due to the availability of well-characterized /n vitro models, the formation and maintenance
of nodes of Ranvier has been much better characterized in the PNS than in the CNS. In the
PNS, one of the earliest events in nodal formation is the clustering of two axonal adhesion
molecules, neurofascin 186 (NF186) and neuron glia-related cell adhesion molecule
(NrCAM). NF186 clustering results in recruitment of ankyrinG, a cytoplasmic adaptor
protein that recruits and clusters Nav channels at the developing node. Surrounding the node
of Ranvier, myelinating glia contact the axolemma at paranodal septate junctions created by
a tripartite complex between glial neurofascin, NF155, and two axonal proteins, Caspr and
contactin. Formation of these axoglial contacts at paranodes restricts the lateral mobility
along the axolemma and as a result helps localize nodal proteins. Finally, the newly formed
node is further stabilized by the recruitment of the PDZ-containing protein IV spectrin to
ankyrinG, thereby bridging the nodal axolemma to the actin cytoskeleton (reviewed in
(Rasband, 2006; Salzer et al., 2008). Both CNS and PNS nodes are surrounded by a ring of
specialized ECM thought to be critical in nodal formation and stability.

Gliomedin, a collagen and olfactomedin domain-containing ECM protein, is both necessary
and sufficient to at least initiate assembly of the PNS node of Ranvier, and thus is required
for heminode formation (Eshed et al., 2005; Eshed et al., 2007; Feinberg et al., 2010).
Gliomedin is localized to the Schwann cell surface and, following furin protease-mediated
cleavage, is released. Soluble gliomedin then multimerizes, binds to HSPGs, and thus
accumulates at Schwann cell microvilli, projections of the abaxonal Schwann cell plasma
membrane that contact the axolemma, as well as in the surrounding Schwann cell ECM.
Downregulation of gliomedin via RNAI leads to reduced clustering of Nav channels and
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NF186 at the nodal axolemma. Conversely, the addition of the soluble olfactodomain of
gliomedin to DRG neuronal cultures leads to the formation of clusters of nodal components
in the absence of Schwann cells, suggesting that gliomedin is sufficient for the initiation of
node of Ranvier formation. However, the formation of heminodes, but not mature nodes, is
affected in Gliomedin knockout mice [151]. Furthermore, addition of the extracellular
domain of NF186 results in mislocalization of gliomedin to internodes and inhibits nodal
formation, suggesting that NF186/gliomedin interactions are critical for the correct
localization of gliomedin at the node of Ranvier, as well as for nodal formation. (Eshed et
al., 2005; Eshed et al., 2007; Feinberg et al., 2010)

In addition to gliomedin, the PNS perinodal ECM contains HSPGs including syndecans-3
and -4, (Goutebroze et al., 2003) (Susuki and Rasband, 2008), NG2 (Martin et al., 2001),
versican V1, collagen a4(V) (Melendez-Vasquez et al., 2005), laminin-211 and laminin-511
(Occhi et al., 2005), while the laminin receptor dystroglycan, as well members of the
dystroglycan-dystrophin complex, are found on Schwann cell microvilli (Saito et al., 2003;
Occhi et al., 2005). Although incorporation of gliomedin in the perinodal ECM is dependent
on heparin interactions (Eshed et al., 2007), thus far a necessity for HSPGs in nodal
formation has not been reported. On the other hand, Schwann cell-specific deletion of
dystroglycan results in disorganization of the Schwann cell microvilli and reduced Nav
channel clustering, suggesting that dystroglycan regulates nodal assembly or maintenance
(Saito et al., 2003; Occhi et al., 2005). A similar, although less dramatic nodal phenotype
was observed in laminin a2 deficient mice, as well as in an MDC1A patient (Occhi et al.,
2005). The fact that loss of laminin-211 did not phenocopy dystroglycan loss could be due to
redundancy with laminin-511, which is enriched at the perinodal ECM (Occhi et al., 2005),
or due to compensation by laminin-111, which can be upregulated in laminin a2 deficient
mice (Previtali et al., 2003). Loss of a// Schwann cell laminins through deletion of the y1
subunit, however, results in severe microvillar disorganization, increased nodal length,
decreased Nav clustering, and decreased axonal conduction velocities (Yu et al., 2005).
Together, these findings suggest that interactions between ECM laminins and Schwann cell
dystroglycan are necessary for proper formation of the PNS node of Ranvier. Whether the
laminin/dystroglycan complex is necessary for the initial formation of nodes of Ranvier, or
their stability, remains to be elucidated.

Nodes of Ranvier in central nerve tracts

CNS nodes of Ranvier are also surrounded by a specialized ECM. In comparison to the
PNS, however, less is known about the role of ECM in the formation of CNS nodes.
Interestingly, the composition of the perinodal ECM in the CNS depends on the caliber of
the myelinated axon; the nodal gap of small diameter axons is surrounded only by
hyaluronan, brain-specific hyaluronan-binding protein (Brall), and the CSPG, versican V2,
while the perinodal ECM of large caliber axons additionally contains CSPGs brevican and
phosphacan, as well as tenascin R (Bekku et al., 2009). Versican V2 and Brall are critical
for the correct assembly of the perinodal ECM throughout the CNS (Dours-Zimmermann et
al., 2009; Bekku et al., 2010), while a similar role for brevican is observed only in large
caliber axons, and the localization of Brall and versican V2 in the nodal gap of small caliber
axons is unaffected by brevican deletion (Bekku et al., 2009). Similarly, mice deficient in
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tenascin R have decreased immunoreactivity for phosphacan surrounding CNS nodes
(Weber et al., 1999). Interestingly, despite having normal-appearing nodes of Ranvier, mice
deficient in either tenascin R (Sykova et al., 2005) or Brall (Bekku et al., 2010) exhibit
decreased conduction velocities due to increased levels of facilitated diffusion in the
perinodal space. Taken together, these studies suggest that the perinodal ECM may provide a
diffusion barrier that serves to concentrate the ionic flux at the node, and thus may be
necessary for efficient action potential propagation and nerve function.

Almost 15 years ago, Kaplan et al. suggested that factor(s) secreted by oligodendrocytes are
required to initiate Nav channel clustering and nodal formation (Kaplan et al., 1997). After
the identification of gliomedin (Eshed et al., 2005) and the observation that similar to
gliomedin, brevican can interact with NF186 (Hedstrom et al., 2007), it was postulated that
brevican might be the oligodendrocyte-secreted factor necessary for nodal formation.
However, unlike gliomedin (Eshed et al., 2005; Feinberg et al., 2010), brevican is not
necessary for NF186 clustering, and node of Ranvier formation is unaffected in brevican
knockout mice (Bekku et al., 2009). Thus, despite their importance in the organization of the
perinodal ECM, no individual ECM component has thus far been implicated in the
formation of the CNS node of Ranvier, i.e. a CNS equivalent of gliomedin has thus far not
been identified.

Schwann cell integrins

Integrins comprise a family of heterodimeric adhesion receptors that are critical for
transducing signals from the ECM to key downstream signaling effectors that include the
Src Family Kinases, FAK, ILK, and small Rho family GTPases. Schwann cells express
several integrin receptors: a1p1 (Reichardt and Tomaselli, 1991), a6p1 (Bronner-Fraser et
al., 1992; Feltri et al., 1994), a7p1 (Previtali et al., 2003), a.6p4 (Einheber et al., 1993;
Feltri et al., 1994), and, to a lesser extent, a2p1 (Einheber et al., 1993) and a.3p1 (Zutter and
Santoro, 1990). Conditional deletion of p1-integrins in Schwann cells, achieved using a PO-
Cre driver (Feltri et al., 2002), revealed important functions for B1-containing integrins in
Schwann cell development. p1-deficient Schwann cells have defects that include severely
impaired radial sorting, and the formation of a detached and, sometimes, outfolded BL
(Feltri et al., 2002). Given the temporal expression of integrin subunits, it is believed that p1
inactivation primarily affects a6p1 and a1p1, which are expressed by developing Schwann
cells in embryonic nerves (Bronner-Fraser et al., 1992). However, because other laminin
receptors such as dystroglycan (Matsumura et al., 1993; Yamada et al., 1994), a6p4 (Feltri
et al., 1994; Previtali et al., 2003), and a7p1 (Previtali et al., 2003), are expressed later in
development, this implies that the lack of a6p1 at the time of radial sorting should
phenocopy laminin-deficiency. However, while B1-integrin and laminin mutants both have
striking defects in radial sorting (Bradley and Jenkison, 1973; Nakagawa et al., 2001; Feltri
et al., 2002; Chen and Strickland, 2003; Wallquist et al., 2005; Yang et al., 2005; Yu et al.,
2005; Gawlik et al., 2010), a subset of axons in p1-integrin mutants are sorted and
myelinated, albeit on a delayed time scale (Feltri et al., 2002). Other differences are that p1-
integrin mutant Schwann cells proliferate normally (Feltri et al., 2002), in contrast to a
variety of laminin mutants, which do not (Yang et al., 2005; Yu et al., 2005), and survive
normally (Feltri et al., 2002), in contrast to laminin -y1 mutants, which do not (Yu et al.,
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2005). Together, these studies suggest that loss of integrin-laminin interactions may only be
part of the dysregulation that occurs in laminin-deficient Schwann cells, and that other
receptors may regulate laminin functions, even at earlier stages.

In contrast to the proposed role for a6p1 in Schwann cell radial sorting, no role has yet been
ascribed for a7p1, another laminin receptor, as mice that lack the a7 integrin receptor have
no discernable PNS myelination phenotype (Previtali et al., 2003). The same could be
concluded for a1pl, a2p1, and a3p1, as ablation of the alpha subunits in these
heterodimers had no reported effect on PNS myelination (but in many cases was likely not
evaluated specifically for subtle myelin defects) (Kreidberg et al., 1996; Pozzi et al., 1998;
Chen et al., 2002). However, a6B4 integrin was recently revealed to have important roles in
later stages of PNS myelination that were not identified by studying mice that solely lacked
the B4 integrin subunit (Frei et al., 1999). Instead, mice that lacked both dystroglycan (see
ahead) and B4 integrin were found to have defects in myelin folding and in the ability to
maintain myelin structure, such that older mice exhibit pronounced demyelination (Nodari et
al., 2008). Thus, it is worth considering that other Schwann cell ECM receptors may have
functions that will be revealed by performing similar double deletion strategies.

Oligodendroglial integrins

In the CNS, oligodendroglial integrins also regulate myelination. However, given that
oligodendroglia do not radially sort axons, the focus has been to learn whether integrins
regulate oligodendroglial differentiation, survival, or myelin wrapping. Oligodendroglia
express several integrins, including avpl, avp3, avpb, abpl, and avp8 (Milner and
Ffrench-Constant, 1994; Milner et al., 1997). Of these, the av integrins appear to be
developmentally regulated such that levels peak at different stages of the oligodendroglial
lineage, with avp1 being associated with migrating OPCs (Frost et al., 1996; Milner et al.,
1996; Frost et al., 2000; Tiwari-Woodruff et al., 2001), avp3 being associated with OPC
proliferation (Baron et al., 2002), and av5 being associated with pre-myelinating
oligodendrocytes (Milner and Ffrench-Constant, 1994; Blaschuk et al., 2000; Relvas et al.,
2001). Given that laminin deficiencies lead to CNS myelin defects (Chun et al., 2003;
Relucio et al., 2009), the only laminin-binding integrin in the group, a6p1, has been the
subject of several studies. a6 integrin knockout mice die at birth due to severe skin blistering
(Georges-Labouesse et al., 1996), but examination of the early myelination that is already
underway in the brain stem and spinal cord during late embryogenesis revealed that a6
integrin knockout mice have fewer mature oligodendrocytes, and more dying
oligodendrocytes (Colognato et al., 2002). Several studies have subsequently taken different
approaches to conditionally-disrupt, or perturb, oligodendroglial a6p1 integrins. The
removal of B1-integrins (using CNP-Cre) leads to increased oligodendrocyte death during
development, but, ultimately, myelination is normal (Benninger et al., 2006). The removal of
B1-integrins using different Cre lines (nestin-Cre or NG2-Cre) also results in a normal
percentage of myelinated versus unmyelinated axons, although, here, the myelin itself is
thinner i.e. has fewer wraps (Barros et al., 2009). In the case of nestin-Cre driven integrin
mutant mice, however, it remains a possibility that the loss of non-oligodendroglial integrins,
such as axonal integrins, may contribute to the reported phenotype [180]. However, two
different dominant-negative approaches have been used to selectively disrupt endogenous

Dev Neurobiol. Author manuscript; available in PMC 2017 November 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Colognato and Tzvetanova Page 14

integrin function in oligodendroglial cells. By expressing a truncated p1 integrin subunit that
lacks the cytoplasmic domain, under the control of the PLP promoter (timed for
oligodendrocyte differentiation as well as myelination), thinner myelin i.e. fewer wraps, as
well as some inappropriately unmyelinated axons, are observed (Lee et al., 2006). By
expressing a chimeric p1 integrin in which the 1 integrin cytoplasmic tail is fused to the
extracellular and transmembrane domains of the interleukin-2 receptor, under the control of
the MBP promoter (timed for myelination onset), the “size threshold” for myelination is
altered such that the myelination of smaller caliber axons is significantly delayed (Camara et
al., 2009). In other words, the ability to initiate myelination of small caliber axons, but not
large caliber axons, is particularly delayed when integrin signaling is disrupted, possibly due
to defects in oligodendroglial process extension or branching. Similar to findings in
Schwann cell development (Feltri et al., 2002), disruption of B1 integrins does not alter OPC
proliferation, at least during normal development (Benninger et al., 2006; Barros et al.,
2009).

Several cell culture studies have furthermore linked av-containing integrins to OPC
migration and proliferation (Frost et al., 1996; Milner et al., 1996; Blaschuk et al., 2000;
Tiwari-Woodruff et al., 2001; Baron et al., 2002), suggesting that OPC development might
be affected in the absence of av -containing integrins. Intriguingly, myelination
abnormalities Aave been observed in av integrin deficient mice at 6 months, although these
mice were engineered to lack the av integrin subunit in all CNS neural cells, and specific
oligodendroglial defects have not been investigated (McCarty et al., 2005). A dominant
negative form of the integrin B3 subunit, which pairs with av in oligodendrocytes, was
recently expressed in developing mice under the control of the MBP promoter, however,
these integrin B3 transgenic mice do not have gross myelination abnormalities during
development (Camara et al., 2009). Some evidence suggests, however, that av integrins have
more critical roles under pathological conditions. For instance, glutamate stimulation of
OPCs can lead to the formation of an av- integrin-containing complex that includes the
myelin component, proteolipid protein (PLP), and the AMPA-type glutamate receptor; this
complex then alters the ability of OPCs to interact with ECM and migrate (Gudz et al.,
2006). This suggests that during excitotoxicity, excess glutamate may alter OPC-integrin
dynamics. This mechanism may furthermore influence OPC behavior during disease, as av
is the sole integrin subunit upregulated in demyelinated lesions (Zhao et al., 2009).

To date, therefore, only a subset of oligodendroglial integrin receptors have been studied in
vivo during myelination. However it appears that B1-containing integrins, likely a6p1, have
a role in the axo-glial interactions that control CNS myelin wrapping (Lee et al., 2006;
Barros et al., 2009; Camara et al., 2009), and that one or more av integrins may additionally
regulate the myelination process (McCarty et al., 2005). Given the potential for overlapping
functions, however, it may be that double knockouts of individual integrin subunits will
ultimately be required to fully elucidate integrin functions in the oligodendroglial lineage (as
was the case in the Schwann cell lineage, where p4-integrin specific functions were
elucidated only upon evaluation of a double knockout of both B4 and dystroglycan).
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Schwann cell dystroglycan

The non-integrin ECM receptor dystroglycan is highly expressed in Schwann cells
(Matsumura et al., 1993; Yamada et al., 1994), where, as described ahead, it influences
several key steps in myelination (Waite et al., 2009). Dystroglycan binds several ECM
proteins, all of which contain laminin-like LG domains; these include laminins (Yamada et
al., 1994; Yamada et al., 1996), neurexin (Sugita et al., 2001), agrin (Gee et al., 1994;
Yamada et al., 1996), perlecan (Peng et al., 1998), and pikachurin (Sato et al., 2008). In
Schwann cells, however, dystroglycan is often studied primarily as a laminin receptor due to
the overlapping phenotypes between laminin- and dystroglycan-deficiencies (Brown and
Radich, 1979; Saito et al., 2003; Occhi et al., 2005; Wallquist et al., 2005; Yang et al., 2005;
Gawlik et al., 2010). In the cytoplasm, dystroglycan provides a bridge to the cytoskeleton by
virtue of its interaction with dystrophin or dystrophin-related proteins such as utrophin and
DRP2 (Michele and Campbell, 2003; Barresi and Campbell, 2006); this connection was first
characterized in skeletal muscle where the dystrophin-glycoprotein complex (DGC), which
contains dystroglycan, dystrophin, and many additional transmembrane and cytoplasmic
proteins, is critical to ensure the stability and health of the muscle sarcolemma (Ervasti and
Campbell, 1993; Klietsch et al., 1993; Roberds et al., 1993). Indeed, mutations in virtually
all of the genes that encode components of the DGC cause varying degrees of muscular
dystrophy in people and in mice (Barresi and Campbell, 2006; Reed, 2009; Reed, 2009).
Subsets of these muscular dystrophies, however, are associated with nervous system
abnormalities (Muntoni and Voit, 2004; Barresi and Campbell, 2006; Reed, 2009; Reed,
2009), implicating members of the DGC, including dystroglycan, in the regulation of
nervous system development and function.

In Schwann cells, dystroglycan forms a complex with Dp116, an isoform of dystrophin that
is highly expressed in Schwann cells, (Byers et al., 1993; Saito et al., 1999; Imamura et al.,
2000) and utrophin (Fabbrizio et al., 1995), a homologue of dystrophin that, like dystrophin,
interacts with the actin cytoskeleton (Saito et al., 1999; Imamura et al., 2000). Additional
members of the Schwann cell “DGC” include dystrobrevin (Albrecht et al., 2008),
syntrophins (Albrecht et al., 2008), and sarcoglyans (Imamura et al., 2000). However,
dystroglycan is the key anchor that is necessary to localize most DGC proteins to the
Schwann cell abaxonal plasma membrane (Saito et al., 2003). Post-myelination,
dystroglycan also associates in a complex with periaxin and DRP2 (a dystrophin family
member) (Sherman et al., 2001; Court et al., 2004); together this complex is believed to
regulate the formation and stability of Cajal bands, specialized compartments of the
Schwann cell cytoplasm that are necessary for the elongated internodal distances found in
the PNS (Court et al., 2004). In the absence of Schwann cell dystroglycan (or utrophin or
periaxin), the formation and organization of Cajal bands is also perturbed, leading to
decreased intermodal length and neuropathy (Court et al., 2004; Court et al., 2009).

Unlike mice that lack laminin-211 (Nakagawa et al., 2001) or p1-integrins (Feltri et al.,
2002), mice that lack Schwann cell dystroglycan are able to (mostly) sort axons and
myelinate, however, the resulting myelin ultrastructure is abnormal (Saito et al., 2003).
Dystroglycan was therefore first proposed to regulate later stages of myelination and/or
myelin stability, a role that aligns with dystroglycan expression, which is upregulated at the
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onset of myelination (Matsumura et al., 1993; Yamada et al., 1994; Yamada et al., 1996).
Dystroglycan-deficient Schwann cells produce myelin outfolds (Saito et al., 2003), and the
organization of their nodes of Ranvier is aberrant (Saito et al., 2003; Occhi et al., 2005);
these abnormal structures presumably lead to decreased nerve transmission and the
progressive neuropathy and axon degeneration that is observed in dystroglycan-deficiencies.
Dystroglycan has overlapping functions with a6p4 integrin, which, similar to dystroglycan,
is expressed later in myelination (Feltri et al., 1994; Previtali et al., 2003). Thus, mice with
Schwann cells that lack both dystroglycan and a6p4 have more severe abnormalities in
myelin folding and age-dependent demyelination than do dystroglycan-deficient mice
(Nodari et al., 2008). In addition to myelination abnormalities, a subset of axon bundles are
not sorted properly by dystroglycan-deficient Schwann cells, and proceed to be myelinated
inappropriately i.e. polyaxonally (Saito et al., 2003). Laminin-211 mutants and deficiencies
also have a small subset of axons with polyaxonal myelination (Gawlik et al.; Okada et al.,
1977; Brown and Radich, 1979; Galvin et al., 2010). This suggests that dystroglycan, while
not a major player in radial sorting, may contribute to sorting, perhaps by regulating the
ability of Schwann cells to couple sorting to myelination. This interpretation is supported by
the phenotype of mice that express a laminin a1 transgene that contains integrin-binding
sites, but lacks dystroglycan binding sites; this laminin a1 transgene fails to fully rescue the
severe sorting defects observed in mice that lack the laminin a.2 subunit (Gawlik et al.).

Oligodendroglial dystroglycan

In the CNS, dystroglycan regulates the formation of the cortical plate, where attachment of
radial glial cells to the pial BL depends on laminin-dystroglycan interactions (Satz et al.,
2010). CNS dystroglycan is also found in astrocytic endfeet that attach to the endothelial BL
surrounding blood vessels (Ueda et al., 2000); this interaction is proposed to regulate the
blood-brain-barrier. Recently, dystroglycan was also found in oligodendroglia (Colognato et
al., 2007). Here, much less is known about potential roles for dystroglycan, however, several
studies indicate that dystroglycan may regulate oligodendrocyte development. To start,
laminin deficiencies lead to altered and/or delayed oligodendroglial differentiation in the
CNS (Chun et al., 2003; Relucio et al., 2009), however, oligodendroglial differentiation is
not altered in mouse models of B1-integrin deficiency or p1-integrin loss-of-function
(Benninger et al., 2006; Lee et al., 2006; Barros et al., 2009; Camara et al., 2009); this
disconnect between laminin and p1-integrin phenotypes points to a potential role for other
laminin receptors, possibly dystroglycan, in regulating oligodendroglial differentiation. Cell
culture analysis of oligodendroglia with either depleted levels of dystroglycan (via sSiRNA)
or a perturbation of dystroglycan interactions (via dystroglycan-blocking antibodies)
revealed that dystroglycan contributes to differentiation in solo cultures, and myelin segment
formation, in co-cultures with neurons (Colognato et al., 2007). In addition, the ability of
insulin-like growth factor 1 (IGF-1) to promote oligodendrocyte differentiation is potentiated
by laminin in a dystroglycan-dependent manner (Galvin et al., 2010). Finally, preliminary
investigation of mice engineered to lack dystroglycan in the CNS suggests that, while
myelination does occur, the timing of OPC differentiation is abnormal (F.M. and H.C.,
unpublished observations).
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Dystroglycan is produced from the DAGL gene as a single pro-peptide that, post-
translationally, is cleaved into two subunits, a and p. a-dystroglycan is completely
extracellular, yet typically remains anchored to the cell via non-covalent interactions with
the transmembrane p-dystroglycan (lbraghimov-Beskrovnaya et al., 1992). a—dystroglycan
is heavily glycosylated with a unique set of O-linked sugars, and mutations in many of the
glycosyltransferases that modify a.-dystroglycan cause pathologies in both humans and mice
that are similar to a complete lack of dystroglycan itself (Barresi and Campbell, 2006).
Biochemical analysis has furthermore determined that the specialized O-linked
glycosylation of a-dystroglycan is necessary for dystroglycan’s ability to bind its ECM
ligands, including laminins (Ervasti and Campbell, 1993). Interestingly, mutations in many
of the glycosyltransferases that modify a-dystroglycan also cause muscular dystrophy, as
well as associated nervous system phenotypes. These include Walker-Warburg Syndrome
(WWS), caused by mutations in POMT1, POMT2 (protein-O-mannosyltransferases-1 and
-2), or FKRP (fukutin-related protein), Muscle-Eye-Brain disease (MEB) caused by
mutations in POMGNT1 (protein O-linked mannose betal,2-N-
acetylglucosaminyltransferase), and Fukuyama-type Muscular Dystrophy (FCMD) caused
by mutations in fukutin (Toda et al., 2003; Toda et al., 2005; Clement et al., 2008; Mercuri et
al., 2009). To date, however, it remains unknown if these secondary dystroglycanopathies
involve changes in oligodendroglial development or myelination, although it has been noted
that secondary dystroglycanopathies can cause white matter abnormalities of unknown
etiology.

Signaling from ECM to glia

How do receptors transmit signals from the ECM to alter glial cell phenotypes? Here, many
of the classical signal transduction pathways that are activated downstream of integrins e.g.
PI13K/Akt and Ras/MAPK, have been implicated (Colognato et al., 2002; Baron et al., 2003;
Yang et al., 2005; Yu et al., 2005; Barros et al., 2009). And, while many of the same
pathways and effector molecules are involved in both Schwann cell and oligodendroglial
development, the functional outcome of these pathways are, in some cases, divergent in the
two cell types. For example the PI3K/AKkt signaling pathway regulates the ability of both
PNS and CNS glia to myelinate, but may not be critical for oligodendrocyte survival (Flores
et al., 2000; Ogata et al., 2004; Flores et al., 2008; Goebbels et al., 2010). Myosin 11, a
signaling effector downstream of small Rho family GTPases, has recently provided a
particularly striking example of the regulatory divergence between Schwann cells and
oligodendroglia; blockade of myosin Il prevents the ability of Schwann cells to elongate
processes during radial sorting, and thus blocks myelination, yet potentiates the ability of
oligodendroglia to branch and therefore ensheath greater numbers of axons, thus promoting
myelination (Wang et al., 2008).

In the remainder of the review we will cover in detail several of the downstream effectors
and pathways that appear to have direct relevance to ECM-dependent phenotypes, including
Src Family Kinases, small Rho-like GTPases, FAK, ILK, and the PI3K and Ras/MAPK
pathways. In many instances, however, a common feature of ECM signaling in both
Schwann cells and oligodendroglia is the ability to integrate and, in many cases, potentiate,
growth factor signaling. Here, shared signaling effectors downstream of integrins, and the
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receptor tyrosine Kinases that transmit growth factor signals, can be influenced by integrin
ligand binding to ECM, often in a stage specific manner. For example, oligodendroglial
attachment to laminin potentiates the ability of growth factors such as PDGF to stimulate the
survival of newly formed oligodendrocytes, while attachment to fibronectin potentiates the
ability of PDGF to stimulate the proliferation of OPCs (Frost et al., 1999; Colognato et al.,
2002; Baron et al., 2003). A switch in oligodendroglial growth factor signaling can occur, at
least in part, when the membrane location of the relevant receptors transitions from a non-
lipid raft, to a lipid raft compartment, a process that can be regulated by ECM receptor
ligation (Colognato et al., 2002; Baron et al., 2003; Decker and ffrench-Constant, 2004).
Alternatively, or perhaps in concert, associations between different integrins with different
signaling effector molecules can also occur, such as the case in which the ability of the avp3
integrin to influence OPC proliferation is dependent on the Src Family Kinase, Lyn, while
the ability of the a6p1 integrin to influence oligodendroglial survival is dependent on the
Src Family Kinase, Fyn (Colognato et al., 2004). Growth factor potentiation by ECM and/or
integrins has also been demonstrated in developing Schwann cells. For example, in mice that
lack all Schwann cell laminin expression (laminin 1 conditional knockouts), Schwann cell
neuregulin signaling is compromised significantly (Yu et al., 2005). Thus, although Schwann
cells and oligodendroglia require a different repertoire of growth factors to proliferate,
survive, and differentiate, a common theme may be the ability of adhesion interactions to
modulate, or enhance, those growth factor responses.

Src Family Kinases: connecting adhesion receptors to downstream
pathways in myelinating glia

How do integrins and other ECM receptors connect to the more downstream signaling
pathways? One way is through Src Family Kinases (SFKSs), which are tethered to the inner
face of the plasma membrane through lipid modifications and are typically activated rapidly
i.e. within a minute or two, upon contact with ECM (van't Hof and Resh, 1997; Wolven et
al., 1997). Importantly, the ability of the ECM to modulate either Schwann cell (Obremski et
al., 1998; Chen et al., 2000; Hossain et al., 2010) or oligodendroglial (Colognato et al.,
2004; Chudakova et al., 2008; Laursen et al., 2009) downstream signaling pathways can
depend on SFKs, for instance, glial cell SFKs regulate the ability of ECM proteins to
appropriately activate small rho GTPases, PI3K/Akt signaling, and the Ras/MAPK
pathways. This property suggests that glial SFKs are important transducers of information
about each glial cell’s external environment, and help to translate the “positional
information” of the matrix into changes in signaling capacity. In addition, growth factors
have been shown to promote SFK activity in both oligodendroglia (Colognato et al., 2004;
Chudakova et al., 2008) and Schwann cells (Yamauchi et al., 2004; Grossmann et al., 2009),
thus enabling SFKs to be integration points downstream of both ECM receptors and growth
factor receptor tyrosine kinases. Both oligodendrocytes (Umemori et al., 1994; Osterhout et
al., 1999; Sperber et al., 2001) and Schwann cells express the SFKs Src, Fyn, Lyn and Yes.
However loss of SFK function, via Fyn gene knockout, has only been found to affect the
development of oligodendrocytes, but not Schwann cells (Umemori et al., 1994; Umemori et
al., 1999; Sperber et al., 2001; Goto et al., 2008), indicating that redundancy may exist for a
SFK requirement in Schwann cells. Indeed, cell culture studies suggests that this may be the
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case, since pharmacological blockade of all SFK activity sharply limits the myelinating
capacity of Schwann cell — neuron cocultures (Hossain et al., 2010).

In the CNS, the loss of Fyn, or Fyn kinase activity, has a marked effect on oligodendroglial
development and myelination. In vivo, Fyn-deficient oligodendrocytes do not myelinate
efficiently, resulting in increased numbers of unmyelinated axons as well as thinner myelin
(Umemori et al., 1994; Umemori et al., 1999; Sperber et al., 2001; Goto et al., 2008). The
cellular basis of the deficient myelination may be several-fold, as in vitro studies have shown
that oligodendroglial Fyn regulates the survival (Colognato et al., 2004), process outgrowth
and branching (Osterhout et al., 1999, Wolf et al., 2001, Klein et al., 2002, Liang et al.,
2004, Hoshina et al., 2007, Rajasekharan et al., 2009), and the post-transcriptional regulation
of myelin basic protein (MBP; a critical structural component of the myelin membrane)
expression (White et al., 2008) in cultured oligodendrocytes. Laminin has been shown to
regulate many of these same oligodendroglial events (Colognato et al., 2004; Laursen et al.,
2009), and Fyn has shown to be a necessary component of laminin’s ability to modulate
oligodendroglial phenotype (Colognato et al., 2004). In addition to requiring Fyn to initiate
signaling, laminin may regulate the actions of Fyn during myelination, as laminin-deficient
brains have inappropriately high levels of a phosphorylated Fyn that is predicted to be
inactive (Relucio et al., 2009). Fibronectin, on the other hand, has been shown to regulate
Lyn (Colognato et al., 2004; Chudakova et al., 2008), another oligodendroglial SFK
(Umemori et al., 1992; Kramer et al., 1999; Osterhout et al., 1999; Sperber and McMorris,
2001). Here, fibronectin binding via oligodendroglial av integrins can modulate OPC
proliferation (Colognato et al., 2004) and survival (Chudakova et al., 2008), as well as
oligodendrocyte process retraction (Watzlawik et al., 2010).

Small Rho-like GTPases are critical downstream effectors of ECM in
myelinating glia

How does Fyn regulate oligodendroglial process dynamics downstream of ECM? One way
is through its ability to modulate activity of the small Rho family GTPases, and,
subsequently, the actin cytoskeleton. For instance, Fyn can complex with p190RhoGAP,
which, upon Fyn activation, leads to decreased Rho activity, a consequence of which is
increased process extension; integrin blockade impedes this Fyn-mediated effect on process
growth (Wolf et al., 2001). In addition, netrin-1, upon binding to its oligodendroglial
receptor DCC, recruits Fyn to FAK, followed by FAK-mediated inhibition of RhoA, which
suppresses oligodendroglial process outgrowth (Liang et al., 2004; Rajasekharan et al.,
2009). Laminin-regulated Fyn activity can also promote FAK phosphorylation and
subsequent activation of Rac and Cdc42, thus helping to further stimulate process outgrowth
(Hoshina et al., 2007).

In addition to their role as important downstream effectors of glial SFKs, the small GTPases
have been linked to different stages of myelination in both Schwann cells (Cheng et al.,
2000; Yamauchi et al., 2004; Benninger et al., 2007) and oligodendroglia (Thurnherr et al.,
2006). And, many of the effects of glial small GTPases appear to be modulated by contact
with ECM. What happens to myelinating glia in the absence of small Rho family GTPases?
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In the case of Schwann cells, loss of Racl leads to a block in radial sorting that is due, at
least in part, to impaired Schwann cell process extension (Benninger et al., 2007). Loss of
Schwann cell Cdc42, however, severely impairs Schwann cell proliferation and thus
indirectly halts radial sorting (Benninger et al., 2007), (which is dependent on the presence
of sufficient numbers of Schwann cells (Webster, 1971; Martin and Webster, 1973)).
However, in the absence of either Racl or Cdc42, sorted axons occasionally arise but remain
unmyelinated, suggesting that these small GTPases are required for the myelination process
itself (Benninger et al., 2007). The Racl loss-of-function defect is highly reminiscent of that
seen with B1 integrin loss-of-function (Feltri et al., 2002), and, importantly, the effect of p1
loss can be partially rescued in Schwann cells by the expression of a dominant active form
of Racl (Nodari et al., 2007). Whether or not integrins regulate Schwann cell cdc42 remains
unclear, however both laminin-deficient (Yang et al., 2005; Yu et al., 2005) and cdc42-
deficient (Benninger et al., 2007) Schwann cells have a reduced ability to proliferate,
suggesting that other laminin receptors may act through cdc42 to regulate Schwann cell
proliferation. As a downstream effector of integrins, Integrin Linked Kinase (ILK; see next
section) may be one way to link the ECM to Rho GTPase signaling. ILK-deficient Schwann
cells have significantly elevated Rho activity (Pereira et al., 2009), suggesting that ILK,
possibly through integrin engagement, may suppress small GTPase activity.

In the CNS, oligodendroglia also require small Rho GTPases, however, at much later stages.
Cell culture studies have found that integrin blockade leads to decreased Racl and cdc42
activation, and subsequent reduction in oligodendroglial process outgrowth and
differentiation (Liang et al., 2004). In vivo, however, oligodendroglia that lack either cdc42
or Racl develop normally. Instead, cdc42 or Racl-deficient oligodendrocytes myelinate
abnormally such that the inner tongue of the oligodendrocyte is enlarged, generating long
myelin “outfolds” that become detached from the axon proper. The number of outfolds is
much higher in oligodendrocytes that lack both Racl and cdc42, suggesting that these two
GTPases act synergistically. (Thurnherr et al., 2006). Because integrin (Colognato et al.,
2002; Benninger et al., 2006; Barros et al., 2009) or laminin (Chun et al., 2003; Relucio et
al., 2009) deficiencies do not recapitulate Racl or cdc42 loss-of-function phenotypes
(Thurnherr et al., 2006), it may be that other ECM (or non-ECM) upstream activators of
these small GTPases are instead required. Unlike in the PNS, however, there is, to date, no
evidence that small Rho GTPases act downstream of ECM in oligodendroglia in vivo,
although additional studies are clearly required to address this potentially important link.

Integrin adhesion complex components FAK and ILK

How do Schwann cells and oligodendroglia integrate signals from both ECM and growth
factors? One point of integration may be via Focal Adhesion Kinase (FAK), which is critical
for normal integrin signal transduction (Guan et al., 1991; Kornberg et al., 1991; Schaller
and Parsons, 1993; Parsons, 2003; Li et al., 2005), yet also modulates the ability of cells to
respond to growth factors via receptor tyrosine kinases (Schaller and Parsons, 1993; Hatai et
al., 1994; Parsons, 2003). FAK regulates both Schwann cell and oligodendroglial
development such that FAK-deficient myelinating glia bear resemblances to 1 integrin —
deficient cells in botf1the PNS and CNS (Feltri et al., 2002; Grove et al., 2007; Camara et
al., 2009). Thus Schwann cells with a conditional deletion of FAK fail to radially sort axons
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(Grove et al., 2007), similar to 1 integrin deficient Schwann cells (Feltri et al., 2002), yet
also do not proliferate appropriately (unlike 1 integrin deficient Schwann cells), possibly
reflecting FAK’s ability to regulate RTK signaling (Feltri et al., 2002; Grove et al., 2007).
Oligodendroglia with a conditional deletion of FAK both delay myelination as well as shift
the axon size threshold for myelination, reminiscent of B1-integrin dominant negative
phenotypes (Camara et al., 2009; Forrest et al., 2009; Lafrenaye and Fuss, 2010).
Interestingly, FAK-deficient oligodendrocytes have different phenotypes in response to
different ECM substrates: FAK-depleted oligodendrocytes do not exhibit the enhanced
myelin membrane that is typically induced by laminin substrates, while FAK-depleted
oligodendrocytes do not exhibit the retarded process growth that is typically induced by
fibronectin substrates(Hoshina et al., 2007; Lafrenaye and Fuss, 2010). Thus FAK signaling
may be an important component of oligodendroglial process maturation during development
but may contribute to failed, or stalled, differentiation during disease states, where
fibronectin levels can be high.

Another integrin-regulated kinase/adaptor protein with functions in both PNS and CNS
myelination is Integrin Linked Kinase, or ILK. Loss-of-function studies have clearly
demonstrated that ILK is a necessary signaling mediator during PNS myelination (Pereira et
al., 2009). Schwann cells that lack ILK are defective in their ability to form the ILK/parvin/
pinch complex (Pereira et al., 2009), which regulates the actin cytoskeleton (Wu, 1999), as
well as in Akt phosphorylation (Pereira et al., 2009), which promotes PNS myelination
(Ogata et al., 2004; Goebbels et al., 2010). As a result, ILK-deficient Schwann cells have a
sharp decrease in their ability to extend processes and radially sort axons (Pereira et al.,
2009), similar to the 1 integrin deficient phenotype (Feltri et al., 2002). Unlike FAK-
deficiency (Grove et al., 2007), however, ILK-deficiency does not reduce Schwann cell
proliferation, but does lead to reduced Akt phosphorylation (Pereira et al., 2009). In the
CNS, ILK acts downstream of laminin to promote myelin membrane expansion of cultured
oligodendrocytes (Chun et al., 2003), and thus may contribute to the ability of laminin to
promote myelin wrapping. Similar loss-of-function studies will be needed, however, to
determine whether ILK is a necessary effector molecule for laminin-integrin signaling
during CNS myelination.

The PI3K/Akt pathway has a central role in myelinating glia and is regulated

by ECM

The PI3K/Akt signaling pathway has been identified as a positive regulator of both PNS and
CNS myelination such that various molecular mechanisms to potentiate this pathway lead to
extensive hypermyelination in both Schwann cells and oligodendrocytes (Ogata et al., 2004;
Flores et al., 2008; Narayanan et al., 2009; Goebbels et al., 2010). ECM proteins and their
receptors, including laminins and pl-containing integrins, have been shown to modify the
ability of Schwann cells and oligodendroglia to activate the PI3K/Akt pathway (Colognato
etal., 2002; Yu et al., 2005; Barros et al., 2009), and thus are proposed to be important
upstream regulators of the PI3K/Akt pathway during myelin genesis. Hypermyelination can
even be induced by activation of the PI3K pathway in post-mitotic adult glia (Goebbels et
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al., 2010), suggesting that agents that modify the PI3K signaling pathway are promising
targets for myelin repair strategies for degenerative diseases such as multiple sclerosis.

Using cell culture approaches, the PI3K/Akt pathway has been found to regulate several
developmental stages of both oligodendroglial and Schwann cells. These stages include
proliferation (Canoll et al., 1996; Campana et al., 1999; Maurel and Salzer, 2000; Cui and
Almazan, 2007), survival (Canoll et al., 1996; Campana et al., 1999; Flores et al., 2000;
Maurel and Salzer, 2000; Cui et al., 2005), and myelin gene expression (Ogata et al., 2004;
Flores et al., 2008; Goebbels et al., 2010). However, in vivo approaches suggest that ECM-
mediated regulation of the PI3K/Akt pathway may be critical for some stages of glial
development i.e. myelination, while evidence for other roles i.e. survival and proliferation, is
mixed (Flores et al., 2008; Goebbels et al., 2010). For example, in mice that lack all
Schwann cell laminins, Akt phosphorylation levels are severely affected i.e. low; this
phenotype correlates with deficits in radial sorting, myelination, and Schwann cell survival
and proliferation (Yu et al., 2005). The loss of Akt phosphorylation, and the increase in
Schwann cell death, can furthermore be rescued by injection of laminin peptides (Yu et al.,
2005), suggesting that laminin receptor ligation causes the activation of the PI3K/Akt
pathway, leading to Schwann cell survival. The conditional deletion of ILK from Schwann
cells also leads to reduced Akt phosphorylation (Pereira et al., 2009), suggesting that
laminin’s influence on Akt may be, at least in part, via ILK. 1 integrin-deficient Schwann
cells survive normally (Feltri et al., 2002), however, so an important unanswered question is
how laminin is able to mediate Schwann cell survival, if not through integrin receptors.

In the CNS, the PI3K/Akt pathway is dysregulated in the absence of normal integrin signals.
Here, oligodendrocytes that lack p1 integrin subunits have reduced Akt phosphorylation as
well as myelin abnormalities, and p1 integrin deficient oligodendrocytes furthermore have
stunted myelin membrane sheets that can be rescued either by blocking PTEN (a negative
regulator of the PI13K pathway) or by introduction of a constitutive-active form of Akt.
(Barros et al., 2009) No changes in Akt phosphorylation were reported in adult laminin-
deficient mice (Chun et al., 2003; Relucio et al., 2009), however, suggesting that the
defective Akt signaling in B1 integrin deficient mice may arise from the disruption of signals
from ECM proteins besides laminin. However, analysis of earlier developmental stages in
laminin-deficient mice will be required to conclusively determine whether or not laminin
regulates the oligodendroglial PI3K/Akt pathway in vivo. As mice that lack PTEN
(Goebbels et al., 2010) (or express a constitutive-active form of Akt (Flores et al., 2008)) in
oligodendroglia have pronounced hypermyelination, it has been suggested that the
attenuation of PI3K/Akt signaling acts as an “off” switch for myelin wrapping. Loss of
ECM-to-integrin signaling during oligodendrocyte maturation, therefore, may be an extrinsic
modulator of this switch.

Connecting the Ras/MAPK pathway to ECM in myelinating glia

ECM proteins also regulate the RassMAPK pathway, both in Schwann cells and in
oligodendroglia. To date however it remains unclear whether ECM modulates glial cell Ras/
MAPK signaling to a similar degree in vivo. Nonetheless, several studies have suggested
that the Ras/MAPK pathway is an important regulator of both Schwann cell (Maurel and
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Salzer, 2000; Ogata et al., 2004; Newbern et al., 2011) and oligodendrocyte (Colognato et
al., 2002; Bibollet-Bahena and Almazan, 2009; Younes-Rapozo et al., 2009; Fyffe-Maricich
et al., 2011) development, although the precise requirement and role for this pathway
appears to be highly dependent on the developmental time window. In the PNS, many
studies of cultured Schwann cells have implicated the ERK1/2 signal as important for
proliferation (Tapinos and Rambukkana, 2005; Monje et al., 2006) but inhibitory for later
stages of myelination (Maurel and Salzer, 2000; Harrisingh et al., 2004; Ogata et al., 2004).
Recent findings suggest, however, that loss of both ERK1 and ERK2 in vivo in developing
Schwann cells leads to hypomyelination (Newbern et al., 2011), suggesting that ERK1/2
signals may also promote Schwann cell myelination. These different outcomes may reflect
the type and mode of delivery of proteins that activate the MAPK pathway. Thus a recent
study has suggested that soluble neuregulin at high doses, in contrast to membrane bound
neuregulin, can lead to marked differences in the degree to which the MAPK pathway is
activated, as well as the effect on differentiation (Syed et al., 2010). It is worth speculating,
therefore, whether cell-anchored ECM interactions in vivo elicit a MAPK signal that is
qualitatively different than that found in vivo using culture models.

Laminins have also been shown to potentiate the p38 MAPK pathway in Schwann cells
(Fragoso et al., 2003), and p38 MAPK signaling is thought to promote later stages of
myelination i.e. myelin wrapping, in both Schwann cells (Fragoso et al., 2003; Haines et al.,
2008) and oligodendroglia (Fragoso et al., 2007; Chew et al., 2010). Further studies are
needed to determine however if ECM proteins in vivo regulate the p38 MAPK pathway
during PNS or CNS glial development.

In the developing CNS, the MAPK pathway also plays a role in myelination. Here, different
mouse models to attenuate the MAPK pathway in oligodendroglia have led to different
outcomes regarding the role of MAPK signaling during CNS myelination. Removal of both
ERK1 and ERK?2 early in the oligodendroglial lineage leads to decreased OPC proliferation
and, possibly, a slight acceleration of myelination onset (Newbern et al., 2011). On the other
hand, removal of ERK2 in OPCs leads to a delay in myelination onset (and no change in
OPC proliferation) (Fyffe-Maricich et al., 2011). Thus, the regulation and requirement for
MAPK activation is likely to be complex and may be controlled by different extrinsic
regulators at different stages of the lineage. ECM proteins such as laminin can regulate the
ability of oligodendrocytes to utilize the MAPK pathway (Colognato et al., 2002),
suggesting that contact with ECM in vivo may help to modulate the requirement for MAPK
signaling at different time points. In other words, mitogen-driven proliferation of OPCs may
involve the MAPK pathway and be ECM-independent, whereas OPCs that make contact
with axon-associated ECM in future white matter tracts may adopt a combined growth factor
— integrin signal that also involves the MAPK pathway, but has a different functional
outcome (Colognato et al., 2005).

Mechanistic insights into the role of dystroglycan in myelinating glia

Many of the ECM signaling mediators discussed thus far have focused on the role of
integrins, however, many of the same effector mechanisms could potentially be operating
downstream of other ECM receptors such as dystroglycan. Indeed, as described in the first
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part of this review, many of the effects of laminin deficiency do not phenocopy what is
observed in integrin deficiency, particularly in the case of the CNS. This suggests that
additional laminin receptors, including, potentially, dystroglycan, may mediate some laminin
effects on glial cell development and myelination. Dystroglycan is best characterized as a
member of multi-protein complexes that provide structural anchorage between the ECM and
actin cytoskeleton in skeletal muscle (Michele and Campbell, 2003; Barresi and Campbell,
2006), but, even in muscle cells, much less is known about the ability of dystroglycan to
activate classical signaling pathways. In glial cells, even less is known about a potential role
for dystroglycan as an ECM signaling receptor, however, some interesting themes have
emerged. For example, dystroglycan engagement with laminin modulates the ability of
oligodendrocytes to respond to IGF-1 as a pro-differentiation stimulus, and this effect
depends, at least in part, on optimal levels of ERK1/2 signaling. Dystroglycan can
furthermore associate with Grb2 (Growth Factor Receptor Binding Protein 2), a key
signaling adaptor protein first characterized for its role in linking receptor tyrosine kinases
and integrins to the Ras/MAPK pathway. This suggests a potential integration point between
the ECM and IGF-1 receptor activation, since the IGF-1 receptor effector, IRS-1 (Insulin
Receptor Substrate 1), also binds to Grb2. (Galvin et al., 2010)

In the PNS, important in vivo studies have shown that dystroglycan is required for normal
myelination, particularly for the organization and function of myelin sheath architecture
(Saito et al., 2003; Occhi et al., 2005). In Schwann cells, dystroglycan’s ability to associate
with Drp2 (Dystrophin Related Protein 2, a dystrophin homologue) in the Schwann cell
dystrophin-glycoprotein-complex (DGC), has been implicated in the ability of Schwann
cells to form long internodes with Cajal bands, which are specialized Schwann cell
cytoplasmic compartments for molecular transport (Court et al., 2004; Court et al., 2009).
Yet despite dystroglycan’s demonstrated important role to Schwann cell architecture and
function (Court et al., 2004; Court et al., 2009) it remains unknown if dystroglycan
modulates Schwann cell signaling pathways during myelination. However, laminin-induced
Fyn activation in cultured Schwann cells is dependent on dystroglycan, but not integrins,
suggesting that dystroglycan may modulate SFK signaling during PNS myelination (Li et
al., 2005). Thus, while much remains to be learned regarding integrin- and ECM-mediated
signaling in the development and function of myelinating glia, the role of non-integrin ECM
receptors such as dystroglycan remain virtually unexplored.

The role of ECM in glial dysfunction: an altered extracellular landscape for
gliaduring disease?

The role of ECM is of intense interest for studies that investigate the +molecular basis of
axon regeneration. This is in large part due to what has been learned regarding the /nhibitory
role of the “glial scar”, a complex of cells and ECM produced by astrocytes and
inflammatory cells, and the permissive role of selected ECM proteins, e.g. laminins, in
bridging axon regrowth following injury. However, growing evidence indicates that ECM
may also play a role in the function, or dysfunction, of myelinating glia following injury and
during disease.
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In the PNS, not only does the myelinated axo-glial unit remain associated with a BL, but
Schwann cells that de-differentiate following injury are known to produce new ECM
components, such as laminins and fibronectins (Masuda-Nakagawa et al., 1993; Obremski et
al., 1993; Tona et al., 1993; Vogelezang et al., 1999). Thus, both old and new ECM can act
as a scaffold and a guide for the repair of the axon, but may also direct the regenerative
capacity of the newly differentiating Schwann cells. However, ECM components can also
negatively influence the repairing Schwann cells, where, for instance, astrocyte-derived
aggrecan has been shown to inhibit Schwann cell migration in an integrin-dependent fashion
(Afshari et al.).

In the adult CNS, very little ECM is thought to be associated with oligodendroglia under
normal, non-pathological conditions. In fact it may be that the relative lack of ECM
throughout the brain parenchyma contributes to the inherent poor cellular repair capacity
seen in the CNS. Thus important areas for future studies will be to investigate questions
regarding how the relative lack of ECM contributes to the “cellular landscape” of the adult
brain, and how different ECM-mediated signaling pathways may, or may not, participate in
the development of new glia in the adult brain. For example, differences in cellular
phenotype, such as increased process complexity and increased ability to survive in the
presence of low levels of trophic factors, are observed in adult OPCs versus their
developmental cousins; these differences therefore, may, in part, reflect the different
repertoire of ECM that adult, versus perinatal, OPCs are exposed to. In addition, evidence
has emerged that the ECM that is expressed following CNS injury may not, at least in some
circumstances, be the appropriate one to promote the differentiation (and myelination
capacity) of new oligodendrocytes. For example, av integrins are upregulated in
oligodendroglia following toxin-mediated demyelination, in conjunction with an assortment
of ECM ligands for av-containing integrins: tenascin-C, tenascin-R, vitronectin, fibronectin,
many of which promote the retention of an immature oligodendroglial phenotype, at least
during development (Zhao et al., 2009). However, while the pro-myelination ECM protein
laminin-2 is re-expressed following injury, its receptor a6l integrin is not (Zhao et al
2008). And, recent studies investigating the proteomes of demyelinated brain lesions in
Multiple Sclerosis (MS) patients have found that proteins involved in ECM receptor
signaling e.g. FAK, Rac, and Src, are highly altered compared to those found in normal
white matter (Satoh et al., 2009). Thus the extracellular environment that oligodendroglia
encounter during MS, as well as in other degenerative diseases, may be substantially
different from that found in a normal adult brain, with, as of yet, unknown consequences for
oligodendrocyte differentiation and for myelin repair.

Overall, while much remains to be learned, it is increasingly clear that ECM-mediated
regulation of myelinating glia, both in the PNS and in the CNS, contributes to the generation
and maintenance of normal myelin and nervous system function. As more is learned about
the influence of ECM on myelinating glia, both during development and during disease, new
targets may be uncovered for possible pharmaceutical intervention to overcome glial
dysfunction.
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Figure 1. Laminin-modulated signaling pathways regulate multiple stagesin Schwann cell
development and myelination

Schwann cell laminins influence multiple cellular events that are necessary for normal
Schwann cell development, including survival, proliferation, radial sorting, and myelin
wrapping. Laminin B1-subunit containing integrin receptors (here, primarily a6p1)
influence the PI3K/AKkt pathway by way of ILK to promote Schwann cell survival. Laminins
also influence proliferation downstream of FAK and cdc42, although it remains unclear
which laminin receptor(s) may be responsible for this effect. Laminin-regulated integrin
signaling critically modulates ILK activity, the PI3K pathway, and small Rho family
GTPases (activating Racl and suppressing RhoA), to control the complex axon-glial
interactions that mediate radial sorting. Finally, integrins influence myelin wrapping itself, at
least in part by enhancing the activities of the PI3K/Akt pathway, Racl, and cdc42.
Dystroglycan also contributes positively to myelin wrapping but the signaling effectors
remain unknown. Dystroglycan, together with a.6p4 integrin, is necessary for myelin
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stability, although the downstream signaling pathways required for myelin maintenance
remain unknown.
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Figure 2. Laminin receptors, in concert with receptor tyrosine kinases, influence signaling
pathways required for oligodendroglial development and myelination

Central nervous system (CNS) laminins influence multiple steps during oligodendroglial
development, including differentiation and myelin wrapping. In many instances, laminins act
by amplifying or modulating signaling downstream of receptor tyrosine kinases. For
instance, the laminin receptor integrin a6p1 enhances the activation of Fyn, FAK, and ILK,
which, together with inputs from receptor tyrosine kinases downstream of growth factors
such as IGF-1 and neuregulin, can sustain, or amplify, the PI3K/Akt/mTOR pathway, a
central pathway for myelin wrapping. The fidelity of CNS myelin wrapping is enhanced by
Rac1 and cdc42, although it remains unclear if these small Rho GTPases act downstream of
integrins in this context. The Ras/MAPK pathway regulates oligodendroglial differentiation,
and here laminin can help promote Ras/MAPK activation by enhancing receptor tyrosine
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kinases that respond to IGF-1 (in the case of dystroglycan) or to neuregulin and other growth
factors (in the case of a6p1 integrin).
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