Chapter 8 )
Collagens as New Players in Nervous ekl
System Diseases

Anne Heikkinen, Michael A. Fox, and Taina Pihlajaniemi

Abstract The binomial nervous system involves the central nervous system (CNS),
comprising the brain and the spinal cord, and the peripheral nervous system (PNS).
Both divisions of the nervous system contain electrically excitable neurons as well as
a number of supporting neuroglial cells, which include oligodendrocytes, astrocytes,
microglia, choroid plexus ependymal cells in the CNS, and satellite and Schwann
cells in the PNS. Connective tissues rich in fibrillar collagens form the outermost
cover for the nervous system proper. Moreover, there are rich basement membranes
(BM) surrounding all nervous system tissues and vessels within these structures.
BMs compartmentalize nervous tissues and contribute to selective barrier and
filtration functions essential for brain homeostasis. While BMs are absent from the
brain parenchyma, there are extracellular matrices (ECM) in these regions that
remain under-explored. The composition and types of matrices differ substantially
in different parts of the nervous system. ECMs are significantly abundant during
development, guiding cellular migration and differentiation as well as axon naviga-
tion and synaptogenesis. Additionally, ECMs promote neuronal health, contribute to
synaptic homeostasis and plasticity, and are upregulated in response to disease and
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trauma. It is for these reasons that the mutation and malfunction of collagens have
been linked to neurodevelopmental, degenerative, and psychiatric disorders as well
as motor and sensory dysfunction. In recent years, it has become clear that collagens,
constituting a major family of ECM proteins, and other extracellular components are
generated not only by glial cells but also by neurons. The functions and expression
patterns of the collagen superfamily members in the nervous system are summarized
in this chapter, where we focus on their roles in vitro and in vivo in a number of
animal models, and in human diseases of the nervous system.

Abbreviations

Ap Amyloid beta

AChR Acetylcholine receptor

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis

APP Amyloid precursor protein

BBB Blood-brain barrier

BM Basement membrane

BP Bullous pemphigoid

COL Collagenous domain

CLAC Collagen-like Alzheimer amyloid plaque component
CLAC-P CLAC precursor

CNS Central nervous system

CMS Congenital myasthenic syndrome

DDR Discoidin domain receptor

DRG Dorsal root ganglion

ECM Extracellular matrix

FACIT Fibril-associated collagens with interrupted triple helices
MACIT Membrane-associated collagens with interrupted triple helices
Multiplexin ~ Multiple triple-helix domains with interruptions

NC Non-collagenous domain

NMJ Neuromuscular junction

PNN Perineuronal net

PNS Peripheral nervous system

PTP Protein tyrosine phosphatase

ROS Reactive oxygen species

SVCT2 Sodium-dependent vitamin C transporter 2
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8.1 Extracellular Matrix of the Nervous System

Animals sense changes in their environment through a variety of sensory organs or
receptor cells, which then send signals into the brain through afferent sensory
neurons of either the PNS or CNS. For example, in the case of the somatosensory
and pain systems, the somas of these first-order neurons lie outside the CNS in the
dorsal root ganglia (DRG), where they are embedded and shielded by peripheral glial
satellite cells and extracellular matrices (ECM). In the case of the visual system,
however, the detection of light photons occurs in the retina, a portion of the CNS that
resides in the back of the eye. Signals from the retina are sent to the brain along the
optic nerve, which is also a component of the CNS. Regardless of whether sensory
signals propagate along components of the PNS or CNS, once they reach the brain
they are processed by a complex network of central excitatory and inhibitory
interneurons. The neurons of the brain are supported by astrocytes and ensheathed
by oligodendrocytes. The astrocytes further function in limiting other structures such
as the blood-brain barrier (BBB) and meninges, and they also guide neuronal
migration. The astrocytes also contribute to neurotransmission by maintaining the
homeostasis of the brain’s extracellular compounds. In response to internal and
external stimuli, central neurons conduct decisions to command efferent neurons
of the PNS. Efferent axons of motor nerves run from the spinal cord nuclei, where
their somas reside, to innervate their peripheral targets, muscles and glands. In the
peripheral nerve, Schwann cells generate support and myelin around axons to
promote neural actions. In this chapter, we go through various ECMs of the PNS
and CNS with an established link with collagens. Despite collagens being relatively
broadly expressed in the retina, retinas are not discussed here as we chose to mainly
focus on the brain.

8.1.1 ECMs of the Central Nervous System

In adults, the CNS is encapsulated by the BM, a specialized ECM chiefly built of
laminin and collagen IV networks interconnected by nidogens and perlecan, pro-
viding comprehensive boundaries to tissue structures. The BM is further covered by
ECM that is especially rich in fibrillar collagens, and the two are interconnected by a
complexity of molecules (Hubert et al. 2009; Gordon and Hahn 2010; Ricard-Blum
2011). Together with cellular components, these ECMs form the outermost,
protecting layer of the CNS, the meninges (Fig. 8.1a). All three layers of the
meninges, the pia mater, arachnoid mater, and dura mater, derive from the meningeal
mesenchyme and are of neural crest origin. Meningeal cells produce many ECM
constituents, including BM components and interstitial fibrillar collagens, and
together these extracellular cues promote the development of radial glial cells, a
key component of the developing brain that plays critical and necessary roles in
directing neuronal migration (Sievers et al. 1994; Hartmann et al. 1998). At the edge
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Fig. 8.1 Extracellular matrices of the nervous system containing collagens. (a—e) Structures in the
CNS; meninges (a), choroid plexus (b), blood brain barrier (c), fractone (d) and perineuronal net (e).
(f-g) Multicellular assemblies in the PNS; peripheral nerve (f), and neuromuscular junction (g)

of brain tissues, astrocyte end-feet produce components that contribute to the pial
BM and establish the cortical glial limitans (Sievers et al. 1994; Heck et al. 2003).
The pia mater separates the brain from the cerebrospinal fluid circulating within the
subarachnoid space. Choroid plexuses filter and secrete the cerebrospinal fluid that
both protects and nourishes the brain and the spinal cord. The BMs of both
ependymal epithelia and capillaries participate in this filtration process from blood
to ventricles (Fig. 8.1b) and compromise in this function may result in
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hydrocephalus (Utriainen et al. 2004). In addition, the BM plays a relevant role in the
CNS blood vessels where it contributes to the BBB, a selective semipermeable
segregator between blood and brain. Endothelial cells, pericytes, and astrocyte foot
projections, together with the ECM produced by these cell types, all constitute the
four layers of the BBB (Fig. 8.1c), which is critical for brain homeostasis. Different
from peripheral pericytes, which originate from the mesoderm, BBB pericytes are of
neural crest origin. Compromises in the barrier function may result in hemorrhage as
well as a wide range of other neurological disorders (Sharif et al. 2018; Xu et al.
2018).

The CNS parenchyma has low amounts of BMs and fibrillar collagens and
therefore it relies on the bony skull and vertebra for structural support. Long ago,
electron microscopy on brain tissue, which requires highly fixed and dehydrated
samples before embedding and sectioning, gave the impression that there is very
little extracellular space in the brain. However, this may be an artifact of these
imaging techniques (Korogod et al. 2015), and increasing evidence indicates that the
brain is in fact richer in ECMs than previously thought. Specialized brain ECMs
exist in several distinct forms and several precise locations. Unlike outside of the
nervous system, where BMs are largely composed of collagens, laminins, nidogens,
and proteoglycans, the primary ECM constituents in the brain include proteoglycans
and glycosaminoglycans (Novak and Kaye 2000; Zimmermann and Dours-
Zimmermann 2008; Krishnaswamy et al. 2019). One specialized brain ECM rich
in these components is the fractone (Fig. 8.1d), which is associated with neural stem
cell niches adjacent to the walls of the lateral ventricles (Kerever et al. 2007). A
second, specialized brain ECM is the perineuronal net (PNN), a robust structure that
ensheaths the soma and proximal processes of selective interneurons dendrites and
the initial segment of axons (Fig. 8.1e). Not only do PNNs provide support and
promote neuronal health, they contribute to synaptic plasticity as they emerge at the
end of the critical period of brain development. In addition to these well-defined
ECMs, it is becoming abundantly clear that astroglial processes that contact pre- and
postsynaptic elements (and therefore contribute to the tripartite synapse) generate
and deposit ECM into and around the synaptic cleft, which is critical for synapse
formation and function (Rohrbough et al. 2007; Ferrer-Ferrer and Dityatev 2018;
Song and Dityatev 2018). In fact, the role of the ECM is so important at brain
synapses (like those of the neuromuscular junction in the PNS) that it may be better
to re-term the central synapse as a tetrapartite synapse. In the developing brain, the
extracellular space is even more substantial and during this period the brain ECM
plays important roles in axon guidance, synaptogenesis, neurotransmission, and
plasticity. Reduced brain ECM is connected with complex neurological diseases,
but on the other hand, accumulation of ECM aggregates also promotes cellular
dysfunction and neurodegeneration (Frischknecht and Gundelfinger 2012; Mouw
et al. 2014). As we learn more about the roles of ECM in brain development,
function, and disease, there is growing evidence that non-fibrillar collagens, such
as collagens VI, XVII, XVIII, XIX, and XXV (Hashimoto et al. 2002; Seppinen
et al. 2006; Su et al. 2010; Cescon et al. 2016) are not only generated by neural cells
but also that brain development and function requires them and/or their
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proteolytically released, functionally active fragments, collectively termed as
matricryptins (Fox 2008; Su et al. 2010, 2012, 2016, 2017; Cescon et al. 2016).

8.1.2 ECMs of the Peripheral Nervous System

While the ECM is relatively sparse in the CNS proper, the PNS is rich in ECMs. In a
peripheral nerve, all motor axons, as well as a portion of sensory and autonomic
axons, are individually encapsulated by myelinating Schwann cells. Small caliber,
unmyelinated sensory axons, called C-fibers, are enwrapped by non-myelinating
Schwann cells. The BM surrounding axons, and its adjacent ECM containing thin
collagen fibrils (Osawa and Ide 1986), are both produced by the Schwann cells and
constitute together the endoneurium which provides insulation. Axons, vessels,
supporting cells, and the interstitial ECM together form a nerve fascicle that is
covered by a tight perineurium, which is produced by perineural fibroblasts and
serves as a diffusion barrier. Several fascicles constitute the peripheral nerve,
covered by epineurial BM which is further ensheathed by ECM that is rich in
fibrillar collagens, like the CNS (Fig. 8.1f). The epineurium constructs the nerve
trunk and provides mechanical strength. The epineurial collagen fibrils are as thick
as those in the dermis of the skin, while the endoneurial collagen fibrils generated by
the Schwann cells are thin (Osawa and Ide 1986). Although collagen IV is a typical
and essential component of endo-, peri-, and epineural BMs, several other,
nontypical collagens associate with the peripheral nerve BMs, and these are
discussed here. Schwann cells, for their part, express critical receptors on their cell
membrane, through which collagen-rich/dependent ECMs transmit signals to affect
cell behavior such as adhesion and migration (Chernousov et al. 2008). As described
above for the brain, during PNS development the ECM plays essential roles in neural
migration, axon outgrowth, and guidance, and in the formation of peripheral synap-
ses, such as the neuromuscular junction (NMJ) (Fox et al. 2007). In the PNS, the
ECM surrounding nerve fibers is so robust that it is preserved following nerve injury
(such as nerve crushing or cutting), and in these cases, the preserved endoneurium
and perineurium serve as a hollow tube, studded with extrinsic guidance factors, that
not only provide a path for regenerating axons to regrow, but also facilitate regrowth
(Sanes and Lichtman 1999; Nguyen et al. 2002).

At innervation, the neural axon forms synapses with the muscle to form the NMJ
(Fig. 8.1g). Non-myelinating terminal Schwann cells enshield the axon terminus and
are themselves encapsulated by BM. The postnatal motor synapse is further covered
by mesenchymal cells, kranocytes, which are suggested to contribute to synapse
regeneration (Court et al. 2008). The BM that passes through the synapse, between
the nerve and muscle, is unique in its ECM composition and contains specific
synaptic isoforms different from the muscle BM counterparts (Fig. 8.1g). The
synaptic BM is primarily and prior to innervation secreted by the developing
postsynaptic muscle, but later also other cellular parties of the NMIJ contribute to
the synaptic BM. These molecules maintain the homeostasis and enable plasticity by
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both retro- and anterograde signaling (Sanes and Lichtman 1999, 2001; Kummer
et al. 2006; Heikkinen et al. 2020). Moreover, the ECMs embed “hidden” potential
in regulating cell behavior; for example, many ECM components are capable of
releasing matricryptins which, once liberated from the ECM, can contribute to
distinct bio-activities such as acting as guidance or synaptogenic cues (Ackley
et al. 2001; Fox et al. 2007; Meyer and Moussian 2009; Ricard-Blum and Ballut
2011).

8.2 Distribution of Collagen Subtypes in the Nervous
System

The collagen superfamily comprises 28 distinct collagen types that are divided into
subfamilies according to the three-dimensional assemblies they form. Due to their
trimeric characteristics, each distinct collagen type can be encoded by a single gene
or by multiple genes. The distribution of collagens in the CNS and PNS is summa-
rized in Tables 8.1 and 8.2, respectively.

8.2.1 Fibrillar Collagens and Other Fibril-Forming
Collagens

Fibrillar collagens, comprised of collagen types I, II, III, V, XI, XXIV, and XXVII,
form the best-known collagen subfamily as they are assembled into structural fibers
that densely populate connective tissues throughout the body. Fibrillar collagens
form heterotypic fibers where collagens III/V and XI preferentially incorporate
collagen I and II fibers, respectively. The former collagen types nucleate the fibers,
but they also limit the fiber diameter by occasional N-peptides retained. Through the
latter property, fibers achieve unique features that are important for tissue-specific
functions (Myllyharju and Kivirikko 2004; Gordon and Hahn 2010; Ricard-Blum
2011). As mentioned, fibrillar collagens form the outermost layer of both the CNS
and PNS. Pia Mater is rich in collagens I and III while collagen V colocalizes with
collagen IV at the pial BM (Sievers et al. 1994), and is expressed already in the
neuroepithelium (Roulet et al. 2007). Collagen V is present in the ECM of small
CNS capillaries, but collagen I/III fibrils are absent (Maxwell et al. 1984; Munji et al.
2019). Collagen II, typically found in cartilaginous tissues, is transiently expressed
in the developing choroid plexus and meninges, temporally coinciding with active
tissue remodeling (Cheah et al. 1991; Andrikopoulos et al. 1992; Sandberg et al.
1993; Lui et al. 1995a; Yoshioka et al. 1995). Collagen XI coexists with collagen II
and is similarly transiently present in developing meninges and the brain cortex (Nah
et al. 1992; Sandberg et al. 1993; Lui et al. 1995b; Yoshioka et al. 1995). Collagens
XXIV and XXVII are either absent or present at very low levels in the brain
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Table 8.1 Expression of collagens in the CNS
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Subfamily Type Expression References
Fibrillar /10 Meninges Sievers et al. (1994)
/X1 Developing meninges Cheah et al. (1991),
Andrikopoulos et al. (1992), Nah
et al. (1992), Sandberg et al.
(1993), Lui et al. (1995a, b),
Yoshioka et al. (1995)
\Y Neuroepithelium, pial BM, Maxwell et al. (1984), Sievers
small capillaries et al. (1994), Roulet et al. (2007),
Munyji et al. (2019)
FACIT X With collagen II in developing | Ring et al. (1995)
meninges
XII With collagen I in meninges Oh et al. (1993)
XVI Hippocampal neurons Hubert et al. (2009)
XIX PNN-rich telencephalic Sumiyoshi et al. (2001), Su et al.
interneurons (2016)
Network- v BMs of pia, choroid plexus, Shellswell et al. (1979),
forming [al],a2 | BBB, and other vessels Roggendorf et al. (1988), Kleppel
et al. (1989), Sievers et al. (1994),
Halfter et al. (1998)
v BMs of choroid plexus Urabe et al. (2002)
a3odad
v Pial BM Urabe et al. (2002)
[a5],06
VI Pial BM, vessel adventitia, Roggendorf et al. (1988), Kamei
alo2a3 | choroid plexus, hippocampal | et al. (1992), Dziadek et al.
neurons, and corpus callosum | (1996), Cescon et al. (2016)
VIII Meninges, spinal cord white Kapoor et al. (1988), Muragaki
matter et al. (1992)
Multiplexin XV Developing CNS capillaries, Muona et al. (2002)
vessels of meninges, and cho-
roid plexus
XVIII BMs of pia, choroid plexus Halfter et al. (1998), Miosge et al.
and most brain vessels, (2003), Utriainen et al. (2004), Su
Purkinje neurons et al. (2012), Caglayan et al.
(2014)
Transmembrane | XIII Developing CNS neurons, Sandberg-Lall et al. (2000), Sund
meninges, brain vessels et al. (2001a)
XXIII Developing dura mater, neu- Koch et al. (2006),
rons of olfactory bulb Monavarfeshani et al. (2017)
XXV Developing spinal cord, CNS | Hashimoto et al. (2002), Kay
(CLAC- | neurons, retina etal. (2011), Tanaka et al. (2014),
P) Monavarfeshani et al. (2017)
XVII Cortical, hippocampal, and Seppénen et al. (2006, 2007,
amygdaloid neurons 2009)
Others VI Choroid plexus, pineal and Paulus et al. (1995)

pituitary glands
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Table 8.2 Expression of collagens in the peripheral nervous system

Subfamily Type Expression References
Fibrillar 1 Endo-, peri-, and epineurium Shellswell et al. (1979), Osawa
and Ide (1986), Wiilchli et al.
(1994)
1T Schwann cells, nodes of Ranvier | D’Antonio et al. (2006)
I Endo- and perineurium Shellswell et al. (1979), Osawa
and Ide (1986), Wiilchli et al.
(1994)
\% Endoneurial Schwann cell BM Shellswell et al. (1979),
Chernousov et al. (2006)
FACIT X1 Developing endo- and Oh et al. (1993)
perineurium
XIvV With collagen I in peri- and Wailchli et al. (1994)
epineurium
XVI ECM and neurons of DRG Lai and Chu (1996), Hubert
et al. (2007)
XIX Maturing muscle and gastro- Myers et al. (1997), Sumiyoshi
esophageal junction smooth et al. (2001, 2004)
muscle
Network- v Endo- and perineurium, DRG Shellswell et al. (1979), Halfter
forming [al],a2 | capsule BM, all muscle BMs et al. (1998), Miner and Sanes
(1994), Sund et al. (2001a)
v Postnatal synaptic BM at the Miner and Sanes (1994), Fox
o3odasS | NMJ et al. (2007)
v Postnatal synaptic BM at the Miner and Sanes (1994), Fox
[a5],a6 | NMJ et al. (2007)
VI Endo-, peri-, and epineural BM, | Keene et al. (1988), Peltonen
ala203 | myelinating Schwann cells, et al. (1990), Allen et al.
neural resident macrophages, (2009), Chen et al. (2014),
synaptic BM at the NMJ Cescon et al. (2018)
Multiplexin XV Developing endo- and perineural | Muona et al. (2002)
BM zone, Schwann cell BM at
the NMJ, ECM of developing
DRG
XVIII BMs of DRG, endoneurium and | Saarela et al. (1998), Miosge
muscle, Schwann cell BM at the | et al. (2003), Su et al. (2012)
NMJ
Transmembrane | XIII Developing neurons, neural Higg et al. (2001), Latvanlehto
vessels, postsynaptic muscle, et al. (2010), Logan et al.
and synaptic BM at the NMJ (2015), Héronen et al. (2017),
Zainul et al. (2018), Héronen
et al. (2019)
XXV Developing muscle, spinal Tanaka et al. (2014), Goncalves
(CLAC- | motor, and DRG neurons et al. (2019), Munezane et al.
P) (2019)
Others XXVIII | Developing non-myelinating Veit et al. (2006), Grimal et al.

Schwann cells in DRG, nerve
and NMJ, nodes of Ranvier

(2010)
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(Boot-Handford et al. 2003; Matsuo et al. 2008). Although collagen VII is defini-
tively not a fibrillar collagen, it forms anchoring fibers that are especially critical in
anchoring of the epidermis to the dermis in the skin (see Chap. 7 for further details).
In the brain, collagen VII underlies choroid plexus epithelia and surrounds pineal
gland and pituitary gland cell nests (Paulus et al. 1995).

In the PNS, collagen I is generally abundant in endo-, peri-, and epineurium,
while collagens III and V are rather enriched in endo- and perineurium (Shellswell
etal. 1979; Osawa and Ide 1986; Wilchli et al. 1994). Different from collagen III, in
that it exclusively encompasses delicate endoneurial collagen fibrils, collagen V is
additionally present at the Schwann cell BM (Shellswell et al. 1979; Chernousov
et al. 2006). The incorporation of collagen V limits the diameter of collagen fibers
(Birk et al. 1990) and speculatively may therefore motivate the presence of small-
caliber fibers in the endoneurium (Osawa and Ide 1986). Collagen 1II is expressed
during development by Schwann cell precursors, later by both non-myelinating and
myelinating Schwann cells, and in adulthood, it accumulates at the nodes of Ranvier
(D’ Antonio et al. 2006). The expression of collagen II is regulated by nerve-derived
signals (D’Antonio et al. 2006). Since deficiency of major fibril-forming collagens
results in devastating connective tissue diseases, such as osteogenesis imperfecta and
Ehlers—Danlos syndromes (see Chaps. 2 and 3), assessing their roles specifically in
the nervous system is challenging.

8.2.2 FACIT Collagens

As the name implies, FACIT collagens (fibril-associated collagens with interrupted
triple helices) associate with fibrils with a preference for a major collagen type, I or
II. FACITs contribute to fibrillogenesis by limiting the fibril diameter and participate
in forming supramolecular aggregates within the ECM. Collagen types IX, XII, X1V,
XVI, XIX, XX, XXI, and XXII constitute the FACIT subfamily (Wilchli et al. 1994;
Gordon and Hahn 2010). The abundance of some of these FACITs varies within the
nervous tissue, with some being present broadly in the nervous system and some
being restricted to very localized brain regions.

Collagen IX is bound to collagen II fibrils and in developing chicken it is found to
be present in the meninges (Ring et al. 1995). Collagen XII stabilizes collagen I
fibers and by antibody staining on mouse tissues, it is defined in the dense connective
tissue of meninges, but also in the endoneurium and perineurium, especially during
embryonic development (Oh et al. 1993). Collagen XIV limits lateral fibril fusion,
and in situ hybridizations and immunofluorescence staining of chicken embryos
show that collagen XIV colocalizes with collagen I in the epineurium and perineu-
rium (Wilchli et al. 1994). Collagen XVI modulates ECM aggregates and is present
both in the CNS and PNS. In situ hybridizations reveal adult mouse hippocampus
positive for Coll6al signal and in cultured hippocampal neurons, collagen XVI
locates in the soma, along neurites and at the axonal growth cone (Hubert et al.
2009), resembling findings on DRG neurons in the PNS (Hubert et al. 2007). Studies
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in mice indicate that collagen XVI is an ECM component of the DRG where it
surrounds neuronal cell bodies (Lai and Chu 1996). Its expression peaks at around
birth and reverts again if exposed to nerve injury (Lai and Chu 1996; Hubert et al.
2007). Increasing Coll6al gene expression in the DRG in the latter half of gestation
suggests that it may participate in the final steps of DRG maturation. In culture,
besides the soma, axotomized DRG neurons, preconditioned for regenerative
growth, exhibit collagen XVI along neurites but also at their tips, representing the
growth cone. Besides neurons, collagen XVI is highly induced in Schwann/fibro-
blastic cells growing out from axotomized DRG explants (Hubert et al. 2007). A
combination of neuronal and glial cell deposition of collagen XVI in vivo is thus
highly probable.

Based on its primary structure, collagen XIX resembles FACIT collagens
(Khaleduzzaman et al. 1997) but immunohistochemistry suggests it associates in
PNS with BMs (Myers et al. 1997; Sumiyoshi et al. 2001, 2004). Collagen XIX
expression peaks transiently during embryonic muscle development, following
myogenic regulatory factor Myf-5 expression and declines as myogenin emerges
in differentiating skeletal muscle progenitors (Sumiyoshi et al. 2001). Studies in
zebrafish have revealed its expression at intermediate targets of navigating motor
axons (Beattie et al. 2000; Hilario et al. 2010). Moreover, collagen XIX is expressed
by developing and postnatal smooth muscle cells of the gastroesophageal junction
prior to their transdifferentiation into skeletal muscle cells (Sumiyoshi et al. 2001).
In the brain, collagen XIX expression increases postnatally, peaks during periods of
synaptogenesis, and in the adult brain it is largely confined to telencephalic inter-
neurons (Sumiyoshi et al. 2001; Su et al. 2010, 2016).

8.2.3 Network-Forming Collagens

Collagens IV, VI, VIII, and X form networks and sheath-like structures. Collagen X
acts primarily outside the nervous system. With the aid of amino-terminal 7S domain
and carboxyterminal NC1 (non-collagenous) domain, collagen IV self-assembles
into a network to constitute BMs together with laminins, nidogens, and perlecan
(Xu et al. 2018; Gatseva et al. 2019). Collagen IV presents in three heterotrimeric
isoforms; [a1(IV)],02(IV), a3(IV)ad(IV)aS(AV), and [a5TV)],a6(1V), giving rise to
chain-dependent matricryptins. The classical [al],a2(IV) isoform is broadly
expressed and it is the main isoform in BMs of both CNS and PNS (Miner and
Sanes 1994; Khoshnoodi et al. 2008). Due to its abundance, a broad clinical
spectrum of human diseases arises from COL4Al and COL4A2 mutations (see
also Chap. 5). Various immunohistochemical and transcript-level studies on
human and animal tissues have shown that [a1(IV)],a2(IV) colonizes all CNS
BMs. Collagen IV appears in the developing BMs very early on in embryonic
development (Dziadek and Timpl 1985). At mid-gestation in mice, collagen IV
locates beneath the neuroepithelium (Sund et al. 2001a). In the adult brain, it shields
the glia limitans at pial BM, ependymal, and vascular BMs of the choroid plexus and
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BMs of meningeal and intraparenchymal vessels, as well as gray and white matter
BBB capillaries (Shellswell et al. 1979; Roggendorf et al. 1988; Halfter et al. 1998;
Kleppel et al. 1989; Sievers et al. 1994). Together with some other BM proteins,
[al(IV)],a2(IV) is a component of fractones (Kerever et al. 2007). Collagen IV is
synthesized at the glia limitans by both meningeal cells and astrocytes (Urabe et al.
2002), and by both endothelial cells and pericytes at the BBB (Jeanne et al. 2015).
Besides the major [al(IV)],a2(IV) isotype, a3(IV)ad(IV)a5(IV) is found at the
choroid plexus and [aS(IV)],a6(IV) at the glia limitans (Urabe et al. 2002), reflecting
context-dependent functions of these collagens IV.

In the peripheral nerve, [al(IV)],a2(IV) heterotrimers inhabit the endoneurial
and perineural BMs, and collagen IV also occurs in the capsule surrounding the
DRG (Shellswell et al. 1979; Miner and Sanes 1994; Halfter et al. 1998; Sund et al.
2001a). Schwann cells are capable of synthesizing and secreting collagen IV (Carey
et al. 1983). While [a1(IV)],a2(IV) heterotrimers inhabit all muscle BMs, a3-a6
chains are present exclusively in the synaptic BM at the NMJ where they appear in
the third postnatal week in mice (Miner and Sanes 1994; Fox et al. 2007).

Although six distinct collagen VI alpha chains exist in mammals, typically
collagen VI molecules are composed of al, a2, and a3 chains, with the secretion
of collagen VI molecules being regulated by the latter (Lamande et al. 1998).
Collagen VI molecules form antiparallel dimers and further tetramers, and in the
ECM they are deposited as end-to-end beaded microfilaments (Gregorio et al. 2018).
Collagen VI was originally reported to be present in the brain, both in the BMs and
nervous tissue proper (Roggendorf et al. 1988). Collagen VI expression is defined
within the superficial glia and the sheath of cranial nerves, the adventitia of menin-
geal and larger intraparenchymal vessels and choroid plexus, starting at the embry-
onic stage and persisting into adulthood (Roggendorf et al. 1988; Kamei et al. 1992;
Dziadek et al. 1996; Cescon et al. 2016). Moreover, nerve cell-related transcripts for
ol-a3 chains are identified in the brain (Karkheiran et al. 2013; Zech et al. 2015;
Cescon et al. 2016) and collagen VI protein is detected in the hippocampus and
corpus callosum (Cescon et al. 2016). Cultured cortical and hippocampal neurons
produce collagen VI, which retains primarily intracellular (Cescon et al. 2016).
Transcripts for a4-a6 chains are also present in both developing and adult mouse
brain (Gara et al. 2008), but their distribution remains to be resolved.

In the adult peripheral nerve, collagen VI inhabits the BMs at the endo-, peri-, and
epineurium (Keene et al. 1988; Peltonen et al. 1990; Allen et al. 2009; Chen et al.
2014) where it is deposited by Schwann cells, perineural cells, and fibroblasts
(Peltonen et al. 1990; Muona et al. 1993; Chen et al. 2014). During development,
collagen VI expression is induced in Schwann cells by nerve-derived neuregulin at
the time of differentiation toward a myelinating phenotype and is downregulated in
mature myelinating Schwann cells (Vitale et al. 2001). Furthermore, resident mac-
rophages in the peripheral nerve are capable of producing collagen VI (Chen et al.
2014), similar to cultured human macrophages (Schnoor et al. 2008). Moreover,
collagen VI inhabits the synaptic BM at the NMJ (Cescon et al. 2018). Primarily
COL6A1/COL6A2/COL6A3 mutations affect the muscle, causing severe Ullrich
congenital muscular dystrophy and milder Bethlem myopathy. Mouse models
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have allowed to segregate disease phenotypes and helped in defining a wide range of
collagen VI functions (see also Chap. 6). Collagen VI in the nervous system was
thoroughly reviewed recently (Gregorio et al. 2018).

Structurally, collagen XXVIII, the latest member of the collagen superfamily,
resembles collagen VI, although it does not form networks. Its expression is highly
restricted to special structures in the PNS. Collagen XXVIII surrounds
non-myelinating glial cells of the PNS; satellite cells of the DRG, non-myelinating
Schwann cells of peripheral nerves, and terminal Schwann cells of sensory end
organs and NMJs, but also nodes of Ranvier at myelinated axons (Veit et al. 2006;
Grimal et al. 2010).

Yet another network-forming collagen, collagen VIII, is expressed by several
ectoderm-derived ECMs, although its overall distribution is limited. In the CNS it
appears in fibrillar arrays at the meninges surrounding the brain, spinal cord, and
optic nerve, and in the white matter of the spinal cord (Kapoor et al. 1988; Muragaki
et al. 1992). Proteolytic processing of collagen VIII gives rise to matricryptin
vastatin (Ricard-Blum and Ballut 2011).

8.2.4 Multiplexin Collagens

Multiplexin (multiple triple-helix domains with interruptions) collagens XV and
XVIII share structural similarities, owing to their common evolutional origin.
Collagen XVIII presents in three amino terminally different isoforms; the short,
medium, and long, which share common collagenous portions and a
carboxyterminal endostatin domain. This proteolytically releasable matricryptin
conveys distinct biological activities, and a corresponding domain also exists in
collagen XV. Collagen XVIII is a heparan sulfate proteoglycan, while collagen XV
bears both heparan and chondroitin sulfate side chains (Bretaud et al. 2020).
Collagen XVIII forms are differentially deposited in various BMs where they orient
in a polarized manner, while collagen XV bridges the rear face of BM with
surroundings (Seppinen and Pihlajaniemi 2011; Heljasvaara et al. 2017; Gatseva
etal. 2019). Collagen XV exists both in the CNS and PNS. It is transiently expressed
in the developing CNS capillaries, while in adults collagen XV is downregulated in
BBB vessels but confined primarily to meningeal and choroid plexus blood vessels
(Muona et al. 2002). In the PNS in mice, collagen XV appears in the skeletal muscle
upon primary myotube formation. It is deposited to the developing BM, delineating
individual muscle fibers and persisting into adulthood. Moreover, collagen XV is
enriched at the NMJ, but not in the synaptic BM but instead in the terminal Schwann
cell-capping BM. Collagen XV is a component of the developing endoneurial and
perineural BM zones and it is also transiently expressed in the ECM of developing
DRG (Muona et al. 2002). In vivo mouse studies emphasize the significance of
collagen XV in Schwann cell differentiation.

Early studies with chicken embryos show that collagen X VIII delineates the pial
BM, DRG, and peripheral nerve, and it is also detected in post-hatch chicken
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peripheral nerves and muscle fibers (Halfter et al. 1998). Further immunolabelling
studies on mouse and human tissues confined collagen X VIII at the developing and
adult BMs of pia (Miosge et al. 2003; Utriainen et al. 2004; Caglayan et al. 2014).
Besides pial BM, collagen XVIII is present at the BMs of most brain blood vessels
and those associated with the choroid plexus (Miosge et al. 2003; Utriainen et al.
2004; Caglayan et al. 2014). In the brain parenchyma, all three Coll8al transcripts
are detected exclusively in the cerebellum, expressed by Purkinje neurons and
temporally coinciding with synaptogenesis. The presence of endostatin in extracted
synaptosomes suggests its involvement in synaptogenesis (Su et al. 2012). The
polarized orientation of collagen XVIII in BMs was originally identified in the
Bruch’s membrane beneath the retinal pigment epithelium (Marneros et al. 2004).
In the developing mouse PNS, the ganglial BM and endoneurium stain positively for
collagen XVIII (Miosge et al. 2003). Similar to collagen XV, collagen XVIII is a
component of the terminal Schwann cell BM at the NMJ (Su et al. 2012) and it also
inhabits extrasynaptic muscle BM (Saarela et al. 1998).

8.2.5 Transmembrane Collagens

Types XIII, XVII, XXIII, and XXV are type II transmembrane collagens, composed
largely of collagenous sequences. All four membrane-spanning collagens are shed
by proteases to release pericellular ectodomains (Franzke et al. 2005; Heikkinen
et al. 2012). Collagen XVII is unique in primary structure while collagens XIII,
XXIII, and XXV share structural similarities due to their evolution through gene
duplication of a common ancestor and are collectively called membrane-associated
collagens with interrupted triple helices (MACIT) (Tu et al. 2015).

An early in situ hybridization study did not detect COLI3A1 transcripts in the
fetal human brain (Sandberg et al. 1989). Immunostaining on mouse embryos,
however, suggests a transient expression of collagen XIII during mouse develop-
ment in neurons of the CNS as well as in the PNS. In the late embryonic period
meninges also become positive for collagen XIII (Sund et al. 2001a). Postnatally,
collagen XIII expression in the brain becomes radically reduced and Coll3al
transcripts are hardly detectable in distinct brain regions (Monavarfeshani et al.
2017). Instead, meninges as well as blood vessels in the brain (Fig. 8.2) and
peripheral nerve exhibit collagen XIII protein in adult mice (Zainul et al. 2018).
Furthermore, collagen XIII colonizes the NMJ (Hégg et al. 2001; Latvanlehto et al.
2010; Logan et al. 2015; Héronen et al. 2017, 2019; Zainul et al. 2018) where it is
expressed postsynaptically, shed, and incorporated into the synaptic cleft BM
(Latvanlehto et al. 2010). Collagen XIII deficiency causes congenital myasthenia,
highlighting its importance at the NMJ.

In situ hybridization confines collagen XXIII expression in the developing dura
mater of the brain and spinal cord in the mouse embryo (Koch et al. 2006). A detailed
examination of different CNS regions reveals Col23al transcripts selectively in the
accessory olfactory bulb (Monavarfeshani et al. 2017). According to Western
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collagen XIlI perlecan merged

Fig. 8.2 Expression of collagen XIII in the cerebral cortex. Adult mouse brain stained (a) for
collagen XIII with an anti-human collagen XIII/NC3 antibody (Higg et al. 1998), (b) for perlecan,
and (c) merged. Arrows point to pia mater

blotting, in the adult mouse brain collagen XXIII protein is primarily in proteolyt-
ically processed forms (Koch et al. 2006). To date, no human disease or study on
mutant animals has been published on collagen XXIII.

The shed form of collagen XXV (originally named collagen-like Alzheimer
amyloid plaque component, CLAC) was originally found to associate with senile
plaques in the Alzheimer’s disease (AD) brain and its precursor, collagen XXV
(CLAC-P), expressed by CNS neurons (Hashimoto et al. 2002). In the mouse brain
transcripts for Col25al are present both during embryonic development and in
adulthood (Tanaka et al. 2014; Monavarfeshani et al. 2017). The spinal cord
demonstrates higher collagen XXV expression during development compared to
the adult situation (Tanaka et al. 2014).

In the brain, collagen XXV becomes increasingly expressed postnatally, being far
more prevalent than the other MACITs (Monavarfeshani et al. 2017). Collagen XXV
is found broadly in distinct subsets of both inhibitory and excitatory CNS neurons,
with the hippocampus exhibiting the highest expression (Monavarfeshani et al.
2017). Collagen XXV is enriched in regions of the brain innervated by axons of
retinal ganglion cells, and it can also be found in the retina per se (Kay et al. 2011;
Monavarfeshani et al. 2017).

Besides being present both in the developing and adult CNS, collagen XXV is
transiently expressed early in the developing muscle, coinciding with myogenic
differentiation and becoming depressed by nerve-induced excitation (Tanaka et al.
2014; Goncalves et al. 2019; Munezane et al. 2019). In addition, developing spinal
motor neurons and DRG neurons are positive for Col25al transcripts, as demon-
strated at the time of myoblast fusion (Tanaka et al. 2014). Muscle-derived collagen
XXV is important in the development of the neuromuscular system.

Collagen XVII is the fourth transmembrane collagen with a unique structure and
is different from the MACIT collagens XII/XXIII/XXV. Similar to the latter, its
ectodomain can also become proteolytically shed (Franzke et al. 2005). Collagen
XVII is a component of dermal hemidesmosomes and genetic mutations lead to
junctional epidermolysis bullosa while autoantibodies targeting shed collagen XVII
cause a blistering disease bullous pemphigoid (BP), whereby collagen XVII is also
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known as BP180 (see Chap. 7 for further details). Collagen XVII is also broadly
although variably present among different neuroanatomical regions of the CNS
which share a common developmental origin with the ectoderm (Seppinen et al.
2007). Therefore, it is not surprising that BP patients exhibit variable neurological
symptoms. Collagen XVII is expressed in human cortical, hippocampal and amyg-
daloid neurons, most intensively in motor nuclei and Betz cells, and pyramidal
neurons (Seppédnen et al. 2006, 2007, 2009). Collagen XVII colonizes the soma
and proximal axons and it accumulates intracellularly in neuronal lipofuscin gran-
ules (Seppénen et al. 2007, 2010) but does not cumulate over time (Seppénen et al.
2007).

8.3 Collagen Functions in the Nervous System

Collagens are critical constituents of the nervous system ECMs. Since many of the
different collagen types often occupy ECMs in several tissues, collagen-related
diseases typically involve several organ systems. Collagens and their proteolytic
products are involved in multiple signaling pathways and provide extracellular cues
that are important in guiding developmental processes. Such actions are reutilized in
tissue repair in response to injury, and consequently, several collagens typically
become upregulated. Further in adulthood, collagen assemblies provide support and
flexibility in stabilizing cellular structures such as synapses. Aging impairs cellular
metabolism, which also affects the extracellular environment and results in protein
accumulation, neurotoxicity, and neurodegeneration. Mutations in genes coding for
collagens result in a broad range of symptoms affecting nervous tissues and thereby
have a major impact on patients’ life. Neuropathologies entailing collagens are
reviewed in the following paragraphs. In addition, the involvement of collagens in
inherited CNS and PNS diseases and gene-specific animal models are summarized in
Tables 8.3 and 8.4, respectively.

8.3.1 Neuronal Migration

Cell migration and differentiation lay the foundations for the development of
specialized organs in multicellular organisms. ECM provides qualitative, temporal,
and spatial information for migrating and differentiating cells during development
for them to properly form a functional tissue. ECMs of the developing meninges
promote radial glia organization and together these deposit cues and routes for
migrating neural cells, respectively (Fig. 8.3a). Several members of the collagen
superfamily, most importantly fibrillar and BM collagens, support morphogenesis
during development, applying in the nervous system. Collagen I further promotes
neural maturation. Collagen I actions are exemplified by a broad range of neuro-
pathological findings in Osteogenesis imperfecta patients (see also Chap. 2). Those
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Gene
Subfamily Type affected Phenotype References
Fibrillar 1 COLIAl/ | Developmental and vari- | Charnas and Marini
A2 ous other brain defects in | (1995), Emery et al.
Osteogenesis imperfecta (1999)
11 Col2al Loss of head tissues and Leung et al. (2010)
holoprosencephaly
FACIT XIX Coll9al Increased transcription of | Su et al. (2010, 2016,
proteases involved in 2017)
PNN homeostasis,
reduced number of PNNs
in the cerebral cortex and
hippocampus,
compromised establish-
ment of perisynaptic syn-
apses in a subset of
hippocampal and cortical
inhibitory interneurons,
and expression of seizures
and schizophrenia-like
behaviors
Network- v COLA4A1/ | Dominant mutations inte- | Gould et al. (2005),
forming [al]r02 |A2 grate with cerebrovascular | Breedveld et al. (2006),
disease and intracerebral Favor et al. (2007),
hemorrhage that may Volonghi et al. (2010),
result in porencephaly Jeanne et al. (2012)
(OMIM #614519,
#175780, #614483)
Coldal Focal disturbances in pial | Poschl et al. (2004)
BM and concurrent mis-
placement of migrating
neurons
VI Colbal Increased ROS and apo- Cescon et al. (2016)
alo2a3 ptosis in aged brain,
impaired motor coordina-
tion, and spatial memory
Multiplexin XV Coll5al | Deficiency beneficial in Dhungana et al. (2017)
experimental ischemic
stroke
XVl COLISAI | Knobloch syndrome Suzuki et al. (2002),
(OMIM #267750) associ- | Kliemann et al. (2003),
ating with CNS Keren et al. (2007),
malformations Caglayan et al. (2014),
Charsar and Goldberg
(2017), Corbett et al.
(2017), White et al.
(2017)
Coll8al Structural alterations in Utriainen et al. (2004)

the choroid plexus

(continued)
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Table 8.3 (continued)

Gene
Subfamily Type affected Phenotype References
resulting in
hydrocephalus
Defected climbing fiber Su et al. (2012)
synaptogenesis

through interaction of
presynaptic «3p1 integrin
and target-derived
endostatin on Purkinje
neurons

Transmembrane | XIII COLI3AI | Mild mental retardation Rodriguez Cruz et al.
among CNS19 patients (2019)

include brainstem compression but also macrocephaly and ventriculomegaly,
impaired neuroblast migration, hippocampal malrotation, agyria, and abnormal
neuronal lamination, among others (Charnas and Marini 1995; Emery et al. 1999).
Mice deficient in collagen II display a partially penetrant phenotype showing loss of
head tissue and holoprosencephaly (Leung et al. 2010). Furthermore, pial BM
constituent collagen IV also contributes to brain development. Due to BBB breakage
and resultant hemorrhage, collagen IV mutations (detailed later) promote the devel-
opment of secondary porencephalic lesions. Alternatively, this may directly result
from impaired neuronal ventricular-to-cortex migration that is dependent on radial
glial support (Fig. 8.3a). Collagen IV mutations may compromise the interaction of
glial end feet projections with the pial BM. In fact, Col4al/a2-deficient embryos
demonstrate focal disturbances in pial BM and concurrent misplacement of migrat-
ing neurons (Poschl et al. 2004). Additionally, collagen XIII may affect neural
migration since transgenic overexpression of truncated molecules delays brain
development. Ectopic collagen XIII enhances axon outgrowth in rat hippocampal
neuron cultures, suggesting a means by which collagen XIII may influence brain
formation. These collagen XIII mutant mouse embryos die due to defects in angio-
genesis, which provides an alternative explanation (Sund et al. 2001b).
Loss-of-function mutations in COLIS8AI resulting in deficiency of one or all
collagen X VIII isoforms cause Knobloch syndrome (OMIM #267750), a growingly
heterogeneous rare disorder defined by high myopia, vitreoretinal degeneration
associating with retinal detachment and often associating with occipital scalp defect
causing encephalocele (Sertie et al. 2000; Suzuki et al. 2002, 2009; Kliemann et al.
2003; Passos-Bueno et al. 2006; Keren et al. 2007; Mahajan et al. 2010; Caglayan
et al. 2014; Haghighi et al. 2014; Zhang et al. 2018). Immunolabeling studies on
mouse and human tissues indicate that collagen X VIII delineates the developing and
adult BMs of pia (Utriainen et al. 2004; Caglayan et al. 2014). Deposition of
collagen XVIII provokes novel interactions in the ECM which subsequently con-
tribute to guiding the neuroectodermal morphogenesis and cell migration in the
closure of the neural tube. Moreover, the existence of neuronal migratory and circuit
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Subfamily

Type

Gene
affected

Phenotype

References

FACIT

XIX

Coll9al

Prohibited sphincter
muscle
transdifferentiation,
altered muscle ECM
and disturbed relaxa-
tion of the sphincter
muscle leading to mal-
nutrition and lethality

Sumiyoshi et al.
(2004)

Zebrafish
Stumpy

Impaired motor axon
pathfinding and
branching resulting in
incomplete motor axon
synaptogenesis

Beattie et al. (2000),
Hilario et al. (2010)

Network-
forming

1V [al],02

COLA4Al/
A2

Myopathy in a portion
of multisystem disor-
der patients

Labelle-Dumais et al.
(2011), Mao et al.
(2015), Jeanne and
Gould (2017)

Coldal/a2

Thickened myelin and
impaired radial sorting,
reduced nerve conduc-
tion velocities and
peripheral neuropathy
recapitulating general
and progressive human
myopathy

Kuo et al. (2014),
Labelle-Dumais et al.
2011)

Col4al

Transient delay in neo-
natal presynaptic dif-
ferentiation at the NMJ

Fox et al. (2007)

C. elegans
emb-9 [col
IV)al]

Ectopic presynaptic
boutons at the NMJ

Qin et al. (2014)

IV o3adas,
IV [a5],a6

Col5a4

Compromised synaptic
integrity at the NMJ

Fox et al. (2007)

VI alo2a3

Col6al,
COLG6Al/
A2/A3

AChR cluster frag-
mentation and subunit
switch, altered expres-
sion of several synaptic
and postsynaptic pro-
teins, compromised
neurotransmission, and
corresponding alter-
ations in Ullrich con-
genital muscular
dystrophy patients

Cescon et al. (2018)

Col6al

Hypermyelination,
impaired nerve con-
duction properties and
motor coordination,

Chen et al. (2014)

(continued)
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Gene
Subfamily Type affected Phenotype References
thickened C-fibers and
slowdown in
nociception
Compromised post Chen et al. (2014)
injury macrophage
polarization and
peripheral nerve
regeneration
Multiplexin XV Coll5al Loosely packed axons | Rasi et al. (2010)
of C-fibers and
compromised radial
sorting resulting in
polyaxonal
myelination
Zebrafish Defected axon path- Guillon et al. (2016)
coll5alb finding and branching,
and formation of the
neuromuscular system
XV/XVII C. elegans | Compromised axon Ackley et al. (2001,
multiplexin | cle-1, Dro- | growth cone naviga- 2003), Meyer and
orthologue | sophila tion, reduced number Moussian (2009), Qin
dmp of synapses, and et al. (2014)
defected postsynaptic
and presynaptic
structures
XVIII Zebrafish Defected neural crest Banerjee et al. (2013)
coll8al cell migration through
somites
Transmembrane | XIII COLI3Al Congenital myasthenic | Logan et al. (2015),
syndrome type Dusl et al. (2019),
19 (OMIM #616720) Marquardt and Li
(2019), Rodriguez
Cruz et al. (2019)
Coll3al Terminal sprouting, Latvanlehto et al.

axon detachment,
retracting and invagi-
nating terminal
Schwann cells, and
erroneous spreading of
synaptic vesicles in the
preterminal axon at the
NMJ

(2010), Héronen et al.
2017)

Delayed and incom-
plete regeneration of
the NMJ post nerve

injury

Zainul et al. (2018)

(continued)
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Table 8.4 (continued)

Gene
Subfamily Type affected Phenotype References

XXV COL25A1 Congenital cranial Shinwari et al. (2015),
dysinnervation disor- Munezane et al.

der (OMIM #616219) | (2019)

due to compromised
interaction between
muscular collagen
XXV and axonal PTP
o/d

Col25al Defected muscle Tanaka et al. (2014),
development, total Goncalves et al.
block of motor axon (2019), Munezane
invasion into the mus- | et al. (2019)

cle, innervation and
NMIJ formation leading
to motor nerve degen-
eration and neonatal
lethality due to a respi-
ratory failure
XII/XXII/ | C. elegans | Impaired peripheral Taylor et al. (2018)
XXV col-99 axon guidance
orthologue

formation defects in Knobloch syndrome are evident and exemplified by various
CNS malformations, such as pachygyria and polymicrogyria associated with epi-
lepsy (Suzuki et al. 2002; Kliemann et al. 2003; Keren et al. 2007; Caglayan et al.
2014; Charsar and Goldberg 2017; Corbett et al. 2017; White et al. 2017). In
collagen X VIII-deficient mice, the pial BM appears outwardly normal, and obvious
CNS malformations are not observed (Utriainen et al. 2004), evidencing species
specificity in this respect. Studies in zebrafish have shown that collagen XVIII is
involved in neural migration in the PNS. In this model, collagen XVIII transcripts
are transiently expressed in a subset of muscle cell precursors (adaxial cells) in close
contact with the path taken by motor axon and neural crest cells around the onset of
motor axon outgrowth and neural crest cell migration (Schneider and Granato 2006).
Morpholino knockdown of coll8al in zebrafish results in both motor axon extension
and neural crest cell migration defects which both normally follow the same path
through the muscle territory in the somites (Schneider and Granato 2006; Banerjee
et al. 2013). Interestingly, this literature hypothesizes that collagen XVIII affects
motor axon extension and neural crest cell migration via its glycosylated side chains,
added by the glycosyltransferase Lhr3, as the coll/8al morphants and the lhr3
mutant diwanka display similar motor axon and neural crest cell phenotypes.
However, this still remains an untested hypothesis which will be among the next
upcoming technical challenges in the field.
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8.3.2 Barrier and Filtration Functions

The formation and maintenance of a fully functional BBB requires seamless coop-
eration of all four constituent layers; astrocytes, pericytes, endothelial cells, and the
extracellular BM. Collagen IV is a critical component of BMs and in mice Col4al/
a2 deficiency results in embryonic disruption of BM structures, causing lethality at
embryonic day (E) 10.5-11.5 (Poschl et al. 2004). Owing to dominant mutations in
COLA4A1/A2 genes, collagen IV integrates with cerebrovascular disease and intrace-
rebral hemorrhage (Fig. 8.3b) that may result in porencephaly (OMIM #614519,
#175780, #614483). Mutations often represent missense mutations of glycines and
cause impaired secretion of collagen IV, proposedly due to a dominant-negative
effect (Gould et al. 2005; Breedveld et al. 2006; Volonghi et al. 2010; Jeanne et al.
2012). Similarly, in mutant mice, heterozygous Col4al/a2 mutations compromise
vascular BM development, cause local disruption of vascular BM, and result in
cerebral hemorrhage at birth, which in turn leads to the development of porencephaly
in survivors (Gould et al. 2005; Favor et al. 2007). In preclinical studies, postnatal
treatment with chemical chaperones diminished intracellular accumulation of mutant
collagen IV in endothelial cells and pericytes, and resulted in reduced disease
severity (Jeanne et al. 2015; Hayashi et al. 2018), suggesting a potential frame to
develop a therapy to treat human patients (Detailed in Chap. 5).

Interestingly, Dhungana and colleagues showed that collagen XV deficiency is
beneficial in ischemic stroke generated in the middle cerebral artery in knock-out
mice. Collagen XV is dispensable for cerebrovascular development and integrity in
physiology, but changes in the molecular composition of the vascular BM prior to
stoke proposedly contribute to beneficial events, such as an increase in VEGF-A.
The effect is similar to recombinant tissue plasminogen activator treatment, indeed
increasing circulating collagen XV levels in wild-type mice and therefore sugges-
tively acting at least partly through a proteolysis of collagen XV-dependent matrix
(Dhungana et al. 2017).

Additionally, some other collagens have been genetically linked to the integrity
of BBB. In line with the expression of collagen XIII in intracerebral vessels
(Fig. 8.2) and collagen VI at meningeal vessels, genetic polymorphisms of
COLI3AI and COL6A3 genes in the Japanese population were found to associate
with intracerebral and subarachnoid hemorrhage, respectively (Yoshida et al. 2010).
Post-irreversible ischemic damage, collagen XVII immunoreactivity depletes which
indicates a dynamic injury response (Seppénen et al. 2007). More recently, genetic
polymorphisms in the COLI7AI gene have also been linked to subarachnoid
hemorrhage (Yamada et al. 2017).

As collagen XVIII normally occupies both the ependymal and capillary BMs,
phenotypical findings in the choroid plexus in collagen XVIII deficiency is not a
surprise. Collagen XVIII knock-out mice exhibit broadened BMs, the thickness
associating with deteriorated epithelial cells and tight junctions in choroid plexuses.
This results in hydrocephalus in collagen XVIII deficient mice, but only within a
certain mixed genetic C57 background, indicating that the composition of other
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factors is critical for the choroid plexus function and cerebrospinal fluid homeostasis
within the collagen XVIII context (Utriainen et al. 2004). In support of this, the
dilation of ventricles is also reported in Knobloch syndrome patients (Kliemann et al.
2003). BMs are critical actors of biological barriers and filters. This is also evidenced
by the involvement of BM and BM-associated collagens, specifically, in these
functions.

8.3.3 Neural Circuit Assembly, Maturation, and Maintenance

Studies on animal models have primarily revealed the importance of several colla-
gens in neural circuit formation, synaptogenesis, and synaptic homeostasis both in
the CNS and PNS (Fig. 8.3c). For example, CNS malformations in Knobloch
syndrome predominate in the forebrain, but collagen XVIII is also expressed by
cerebellar Purkinje neurons concomitantly with synaptogenesis, and endostatin is
found in synaptic-rich extracts. Although the cerebellum of collagen X VIII-deficient
mice is morphologically normal, the assembly of climbing fiber synapses (which are
the synapses formed between presynaptic axons from the inferior olivary nucleus
and postsynaptic dendrites of Purkinje cells) was impaired in the absence of collagen
XVIIIL. In mice, lack of target-derived endostatin reduces synaptic contacts and
compromises presynaptic differentiation. This concomitantly influences the motor
performance in a rotarod test, which was confirmed to derive from cerebral defects,
as NMJs appear morphologically normal in these mice (Su et al. 2012). In vitro,
endostatin induces accumulation of synaptic vesicle proteins, indicative of presyn-
aptic differentiation, and such an effect is reversed by the administration of anti-a3f1
integrin function-blocking antibodies (Su et al. 2012). a3p1 integrin has been
identified at presynaptic active zones (Carlson et al. 2010) and further binding
experiments confirm this integrin as a presynaptic ligand for the target-derived
endostatin on Purkinje cells (Su et al. 2012). Collagen XVIII also acts in the PNS
circuit assembly, a function that is also attributed to the closely related collagen
XV. Mutants of the single orthologue in worms and flies, as well as for individual
multiplexin collagens in fish, all exhibit peripheral axon guidance defects, although
such associations are sparse in higher animals (reviewed in Bretaud et al. 2020).
Mutants of the collagen XV/XVIII orthologs, cle-1 in C. elegans (Ackley et al. 2001)
and dmp (multiplexin) in Drosophila (Meyer and Moussian 2009), fail to establish a
proper innervation. CLE-1 accumulates at nerve cords and often at the anterior—
posterior axon tracks in a punctate manner in regions rich in synapses. The deletion
of the restin/endostatin-embedding NC1 domain results in low penetrance migration
and axon guidance defects that are rescued by trimeric NC1 (Ackley et al. 2001),
shown to induce cell motility (Kuo et al. 2001). On the contrary, the monomeric
restin/endostatin domain is incapable of doing the same, but instead, it exaggerates
the navigation defect, which suggests a role as a feedback inhibitor (Ackley et al.
2001). The vertebrate zebrafish genome harbors distinct genes for collagens XV and
XVIII and evidence suggests that both proteins (isoforms Coll15alb and Coll8ala)



314 A. Heikkinen et al.

contribute to neural circuit formation. In zebrafish diwanka mutants the myotomal
glycosyltransferase activity was found to be essential for axon growth cone migra-
tion and motor innervation (Schneider and Granato 2006). Presumably its modifi-
cations on collagen XVIII-carbohydrates at muscle precursor ECM may be a
prerequisite for interaction with neuronal receptor protein tyrosine phosphatases
(PTP) and/or kinases, known to contribute to axon pathfinding and also to bind
collagens/heparan sulfate proteoglycans (Vogel et al. 1997; Aricescu et al. 2002;
Unsoeld et al. 2013; Munezane et al. 2019).

In a study with mutant zebrafish models, the deposition of collagen XV-B, one of
the two collagen XV forms present in zebrafish, in the slow muscle ECM constitutes
the path and branching milestones for growing axons in order for them to establish
an intact neuromuscular system (Guillon et al. 2016). In the developing slow muscle,
adaxial cells respond to Hedgehog/Gli and MuSK signaling by expressing coll5alb
and depositing specifically the collagen XV-B protein in the motor path (Bretaud
et al. 2011; Guillon et al. 2016). Reminiscent of what was suggested for collagen
XVIII, collagen XV-B might also interact with discoidin domain receptors (DDR) to
guide motor axon navigation as such a direct interaction between collagen XV and
DDRI1 is identified on tumor cells (Clementz et al. 2013). Both vertebrate
multiplexin homologs, collagens XV and XVIII, are also enriched at the NMJ in
the BM capping terminal Schwann cells (Muona et al. 2002; Su et al. 2012). In
worms, CLE-1 concentrates at the NMJ near synaptic zones and serves as a synaptic
organizer (Ackley et al. 2003). Mutant worms exhibit a high penetrance phenotype
of reduced number of synapses and compromised integrity of both postsynaptic and
presynaptic structures, such as sprouting (Ackley et al. 2003; Qin et al. 2014).
Functional analyses indicate that synaptic transmission in cholinergic synapses is
impaired (Ackley et al. 2003). In mice, neonatal examination shows that the motor
nerve innervation is correctly patterned in the absence of collagen XVIII. Develop-
mental establishment and postnatal maturation of the NMJ are also normal (Su et al.
2012). Assembly and maintenance of the NMJ are thus far not explored in collagen
XV knock-out mice. This would, however, be of interest since collagen XVIII
appears not to convey such functions in mammals. Still, clear defects, especially in
axon navigation but also in synaptogenesis, exist in mutants of other species.
Moreover, studies on collagen XV/XVIII double mutant mice confirm a lack of
major compensation between the two multiplexins (Ylikdrppa et al. 2003). Yet,
collagen XV-deficient mice develop myopathy, and potential impairment in circuit
formation could in part contribute to the evolvement of such phenotypes (Eklund
et al. 2001).

Collagen IV and its NC1 domain extracted from the electric organ of Torpedo
californica was initially identified to promote synaptogenesis on cultured motor
neurons, and the recombinant NC1 domains of human o2 (canstatin), a3 (tumstatin),
and a6 (hexastatin) chains were found to share this property (Fox et al. 2007).
C. elegans genome contains only two collagen IV genes, emb-9 and let-2, encoding
respectively the al(IV) and a2(IV) chains. Mutations in emb-9 result in intracellular
persistence of synaptic collagen IV, which promotes ectopic presynaptic boutons at
the NMJ (Qin et al. 2014). Coldal mutant mice lacking [al(IV)],02
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(IV) heterotrimers exhibit transient delay in presynaptic differentiation neonatally.
The a3(IV)ad(IV)aS(AV) and [a5(IV)],a6(IV) heterotrimers synergistically main-
tain synaptic integrity when it is compromised in Col5a4 mutants, while loss of
either of the two heterotrimers alone has no detectable effect on the NMJ architecture
(Fox et al. 2007).

At the moment, at least 30 distinct genes have been identified to cause congenital
myasthenic syndrome (CMS). One of these, CMS19 (OMIM #616720), is caused by
loss-of-function mutations in COLI3AI, and 16 different mutations have been
reported since the first discoveries in 2015 (Logan et al. 2015; Dusl et al. 2019;
Marquardt and Li 2019; Rodriguez Cruz et al. 2019). Intriguingly, anti-collagen XIII
autoimmune antibodies were recently identified in sera of myasthenia gravis
patients, although their disease-causing potential remains to be proven (Tu et al.
2018). Typically, muscle weakness in CMS19 predominates in facial, bulbar, respi-
ratory, and axial muscles and consequently patients suffer from neonatal respiratory
distress and severe dysphagia. The critical symptoms often resolve early in infancy,
and the disease continues to gradually improve, suggesting a relevant role for
collagen XIII specifically in early phases of NMJ maturation postnatally. Along
this line, defects in acetylcholine receptor (AChR) clustering and maturation there-
after are obvious in collagen XIII knock-out mice at 2 weeks of age and onward
(Latvanlehto et al. 2010). Defects at the NMJ include sprouting axons, retracting
terminal Schwann cells, and erroneous spreading of synaptic vesicles in the preter-
minal axon (Latvanlehto et al. 2010; Héronen et al. 2017). Occasionally, the nerve
terminus is detached, allowing Schwann cell invagination (Latvanlehto et al. 2010).
On the other hand, knock-in mice incapable of collagen XIII shedding exhibit
enhanced transsynaptic adhesion and overwhelming neurotransmission capacity,
suggestive of collagen XIII motivating transsynaptic adhesion and/or acting as a
receptor for nerve-derived ligand(s). However, NMJs of the knock-in mice are not
completely normal (Har6nen et al. 2017), implying a relevant role also for the shed
form, which was indeed shown to enhance AChR cluster maturation in cultured
myotubes (Latvanlehto et al. 2010). Moreover, collagen XIII was found to bind
ColQ, the collagenous tail of acetylcholinesterase, and contribute to the fine-
localization of them both at the NMJ (Hironen et al. 2017). Interestingly, CMS19
patients do not respond well to anti-cholinesterase treatment in general but do
respond to 3,4-Diaminopyridine, a blocker of presynaptic potassium channels and
salbutamol, p2-adrenergic receptor agonist (Logan et al. 2015; Dusl et al. 2019;
Rodriguez Cruz et al. 2019). Likewise, 3,4-Diaminopyridine improved muscle
performance of knock-out mice in the short term (Haronen et al. 2017). Mouse
models have demonstrated their value in revealing details of the disease that would
not have been achievable by studying human patients solely. For example, muscle
histology is relatively normal both in patients and knock-out mice, but mouse studies
reveal fiber-type change at the expense of slow muscle fibers (Hidronen et al. 2017),
especially those dependent on neurotrophic support. Regeneration after injury is
delayed in knock-out mice, further pointing to its functions in NMJ maturation.
Proposedly, due to preexisting defects at the NMJ, structural and functional recovery
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of the NMJ in knock-out mice never reaches the pre-injury status (Zainul et al.
2018).

In mice, collagen XXV deficiency interferes with the development of the neuro-
muscular system far earlier than collagen XIII deficiency. Based on in vitro studies,
shed collagen XXV is capable of inducing myoblast fusion into myotubes during
primary myogenesis. This process does not involve transcriptional regulation, but
collagen XXV rather aids in myoblast adhesion and/or recognition (Goncalves et al.
2019). In line with such a suggested role, muscle development is compromised in
collagen XXV knock-out mice (Tanaka et al. 2014; Goncalves et al. 2019). This
leads to a total block of motor axon invasion into the muscle, innervation and NMJ
formation, and subsequent motor nerve degeneration. Loss of muscle innervation
causes neonatal lethality due to respiratory failure (Tanaka et al. 2014). Tissue-
specific depletion confirms that muscle-derived collagen XXV is essential for
innervation, while nerve-derived collagen XXV appears dispensable (Munezane
et al. 2019). Similarly, COL25A1 mutations also affect peripheral innervation in
humans, but in a milder way. One form of congenital cranial dysinnervation disor-
der, congenital fibrosis of extra-ocular muscles-5 (CFEOMS; OMIM #616219), is
caused by recessive mutations in COL25A1 influencing the structure of the collagen
XXV protein (Shinwari et al. 2015; Munezane et al. 2019). Shinwari and colleagues
demonstrated collagen XXV expression in human extra-ocular muscles and
decreased levels of axon guidance molecules in an affected patient, suggestive of
the disease evolvement from defected innervation of extra-ocular muscles during
development (Shinwari et al. 2015). Collagen XXV directly binds with PTP o and &
on invading axons, thereby inducing cell-cell interaction and axon elongation
whereas mutant collagen XXV molecules are incapable of doing the same
(Munezane et al. 2019). Interestingly, mutations in the C. elegans MACIT
orthologue, col-99 (Tu et al. 2015), compromise peripheral axon guidance
suggesting a role for COL-99 as a target-derived cue for axon outgrowth in worms
(Taylor et al. 2018). Mouse models in which either collagen XIII and X VII shedding
is prevented show that the increased ratio of the transmembrane form over the shed
one improves selected physiological events (Jackow et al. 2016a, b; Hiaronen et al.
2017). Therefore, it would be of interest to evaluate to what extent preventing
shedding of collagen XXV would rescue mice from dysinnervation.

Moreover, collagen VI is found to be important for motor synapse integrity and
function (see also Chap. 6). It regulates various critical synaptic components through
ETS and/or bHLH transcription factor family-dependent pathways and thereby
affects AChR cluster homeostasis. In line, collagen VI deficiency in mice results
in compromised neurotransmission, due to AChR cluster fragmentation and subunit
switch, and altered expression of several synaptic and postsynaptic proteins. Similar
alterations were observed in Ullrich congenital muscular dystrophy patients (Cescon
et al. 2018). Furthermore, zebrafish morphants for col6a2 and col6a4—6 mammalian
orthologue present altered axonal growth and a muscular disease (Ramanoudjame
et al. 2015).

Animal studies and in vitro experiments both reveal that collagen XIX self-
aggregates into oligomers (Myers et al. 2003). It acts as a pericellular matrix/BM
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zone organizer by affecting the composition of signaling cues that contribute to
intercellular communication. Collagen XIX knock-out mice die by 3 weeks of age
from malnourishment due to compromised swallowing and failing relaxation of the
sphincter muscle. Lack of collagen XIX prevents the smooth-to-skeletal muscle
transdifferentiation in the abdominal segment of the esophagus because of failed
myogenin transcription induction and expression in the region that normally
expresses collagen XIX. The sphincter muscle innervation is normal, but electron
microscopy indicates irregular muscle ECM and thick BM, which compromises
NO-dependent relaxation of the sphincter muscle. Related to its association with
BM, collagen XIX may act as a BM organizer at the motor synapse as well and
contribute to the function of the neuromuscular junction in sphincter muscle
(Sumiyoshi et al. 2004). In zebrafish, Stumpy, an orthologue for mammalian colla-
gen XIX, guides motor axon pathfinding and branching exemplified by a halt in
trunk motor axons at their intermediate targets in sfumpy mutants (Beattie et al. 2000;
Hilario et al. 2010). Co-immunoprecipitation and the analysis of the mutant fish that
phenocopy incomplete motor axon synaptogenesis observed in stumpy mutants
identified the axonal chondrolectin as an interaction partner for muscle-derived
collagen XIX through their C-type lectin domain and collagenous repeats, respec-
tively (Oprisoreanu et al. 2019). Collectively, several non-fibrillar collagens act as
target-derived organizers in neural circuit development. This is pronounced in the
PNS, implying the importance of ECM cues for axon guidance and synaptogenesis.

8.3.4 Mpyelination

The formation of endoneurium starts at E15 in mice when BM and thin collagen
fibrils appear around Schwann cells (Osawa and Ide 1986). Developing nerves at this
stage are devoid of fibroblasts (Osawa and Ide 1986) and it has been shown that
Schwann cells themselves are capable of producing BM and delicate collagen-fibril
matrix (Bunge et al. 1980; Eldridge et al. 1987, 1989; Chernousov et al. 1998, 2006).
Specifically, the production of the BM is critical for complete lay-down of the
endoneurial ECM and subsequent steps in Schwann cell differentiation and
myelination (Eldridge et al. 1989; Chernousov et al. 1998) (Fig. 8.3d). Oligoden-
drocyte myelination does not require collagen-dependent ECM and therefore colla-
gens are dispensable for the CNS myelination (Eldridge et al. 1989). Altered
Schwann cell function and myelination in the PNS is associated with a variety of
neuropathies affecting both motor and sensory functions.

In in vitro cultures, the presence of neurons significantly induces Schwann cells to
deposit BM (Bunge et al. 1980; Chernousov et al. 1998), indicating that interactions
with both axons and ECM are critical for myelination. Early on, the essence of
collagen IV in myelination is demonstrated in vitro (Eldridge et al. 1989). The
multisystem disorder caused by COL4AI/A2 mutations involves myopathy in a
proportion of patients (Labelle-Dumais et al. 2011; Mao et al. 2015; Jeanne and
Gould 2017). Symptoms are partially explained by vascular defects but since
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collagen IV is such an abundant BM component, myopathy obviously evolves from
various locations and levels of the BM. Collagen IV mutant mice recapitulate
general and progressive human myopathy (Labelle-Dumais et al. 2011; Kuo et al.
2014). During postnatal maturation, sciatic nerves exhibit thickened myelin and
impaired radial sorting. This results in reduced nerve conduction velocities and
peripheral neuropathy in collagen IV mutant mice. Resembling favorable effects
on vasculature, administration of the chemical chaperone 4PBA increases collagen
IV secretion and consequently prevents peripheral nerve hypomyelination in mutant
mice (Labelle-Dumais et al. 2019).

The significance of collagens in the peripheral nerve myelination is further
highlighted by the study of sodium-dependent vitamin C transporter 2 (SVCT2)-
deprived mice (Gess et al. 2011). As vitamin C is crucial for collagen synthesis
(Booth and Uitto 1981; Murad et al. 1981), the deposition of collagen types IV, V,
and XXVIII were found to be noticeably reduced in the peripheral nerve ECM and
the peripheral nerve showed decrease myelin thickness in SVCT2*'~ mice. Surpris-
ingly, the authors showed that collagen synthesis is regulated at the transcriptional
level and not at the posttranslational level revealing a specific mechanism of action
of Vitamin C in the PNS. Interestingly, SVCT2 knockdown in Schwann cell cultures
resulted in a significant reduction in collagen V synthesis (Gess et al. 2011). In vitro,
collagen V promotes axon fasciculation and affiliation of axons in Schwann cells
(Chernousov et al. 2001). Atypical for mature fibrillar collagen trimers, collagen V
retains N-terminal non-collagenous domains (Chernousov et al. 2000), mediating an
autocrine interaction with Schwann cell heparan sulfate receptor glypican-1 and not
with collagen-binding integrins alp1 or a2f1, to regulate myelination (Chernousov
et al. 2001, 2006).

Collagen VI also promotes Schwann cell differentiation and regulates
myelination and studies on animal models confirm its involvement in peripheral
nerve integrity and function. Chen and colleagues showed that the reduction in
collagen VI in Col6al '~ mice does not alter the number of axons or axon fiber
type distribution, but it results in hypermyelination of all fiber types later in life. Lack
of collagen VI in the ECM deteriorates the regulation of signaling pathways con-
trolling myelination in Schwann cells. This compromises nerve conduction proper-
ties and motor coordination of mice. Moreover, C-fibers are thickened and
concomitantly the withdrawal response of mutant mice to both thermal and mechan-
ical stimuli is compromised, indicating alteration of nociception (Chen et al. 2014).
Collagen VI is thus proven important in Schwann cell homeostasis and function.

Axon segregation and myelination is not affected by the lack of collagen XV in
mice, although the endoneurial BM occasionally exhibits mild disorganization.
However, this phenomenon is associated with loosely packed axons of C-fibers
and compromised radial sorting, resulting in polyaxonal myelination (Rasi et al.
2010). Double deficiency for collagen XV and laminin a4 generates additional
phenotypes, further witnessing the importance of Schwann cell BM for proper
peripheral nerve maturation (Rasi et al. 2010).
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8.3.5 Neurodevelopmental/Psychiatric/Degenerative Diseases

An increasing body of evidence supports the involvement of ECM molecules in the
development of neural systems and neurodevelopmental diseases (Jovanov
Milosevic et al. 2014) (Fig. 8.3e). COLI13A 1 mutations cause congenital myasthenia,
but in line with the collagen XIII expression pattern, patients also suffer from
skeletal defects and occasionally from mild mental retardation (Rodriguez Cruz
et al. 2019). Collagen XIX is defined to regions rich in PNNs, and in line, in
knock-out mice the number of PNNs and levels of their constituents in distinct
locations of the cerebral cortex and hippocampus normally positive for collagen XIX
are reduced. This is associated with an increase in the transcripts from several
protease-encoding genes involved in PNN homeostasis, exemplified by an ectopic
neuronal ADAMTS4 expression in the collagen XIX-deficient cortex (Su et al.
2017). Studies of knock-out mice further show that collagen XIX is required for
the establishment of axosomatic synapses in a subset of hippocampal and cortical
inhibitory interneurons (Su et al. 2010, 2016). PNNs and inhibitory interneurons are
involved in the emergence of schizophrenia and interestingly, collagen
XIX-deficient mice express seizures and schizophrenia-like behaviors (Su et al.
2016). In humans, the deletion of a chromosomal region containing COLI9A1, but
also several other genes, has been associated with schizophrenia (Liao et al. 2012).
Intracellularly collagen XIX-dependent cues affect transcriptional regulation and
consecutive protein levels (Sumiyoshi et al. 2004; Su et al. 2017). Collagen XIX
contributes to the formation of inhibitory nerve terminals in a paracrine fashion
through osP; integrin signaling (Su et al. 2016). Correct collagen XIX expression
appears to be critical for proper neuronal pericellular matrix homeostasis, since its
increase associates with faster progression and higher mortality among patients
suffering from Amyotrophic lateral sclerosis (ALS) (Calvo et al. 2019).

Later in life, ECM molecules provide survival signals and support cellular health.
Studies of mouse models and human patients both suggest a neuroprotective role for
collagen VL. In cultured primary neurons Col6al deficiency induces spontaneous
apoptosis through defective autophagy and higher susceptibility to oxidative stress.
Collagen VI expression is induced in the brain of aged mice and concordantly
reactive oxygen species (ROS) and apoptosis was found to increase in aged
Col6al ™' brains, suggesting that collagen VI protects against age-induced oxida-
tive damage. The performance of knock-out mice in motor coordination and spatial
memory tests was compromised (Cescon et al. 2016) although no such cognitive
impairment has thus far been reported in patients with collagen VI-related skeletal
muscle diseases. Interestingly, compound heterozygous COL6A3 mutation carriers
however demonstrate early-onset segmental isolated dystonia without muscular
involvement (Zech et al. 2015) and COL6A2 mutations expose to progressive
myoclonus epilepsy syndrome (Karkheiran et al. 2013). An additional line of
evidence comes from AD mouse models and human patients. Transcripts coding
for collagen al-a3(VI) chains are particularly elevated in the brain of mice and
patients with AD (Cheng et al. 2009). Neurodegenerative diseases typically involve
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neurotoxic intracellular accumulation and extracellular protein aggregation with
aging. Senile plaques in AD are formed by extracellular accumulation of amyloid-
beta (AP) peptides (AB40 and AP42) that are y-secretase-cleaved proteolytic prod-
ucts of amyloid precursor protein (APP) (O’Brien and Wong 2011). Incubation of
primary neuron cultures with Ap42 dose-dependently promotes collagen VI protein
expression through TPRIT and Smad3 signaling. Wild-type neurons beat Col6al '~
counterparts in resistance to Ap42-mediated neurotoxicity and ectopic collagen VI
augments protection against AP42-induced cell death. Experiments with primary
neuronal cultures suggest that neuroprotection is mediated, at least partly, by
preventing AP42 oligomer interaction with neurons (Cheng et al. 2009). Combined,
these results make collagen VI a considerable instrument when designing novel
therapies to treat neurodegenerative diseases.

Collagen XVIII accumulates in amyloid-positive vasculature and senile plaques
in AD brains (van Horssen et al. 2002). Collagen XVIII is a collagen/proteoglycan
hybrid and it may promote and stabilize senile plagues through its heparan sulfate
proteoglycans. Moreover, the collagen X VIII matricryptin endostatin is increased in
the cerebrospinal fluid of AD patients, providing a potential diagnostic tool in AD
(Salza et al. 2015). Additionally, collagen XXV is associated with senile plaques in
AD disease (Hashimoto et al. 2002; Kowa et al. 2004) and its involvement in the
dynamics of B-amyloidogenesis has been demonstrated. In vitro studies are, how-
ever, even conflicting to some extent, most likely due to the utilization of variable Ap
peptides, AP40 or Ap42, and different methods. Hashimoto and colleagues showed
that both transmembrane and shed furin-mediated proteolytic product CLAC are
capable of binding fibrillized A (Hashimoto et al. 2002) whereas Soderberg et al.
further showed that shed collagen XXV also interacts with the non-Ap components
of the AD amyloid plaques (Soderberg et al. 2005). Two different studies identified
distinct positively charged sequences, locating either at the COL1 (collagenous) or
NC2 domains of collagen XXV, important for Ap42 and Ap40 binding, respectively,
through possible ionic interaction with the negatively charged amino acids in Ap
peptides (Kakuyama et al. 2005; Osada et al. 2005; Soderberg et al. 2005). In
immunohistochemical staining of AD brains, however, AP40-positive plaques
remain negative for collagen XXV and its accumulation to loose, rather than typical,
AP42-positive fibrils implies early involvement in plaque formation and rather
suggests an inhibitory role for collagen XXV in senile plaque maturation (Kowa
et al. 2004). Indeed, shed collagen XXV inhibits AP fibril elongation in vitro
(Kakuyama et al. 2005; Osada et al. 2005), while on the other hand, it enhances
AP fibril aggregation and resistance against proteases (Soderberg et al. 2005).
Collagen XXV may thus contribute to regulating fibril stabilization into aggregates
and disease progression.

In line with in vitro results, overexpression of human collagen XXV in mouse
CNS neurons exposes transgenic mice to increased Ap accumulation, although not
its fibrillization. With an unknown mechanism, excess collagen XXV appears to
elevate p35/p25 expression levels, which in turn results in Cdk5 activation and
subsequent increase of BACEI, a f-secretase involved in APP processing and AD
pathology (Tong et al. 2010). In these transgenic mice, induced AD pathogenesis
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involves a decline in the level of the synaptic vesicle protein synaptophysin and an
activation of astrocytes, associated with behavioral disabilities typical for AD (Tong
et al. 2010). Besides a clear involvement of collagen XXV in AD pathogenesis in the
transgenic mouse model and AD patients, only one study supports such a relation-
ship at the genetic level, as Forsell and colleagues confirmed that certain COL25A1
gene polymorphisms neighboring exon 9 expose patients to AD development
(Forsell et al. 2010). Such SNPs could speculatively influence AD evolvement by
in/out-splicing of the NC2 AP binding site or affect collagen XXV protein levels. In
addition to AD, collagen XXV aggregates exist in Down syndrome (Kowa et al.
2004) but not in cognitive impairment at senescence (Gal et al. 2018). Increased
levels of shed collagen XIII and XXIII ectodomains are detected in cancer patients’
blood or urea due to increased expression and following proteolytic processing
(Spivey et al. 2010; Miyake et al. 2017). It can be speculated whether circulating
collagen XXV ectodomain/matricryptin is similarly increased in certain neurode-
generative diseases, and if so, could it be utilized as a diagnostic or prognostic
marker?

Collagen XVII is one of the two major auto-antigens in BP, a subepidermal
blistering skin disease (see Chap. 7 for further details). An exponentially growing
body of evidence implies that BP, which typically raises in later life, predisposes to
neurological comorbidities such as dementia, Parkinson’s disease, cerebrovascular
disorders, multiple sclerosis, and epilepsy, and to psychiatric diseases such as
schizophrenia, uni- and bipolar disorder, schizotypal and delusional disorders, and
personality disorders (Foureur et al. 2001; Parker et al. 2008; Marazza et al. 2009;
Brick et al. 2014; Cai et al. 2014; Ren et al. 2017). On the other hand, neuropsychi-
atric disorders increase the risk of development of anti-collagen X VII autoantibodies
and BP (Chosidow et al. 2000; Bastuji-Garin et al. 2011; Teixeira et al. 2014;
Kibsgaard et al. 2017; Kokkonen et al. 2017; Langan et al. 2011; Yu Phuan et al.
2017; Katisko et al. 2018). Due to its existence in both skin and CNS, both of which
are of ectodermal origin, collagen XVII may act as a shared autoantigen, but also
neuroinflammation or neurodegeneration could trigger the autoimmunization
(Amber et al. 2017). Since knock-out mice die soon after birth because of dermal
and glomerular defects, it is not possible to utilize these mice to investigate the role
of collagen XVII in neurological diseases (Hurskainen et al. 2012). Taken together,
several non-fibrillar collagens, many of which are of neural origin, contribute to the
homeostasis of CNS neurons, and thereby to brain physiology and function.

8.3.6 Reactive Collagen Production/Distribution Following
Disease or Trauma

Tissue repair typically involves matrix remodeling to mediate signaling and support
regrowth. Genes active during development are often reactivated during repair due to
similarities shared by developmental and repair processes. Dysfunction of the BBB
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is linked to various neurological and neurodegenerative diseases and several colla-
gens are induced in injured BBB vessels (Christov et al. 2008; Munji et al. 2019).
For example, levels of collagens I and III are elevated at BBB in experimental mouse
models for seizure, multiple sclerosis, stroke, and traumatic brain injury (Munji et al.
2019). It is suggested that post-hemorrhagic meningeal fibrosis is the cause for
following hydrocephalus both in humans and in a rat model (Sajanti et al. 1999).
In a cerebrovascular disease, stroke-like episodes induce accumulation of the fibrillar
collagens I, III, and V in the wall of intracerebral arterioles (Zhang et al. 1994). The
accumulation of fibrillar collagens and subsequent vascular fibrosis is a response to
prolonged repair signaling. In hypertensive patients, vascular BMs generally become
thickened but additionally, collagen VI is atypically deposited in the broadened
vascular wall of larger arteries and cortical vessels, indicative of ECM remodeling in
response to hypertension (Roggendorf et al. 1988). In the brain vessels of AD
patients, the levels of collagens I and III increase while collagen IV level is reduced,
suggestive of BM disruption and postinjury response (Christov et al. 2008). Expres-
sion of some additional collagens, such as type VI, VIII, and XVIII either in neurons
or in reactive microglia/astrocytes is reported to be induced after brain injuries
(Hirano et al. 2004; Zhang et al. 2007; Cheng et al. 2011).

Unlike in CNS, injured nerves in the PNS do regenerate (Perrin et al. 2005).
Recruited macrophages, exhibiting M2 regenerative phenotype, engulf debris at the
injured site and secrete signals responsible for the induction of axonal regrowth
(Mokarram et al. 2012). Thereafter, new projections grow along the preexisting path
to reestablish innervation and synapses (Fig. 8.3f). Laminin a2f1y1 is the most
important BM player of nerve regeneration (Chen and Strickland 2003) but fibrillar
collagens also support axon growth. Also, collagen VI appears important in several
reactive processes in the nervous system. Its expression is induced in injured nerves
and collagen VI is shown to promote monocyte adhesion (Schnoor et al. 2008) and
macrophage migration (Chen et al. 2014). In line, in collagen VI-deficient injured
nerves myelin clearance is delayed due to defective recruitment of macrophages
(Chen et al. 2014). Regenerative M2 macrophages produce more collagen VI over
proinflammatory M1 macrophages (Schnoor et al. 2008) and collagen VI was found
to be important for macrophage M2 polarization. Collagen VI regulates macrophage
migration and polarization through the regulation of AKT and PKA pathways.
Concomitantly, collagen VI deficiency in mice compromises peripheral nerve regen-
eration (Chen et al. 2014). In diabetic neuropathy patients, collagen VI accumulates
at the epineurium and perineurium, and in in vitro experiments its expression is
induced by glucose (Muona et al. 1993; Hill 2009). As collagen VI expression
normally ceases following the completion of myelination (Vitale et al. 2001), a
surplus of collagen VI may thus become a pathogenic signal. Besides collagen VI,
collagen V is also found at increased levels in the endoneurium of diabetic neurop-
athy but collagen IV remains unaltered (Hill 2009). Moreover, collagen types I, III,
IV, V, and VI are upregulated, especially in Charcot—Marie—Tooth type 1 disease but
also in some other inherited demyelinating neuropathies caused by mutations in
genes expressed by myelinating Schwann cells (Palumbo et al. 2002). Collagen
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XXVIII is also induced in the dysmyelinated nerves in a Charcot—-Marie-Tooth
disease mouse model (Grimal et al. 2010).

Tumors that develop in both the peripheral and central nervous systems contain
distinct ECM from those described throughout this chapter. Collagens as part of the
tumor stroma may support tumor growth and invasion or counteractingly limit tumor
growth. Several collagens are differentially, typically increasingly, expressed
between the normal nervous tissue cells and the tumoral counterparts. Abnormal
levels of at least on collagens I, III, IV, VI, VII, VIII, XI, XVI, XVII, and XXVIII
have been reported in brain tumors or cancer cells (Sage et al. 1984; Paulus et al.
1991; Fujita et al. 2008; Senner et al. 2008; An et al. 2009; Di Rosa et al. 2015;
Ishihara et al. 2019; Yang et al. 2019). Abnormal expression of collagens can be
utilized as prognostic markers or therapeutic targets in neuro-oncology. One of those
collagens differentially expressed in brain cancer is collagen XVI since COLI6A1
expression is induced in glioblastoma (Senner et al. 2008). Suggestively, collagen
X VI affects cell adhesion through its recognized interaction with 181 integrin (Eble
et al. 2006) and promotes tumor invasiveness (Bauer et al. 2011). In vitro COLI16A1
knockdown results in a reduction of focal adhesion number and B1-integrin activa-
tion (Senner et al. 2008; Bauer et al. 2011). Collagen X VI promotes the invasion of
oral cancer through the induction of MMP9 expression (Bedal et al. 2014) and this
may also apply to brain tumors, since MMP?9 is a recognized organizer of the PNN
(Ethell and Ethell 2007). Although collagen XVII is confined to neurons,
transcriptome sequencing identifies a novel PTEN-COLI7AI fusion gene tran-
scribed in glioblastoma, that results in a significant increase in collagen XVII
expression and association with recurrence (Yan et al. 2017). In glioma cell lines,
collagen XVII induction promotes invasiveness while its knockdown concomitantly
decreases MMP9 expression and suppresses invasiveness (Yan et al. 2017),
suggesting a regulatory role for collagen XVII in glioblastoma malignance. Angio-
genesis is a prerequisite for tumor growth. Collagen VII becomes neo-expressed in
scattered abnormal vessels in astrocytic and ependymal tumors (Paulus et al. 1995).
Similarly, collagen VIII is not expressed in the normal brain parenchyma or
nonneoplastic cerebral disorders, but it is highly induced in blood vessels of distinct
brain tumors (Paulus et al. 1991). Interestingly, ectopic expression of the collagen ol
(VIII) matricryptin vastatin results in reduced angiogenesis and glioblastoma inhi-
bition in an orthotopic model in mice (Li et al. 2017), suggesting a role reminiscent
of endostatin (O’Reilly et al. 1997). Injuries result in changes in cellular signaling
and responding alteration in ECMs to support regeneration. Variable collagens are
either neo- or re-deposited in injured or cancerous nervous tissue stroma. The
accumulation of fibrillar collagens concomitant with the appearance of fibrotic
tissues is indicative of adverse repair response, while the assembly of variable
collagens in the tumorous stroma may promote or limit cancer growth on a case-
by-case basis.
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8.4 Conclusion

While the presence of fibrillar and BM collagens in the nervous tissue was
established decades ago, exciting emerging data suggest the existence of previously
unknown types of ECMs in the CNS. Novel roles for matrix molecules in the
nervous tissues have been identified and, for example, it is now known that neuronal
cells themselves express several types of collagens. An increasing number of distinct
collagens are involved in the assembly of neural circuits, signifying the importance
of the collagen-dependent ECMs, especially in founding platforms and in providing
target-derived signals for navigating axons, thus enabling proper synaptogenesis. In
recent years with the aid of next-generation sequencing, several novel collagens
have been linked to human nervous system diseases and their number is expected to
still increase. Moreover, animal models have provided valuable information on the
functional mechanisms of collagens. The expansion of “omics” analyses will cer-
tainly lead to the identification of more alterations in collagens regarding their
structure or expression levels in various animal models and cell types, and in
patients. Confidently this chapter will not only serve as an introduction to the diverse
roles of collagens in the nervous system but will also inspire researchers not to
overlook collagens as mere artifacts in their datasets. The field of collagens in the
brain is only in its infancy, and it will be interesting to see how the field evolves in
the next decade or even sooner.
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