in the Human Body

L =




Composition and Function
of the Extracellular Matrix
in the Human Body

Edited by Francesco Travascio



Composition and Function of the Extracellular Matrix in the Human Body

Edited by Francesco Travascio

Published by ExLIi4EVA
Copyright © 2016

All chapters are Open Access distributed under the Creative Commons Attribution
3.0 license, which allows users to download, copy and build upon published articles
even for commercial purposes, as long as the author and publisher are
properly credited, which ensures maximum dissemination and a wider impact of our
publications. After this work has been published, authors have the right to
republish it, in whole or part, in any publication of which they are the author,
and to make other personal use of the work. Any republication, referencing or
personal use of the work must explicitly identify the original source.

As for readers, this license allows users to download, copy and build upon
published chapters even for commercial purposes, as long as the author and publisher
are properly credited, which ensures maximum dissemination and a wider impact of
our publications.

Notice

Statements and opinions expressed in the chapters are these of the individual
contributors and not necessarily those of the editors or publisher. No responsibility is
accepted for the accuracy of information contained in the published chapters. The
publisher assumes no responsibility for any damage or injury to persons or property
arising out of the use of any materials, instructions, methods or ideas contained in the
book.

Publishing Process Manager

Technical Editor AVE4EVA MuViMix Records
Cover Designer

First published June 20, 2016

ISBN-10: 953-51-2416-1
ISBN-13: 978-953-51-2416-0

Print
ISBN-10: 953-51-2415-3
ISBN-13: 978-953-51-2415-3


http://avxhome.se/blogs/exLib




Contents

Preface

Chapter 1 The Importance of Extracellular Matrix in Skeletal
Muscle Development and Function
by Katarzyna Grzelkowska-Kowalczyk

Chapter 2 Composition and Function of Extracellular Matrix in
Development of Skeletal Muscle
by Zishuai Wang and Zhonglin Tang

Chapter 3 Remodelling of Skeletal Muscle Extracellular Matrix:
Effect of Unloading and Reloading
by Eva-Maria Riso, Priit Kaasik and Teet Seene

Chapter 4 The Extracellular Matrix Complexome from Skeletal
Muscle
by Sandra Murphy and Kay Ohlendieck

Chapter 5 The Extracellular Matrix in the Nervous System: The
Good and the Bad Aspects
by Elena Vecino and Jessica C. F. Kwok

Chapter 6 The Mosaic of Extracellular Matrix in the Central
Nervous System as a Determinant of Glial Heterogeneity
by Cory M. Willis and Stephen J. Crocker

Chapter 7 Neuronal Plasticity in the Juvenile and Adult Brain
Regulated by the Extracellular Matrix
by Max F.K. Happel and Renato Frischknecht

Chapter 8 CCN Family: Matricellular Proteins in Cartilage and
Bone Development
by John A. Arnott, Kathleen Doane and Sonia Lobo Planey



VI Contents

Chapter 9 Biophysical Properties of the Basal Lamina: A Highly
Selective Extracellular Matrix
by Fabienna Arends and Oliver Lieleg

Chapter 10 The Role of Extracellular Matrix Proteins in the Urinary
Tract: A Literature Review
by Cevdet Kaya and Bahadir Sahin

Chapter 11 Mechanisms of Collagen Network Organization in
Response to Tissue/Organ Damage
by Takaoki Saneyasu, Saeko Yoshioka and Takao Sakai

Chapter 12 Tumor Microenvironment Heterogeneity: A Review of
the Biology Masterpiece, Evaluation Systems, and Therapeutic
Implications
by Irene Tadeo, Tomas Alvaro, Samuel Navarro and Rosa Noguera

Chapter 13 Exploring the Extracellular Matrix to Create
Biomaterials
by Sylvain Vigier and Tamas Ful6p

Chapter 14 Extracellular Matrix Enhances Therapeutic Effects of
Stem Cells in Regenerative Medicine
by Yan Nie, Shuaigiang Zhang, Na Liu and Zongjin Li

Chapter 15 New and Improved Tissue Engineering Techniques:
Production of Exogenous Material-Free Stroma by the Self-Assembly
Technique
by Ingrid Saba, Weronika Jakubowska, Stéphane Chabaud and
Stéphane Bolduc






Preface

The extracellular matrix (ECM) is an ensemble of non-cellular
components present within all tissues and organs of the human
body.

The ECM provides structural support for scaffolding cellular
constituents and biochemical and biomechanical support for those
events leading to tissue morphogenesis, differentiation and
homeostasis.

Essential components of all ECMs are water, proteins and
polysaccharides. However, their composition, architecture and
bioactivity greatly vary from tissue to tissue in relation to the specific
role the ECM is required to assume.

This book overviews the role of the ECM in different tissues and
organs of the human body.






Chapter 1

The Importance of Extracellular Matrix in Skeletal
Muscle Development and Function

Katarzyna Grzelkowska-Kowalczyk

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62230

Abstract

Skeletal muscle tissue makes up approximately 40% of the total body mass in adult
mammals. Contractile muscle fibers building skeletal muscle tissue are coated by an
extracellular matrix material (ECM), accounting for 1-10% of the muscle mass. The ECM
in skeletal muscle was initially considered as a structure, providing mechanical support
for bearing force transmission. Now it is evident that muscle cells adhere to and connect
with the ECM, also for signaling, and the ECM provides an appropriate and permissive
environment for muscle development and functioning. This chapter summarizes current
knowledge on the role of ECM components in skeletal muscle growth and regenera-
tion, which is of great importance for potential therapeutic interventions. It also focuses
on the contribution of ECM in the motor function of skeletal muscle as well as on
mechanisms mediating muscle ECM remodeling during adaptation to physical activity.
The role of the ECM in the metabolic function of skeletal muscle tissue and the ECM
disturbancesassociated withinsulin resistance are described. Finally, the attentionis paid
on potential implications of changes in skeletal muscle ECM assembly and function in
health and disease.

Keywords: myogenesis, satellite cell niche, exercise, insulin signaling, myopathies

1. Introduction

Skeletal muscle tissue, making up approximately 40% of the total body mass in adult mam-
mals, is composed of multinucleated contractile muscle cells, myofibers. Intramuscular
connectivetissueaccountsfor1-10%oftheskeletalmusclemassand variessubstantiallybetween
muscles [1]. Muscle fibers are coated by an extracellular matrix material (ECM), called the
basement membrane, and composed of two layers: an internal, basal lamina, directly linked to
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the plasma membrane of myofibers (sarcolemma), and an external, reticular lamina. Extracel-
lular matrix surrounding muscle fibers is composed of collagens (dominated by collagen IV),
laminins, fibronectin, and proteoglycans, formed by glycosaminoglycans bound to a protein
core. Initially, it was considered as a structure that provides mechanical support for bearing
force transmission [2]. The ECM gives mechanical structure to myofibers during contractions,
provides the tissue with elastic properties, and participates in the transmission of force from the
myofiber to tendon. It also serves as a basic mechanical support for nerves and vessels present
in skeletal muscle tissue, and determines the spatial barrier between endothelium and muscle
cell surface. A great progress in cell biology, molecular biology and genetics, gives new insight
into skeletal muscle biology, and now it becomes evident that cells adhere to and connect with
the ECM not only for structural stability but also for signaling. The integrins, heterodimeric
transmembrane receptors comprising unrelated alpha and beta subunits, play critical roles in
converting extracellular signals to intracellular responses (outside-in signaling) as well as in
extracellular matrix interactions based upon intracellular changes (inside-out signaling) [3].
They bind to ECM or cell surface ligands and link the actin microfilament system with ECM,
providing a connection between the ECM, the cytoskeleton, and signaling molecules. Integ-
rins are considered as sensors of tensile strain at the cell surface, and together with the cytos-
keleton form a mechanically sensitive organelle. Despite the large overall number of integrin
receptor complexes, skeletal muscle integrin receptors are limited to seven alpha subunits, all
associated withthebetal integrinsubunit. Integrinsignaltransmissiondependsontheactivation
of focal adhesion kinase (FAK), a nonreceptor tyrosine kinase, localized at focal adhesions.
Integrin engagement causes the formation of transient signaling complex, initiated by the
recruitment of Src-family protein SH2 to the FAK Tyr-397 autophosphorylation site, and by
serving as a signaling element in cytoskeleton-associated networks [4]. Integrin-linked kinase
(ILK), initially considered as a kinase, but, in fact, incapable to perform phosphorylation due to
pseudoactive domain, mediates interactions of integrins with numerous cellular proteins and
regulates focal adhesion assembly, cytoskeleton organization, and signaling [5]. The major
enzymes responsible for the ECM breakdown under physiological conditions are matrix
metalloproteinases (MMPs, or matrixins), which belong to a family of zinc-dependent and
calcium-activated neutral endopeptidases, comprising secreted and membrane-associated
members. MMPs are involved in degradation of the ECM and basement membrane; however,
they also cleave a variety of other ECM-related proteins, including cytokines, chemokines, and
growth factors [6]. There is some specificity of certain MMPs toward collagen types, that is,
MMP-2 and 9 (gelatinases) primarily degrade type IV collagen and other compounds of the
ECM in muscle, whereas MMP-1 and 8 (collagenases) traditionally are thought to break down
types I'and III collagen, being more relevant for tendon. MMP activities are regulated by tissue
inhibitors of matrix metalloproteinases (TIMPs). Four TIMPs, responsible for the inhibition of
over20MMPs, areidentified; of these, TIMP-1 and TIMP-2 are capable of inhibiting, of all MMPs,
preferably MMP-2 and 9, respectively [1]. In addition to MMP-dependent mechanisms, TIMPs
can alter cell growth and survival in an MMP-independent manner, mediated by integrins. A
good example is TIMP-2, which regulates betal integrin expression and the size of myotubes
formed during myoblast differentiation [7]. MMPs play an important role in skeletal muscle cell
growthand differentiation, asthey areengagedinrelease and activation of cytokines and growth
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factors. The main contributors to ECM assembly in skeletal muscle are resident fibroblasts;
however, muscle cells also synthesize and secrete numerous ECM components and ECM-
related molecules, suggesting their active and direct participation in ECM remodeling. Thus,
the composition of the ECM exerts mechanical, metabolic, hemodynamic, and angiogeniceffects
in skeletal muscle tissue. The extracellular matrix and its receptors also provide an appropri-
ate and permissive environment for muscle development and some ECM components, in
addition to muscle-specific factors, can serve as good indicators of skeletal muscle function-
ing. This chapter summarizes current knowledge on the role of ECM components related to
skeletal muscle development and regeneration, which is of great importance for potential
therapeutic interventions. It also focuses on the contribution of ECM in motor and metabolic
functions of skeletal muscle tissue. Finally, the attention is paid on potential implications of
changes in ECM assembly and function in health and disease.

2. Extracellular matrix in regulation of muscle stem cell niche

Fetal stage is crucial for skeletal muscle development, when muscle fibers are formed by fusion
of mesodermal progenitor cells, myoblasts. During postnatal period, the number of myofibers
remains constant; however, the size of each myofiber can increase by fusion with muscle stem
cells, called satellite cells. Skeletal muscle is one of the most adaptive tissues in the body, and
the adult regenerative myogenesis after muscle injury depends on satellite cells. These cells
are normally quiescent, but in response to overloading or muscle damage, they become
activated; that is, they begin to proliferate, and their progeny myoblasts terminally differen-
tiate and fuse with one another or with existing myofibers to restore the contractile muscle
apparatus and normal tissue architecture [8].

Proper muscle regeneration depends on the cross-talk between the satellite cells and their
microenvironment (cell niche). According to the stem cell niche concept, the structural and
biochemical stimuli emanating from surrounding environment determine the fate of stem cells
present in tissues. Muscle satellite cells exist in highly specific niches, consisting of the
basement membrane of myofibers, different types of resident cells (i.e., fibroblasts, adipocytes,
etc.), vascular and neural systems, and extracellular matrix [9]. Each of these niche elements
exerts profound effects on satellite cell functioning. Satellite cells reside between the basal
lamina and the apical sarcolemma of myofibers, covered in laminin. They bind to collagen type
IV and laminin through integrins, which also connect with collagen type VI and several
proteoglycans, that is, perlecan and decorin. The ECM protein, nidogen (or entactin), supports
cross-links between laminin and collagens. Basal lamina directly contacts satellite cells and
separates them from muscle interstitium. It also acts as a mechanical barrier to prevent
migration of satellite cells and their loss from normal muscle, and could be involved in
repressing satellite cell mitosis and differentiation in the absence of muscle injury [2]. On the
other site of the satellite cell niche, the myofiber sarcolemma links to the basal lamina, more
particularly to laminin, through the dystroglycan complex [10]. Myofibers influence satellite
cell behavior as a result of the physical interactions and by the secretion of paracrine factors.
Nerves and associated neuromuscular apparatus exert their effects through the control of
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myofiber activity. Fibroblasts primarily contribute to matrix formation and, as adipocytes,
secrete paracrine factors. Circulating blood transports hormones and other systemic factors;
endothelial cells lining blood vessels serve as a source of growth factors, whereas immune
cells, infiltrating muscle tissue upon injury, transiently affect satellite cells through the
secretion of cytokines [11].

An important function of muscle progenitor cell niche is maintaining the balance between
quiescence and activation. The quiescent satellite cells sense the stiffness of their niche through
integrins and express various matrix proteins to maintain the stable ECM structure. Within
the ECM, growth factors and other bioactive molecules are sequestered, supporting the “quiet”
state [10]. Communication between the ECM and satellite cells is essential in the regulation of
cellular events crucial for muscle growth and repair, such as gene expression, cell proliferation,
adhesion, and differentiation of activated satellite cells. In response to muscle injury, compo-
nents of the basal lamina are degraded by matrix metalloproteinases, and growth factors and
signaling molecules are liberated, which is essential for regulation of processes ongoing in
activated satellite cells. Presence of the ECM is required for muscle stem cells to respond to
growth factors [12]. Proteoglycans expressed on the surface of satellite cells function as low-
affinity receptors and bind to the secreted, inactive growth factor precursors, including
hepatocyte growth factor (HGF), basic fibroblast growth factor (bFGF), epidermal growth
factor (EGF), insulin-like growth factor isoforms (IGF-1, IGF-2), originating from myofibers,
satellite cells, muscle-residing cells, or serum. All these growth factors play crucial roles in
myogenesis, and in vivo exist in matrix-associated form. Some ECM molecules, that is, decorin
[13], fibronectin [14], and laminin [15], can bind to and suppress the activity of myostatin, a
negative regulator of muscle cell proliferation and differentiation. Through interactions with
these growth factors, the extracellular matrix regulates the ability of skeletal muscle satellite
cells to proliferate or differentiate. Differences in the expression of proteoglycans alter satellite
cell responsiveness to the growth factor, that is, overexpression of glypican-1 (heparin sulfate
proteoglycan) in satellite cells increases their responsiveness to FGF-2, whereas underexpres-
sion diminishes cell proliferation and differentiation [12]. Taken together, the major compo-
nents of basal lamina orchestrate muscle satellite cell development by presentation of
mitogenic and myogenic factors. Muscle cells play an active role in creating their own
microenvironment via ECM remodeling. Supporting this idea, numerous studies prove
changes in expression and/or secretion of proteoglycans, metalloproteinases, adhesion
molecules, and growth factors in regenerating muscle tissue and differentiating myoblasts [8,
16-18]. Activated satellite cells dynamically remodel their niche via transient high expression
of fibronectin, and knockdown of this protein expression in satellite cells markedly impaired
the ability to repopulate the niche [19].

When satellite cells move to the injured site, the surrounding ECM should be degraded for
allowing cell migration. Matrix metalloproteinases degrade extracellular matrix components
such as collagens, elastin, fibronectin, laminin, and proteoglycans. MMPs play an important
role in creating cell niche in regenerating muscle and are essential for satellite cell activation,
migration, and differentiation. Expression of matrix metalloproteases is up-regulated upon
satellite cell activation, whereas transcripts for proteinase inhibitors are high in quiescent cells
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[20]. Migration of satellite cells underneath the basement membrane requires the expression
of MMP-2, 3,7,9, and 10. The specific inhibition of these MMPs decreases the migration velocity
and increases the sustainability of moving direction of myoblasts in vitro [21]. Among the
MMPs expressed in skeletal muscle, MMP-2 and 9 appear particularly critical. MMP-2 is
secreted by satellite cells and regenerating myofibers, whereas MMP-9 is expressed by
leukocytes and macrophages. Upon injury, the release of the nitric oxide synthase (NOS) from
damaged basal lamina leads to nitric oxide (NO) production, which in turn up-regulates
protein level and activity of MMP-2 and 9. Activated proteases degrade collagen IV, facilitating
satellite cell migration across the basement membrane to injured regions [22]. The most
important details concerning the ECM structure and cues emanating from cellular elements
of muscle satellite cell niche are summarized in Figure 1.
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motoneuron

dystroglycans - e
. satellite cell = 222’
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Figure 1. Schematic representation of the complex microenvironment (niche) of satellite cells in skeletal muscle. Left
part illustrates the networks and cross-linkings of major ECM proteins in the immediate environment of muscle satel-
lite cells. Right part presents contributions of cellular components in creating the satellite cell niche. The small symbols
represent humoral factors released by different types of cells (the colors used correspond with the source of appropri-
ate bioactive factors).

The role of specific niche for muscle stem cell’s self-renewal and differentiation is supported
by observations, that after removal from the microenvironment, the satellite cells quickly
withdraw from quiescence, begin to proliferate, and lose their myogenic properties. On the
other hand, myogenic cells cultured on the ECM extracted from large thigh adult muscles
manifest enhanced proliferation and differentiation in comparison to standard growth
surfaces [23]. In order to study the role of specific ECM components in creating the niche of
muscle stem cells, in vitro cell culture models are employed, where the environmental
conditions can be easily controlled. In such experiments, primary muscle stem cells derived
from muscle tissue are cultured in vitro on surfaces coated with the ECM components (i.e.
collagen, laminin, fibronectin, gelatin, or Matrigel—a balanced mixture of different ECM
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proteins) to mimic the muscle extracellular environment. Usually, the primary muscle stem
cells show distinct proliferation and differentiation pattern, as well as different muscle-specific
and ECM-related gene expressions, dependent on the coating type used [9]. These experiments
reveal that the loss of mitogenic and/or myogenic potential of muscle stem cells, due to their
transfer from the specific niche to an ex vivo situation, could be reduced by using some ECM
components/mixture coating. For example, fibronectin and laminin could be used for sorting
myoblasts from fibroblasts. Such observations are of great interest and importance in tissue
engineering and stem cell therapies.

3. Changes in ECM assembly and function during myogenesis

Skeletal muscle growth and development is a complex process controlled by interactions
between muscle cells and surrounding microenvironment. Several cellular events take place
during skeletal myogenesis, that is, migration of muscle precursor cells, proliferation of
myoblasts, cell cycle arrest, and myoblast terminal differentiation, followed by transcription
of muscle-specific genes and myoblast fusion. Muscle cell differentiation is governed by an
ordered sequence of the expression of muscle regulatory factors (MRFs) such as MyoD
(Myoblast determination protein), Myf-5 (Myogenic factor-5), myogenin, and MRF-4 [24]. The
commitment of muscle precursor cells requires MyoD expression, whereas the proliferation
arrest and terminal myoblast differentiation are driven by myogenin, a key transcription factor,
which activates skeletal muscle-specific genes encoding creatine kinase, myosin heavy chain,
and acetylcholine receptor. The formation of myotubes expressing muscle-specific genes is
essential for the specialization of myofiber function.

The importance of extracellular matrix molecules as a part of myogenesis signaling mechanism
has also been demonstrated. An inhibition of cell-surface transmembrane proteoglycan
sulfation results in delayed proliferation and altered MyoD expression, indicating that heparan
sulfate is required for proper progression of the early myogenic program [25]. Neither the
expression of myogenin nor its localization to myoblast nuclei was sufficient to drive skeletal
muscle differentiation, if the cell-ECM interactions were inhibited [26]. Inhibition of proteo-
glycan sulfation in myoblast cultures strongly affects ECM synthesis and deposition, and
induces the expression of the osteogenic markers (alkaline phosphatase and osteocalcin),
without alterations in expression of specific muscle transcription factors, such as MyoD and
Myf-5 [27]. The above observations support the idea that extracellular matrix provides stimuli
for muscle cell development, which are independent of muscle-specific factor expression.

Myogenesis is accompanied by remodeling of ECM proteins as well as by changes in integrin
receptor expression pattern [28]. Fibronectin and laminins display an opposite pattern of
changes in time during myogenesis, that is, myoblasts secrete a large amount of fibronectin,
which is replaced by laminins in myotubes. As a consequence, the location of these proteins
in muscle is different, that is, fibronectin is absent in regions manifesting active myogenesis,
whereas laminin adjoins myotubes. In myoblasts subjected to differentiation in vitro, fibro-
nectin is detected primarily in the extracellular environment as a thick mesh. At the same time,
laminin appears ultimately in the cytosolic fraction, which confirms delayed synthesis of this
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protein during myogenesis, in comparison to fibronectin [29]. During myogenic differentia-
tion, the laminin synthesis increases, and laminin begins to accumulate in the medium in
soluble form, followed by the formation of insoluble cell-associated fraction [30]. Both
fibronectin and laminin per se can affect myogenesis. Fibronectin promotes myoblast adhesion
and proliferation; however, it inhibits differentiation and participates in collagen fibrillogen-
esis, thus providing the ECM assembly [1]. Fibronectin also stimulates adhesion of fibroblasts
and may facilitate dedifferentiation of myoblasts. This protein is required for somitogenesis,
and it may function to regulate fiber organization and limit fast-twitch muscle fiber length [31].
Laminin is crucial for several processes involved in myogenesis, as it enhances myoblast
proliferation, migration, and alignment preceding the fusion. Myotube formation is markedly
impaired in the absence of laminin [2]. Changes in integrin receptor expression pattern reflect
the ECM remodeling during myogenesis. Proliferating and migrating myoblasts express high
amounts of the fibronectin-binding alphabbetal integrin, while during myotube formation
they switch to the laminin-binding alpha7betal integrin, which is the major integrin receptor
in adult muscles [32]. Moreover, there is a negative cooperativity between alpha7 and alpha5
integrin subunits. Transfection with integrin alpha? resulted in the marked reduction of
alphaSbetal surface complex expression and its decreased affinity to fibronectin in myoblasts.
Such a relationship may play an important role in determining functional regulation of
integrins during myogenesis. A critical phase of myogenesis is the fusion of mononucleated
myoblasts and the formation of long multinucleated myotubes. Myoblast fusion and myotube
formation are associated with increased expression of integrin alpha3, particularly abundant
in myotube membrane [29]. Overexpression of the full-length integrin alpha3 subunit induces
myoblast fusion, whereas the inhibition of integrin alpha3 extracellular domain impairs this
process [33]. Myogenesis is largely normal in the absence of alpha4, alpha5, alpha6, and alpha?
integrin subunits, indicating the redundancy in integrin functions. In contrast, disruption of
the integrin betal in vivo and in vitro profoundly influences myogenesis. Lack of integrin betal
had no apparent effect on the migration and proliferation of myoblasts; however, clear
alterations occur at the later stages of myogenesis and are manifested by impaired fusion [34].
According to an early study, muscle-specific integrin betal, appearing in a doublet form, was
used as a marker of differentiation [35]. Integrin betal subunit is also involved in muscle cell
survival. In response to the activation of integrin betal, focal adhesion kinase phosphorylates
tyrosine at residue 397, leading to the activation of cell survival signal transduction and
inhibition of apoptosis [36]. Moreover, FAK appears as a mediator by which integrins may
regulate myoblast fusion. Specific disruption of gene encoding FAK suppresses the transcrip-
tion of caveolin 3 and integrin subunit betalD isoform, both considered as essential for
morphological muscle differentiation. As a consequence, the cell fusion and myotube forma-
tion are defective, while the expression of muscle terminal differentiation genes, such as
sarcomericalpha-actin, alpha-actinin, and vinculin, remain unaltered [37]. It suggests a specific
role of FAK in the regulation of cell fusion, as a part of the myogenic differentiation program.

A characteristic feature of proliferating and quiescent undifferentiated myoblasts is the high
expression of a disintegrin and metalloprotease, ADAM12, which combines features of
adhesion molecules and proteinases [38]. ADAM12 cleaves insulin-like growth factor binding
proteins IGFBP3 and IGFBP5, and heparin binding-EGF. The cysteine-rich domain of
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ADAM12 supports cell adhesion by binding to syndecan-4, whereas the cytoplasmic domain
interacts with signaling proteins, that is, tyrosine kinase Src phosphatidylinositol-3-kinase, and
cytoskeletal alpha-actinin 1 and 2 [38]. ADAMI2 in transiently upregulated at the onset of
differentiation, whereas other ADAMSs, such as ADAMY, 10, 15, 17, and 19 are expressed at all
stages of myogenesis [35]. Inhibition of ADAM12 by siRNA approach in myogenic cell cultures
was accompanied by lower expression of both quiescent markers (p130 and p27 proteins) and
differentiation markers (cell cycle inhibitor p21 and myogenin). Overexpression of ADAM12
induces a quiescent-like phenotype and does not stimulate differentiation. Possible role of
ADAMI2 in myogenesis is associated with the preservation of “reserve pool” of myoblasts,
which do not trigger the myogenic differentiation program and maintain regeneration
potential. A 100 kDa long isoform of ADAM12 is increased in myoblasts differentiating for 3
days in the presence of IL-1beta [39] and IGF-I [29], suggesting similar effects of proinflam-
matory cytokines and anabolic growth factors on ECM regulation at early stages of myogen-
esis. On the other hand, there are studies that implicate the involvement of ADAM12 in the
fusion of muscle cells. The expression of ADAMI2 and integrin alpha9 subunit parallels and
culminates at the time of myoblast fusion, and inhibition of ADAM12/alpha9betal integrin
interaction dramatically impairs this process [40]. ADAM12 is linked to the cytoskeleton via
alpha-actinin [35], and thus the cytoskeleton may regulate the distribution of ADAM12 on the
cell surface, where localized proteolysis and/or cell-cell contacts occur [41]. The most impor-
tant modifications of the ECM structure and function associated with skeletal myogenesis are
depicted in Figure 2.
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Figure 2. Schematic illustration of ECM remodeling and ECM-related proteins level/activity during skeletal myogene-
sis. The most important events during myogenic development are presented in the upper panel.
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4. ECM and the motor function of skeletal muscle

Skeletal muscle provides structural support, enables the body to maintain posture, and
controls motor movements. Muscle tissue is strong, flexible, stress-resistant, and in view of its
mechanical properties, it consists of contractile elements (i.e. sarcomeres) and elastic compo-
nents, supported by extracellular matrix. Majority of ECM elements, which account for muscle
strength and elasticity, reside in the basement membrane, especially in basal lamina. The basic
structure of basal lamina consists of different networks of triple-helical collagen IV, composed
of alpha chains, and the major noncollagenous protein, laminin, which is a heterodimer of
alpha, beta and gamma chains. The collagen network contains covalent cross-links; moreover,
distinct networks are linked by another noncollagenous protein, nidogen (entactin). These
major elements display several further functions: (i) they possess multiple sites binding other
protein of basal lamina, (ii) they anchor components of reticular lamina to basal lamina, and
(iii) they serve as ligands for membrane-associated receptors (i.e., integrins, dystroglycans,
etc.), which interact with cytoskeleton [2]. Taken together, in the context of the mechanical
function of skeletal muscle, the extracellular matrix may be considered as a series of networks
that connect reticular lamina, basal lamina, sarcolemma, and cytoskeletal structure.

Overload of healthy skeletal muscle leads to myofiber hypertrophy and ECM remodeling, the
processes that are thought to contribute to muscle growth. Several ECM components are
controlled by the level of mechanical loading, and multiple intracellular proteins involved in
mechanotransduction signaling are suggested, including focal adhesion kinase (FAK),
paxillin, integrin-linked kinase (ILK), and mitogen-activated protein kinase (MAPK) [1]. The
latter is crucial for the conversion of mechanical load to tissue adaptation, transmitting
signaling from the cytosol to the nucleus. Laminin, integrin alpha?, and integrin-linked kinase
(ILK) are all critical for mechanical stability of skeletal muscle [42]. ILK is recruited to the
myotendinous junction, which requires the presence of laminin in the ECM and integrin alpha7
in sarcolemma. Moreover, ILK is essential for strengthening the adhesion of the muscle fibers
with the ECM and acts with the dystrophin/dystroglycan adhesion complex in maintaining
mechanical stability of skeletal muscles.

Endurance and resistance exercises accelerate the turnover of ECM components in skeletal
muscle. Several studies reveal an increase in collagen synthesis and accumulation induced by
exercise (summarized in [43]). Transcription of genes encoding types I, III, and IV collagen
increases after endurance training. In another study, endurance exercise augments concentra-
tion of type IV collagen in slow (soleus), but not in fast (rectus femoris) muscle. Matrix
metalloproteinases are activated in human skeletal muscle in response to voluntary exercise,
and the expression and time pattern indicate differences between the MMPs in regards of
production sites as well as in the regulating mechanism. TIMPs are often activated together
with MMPs in response to physical activity, indicating the simultaneous stimulation and
inhibition of the ECM degradation. Probably, MMPs’ activation precede TIMPs" activation,
and the latter serve as “guardians” of degradation termination, providing limits in the ECM
breakdown [1]. Levels of MMP-2, 14, and TIMP-1 mRNA in muscle tissue increase after 10

11



12 Composition and Function of the Extracellular Matrix in the Human Body

days of training. MMP-2 and 9 proteins were both present in the ECM, around myofibers and
capillaries, but MMP-2 was also visible within the skeletal muscle fibers [44].

Mechanical loading induces the secretion of TGF-beta, PDGF, and bFGF in tendon fibroblasts;
moreover, it increases the expression of collagen and other ECM components, such as proteo-
glycans. TGF-beta stimulates collagen formation and reduces its degradation, also via
activation of the TIMPs, together with a suppression of MMPs, leading to the ECM accumu-
lation. TGF-beta is known to function as a modulator of ECM proteins and to induce both
collagen gene activation and protein formation. In a human model of microdialysis of the
Achilles tendon, both local and systemic levels of TGF-beta increase in response to 1 h of
running, proving a release of this cytokine from tissues that are mechanically activated during
exercise and suggesting a role in the response to mechanical loading in vivo [1]. Mechanical
loading induces FGF release from skeletal muscle cells in vitro. Several isoforms of FGFs exist;
of these, basic FGF (or FGF2) and, to a lesser extent, the acidic FGF (FGF1) stimulate fibroblast
proliferation and collagen synthesis. Interleukin-6 (IL-6) is considered as a physical activity-
associated myokine released from working muscles [45]. It can stimulate fibroblasts to increase
the synthesis of collagens, glycosaminoglycans, hyaluronic acid, and chondroitin sulfates.
Increased expression of IL-6 is necessary for the regulation of ECM remodeling during the
hypertrophic response of skeletal muscle to overload [46]. Mechanical activity increases
expression of IL-1beta in human and rabbit tendon cells, leading to increased MMPs activity,
diminished collagen synthesis, and initiating tissue degradation and remodeling in response
to loading. IGF-I is directly involved in skeletal muscle ECM synthesis after mechanical
loading. This growth factor increases the expression of typesIand III collagen in intramuscular
fibroblasts. Bioavailability of IGF-I is controlled by IGF-binding proteins, and increased
proteolysis of IGFBPs occurs in response to prolonged training in humans. Interestingly,
MMPs can degrade IGFBPs, which provides a possible mechanism of regulation of the free
IGF-T in skeletal muscle tissue and circulation.

The blood flow in skeletal muscle is tightly coupled with the metabolic demands of contracting
myofibers. During exercise, local mechanisms cause rapid dilation of muscle arterioles to
increase the flow of blood to the working muscle. It appears that fibronectin fibrils in the
extracellular matrix transduce signals from actively shortening skeletal muscle fibers to local
blood vessels to increase blood flow. Skeletal muscle contraction alters the conformation of
ECM fibronectin, which results in transient exposure of specific matricryptic sites. These
sequences are not exposed in the soluble form of ECM molecules, but may be expressed due
to structural or conformational changes, providing “a reserve” of signaling sites activated
during ECM remodeling. Matricryptic fibronectin sites (FNIII-1) interact with FNIII-1H
receptors on smooth muscle cells and/or skeletal muscle fibers. This activates the neuronal
nitrogen oxide (NO) synthase to release NO, which leads to smooth muscle relaxation,
vasodilation, and increased blood flow. Thus, FNIII-1 sites in ECM fibronectin serve as
important mechanical coupling between skeletal muscle contraction and arteriolar dilation
[47]. Figure 3 summarizes the cellular mechanisms activated during exercise leading to skeletal
muscle ECM remodeling.
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5. ECM and the metabolic function of skeletal muscle

Skeletal muscle is a key insulin-sensitive tissue, important in maintaining homeostasis, due to
its relatively large mass and energy needs [48,49]. Postprandial, insulin-stimulated glucose
disposal in skeletal muscle results from the activation of a complex signaling network with
multiple alternative and complementary pathways. Insulin binding to the insulin receptor
causes tyrosine autophosphorylation of the receptor beta-subunit, activation of its intrinsic
tyrosine kinase, and subsequent phosphorylation of several intracellular proteins, including
insulin receptor substrate (IRS) proteins [50]. This leads to the recruitment of further signaling
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components such as phosphatidylinositol-3 kinase (PI-3 kinase), the tyrosine phosphatase
SHPTP2, the growth factor receptor-binding protein-2 (GRB-2), as well as protein serine/
threonine kinases: phosphoinositide-dependent protein kinase (PDK1), protein kinase B
(PKB), atypical isoforms of protein kinase C (PKC) lambda and zeta, mitogen-activated protein
kinase (MAPK), and others, which support the signal divergency and function as messengers
for various biological effects of insulin. Regarding postprandial glucose uptake in skeletal
muscle, the activation of insulin signaling leads to the translocation of the insulin-responsive
glucose transporter, Glut4, from intracellular storage sites to cell surface membrane, which is
a critical step in cellular glucose utilization. Dysregulation of any step of this process in skeletal
muscle results in insulin resistance, predisposing for diabetes.

There is an important cross-talk between extracellular matrix and insulin signaling in skeletal
muscle. Integrin engagement stimulates both IRS-1-associated PI-3 kinase activity and
PKB/Akt pathway. Integrin receptor betal subunit increases insulin-stimulated IRS phos-
phorylation, IRS-associated PI-3 kinase, and activation of PKB (summarized in [51]). Regula-
tion of focal adhesion kinase (FAK) by integrin receptors modulates insulin-dependent
cytoskeleton organization, glucose transport, and glycogen synthesis in myoblasts [4]. FAK
can interact with IRS-1, PI-3 kinase, PKC, and glycogen synthase kinase-3beta, leading to
translocation of Glut4. A decrease in tyrosine phosphorylation and activation of FAK was
reported in skeletal muscle of insulin-resistant Spraque-Dowley rats fed with a high-fat diet,
as well as in insulin-resistant C2C12 myoblasts [52]. The expression of IRS-1 mRNA is
abolished in FAK knockout mouse fibroblasts. Apart from the regulation of skeletal muscle
insulin signaling and action by FAK, the reciprocal interaction is documented. It appears that
FAK tyrosine phosphorylation, essential for skeletal muscle differentiation, is modulated by
insulin. Insulin causes an increase in FAK phosphorylation in proliferating myoblasts, while
in differentiating cells, there is an inhibition of FAK phosphorylation [53]. Under insulin
resistance, the phosphatase PTEN and SHIP2, usually recognized as negative regulators of
insulin signaling, are up-regulated, and they impair insulin action through FAK dephosphor-
ylation [54]. The integrin-linked kinase (ILK) can phosphorylate and activate PKB, and
function as its potential upstream regulator. Integrin betal knockout mice manifest an
impairment of insulin-stimulated skeletal muscle glucose uptake and glycogen synthesis in
skeletal muscle, resulting from marked reduction in ILK expression and concomitant decrease
in PKB phosphorylation.

Insulin resistance is tightly associated with the ECM remodeling in muscle, and the ECM
defects predisposing to diabetes-related symptoms are known. The deposition of collagens,
the most abundant structural ECM components, is increased in insulin-resistant muscles, both
in humans and rodent experimental models [55]. Synthesis of fibronectin, laminin, and
collagen IV is up-regulated by high glucose and diabetes [56], which may lead to basement
membrane thickening and the development of diabetes-associated microangiopathy.
Similarly, a high-fat diet causes an increase in collagen IV in skeletal muscle [57]. As MMPs
are responsible for the degradation of all components of the ECM, their dysregulation is also
implicated in the pathology of diabetes and obesity. MMP-9 activity in skeletal muscle is
decreased in high fat-fed mice, and it is related inversely to muscle collagen deposition and
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directly to muscle insulin resistance [58]. The genetic deletion of MMP-9 worsens diet-induced
muscle insulin resistance, indicating that this metalloproteinase is necessary to protect against
more serious metabolic disturbances associated with high fat feeding. Collagen V, widely
expressed and a less abundant fibrillar protein, which regulates collagen fibril geometry and
strength, is important for skeletal muscle glucose homeostasis. Mutant mice lacking col5a3 gene
manifest hyperglycemia, glucose intolerance, and insulin resistance [59]. Skeletal muscle of
these mutants is defective in glucose uptake and mobilization of intracellular Glut4 glucose
transporter to the plasma membrane in response to insulin.

High-ambient glucose markedly elevates the level of fibronectin in myogenic cells in vitro and
causes a decrease in cellular content of the full length 100 kDa form of ADAM12, without
affecting integrin alpha5 and integrin betal subunit expressions [60]. Such alterations could
result in the disturbances in ECM remodeling and accumulation, which in turn contribute to
the impairment of the myogenic differentiation, manifested by decrease in MyoD, myogenin,
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myosin heavy chain levels, and fusion index. In view of an important cross-talk between ECM
and insulin signaling [4,51], the high-glucose-induced alterations in ECM can, at least partly,
contribute to the attenuated insulin and growth factors’ action in skeletal muscle under
hyperglycemia and diabetes. The ECM turnover also plays a role in the metabolic regulation
of skeletal muscle in the pathology of diet-induced insulin resistance. Figure 4 illustrates the
most important points of the cross-talk between insulin signaling and the ECM-related
signaling cascades in skeletal muscle.

6. Alterations of muscle ECM components in health and disease

Skeletal muscles have a great ability to adapt and regenerate, and usually injured areas of
muscle tissue are replaced with healthy contractile fibers, which results in a full recovery and
mechanical function, or even gains in muscle mass and strength. The regenerative potential of
skeletal muscle is markedly impaired in aging and several diseases, and is associated with
disturbances of muscle ECM.

The efficiency of skeletal muscle regeneration decreases with age, and this phenomenon is
primarily associated with the changes in satellite cell functions, that is, the reduction of cell
number and/or proliferative capacity. The basal lamina of aged muscle is thicker, and its
structure is irregular and amorphous. During aging, type IV collagen abundance increases in
slow muscles, whereas laminin increases in fast muscles, which can affect the ability of the
basal lamina to store and release growth factors and other bioactive compounds creating the
satellite cell microenvironment. Another alteration in the basal lamina during aging is increase
in osteopontin, the cytokine, which negatively regulates myogenesis in vitro and muscle
regeneration in vivo. Satellite cell niche during aging also contains other extracellular matrix-
associated negative regulators of muscle differentiation, such as transforming growth factor-
beta and Wnt signaling [10]. The composition of local milieu in aged muscles changes also due
to the remodeling of the neuromuscular junction, the functional alterations in endothelial cells
(i.e., apoptosis) and in immune cells (i.e. impaired chemotaxis). Taken together, the satellite
cell niche during aging shifts toward an increasingly inhibitory influence on satellite cell
activity and muscle regeneration potential [11]. Age-related changes in content and structure
of ECM in skeletal muscle can also lead to decrease in the local expression or limited access to
matricriptic sites in fibronectin [47]. As a consequence, the disturbances of vascular dilation in
working muscles can occur and contribute to the impairment of skeletal muscle function in

aging.

Muscle atrophy can be divided into primary muscular disease and secondary muscular
disorders [62], both of them characterized by pathological changes in muscle ECM. Genetic
studies of several primary muscle diseases show that the basement membrane is critical for
the maintenance of muscle integrity. In all of these diseases, skeletal muscle tissue develop-
ment is normal, but they are characterized by progressive muscle weakness, fibrosis, and fatty
infiltration [2]. Muscle dystrophy can result from the loss or impairment of any of the elements
in the reticular lamina-basal lamina-sarcolemma-—cytoskeleton linkage. The examples include
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laminin alpha2 and its transmembrane receptors, that is, integrin alpha” and dystroglycan
(congenital muscular dystrophy), dystrophin (Duchenne muscular dystrophy), and the
dystroglycan- and dystrophin-associated sarcoglycans (limb girdle muscular dystrophy),
collagen IV (Walker-Warburg syndrome), and the alpha chains of collagen VI, which connect
reticular lamina to basal lamina (Ulrich congenital muscular dystrophy and Bethlem myopa-
thy). For muscle maintenance, both structural and signaling properties of the basement
membrane are required. Signaling from laminin alpha2 provides survival stimuli for myofib-
ers; thus, its absence in congenital muscle dystrophy is associated with high level of apoptosis.

The best known primary muscular disease is Duchenne muscular dystrophy (DMD) resulted
from the mutation in the gene encoding dystrophin, which leads to the lack of dystrophin
protein at the sarcolemma of muscle fibers. It is characterized by progressive muscle weakness
associated with continuous degeneration and regeneration of skeletal myofibers [63]. The loss
of satellite cell regenerative capacity due to continuous needs for regeneration may contribute
to disease progression in DMD [64]. The absence of dystrophin per se can exert a direct
influence on the homeostasis of the ECM by allowing leakage of cellular components to the
extracellular space or by abnormal cellular uptake of growth factors, cytokines, and enzymes.
This in turn can affect muscle fibroblasts, either directly by altering their adhesion properties
or indirectly by interacting with molecules released by muscle or inflammatory cells. Apart
from disturbances in dystrophin complex, muscles from DMD patients manifest decreased
accumulation of laminin alpha2 and betal, increased accumulation of collagen IV, higher
expression of integrin alpha 7, and profibrotic cytokines, which inhibit myogenesis, that is,
TGF-beta and osteopontin [10]. An up-regulation of decorin, myostatin, and MMP-7 tran-
scripts and proteins, as well as a down-regulation of MMP-1 and TIMP-3 expression are
reported in DMD fibroblasts [65]; the latter may result in increased ECM deposition leading
to tissue fibrosis.

Diabetic muscles are more vulnerable to exercise-induced myofiber damage than healthy
muscles. Diabetes-induced changes in skeletal muscle concern the structure of the basement
membrane and the activities of the enzymes of collagen synthesis. Microarray analysis of
skeletal muscle transcriptom in streptozotocin-diabetic mice show reduced gene expression
of types I, III, IV, V, VI, and XV collagen. Moreover, mRNA expressions for some noncollag-
enous proteins and proteoglycans, that is, elastin, thrombospondin-1, laminin-2, and decorin,
as well as connective tissue growth factor (CTGF) increase in diabetic muscles [43]. This can
alter the structure of the basement membrane in a less collagenous direction and affect its
properties. Patients with congestive heart failure (CHF) experience increased skeletal muscle
fatigue. The mechanism underlying this phenomenon involves increased MMPs’ activity and
collagen content, accompanied by a drop in VEGF expression, which may disturb the normal
contractile function of skeletal muscle [66].

Apart from the alteration, loss or impairment of some specific ECM components in physio-
logical and pathological states, the stiffness of the ECM per se, seems to be an important factor
regulating muscle cell growth and function. Resting skeletal muscle and myotubes in culture
display a similar elastic stiffness (elastic modulus approximately 12 kPa), whereas aged and
dystrophic muscles are several-fold stiffer (summarized in [22]). The reason for such alterations
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is increased extracellular matrix accumulation, especially collagen deposition by fibroblasts,
resulted from repeated muscle degeneration-regeneration events. Another mechanism could
be the accumulation of advanced glycation end products (AGEs), nonspecific cross-linkings
mediated by condensation of reducing sugars with amino groups, observed in aging and
pathological states with elevated glucose levels. Glycated intramuscular ECM has stiffer and
more load-resistant structure; however, it also manifests a reduced ability to adapt to altered
loading, probably due to decreased collagen turnover. Moreover, AGEs up-regulate the
expression of CTGF in fibroblasts, which can promote fibrosis in old and diabetic individuals
[1]. Numerous studies using in vitro model reveal that proper myogenesis requires an optimal
ECM stiffness and that both softer and stiffer coatings markedly diminish the myoblast’s ability
to proliferate and differentiate. These results confirm the importance of mechanical and
biophysical stimuli in skeletal muscle maintenance and remodeling.
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Abstract

Skeletal muscle extracellular matrix (ECM), surrender of muscle fibers, the amount of
which is just <5%, appeals less attention in the field of skeletal muscle physiology. Thus,
at one time, the function of skeletal muscle ECM was arbitrarily considered as general
structural support thatis typicalin other tissues. However, anincreasing number of recent
evidences have indicated that the ECM plays a critical role in muscle fiber force
transmission, proliferation, differentiation, migration, and polarization of cells.
Alterations of molecules within the ECM are involved in fibrosis, muscle aging,
regeneration, and myopathies. In this chapter, we review the composition and func-
tions of ECM in skeletal muscle development.

Keywords: extracellular matrix, skeletal muscle, myogenesis, regeneration, fibrosis,
myopathies

1. Introduction

The process of skeletal muscle formation in vertebrates begins from myogenic progenitors
originating in the somites. However, somitic cells are the source of several cell lineages and only
a subset are committed to a muscle fate [1]. Those cells destined for a muscle fate then under-
go the process of myogenesis, during which the progenitors become specified and deter-
mined as myoblasts, which will proliferate, migrate, and fuse to one another to form
multinucleated myofibers [2]. Thus, myogenesis seem to be critical in myoblast alignment and
fusion into multinucleated myotubes. And the formation of myotubes is central to skeletal
muscle development.
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Extracellular matrix (ECM) has been considered as a structural scaffold between cells. It has
been clear for many years that the ECM is a dynamic structure that influences cell behavior
through the interaction of ECM molecules with each other, interaction with growth factors,
and through cell- ECM signal transduction pathways [3]. Although the compositions of the
ECM differ between tissues, all ECMs share the common function of structural support, cell
adhesion, cell-to-cell communication, and differentiation [4]. Since the discovery that skeletal
muscle ECM participate in the conversion of myoblasts to myotubes [5], the field of skeletal
muscle physiology begins to focus on the relationship between muscle cells and ECM. In this
review, we will give more details about the compositions of skeletal muscle ECM and how
they affects muscle’s normal functions.

2. Composition of skeletal muscle ECM

Anatomic studies indicate that vertebrate skeletal muscle can be typically classified into three
layers: skeletal muscle fibers, enclosed by endomysium; muscle fasciculus, enclosed by
perimysium; and entire muscle enclosed by epimysium. Thus, skeletal muscle ECM can also
be organized into hierarchical structure: endomysial, perimysial, and epimysial connective
tissues. According to the structure topology studies, the ECM can be classified into two layers:
the interstitial matrix and the basement membrane. Interstitial matrix appears in the intercel-
lular spaces, while basement membrane is a static structure on which cells rest. The interstitial
matrix is filled by fibrous proteins and fibroblasts which is responsible for producing collagen,
fibronectin, proteoglycans (PGs) and glycosidase, and matrix metalloproteinase (MMPs) [6—
8]; while basement membrane is composed of basal lamina and fibrillar reticular lamina [9].
Muscle ECM is made up of numerous macromolecules including collagens, glycoprotein and
matricellular proteins, PGs, and matrix remodeling enzymes [10].

In common with other tissues, the major protein of skeletal muscle ECM is collagen [11],
synthesized and excreted by fibroblasts, including types L, I1I, IV, VI, XI, XII, XIIL XIV, XV, and
XVIII [12-15]. According to their structure and functions, these types can be divided into
several groups. Fibrillar collagens: collagens that have the ability to self assemble into fibrils
including types I, III, XI. Network-forming collagens: collagens that have the ability to form a
network including types IV and VI. Association collagens: collagens that have the ability to
associate with fibrils including types XII and XIV. Transmembrane collagens including type
XIII. Multiplexin: multiple triple helix domains with interruptions including types XV and
XVIII [16]. Among these isoforms, the predominant distributors in ECM are types I and III as
type I appears in perimysium, whereas type III prefers to distribute between endomysium and
epimysium [17]. Types IV, VI, XV/XVIII, and XIII collagen are ingredients of the basement
membrane [12, 18, 19]. Types XII and XIV collagen are perimysial fibril-associated collagens
with interrupted triple helices [14].

Basement membrane, the specific region of ECM, is a reticular lamina knitted by collagen IV
and glycoproteins including laminins, fibronectins, and entactin/nidogen [20]. Specifically,
laminins bind to integrins and a-dystroglycan, while fibronectins bind to integrins and
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laminins. Laminins and collagen type IV are linked to each other by entactin/nidogen [21-25].
Besides, there are other functional matricellular proteins appear in skeletal muscle ECM
including tenascin-C, tenascin-Y, osteopontin, thrombospondin. Particularly, only during
muscle regeneration can osteopontin be detected. And Tenascin-C appear to be located to the
neuromuscular junction [26-31].

PG isheavily glycosylated proteins that is composed of a central core protein with one or more
covalently attached glycosaminoglycan (GAG) chain(s) [32, 33]. Typically, the GAG is a
polymer of disaccharide repeats including hyaluronan (HA), chondroitin sulfate (CS),
dermatan sulfate (DS), heparan sulfate (HS), and keratan sulfate (KS). Most of the PGs
appeared in skeletal muscle ECM belongs to the small leucine-rich proteoglycan (SLRP) family.
And the majority of SLRP family present in muscle ECM is decorin that is covalently attached
by CS/DS and biglycan [34]. Decorin can associate with fibrillar collagen, types I and III
collagens [3]. Moreover, heparan sulfate proteoglycans (HSPGs) including types XV, VIII
collagen, perlecan, and agrin are intrinsic constituents of basement membranes that are famous
for its interaction with growth factors [35, 36]. Matrilins are a novel family of oligomeric ECM
proteins. The matrilin family has four members, which are named matrilin 1, 2, 3, and 4 that
all share a structure made up of von willebrand factor A (VWA) domains [37, 38]. In skeletal
muscle ECM, matrilin-2 is widely distributed while other members are rarely present.
Matrilin-2 has two VWA domains that are connected by ten epidermal growth factor (EGF)-
like modules and is believed to be involved in the development and homeostasis of the ECM
network by participating in filamentous network forming [38—41].

Dynamic equilibrium of skeletal muscle ECM is maintained by degradation enzyme and cells
that can secrete ECM productions. It is well known that the majority of ECM components are
secreted the fibroblast. Besides, myogenic cells can also secrete collagens, MMP-2 and decorin
[42-44], and embryonic myoblasts secrete collagens [45]. There are at least six categories of
enzymes that can digest ECM compositions: prolinase, serine protease, cysteine protease,
asparagine proteinase, glycosidase, and matrix metalloproteinase (MMP). Since MMP can
widely degrade collages and PGs, it is regarded as the most important regulator in keeping
the integrity and homeostasis of ECM [43, 46-48].

Briefly, ECM is a complicated supermolecular network composed by collagen, glycoprotein,
and PGs. Each component contains different isoforms and form complicated complexes by
connecting with each other. Thus, it is hard to characterize skeletal muscle ECM constructors
fully, and for much more details about these components, new techniques are needed.

3. Role of ECM in skeletal muscle development

As a fundamental component of the microenvironment of muscle fibers, the functions of ECM
are traditionally considered as force transmission and structure integrity maintenance.
However, an increasing number of evidence demonstrating ECM also plays an important role
in myogenesis, cell proliferation, differentiation, migration, and muscle regeneration [49].

As mentioned above, providing structural and biochemical support to the surrounding cells
is a common function of ECM in all cells. However, the transmission of force from contractile
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elements in the muscle fiber to the resultant movement of a joint seems to be the primary
function of skeletal muscle ECM [50]. In order to achieve this function, ECM was linked to
cytoskeleton by integrins, dystroglycan, and PGs at the cell surface [51-53]. Specifically,
integrins can convert mechanical signals to adaptive responses in the cell [54-56] and dystro-
phin-glycoprotein complex is critical in mechanotransduction of muscle and tendon tissue
[56]. In this way, adhesion complexes composed by ECM and transmembrane proteins
establish a mechanical continuum along which forces can be transmitted from inside of the
cell to outside, and vice versa.

One generally held idea is that many growth factors bind to their signaling receptors using
GAG chains attached to ECM and membrane proteins as cofactors. For example, the binding
of fibroblast growth factor (FGF) to FGF receptor depends on a HS chain binding at the same
time [57]. Fibronectin and vitronectin bind to hepatocyte growth factor (HGF) and form the
HGF receptor complexes to enhance cell migration [58]. And vascular endothelial growth
factor (VEGF) binds to fibronectin type III (FN3) domains to promote cell proliferation [59].
Together, these evidences suggested that ECM proteins bind and present growth factors as
organized solid-phase ligands. And considering growth factors including HGF, IGF, FGF, and
the TGF-{ superfamily are involved in controlling the proliferation and differentiation of
myoblasts. Thus, it seems to be clear that ECM proteins can participate in skeletal muscle
development by connecting with growth factors.

In vitro studies have shown that collagen fibrils are necessary during orientation and align-
ment of muscle fibers [60], and the inhibition of collagen synthesis suppresses the differentia-
tion of myoblasts [49]. The functional importance of collagen network can be further proved
through studies of mutant knockout models. Defection of types IV, IX, XIII, XV collagen [61-
64] and mutations of collagen type VI will cause myopathy symptomatology [65]. Further-
more, lacking collagen types IX or XI will lead to abnormal collagen fibrils [66, 67], while
lacking collagen type X chondrodysplasia will present [68].

PGs can also affect skeletal muscle development by modulating the activation of growth
factors. For instance, perlecan can activate basic FGF (bFGF) tyrosine kinase receptors, which
is a strong inhibitor of myogenic differentiation [69]. Syndecan-4 and glypican-1 participate in
muscle cell proliferation and differentiation by regulating FGF2 [70]. Furthermore, syndecan-1
and -3 can also modulate the biological activity of FGF-2 [71, 72].

Decorin obstructs muscle cell proliferation [73, 74], by inhibiting the activity of transforming
growth factor-B1 (TGF-31). Myostatin, belonging to TGF-(3 superfamily, is a negative factor in
muscle development. And decorin can also enhance myoblasts differentiation by restraining
myostatin [75]. Moreover, fibromodulin, lumican, and biglycan can stimulate myostatin,
insulin-like growth factor (IGF), or HGF [76-78].

Laminin is another critical matrix component that affects myogenesis. Specifically, evidences
indicate that laminin can promote myoblast adhesion, proliferation, and myotube formation
by regulating myostatin activity [79-81]. And lacking laminin mice characterize growth
retardation and muscle dystrophy. On the other hand, laminin and collagen IV provide
binding sites for PGs that can regulate growth factors activity. However, fibronectin, another
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glycoprotein, prevents myoblast differentiation by selectively promoting adhesion of fibro-
blasts [81, 82].

TGEF-p1 signal pathway is reported to prevent myogenic differentiation partly by inhibiting
matrilin-2 expression. In return, the matrilin-2 promotes cell differentiation and regeneration
processes in myogenic by binding to other ECM proteins and integrins to regulate the TGF-
B/BMP-7/Smad and other signaling pathways [83].

Skeletal muscle is a regenerative tissues and such regeneration requires the activity of a
population of tissue-specific adult stem cells referred to as satellite cells. The satellite cell reside
in mature skeletal muscle and is normally quiescent; however, when injury occurs, these
muscle progenitor populations will proliferate, migrate, and fuse into new muscle fibers [84].
These special cells are wedged in basal lamina, of which the most abundant proteins are
collagen type IV and laminin-2. In vitro studies showed that when satellite cells will rapidly
enter cell cycle and proliferate after leaving basal lamina [85]. What is more, satellite cells
cultured on matrigel with collagen VI are more inclined to be quiescence compare to these
without collagen VI [86]. Thus, it seems that the basal lamina can prevent satellite cell prolif-
eration and differentiation in the absence of damage [20]. When it comes to muscle regenera-
tion, ECM components will positively participate in cell mitosis and differentiation as we
mentioned before. Syndecan-3, one member of HSPGs, can regulate homeostasis of the satellite
cell population and myofiber size by cooperating with Notch [87]. Together, these evidences
show that ECM compositions play an important role in keeping satellite cells quiescent under
normal circumstances and proliferation, differentiation during regeneration process.

4. ECM and myopathies

Abnormal accumulation of ECM is clinically termed “fibrosis”, which is characterized by
increased endomysium and perimysium in skeletal muscle. Skeletal muscle fibrosis can be
detected in nearly all muscular dystrophies, aging, and muscle injury [88-92]. However, it is
hard to precisely quantify skeletal muscle fibrosis as the components are complicated and
dynamically changed. Furthermore, in normal muscle, the amount of ECM area fraction is 5%,
but this value can dramatically increase in muscle fibrosis cases. This is because the muscle
fibers will become atrophic in diseased, such as severe atrophy, chronic inflammation, and
dystrophies or injured states even ECM structure remains the same [93]. Whether muscle
fibrosis is characterized by excessive production of ECM components remains unclear, but the
participation of these components in muscle fibrosis has been proved.

TGF-p has long been believed to be a central mediator of the fibrotic response as it can induces
fibroblasts to synthesize type-I collagen and fibronectin [94]. Moreover, TGF-f3 can induces the
expression of connective tissue growth factor (CTGF), a downstream mediator of the effects
of TGF-f3 on fibroblasts [95, 96], and the matrix protein fibronectin, a critical factor in enhancing
the expression of collagen type I [97].

In skeletal muscular dystrophies, the expressions of decorin and biglycan are increased [98,
99], which will cause alteration of TGF-3 signaling and eventual fibrosis [100]. Besides,
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treatments using decorin and TGF-f inhibitors in injured muscle enhance regeneration and
prevent fibrosis [101-103].

Fibrin, a structural component of the ECM, accumulates in areas of degeneration and
inflammation in dystrophic muscle, whereas knockout fibrinogen was shown to reduce
fibrosis development in mdx mice. Fibrin can induce the expression of TGF-f to promote
fibrosis [104]. Fibrin can activate fibroblasts to synthesize and secrete collagens by binding to
aVB3 integrin receptor [105]. Considering the synthesis and degradation of collagens is
controlled by MMPs, the importance of proteases in muscle fibrosis is absolutely obvious [106].

On the other hand, defects in or deficiencies of ECM molecules will cause myopathies and
inherited connective tissue disorders. As we mentioned before, ECM and cytoskeleton are
connected by transmembrane proteins named dystroglycan, sarcoglycan, integrin. Dystrogly-
can has two subunits a and 3, B-dystroglycan intracellularly binds to dystrophin and extrac-
ellularly to a-dystroglycan, which is associated with the ECM proteins laminin a2, biglycan,
and perlecan [16, 107]. Defects in a-dystroglycan can lead to congenital muscular dystrophy
(MDC) and limb—girdle muscular dystrophy (LGMD) that can also be caused by deficiency of
laminin a2 [108]. Sarcoglycans can extracellularly binds to biglycan and is closely associated
with the dystroglycan complex [109-111]. Mutations in sarcoglycans result in autosomal-
recessive limb—girdle muscular dystrophies. In integrin knockouted mice, mild form of
muscular dystrophy appears [112]. Furthermore, clinical studies show that collagen VI
deficiency lead to Bethlem myopathy and Ullrich congenital muscular dystrophy [61, 113, 114].

Extracellular fat is another pathological response of skeletal muscle to disease or injury that is
accompanied by pathological diseases include Duchenne muscular dystrophy, obesity, type-2
diabetes, and aged muscle [115-117]. Recent studies have identified a PDGFRa+ progenitor
cell population that is responsible for intracellular fat deposition as the cell can differentiate
into adipose tissue under nonregenerating conditions [118]. Moreover, these cells were found
to distribute more in perimysium than endomysium [119].

5. MMPs and skeletal muscle

MMPs are famous for its irreplaceable role in degrading ECM compositions. In skeletal muscle,
MMP-2 and MMP-9 [43] can degrade type-IV collagen, fibronectin, PGs, and laminin, while
MMP-1 [48] and MMP-13 [120] degrade types I and III collagen. The activities of MMPs are
controlled by tissue inhibitors of matrix metalloproteinases (TIMPs). TIMP-1 binds to active
forms of MMPs forming noncovaent complexes, whereas TIMP-2 stabilizes the inactive form
of the enzyme, and thus inhibits the formation of active proteolyticenzyme [47, 48]. In normal
muscle tissues, the expression of MMPs are very low but increased in injured muscles mainly
because they are secreted by inflammatory cells [121]. Although studies rarely show the
functions of MMPs in skeletal muscle, they have been implicated in many pathological
processes including myogenesis, muscle growth, development, aging, and regeneration [122,
123]. MMP-2 knockout mice developed significantly less hypertrophy and ECM remodeling
in response to overload compared to a significant increase in MMP-2 activity and upregulation
of ECM components and remodeling enzymes in wild-type mice [124]. In vivo study shows
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that MMP-2 is essential for myoblast migration [125], while in vitro study indicates MMP-2 is
secreted at all stages from cell to myotubes [126]. Acute muscle ischemia results in remodeling
of the basal lamina which is accompanied by increased MMP gelatinases [127]. And increased
MMPs (MMP-2 and MMP-9) are also responsible to the degradation of ECM in skeletal muscle
atrophy [128]. Furthermore, satellite cells are reported to synthesize and secrete MMP-2 and
induce MMP-9 activity in human skeletal muscles [129]. During regeneration, MMP-2
activation appears go along with the formation of new myofibers, whereas MMP-9 expression
is related to the inflammatory response [43]. Expression changes of MMPs have been involved
in different myopathies. Distinctly increased MMP-9 appears in inflammatory myopathies
[130], MMP-7 upregulation is prominent in case of polymyositis, whereas MMP-2 is only
slightly elevated in inflamed muscle [131].

6. Conclusion

Skeletal muscle fibers are surrounded by ECM, and the ECM is an important part of the cellular
microenvironment consists of a complex mixture of structural and functional proteins
including glycoproteins, collagen, and PGs. These molecules interact with each other and form
a super molecular network in order to maintain skeletal muscle integrity and participate in the
development of skeletal muscle. Additionally, skeletal muscle fibrosis, characterized by
abnormal accumulation of ECM, is an obvious clinical characteristic of myopathies such as
age-related sarcopenia, muscular dystrophy, and Duchenne muscular dystrophy. Genetic
diseases, dysregulation of TGF-f3 signaling and physical activity can cause defects in or
deficiencies of molecules within the skeletal muscle ECM.
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Abstract

This chapter summarizes studies that examine remodelling of extracellular matrix (ECM)
and role of regulatory factors of ECM during unloading and reloading. Hypokinesia has
acataboliceffectonboth the contractileapparatusand ECM of the skeletalmuscle, causing
the formation of muscle atrophy, the decrease of the synthesis of contractile proteins and
disturbance of the collagen metabolism. The metabolism of fibrillar and non-fibrillar
collagens in ECM plays a crucial role in exercise and sport, influencing the strength
development through transmission of contractile force in skeletal muscle. The impair-
ment of motor activity and muscle strength is accompanied by the muscle atrophy. The
muscle atrophy caused by inactivity and recovery from atrophy demonstrates the
plasticity of muscle. Muscle mass and volume increase in a relatively short time, but the
recovery of strength takes much longer and is related with the regeneration of the muscle
structures. Therecovery period of thecontractileapparatusand ECMstructuresisdifferent
in slow-and fast-twitch skeletal muscle.

Although the muscle tissue’s response to inactivity is more pronounced than the response
of ECM, important changes occur in the connective tissue structures during unloading,
causing the impairment of the functional characteristics of the skeletal muscle.

Keywords: ECM, regulatory factors of ECM, unloading, reloading, functional charac-
teristics of skeletal muscle

1. Introduction

The intramuscular connective tissue accounts for 1-10% of skeletal muscle and has multiple
functions [1,2]. It provides a basic mechanical support for vessels and nerves. The connective
tissue ensures a passive elastic response of the muscle [1,3,4 ].
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It is important to accept that both the tendon and the intramuscular connective tissue interact
closely with the contractile elements of the skeletal muscle to transmit force [5-7]. The force
transmission from the muscle fibres is not only transformed to the tendon and the subsequent
bone via the myotendinous junctions, but also via the lateral transmission between neigh-
bouring fibres and fascicles within the muscle [1,6]. The tension developed in one part of the
muscle can be transmitted via shear links to other parts of the muscle. The perimysium is
especially capable of transmitting tensile force [3,7].

The extracellular matrix (ECM) is formed by complex molecular networks, which determine
the architecture of a tissue and regulate various biological processes [6,8]. The skeletal muscle
ECM is organized in three levels: the epimysium surrounds the entire skeletal muscle, the
perimysium surrounds muscle bundles consisting of a variable number of muscle cells, and
the endomysium outlines the individual muscle fibres [2,7]. The ECM consists of various
substances, of which collagen fibrils and proteoglycans are the most widespread [3,9]. The
most abundant protein of the extracellular matrix is collagen, accounting for 20-25% of all
protein in the whole body and forming more than 90% of the organic mass of bone [2,6]. At
present, 26 different collagen types have been identified [2,10]. Although the impact is not well
established, various isoforms of collagen exist, and they have varying strength and functional
characteristics [6]. Muscular flexibility is partly provided by collagen. For this purpose the
organization of fibrils and fibres is critical, because individual collagen molecules, fibrils, and
fibres are intrinsically inextensible [2,11]. The extensibility of collagen results from the
straightening of curved fibrils and fibres [2]. In addition to the proteoglycans, the hydrophilic
ECM includes several other proteins such as noncollagen glycoproteins [9].

2. Functions and composition of ECM in skeletal muscle

2.1. Fibril forming collagen types in skeletal muscle

Type I and III collagen are the most abundant fibril forming collagens in the skeletal muscle.
Type I collagen dominates in the intramuscular collagen content — reported from 30% up to
90% of total collagen [10,12]. The epimysium consists mainly of type I collagen with minor
amounts of type III collagen [9-11]. Equal amounts of both collagen types are found in the
perimysium. In the endomysium, type III collagen is the predominant form and only small
amounts of type I collagen are found [2,11]. The smaller average diameter of oxidative muscle
fibres should result in a higher endomysial connective tissue content in slow-twitch muscles,
as the surface area/volume ratio of each fibre is greater than the average glycolytic fibre in fast-
twitch muscle [3]. Slow muscles contain more type I collagen than type III collagen, the
proportion of type III collagen is greater in fast muscles [13].

Type I collagen is the major stress-tolerant fibrillar collagen in the muscle. It has a high tensile
strength and limited elasticity and is thus well-suited for force transmission [1,2]. Type III
collagen, the other main fibrillar collagen, has a structure and arrangement similar to that of
type I collagen, but it forms thinner and more elastic fibres. The fibres of type III collagen can
also form copolymers with those of type I collagen [7]. Collagens I and III are fibril forming
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and serve as a supportive structure in the muscle tissue. They attach myocytes and muscle
bundles to each other [1,2,11]. Also nerves and capillaries are surrounded and attached to
muscle by collagen [11]. Type V collagen is also fibril forming and can be found in the endo-
and perimysium in smaller amounts than the collagen types I and III [2,10]. Collagens III and
V are known to copolymerize with type I collagen and they may have a role in collagen fibre
diameter regulation [6,10]. Type V collagen is considered to form the core of the fibrils, and
collagens I and III copolymerize around this core [2,3]. Type II and XI collagens are also fibril
forming and have been detected in the skeletal muscle only at mRNA level [3,10]. Type V and
XI collagens form heterotypic molecules and can be considered as a single kind of collagen [2,
10]. Fibril associated collagens with interrupted helix (FACIT) types XII and XIV are located
only in the perimysium [2,14]. These FACIT collagens associate with the surface of interstitial
collagen fibrils and possibly act as molecular bridges among or between fibrils and other
components of the ECM [2,9]. Although mRNAs of the other members of FACIT subfamily
(IX, XVI, XIX, XXI) are detected in the skeletal muscle, the respective proteins have not been
found [14,15]. The formation process of fibrillar collagen is depicted on Figure 1.
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Figure 1. The formation process of fibrillar collagen.

2.2. Nonfibrillar collagen types of skeletal muscle.

Nonfibrillar collagens of the skeletal muscle are mainly located in the basement membranes.
The basement membrane (BM) is a highly specialized sheet of the connective tissue surround-
ing individual muscle fibres, blood vessels, Schwann's cells and the spindle capsule cells. The
components of the BM are the regulators of many biological activities such as cell growth,
differentiation and migration which influence tissue development and repair [2,6,16]. Integrins
attach muscle cells to ECM and serve as the force-transmitters between ECM and the con-
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tracting components inside the muscle cells. They connect laminin to the cell membrane to
form the inner layer of basement membrane [3,17].

TypelV collagen is a major component in the basement membrane and therefore plays a critical
role in the cellular arrangement in the muscle tissue. It is an integral component of basement
membrane and forms a covalently stabilized polymer network around the muscle fibres [2,10].
Type IV collagen molecules form a mesh-like structure outside the laminin layer and give
stability to the BM [18]. Laminin and type IV collagen are connected to each other by nidogen-1
in the muscular basement membranes [2,19]. As a part of the flexible basement membrane,
type IV collagen network is interconnected with other extracellular matrix compounds and
sarcolemmal proteins, being consequently exposed to stretching effects during muscle
contraction [20,21]. The formation process of type IV collagen is demonstrated in Figure 2.
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Figure 2. The formation process of type IV collagen.
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Type VI collagen interacts with type IV and type I collagens [2,10], providing a link between
the basement membranes and the surrounding matrix. Collagens XV and XVII belong to the
multiplexin subfamily of nonfibrillar collagens [16] and are located in the basement membrane
zone [2,10,16]. Collagens XV and XVIII may have a role in stabilizing the muscle cells [2,10].
Type XIII collagen is the transmembrane protein which is capable of binding certain basement
membrane proteins [2,22]. It probably provides a link between the muscle cell and its basement
membrane [10]. Type XIII collagen is concentrated in the myotendinous junctions [10,22].

3. Collagen synthesis in skeletal muscle

The synthesis of collagen is similar to other proteins, consisting of genetic transcription with
messenger ribonucleic acid (mRNA) and ribosomal translation of the mRNA to prepro a-
chains. In the skeletal muscle, collagens are expressed principally by fibroblasts, and their
biosynthesis is characterized by the presence of an extensive number of co- and posttransla-
tional modifications of the polypeptide chains [10,23]. Gross fractional synthesis rate for
collagen is about 5% a day in the skeletal muscles of young adult rats (), whereas the fractional
synthesis rate for total protein is about 11-15% /day [24].

Collagen is a protein with three polypeptide chains where each chain contains at least one
stretch of the repeating amino acid sequence (Gly-X-Y), and X and Y can be any amino acid
(often proline and hydroxyproline, respectively). Both fibrillar and non-fibrillar collagens
consist of three long polypeptide chains, which may or may not be identical and combine
together via their (Gly-X-Y), sequences to form a collagen triple helix. The molecular organi-
zation of different collagen types differs so that type I collagen is a heterotrimer of two identical
al(I)chains and one a2(I) chain, whereas type III collagen is a homotrimer with a1(IlI) chains
[2,6]. The repeating unique amino acid sequence Gly-X-Y, where the glycine is in every third
position, has no interruptions in the fibril-forming collagen types, whereas a considerable
number of interruptions occurs in the nonfibrillar collagens [2,10]. The Gly-X-Y repeat unit
gives requirements for coiling the three a-chains tightly around one another. Proline and 4-
hydroxyproline residues appear frequently at the X- and Y positions, respectively, and
promote the stability of the triple-helix and the structure of collagen as a whole. The structure
of type IV collagen genes is distinctly different from those of fibril forming collagens. The most
common form of type IV collagen consists of two al(IV) chains and one a2(IV) chain, although
the combinations of a3(IV) and a4(IV) as well as a5(IV) and a6(IV) are found in some basement
membranes [2,10].

3.1. Modifications of the polypeptide chains

An exception to the synthesis of other proteins is that collagen synthesis is characterized by
an extensive number of co- and posttranslational modifications of the polypeptide chains. The
intracellular modifications of polypeptide chains involve hydroxylation and glycosylation
reactions to form the procollagen. Hydroxylation of proline, the reaction catalyzed by prolyl
4-hydroxylase (P-4-H), influences the stability of the triple-helical structure of collagen [20].
The triple-helix formation of the pro-a-chains prevents any further hydroxylation. Intracellu-
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lar events of collagen synthesis include also 3-hydroxylation of proline residues, hydroxylation
of lysine residues and glycosylation of certain hydroxylysine residues of propeptides. The
assay of prolyl-4-hydroxylase activity has been commonly used to estimate the changes in the
rate of collagen synthesis [20]. Fibrillar collagens are secreted as soluble procollagens, which
are converted to collagen by the cleavage of C- and N terminal propeptides by procollagen N-
and C-proteinases. Extracellular modifications in the collagen synthesis involve an ordered
self-assembly for the formation of collagen fibrils and the crosslink formation to make the
fibrils stable. The stabilization of the fibrils is provided by covalent cross-links generated by
the conversion of some of the lysine and hydroxylysine residues to aldehyde derivates by lysyl
oxidase [2,25]. Lysyl oxidase (LO) is a key enzyme in the extracellular modification of collagen
[25]. LO, an amine oxidase expressed and secreted by fibrogenic cells, plays a critical role in
the formation and repair of the ECM by oxidizing lysine residues in elastin and collagen,
thereby imitating the formation of covalent crosslinkages which stabilize these fibrous proteins
[25]. Type IV collagen molecules form their network with different processes. A tight mesh-
work is formed by irregularly branching lateral associations of the triple helical regions [2,10].
The formation steps of collagen is demonstrated in Table 1.

NUCLEUS Collagen gene — RNA processing — mRNA

CYTOPLASM Rough Pre-procollagen chain — cleavage of signal peptide

endoplasmic reticulum

Golgi apparatus Procollagen « chain —
hydroxylation — glycosylation — association of the
C-terminal propeptides - disulfide bond

formation — procollagen molecule

EXTRACELLULAR MATRIX Cleavage of propeptides — collagen

fibril self assembly — crosslinking

Table 1. The formation steps of collagen.

4. Degradation of collagens in skeletal muscle

Degradation of collagen represents the obligatory step of a turnover and the remodelling of
the connective tissue and during the mechanical loading of fibroblasts and extracellular matrix
structures. Both intracellular and extracellular degrading pathways are present, using either
lysosomal phagocytosis or ECM proteinases, respectively [26,27]. Collagens can be degraded
prior to or after their secretion from the cell. Secreted collagen is degraded mainly by two
different routes: proteolytic and phagocytotic. Proteolytic degradation occurs mainly through
matrix metalloproteinase (MMP) activity. Macrophages remove ECM components, although
also fibroblasts are able to the phagocytosis and degradation of collagen fibrils [27]. Degrada-
tion is continued by specific proteinases and the collagen fragments are phagocytosed by cells
and processed by lysosomal enzymes [28]. About 26% of newly synthesized collagen is
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degraded per day in young adult rats [24]. The most recently synthesized collagen seems to
be more susceptible to degradation than mature collagen [10,24]. The main steps of collagen
degradation are depicted in Figure 3 and 4.

Degradation of
collagens
in skeletal muscle

Intracellular degradation Extracellular degradation

Lysosomal phagocytosis ECM proteinases

Figure 3. Degradation of collagens in skeletal muscle.
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Figure 4. Degradation of secreted collagens.

4.1. Role of matrix metalloproteinases

Collagen degradation is initiated extracellularly by MMPs or matrix metalloproteinases, which
are presented in tissues mostly as latent proMMPs [29,30]. MMPs are a family of zinc-
dependent proteolytic enzymes that function mainly in the ECM [30,31]. The activation of
specific matrix metalloproteinases has been implicated in degradative and atrophic changes
in the ECM after muscle injury or in various myopathic conditions. These matrix metallopro-
teinases may cause structural and physiological alterations to the basal lamina and sarcolemma
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of myofibres, leading to uncontrolled influx and efflux of ions and subsequent myopathy [31,
32]. Because of their ability to degrade ECM components, MMPs are considered to be important
components in many biological and pathological processes [30-32]. They have regulatory roles
in muscle growth and development and are also important in repair processes after traumatic
injury or disuse myopathy [30,31]. MMPs are mainly produced from endotendon fibroblasts
and intramuscular matrix fibroblasts [30,31], although some level of expression has been found
to occur also in satellite cells [33]. MMPs are secreted or released in latent form and become
activated in pericellular environments [23,34]. The activities of MMPs are also under the
control of enzyme tissue inhibitors of matrix metalloproteinases (TIMPs). Disturbances in the
ratio of specific MMPs and their inhibitors may be manifested by physiological dysfunction,
resulting in clinical disorders [31,35].

Up until now, 24 different vertebrate MMPs have been identified, of which 23 have been found
in humans. MMPs are usually divided according to their main substrate into collagenases,
gelatinases, stromelysins, matrilysins, membrane-type MMPs and others, although many of
them have wide and overlapping substrate specificity [36].

MMP-1, MMP-8, MMP-13 and MMP-18 are collagenases, which have the ability to cleave the
native helical structure of collagens I, I and III. Cleavage products are then susceptible to the
action of other MMPs [36,37].

Gelatinases MMP-2 and MMP-9 degrade denatured collagen, gelatin, native type IV, V and
VII collagens as well as other ECM components [36]. One of the most important MMPs
associated with the function and dysfunction of the skeletal muscle appears to be MMP-2, also
known as gelatinase A, or 72-kDa type IV collagenase. MMP-2, by regulating the integrity and
composition of the ECM in skeletal muscle, plays essential role in myofibre proliferation and
differentiation, the fibre healing after injury, and maintenance of the surrounding connective
tissue [38]. MMP-2 also digests fibrillar type I and II collagens. MMP-2 and -9 are known to
be overexpressed and present in higher amounts in patients with inflammatory myopathies,
which may increase ECM degradation and thus facilitate lymphocyte adhesion [32,38,39].

MMP-3 and MMP-10, or stromelysin-1 and -2, both digest ECM components and activate
proMMP-1. The third stromelysin, MMP-11, differs from other stromelysins by its sequence
and substrate specificity [36].

Matrilysins- MMP-7 and MMP-26 are the smallest MMPs. MMP-7 can also process cell surface
molecules [36].

Six membrane-type MMPs (MT-MMPs) have been characterized. Except the MT4-MMP, they
all are all capable to activate proMMP-2 [36,40]. For their pericellular fibrinolytic activity, MT-
MMPs have an important role in angiogenesis [36,40].

Six MMPs — MMP-12, MMP-19, MMP-20, MMP-22, MMP-23, MMP-28 are currently classi-
fied into the group of “other MMPs” [34,36].
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4.2. Inhibition of matrix metalloproteinases by tissue inhibitors of metalloproteinases

MMPs and tissue inhibitors of metalloproteinases (TIMPs) have an important role in the
adaptive changes in the muscle in response to local developmental, physiological, surgical,
and pathological conditions [31,39]. TIMPs are the major cellular inhibitors of the MMP sub-
family, exhibiting varying efficacy against different members, as well as different tissue
expression patterns and modes of regulation [36,41]. Four mammalian TIMPs have been
characterized and considered to regulate MMP activity during tissue remodelling [41,42]. All
four TIMPs (TIMP-1, -2, -3 and —4) can inhibit all MMPs, except TIMP-1, which is a poor
inhibitor of MMP-19 and most of the MT-MMPs [41,42]. Although TIMP-2 inhibits MMP-2 in
high concentrations, it has an important role in activating proMMP-2 in a complex with MT1-
MMP, which demonstrates an integrated response of MMPs and TIMPs [43]. In skeletal muscle,
TIMP-1, TIMP-2 and TIMP-3 are expressed [33,39]. TIMP-4 appears to be cardiac-specific and
has not been detected in the skeletal muscle [37].

The increased MMP activity and thus the enhanced degradation of collagen often parallels the
stimulated activation of collagen synthesis. TIMPs are often activated together with MMPs in
response to physical activity, indicating a simultaneous stimulation and the inhibition of
degradation [44,45]. MMP activity precedes TIMP activity and thus TIMP serves as the
regulator of degradation termination to ensure a limited amount of degradation [39,43].

In addition to MMP-binding activities, TIMPs have many important biological functions.
TIMPs can promote or inhibit cell growth, depending on the type of the cell and the inductor
[36,41].

5. Effect of unloading on the skeletal muscle

The inactivity of the skeletal muscle leads to the loss of muscle contractile proteins and
strength [46,47]. The weakening of the muscle is accompanied by the loss of the muscle mass
and the reduction of the size of the muscle cell [46,48]. The decrease in the protein synthesis
and the increase in protein degradation appear both in the contractile apparatus and in the
ECM [8,46]. The skeletal muscle atrophy attributable to the muscular inactivity has signifi-
cant adverse functional consequences, nevertheless the tight connections between the con-
tractile machinery and the ECM are still unknown [27]. Changes in the intramuscular
collagen protein fraction have been shown to significantly impact mechanical properties of
skeletal muscle in non-loading conditions [27,49]. Events in skeletal muscle during unload-
ing are shown in Figure 5.
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Events in skeletal muscle during
unloading

Loss of skeletal muscle contractile proteins
Loss of strength

Reduction of the muscle cell

Muscle atrophy

Muscle mass
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Mechanical propertics
Muscle stifthess

Muscle ability to elongate

Figure 5. Events in skeletal muscle during unloading.

5.1. Effect of unloading on the extracellular matrix

The ECM of connective tissues enables links to other tissues and plays a key role in force
transmission and tissue structure maintenance in tendons, ligaments, bone and muscle [18].
ECM turnover is influenced by physical activity [50,51]. Immobilization causes a marked
relative increase in the endo- and perimysial connective tissue, which results in changes of the
mechanical properties of skeletal muscle [11].

Fibrillar type I and III collagens are most abundant in the skeletal muscle epi- and perimysium.
Non-fibrillar type IV collagen is present only in basement membranes and has a critical role
in the cellular arrangement of muscle tissue [2,11]. There are differences in the collagen
metabolism and the content between muscles. Slow-twitch muscles contain 40-50% more
collagen than fast-twitch muscles [13].

A reduced muscular activity decreases the collagen synthesis rate in the skeletal muscle, the
immobilization down-regulates the collagen synthesis at the pretranslational level, mainly
among I and III collagens [18,20]. Unloading also induces a shift in the relative proportion of
collagen isoform type I to III [13]. Decrease of collagen I mRNA level in slow-twitch Soleus
(Sol) and fast-twitch gastrocnemius (GM) muscle during the three-week hindlimb suspension
shows that the fibrillar type I collagen is more sensitive to unloading and the effect is much
more long-lasting than that of fibrillar type III collagen. This finding shows that hindlimb
unloading induces reduction of collagen type I [52].

Lysyl oxidase which plays an important role in the formation and regeneration of ECM by
oxidizing lysine residues in elastin and collagen, initiates the formation of covalent cross-
linkages which stabilize fibrous proteins [25]. From this standpoint it is understandable that a
significant decrease in LO mRNA level was registered only in Sol muscle [25].
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Matrix metalloproteinases are providing degradation of ECM compounds [31,36]. MMP-2
level did not change significantly during three weeks of hindlimb suspension. TIMPs are
proteins which inhibit ECM degradation [35,53,54]. The mRNA level of TIMP-1 decreased in
slow-twitch muscle after one-week hindlimb suspension. As both intracellular (lysosomal
phagocytosis) and extracellular degrading pathways (ECM proteinases) are present in the
degradation of the skeletal muscle during the unloading, it is complicated to put all the role
to the MMPs in this process [6].

The biggest changes in the specific mRNA level of type L, II and IV collagen were registered
in Sol and GM muscle during the three weeks of unloading mRNA level of LO decreased also
in Sol muscle [52]. Changes in TIMP-1 mRNA level during first week of hindlimb suspension
were contradictory in Sol and GM muscle [52].

The metabolism of fibrillar and non-fibrillar collagens in ECM plays a crucial role both in
decreased locomotory activity and in exercise and sport, influencing the strength development
through transmission of contractile force in skeletal muscle. Events in ECM during unloading
are shown in Figure 6.

Events in extracellular matrix during unloading

Relative amount of type I and III collagen I
Disruption of collagen fibres

Collagen synthesis rate
Lysyl oxidase mRNA
Number of capillaries
Tensile strength

Figure 6. Events in the ECM during unloading.

5.2. Effect of unloading on the synthesis of collagen

Several quantitative and qualitative changes in the intramuscular connective tissue contribute
to the deteriorated function and biomechanical properties of the immobilized skeletal muscle
[6,11,51]. Muscle and tendon collagen and the connective tissue network are known to respond
to altered levels of physical activity [51,55]. In contrast to physical loading, immobilization of
rat limb leads to a decrease in the activities of collagen synthesizing enzymes both in skeletal
muscle and tendon [20,56].

Along with the increased amount of intramuscular connective tissue, the number of capillaries
decreases dramatically [57,58]. Each capillary is surrounded by a dense layer of the connective
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tissue fibres, isolating the capillary from the adjacent muscle fibre, which disturbs the blood
supply of the muscle fibres and further increases the muscle fibre atrophy [57,58].

During immobilization, the normal three-dimensional orientation of the collagen fibres is
disrupted. The normal orientation constitutes of the fibres running parallel to the muscle fibres
on their surface, preventing muscle cells from over-elongation and —contraction. In addition,
thin perpendicular fibres connect adjacent muscle fibres to each other [7,10,11]. As a result of
decreased loading, the number of longitudinal fibres increases, the crimp angel of the collagen
decreases and this diminishes the ability of the muscle to elongate [2,11] and because of that
the skeletal muscle shows significantly decreased tensile strength [1,3]. In addition to changes
in collagen abundance, alterations in the degree of collagen cross-linking would have a
profound effect on the mechanical properties of skeletal muscle, causing a decrease in muscle
stiffness [10,17].

In contrast to physical loading, immobilization leads to the decrease in the enzyme activities
of collagen biosynthesis, which suggests that the biosynthesis of the collagen network
decreases as a result of reduced muscular and tendinous activity [8,56]. The rate of the total
collagen synthesis depends mostly on the overall protein balance of the tissue, but it seems to
be positively affected by stretch in both muscle and tendon [55].

Collagen expression during immobilization has been shown to be at least partially down-
regulated at the pretranslational level [55]. Although the relative amount of the connective
tissue increases during immobilization, the gene expression of type I and III collagens
decreases during the first three days of immobilization [20]. The content of type IV collagen
was also reduced as a result of immobilization [23]. The activities of prolyl 4-hydroxylase (P
4-H) and galactosylhydroxylysyl glucosyltransferase (GGT) decrease from the first three days
of immobilization up to at least three weeks, suggesting decreased collagen biosynthesis
during that time [20,59]. The degradation of collagens has been found to be enhanced during
immobilization, as the expression of both MMP-2 and MMP-9 increased after 30 days of
immobilization [30]. The quantity of TIMP-1 was also increased after 30 days of immobilization
[30].

The collagen concentration increases when expressed both as a function of muscle dry weight
or muscle cross-sectional area, but this increase in muscle collagen is primarily due to the
muscle atrophy induced by immobilization [13].

5.3. Effect of unloading on the contractile apparatus of skeletal muscle

As the skeletal muscle is a highly plastic tissue, the conditions associated with the disuse are
accompanied by adaptation. A period of time without weight bearing cause modifications of
structure and the function of skeletal muscles, of which atrophy and a slow-to-fast transition
are the most prominent [60,61]. Many animal models such as the kind limb suspension,
immobilization in shortened and lengthened position, spaceflight and denervation show that
the removal of a mechanical load produces atrophy and contractile alterations, more evident
in the slow muscle soleus than in fast muscles as extensor digitorum longus [60,62,63]. Besides
space flight and bed rest experiments, long periods of muscle disuse in relation to a disease or
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traumatic injuries of the joints or of the bones are relatively common experience for human
beings [62,63]. The inactivity causes only small increases in contractile speed and myofibrillar
adenosine triphosphatase (ATPase) activity and slight elevations in the percentage of the fast
type myosin heavy chain (MyHC) isoforms in fast-twitch muscles, as compared to slow-twitch
muscle [64,65].

5.4. Slow-to-fast transition in skeletal muscle during unloading

The different response can be explained, considering the fact that skeletal muscles in different
parts of the body are subjected to different patterns of recruitment and activity [66,67]. The
anti-gravitational Sol muscle is recruited for prolonged periods at a moderate level of intensity,
whereas the extensor digitorum longus muscle is less frequently recruited, performing short,
high-force contractions [68,69]. It is commonly known that inactivity affects the functional and
biochemical properties of antigravity muscles, causing a significant decrease in both contrac-
tion and relaxation times [66,70] and a significant increase in the maximal shortening velocity
and myofibrillar ATPase activity [71]. The above-mentioned changes are considered to be a
result of the gene expression, especially the genes involved in the fibre type transformation
[71-73]. The co-ordinated changes in the gene expression are particularly apparent for myosin
and consequently the disuse induces a slow-to-fast transition, as reflected by an increase in
fast MyHC isoforms at the expense of slow MyHC in the Sol and a fast-to-faster MyHC shift
in the GM muscle [74,75]. An increase in fast MyLC isoforms, an increased proportion of fast
troponin subunits and hybrid fibres co-expressing fast and slow MyHC and MyLC appears
during slow-to-fast transition in Sol muscle [64,71,76]. The fibre type transition results in a
change in muscle metabolism, fuel use, and more fatigable muscle [77]. Several histochemical
analyses have also suggested that the functional changes in immobilized muscles are due to
an increase in fast-twitch Ila fibres [64]. In addition to above-mentioned facts, the increased
sarcoplasmic reticulum calcium-ATPase activity and the preferential loss of thin filaments all
contribute to faster contractile properties of the Sol muscle [78]. The increased shortening
velocity may be an attempt to compensate for the loss of power generating capacity during
unloading caused by weakening [79].

Muscle disuse is often accompanied by increased fatigability, which is caused by the reduced
oxidative capacity of disused muscles [65,80,81]. Capillary loss and reduction in blood flow
might contribute to the increased fatigability by an impaired supply of energy substrates and
oxygen to the muscle [82].

5.5. Formation of muscle atrophy during unloading

While immobilization at shortened length induces atrophy, immobilization in lengthened
position induces hypertrophy, which is largely attributable to addition of sarcomeres in the
longitudinal direction [26,83]. Immobilization in the shortened position, e.g. hindlimb
suspension, induces preferential transcription of fast MyHC isoforms, reminiscent of the slow-
to-fast transition observed in other models of disuse [26,84]. The disuse atrophy is character-
ized by the loss of muscle mass and decrease of muscle diameter. In the case of muscle atrophy,
there some noticeable changes in the muscle cell at the cellular level including sarcomere
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dissolution and endothelial degradation, a marked reduction in the number of mitochondria,
the accumulation of the connective tissue, the elimination of apoptotic myonuclei and a
decrease in capillary density [85-87]. Selective susceptibility of fibre types to immobilization
seems to exist, while the red muscle fibres show the greatest atrophy. The decreased synthesis
of protein and increased protein degradation are characteristic features to muscle atrophy. At
least half of the total muscle protein is myofibrillar protein, and this fraction is lost at a faster
rate than other muscle proteins during atrophy [84]. Three major proteolytic systems to skeletal
mass protein loss are the cytosolic calcium-dependent calpain system, the lysosomal proteases
and the ATP-dependent ubiquitin-proteasome system, which work as partners during muscle
proteolysis rather than one system being used exclusively during atrophy [88]. Recent
advancesin cellular biology show the oxidative stress to be an important regulator of pathways
leading to muscle atrophy during periods of disuse, increasing the expression of the key
components of the proteasome proteolytic system. This proteolytic system is a prominent
contributor to protein breakdown in skeletal muscle during periods of inactivity [37,84,86].

5.6. Effect of unloading on the skeletal muscle MyHC composition

Prolonged periods of time spent with a diminished or no-weight bearing have a deleterious
effect on skeletal muscle with the decreased protein synthesis, the loss of muscle mass and
alterations of biochemical parameters [74,77]. The main findings confirmed that the proportion
of slow MyHC isoforms decreased and the proportion of MyHC fast isoforms increased in
consequence of altered functional conditions [46,64,89].

Clinical observations show that the atrophy of the skeletal muscle occurs as a result of
immobilization and is caused by the changed functional conditions in the muscular system.
Skeletal muscle function depends on the intact proprioceptive activity, motor innervation,
mechanical load, and joint mobility. If one of these factors is altered, the muscle will undergo
adaptation. As an increased muscular activity leads to the enhancement of the structures
involved in contraction, inactivity or disuse is followed by the reduction of the muscle mass
[8,77].

Alterations of biochemical parameters and changes at the ultrastructural level of the contractile
apparatus are considered to be characteristic of atrophied muscles. The effect of disuse on the
skeletal muscle depends on the fibre type composition of the muscle. The degenerative changes
in disused muscles at the ultrastructural level have been shown to be most severe in slow
oxidative muscle fibres. It is suggested that the most vulnerable muscles were antigravity
muscles crossing a single joint [90].

The properties of muscle contraction which depend on the MyHC isoform composition
decrease in atrophied skeletal muscle [46,89,91]. Contractile activity can induce differential
expression of myosin protein isoforms in skeletal muscle. MyHC composition has an important
regulatory role in myosin ATPase activity and muscle fibre shortening velocity [92]. A
prolonged activity causes alterations in the MyHC composition. A decrease in the mechanical
load stimulates the conversion of slow myosin in muscles of mixed fibre type composition,
whereas a decrease in the weight-bearing load results in a decrease in slow myosin content
[46,92].
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Comparing the changes of proportion of MyHC isoforms in the contractile apparatus during
unloading among human subjects and experimental animals, we can see that they are similar
in their direction and amplitude. In conclusion, the adaptation of the mammalian skeletal
muscles to the unloading depends on the contractile and metabolic characteristics of skeletal
muscle and is not dependent on the species of the mammal. As the certain connections exist
between the contractile and metabolic characteristics of skeletal muscle it is understandable
why the specific atrophy causes the decrease of the main function of the skeletal muscle.

6. Effect of reloading on the skeletal muscle

The plasticity of muscle is apparent in the phenomena such as muscle atrophy caused by
inactivity, and recovery from atrophy. When atrophic muscles once again become active, the
muscle mass and the volume reportedly increase in a relatively short period of time, but the
recovery of the muscle strength takes much longer [93]. The recovery of motor activity after
the hindlimb suspension is as fast as the recovery of the muscle strength. It is probably related
with the regeneration of the muscle structures from disuse atrophy [89]. The fact that the
increases in the muscular strength lag behind those in the muscular mass suggests the presence
of functionally immature muscle fibres during the recovery process following disuse atrophy
[89]. Several studies have shown that the increases in the muscle mass soon after reloading are
attributable to oedema and do not actually represent recovery [89]. The recovery of the muscle
mechanical properties depends also on the metabolism of the skeletal muscle. The two-week
reloading period has shown that the Sol muscle metabolism can be restored [94]. Full recovery
of slow-twitch muscle function via cross-sectional area and myonuclear domain size has been
shown to need more time for restoration of neural and mechanical properties of muscle [81].

Disuse muscle atrophy can be experimentally induced by suspending animals by their tails
[89,95], immobilizing joints, severing tendons or conducting muscle denervation [96]. Muscle
atrophy in tail suspension is caused by hindlimb unloading, conserving the functions of nerves
and joints. Reloading is thus possible after tail suspension and is suitable for investigating the
recovery process following disuse muscle atrophy caused by sports injuries [89].

The reloading after hindlimb suspension shows that collagen IIl mRNA level at the end of the
second week is higher than in control group. It has been found that in response to reload, the
skeletal muscle expression of collagen I and III was markedly induced from the second day of
reloading [4].

It has been shown that non-fibrillar type IV collagen mRNA level is decreasing in both, slow-
twitch and fast-twitch muscles during the three weeks of hindlimb suspension, but two weeks
of reloading period is obviously not enough to restore the metabolic states of this collagen in
the basal lamina of the muscle fibre [26]. It was demonstrated that the reorganization of the
basement membrane compounds needs certain time [97]. As type IV collagen plays a role in
the regenerative process on ECM, including the matrix-associated receptors that underline
muscle fibre-matrix interactions, it shows how complicated is the evaluation of the functional
significance of type IV collagen metabolism [5].
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The recovery of the collagen degradation markers during reloading period is different in slow-
and fast-twitch skeletal muscles. MMP-2 level increased in slow-twitch soleus muscle during
two weeks of reloading and in fast-twitch gastrocnemius muscle after one week reloading. The
mRNA level of TIMP-1 increased in fast-twitch GM muscle after two weeks of reloading. A
significant increase in mRNA level for MMP-2 was registered in Sol muscle during the
reloading, showing that the reaction of MMP-2 on the pretranslational level is not fast in all
muscles [52].

Concomitant to atrophy, numerous molecular events testify of a slow-to-fast transition of
muscle properties [47,74]. The recovery of muscle properties effectively occurs on return to
normal load [98]. It is also known that muscle fibre damage occurs during reloading, likely
due to the inability of the muscle fibres to bear eccentric contractions and the consequent
inflammation process [94,99]. Natural recovery seems to be most effective after reloading while
several investigations show the delayed recovery of rats during running exercise [100].

The muscle tissue response to unloading seems to more pronounced than the connective tissue
response. The connective structures are protected from rapid changes in tissue mass, while
muscle, which is known to act as a protein store for the organism, is subject to substantial and
fast changes in tissue mass. However, it should be considered that important changes occur
in the connective tissue structures during unloading despite the small changes in tissue mass.
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Abstract

The variouslayers of the extracellular matrix, forming the endomysium, perimysium and
epimysium of skeletal muscles, provide essential structural and mechanical support to
contractile fibres. Crucial aspects of muscle elasticity and fibre contractility are depend-
ent on proper cell-matrix interactions. A complex network of collagen fibres, non-
fibrillar collagens, proteoglycans, matricellular proteins, matrix metalloproteinases,
adhesion receptors and signalling molecules maintain the physical structure for force
transmission within motor units, embed critical cellular structures such as capillaries and
motor neurons, and enable essential sarcolemma-matrix adhesion processes and
signalling cascades. The systems biological concept of protein complexomes, which
assumes the existence of interconnectivities between large protein assemblies, can be
readily applied to the proteins within the extracellular space of muscles. Recent proteomic
studies confirm that the extracellular matrix complexome has considerable influence on
the integrity and cellular functions of skeletal muscle fibres. Adaptations or changes in
the organization of the extracellular matrix play a crucial role during fibre regeneration
following injury, extensive neuromuscular activity or pathophysiological insults. This
chapter outlines the molecular components of the matrisome from skeletal muscles and
discusses the extracellular matrix in relation to myogenesis, maturation of motor units,
adaptation to changed functional demands and myofibrosis in muscular disorders.

Keywords: collagen, fibrosis, matricellular, matrisome, proteoglycan

1. Introduction

In addition to the universal physiological, metabolic and regulatory challenges of almost all
cellular entities in the body, muscle tissues have to constantly adapt to a variety of biological
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issues related to high energy demand, elevated levels of cellular stress and enormous physi-
cal strains during excitation—contraction-relaxation cycles [1]. The survival of skeletal muscle
fibres therefore depends heavily on (i) a high degree of physiological adaptability, (ii) a unique
level of tissue plasticity, (iii) efficient molecular chaperoning to prevent proteotoxic insults and
(iv) asophisticated repair machinery that can counter-act frequent cellular injuries [2]. A crucial
stabilizing element that is intrinsically involved in this continuous maintenance of contractile
tissues is the extracellular matrix (ECM) [3]. On the one hand, the complex layers of the muscle
ECM provide the physical structure for force transmission between contracting fibres and their
surrounding tissue environment [4], and on the other hand the ECM functions as an embed-
ding medium for essential supportive components of muscles such as capillaries and motor
neurons [5].

The composition and organization of the ECM adapts considerably in response to changed
functional or structural demands during myogenesis, fibre maturation and exercise-induced
changes [6]. During the natural aging process and in association with a variety of muscular
disorders, a hyperactive connective tissue may trigger myofibrosis with a detrimental impact
on muscle elasticity and fibre contractility [7]. Physiological or pathological changes in the
muscle ECM frequently mirror the different phases of altered muscle structure and function
[8]. The main component of the ECM is represented by collagen, which exits in a large number
of isoforms that connect with proteoglycans, matricellular proteins and adhesion receptors to
form an elaborate extracellular network and tight cell-matrix interactions [9].

This chapter provides an overview of the molecular components of the ECM from skeletal
muscle and describes the proteomic concept of the ECM complexome. The formation, matu-
ration and flexibility within the various layers of the ECM in developing, maturing and
adapting skeletal muscles is outlined, as well as the crucial role of myofibrosis in neuromus-
cular pathology.

2. Molecular and cellular structure of the extracellular matrix

In skeletal muscles, the ECM is involved in a variety of processes during development,
contractile maturation, fibre regeneration following injury, physiological adaptations to
changed functional demands and the natural aging process [8]. As outlined in Figure 1, the
ECM is a highly dynamic non-cellular system that undergoes frequent cycles of modifications,
degradation and reassembly. The muscle ECM functions on the one hand as an embedding
and stabilizing structural support and on the other hand as a cellular interaction and signalling
medium. The molecular lattice of collagens and proteoglycans with its associated matricellular
proteins, enzyme systems and adhesion receptors mediates various physiological and
biochemical mechanisms, including (i) the overall maintenance of muscle tissue stability and
elasticity, (ii) the mechanical transduction of force from the contractile fibres to their anchoring
tissues, (iii) cytoskeletal coupling to enable the efficient execution of frequent excitation—
contraction-relaxation cycles, (iv) the provision of signalling pathways at the fibre periphery,
(v) the preservation of neuromuscular homeostasis, and (vi) the physical scaffold and embed-
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ding medium of cellular constituents, such as contractile fibres, capillaries, motor neurons and
satellite cell pools. Cell-matrix interactions are of central importance during cell adhesion and
cell migration and thus essential during both embryonic and adult myogenesis.
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Figure 1. Overview of the complex functions and interactions of the extracellular matrix from skeletal muscles.

The distinct layers of the ECM that surround muscle fibres, muscle fascicles and the entire
skeletal muscle are formed by the endomysium, perimysium and epimysium, respectively [3].
Figure 2 shows diagrammatically the arrangements of the ECM from skeletal muscles and lists
the main molecular constituents, including various isoforms of collagen, proteoglycans,
matricellular proteins, crosslinking proteins and matrix metalloproteinases. Crucial adhesion
systems that maintain sarcolemma-matrix interactions are marked. They include the collagen-
laminin-a/p-dystroglycan-dystrophin/utrophin axis and the collagen—fibronectin-integrin
axis that link the basal lamina via the plasmalemma to the underlying membrane cytoskeleton
[10].

The stabilizing linkage between the outside and inside of muscle cells, provided by the ECM-
sarcolemma-cytoskeleton axis, is of critical importance for maintaining normal contractile
functions [8]. Primary or secondary abnormalities in individual binding partners of these
surface complexes may resultin severe neuromuscular disorders, as discussed in below section
on the role of the ECM in skeletal muscle pathology and myofibrosis.

Collagens form tight helical structures and function as the main structural protein species in
the extracellular space. Muscle-associated collagens are highly abundant in the interstitial
matrix, ECM microfibrils and the basal lamina [11]. Collagen isoform COLI, the most abundant
protein in the mammalian body [12], is the primary collagen in the perimysium and tendon.
The interstitial matrix contains mostly collagen COL I, COL III and COL V. Minor types of
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Figure 2 Diagrammatic presentation of the various layers of the extracellular matrix (ECM) from skeletal muscle and
an overview of the molecular components that form the interstitial matrix, microfibrils and the basal lamina. Abbrevia-
tions: COL, collagen; DG, dystroglycan; FN, fibronectin; LAM, laminin; INT, integrin; MMP, matrix metalloproteinase;
NMJ, neuromuscular junction; PG, proteoglycan; PRELP, proline-arginine-rich end leucine-rich repeat protein; SLRP,
small leucine-rich repeat proteoglycans; TIMP, tissue inhibitors of matrix metalloproteinases.

collagens in this extracellular region are COL XI, XII, XIV, XV and XVIII and are mostly
expressed during muscle development [3]. The main structural constituentin ECM microfibrils
is collagen isoform COL VI. Microfibrils provide structural support during the physical strains
of continuing contraction—relaxation cycles. Directly overlaying the sarcolemma membrane is
the basal lamina consisting of the main non-fibrillar collagen isoform COL IV and a few minor
constituents, including COL VI, XV and XVIIIL. The collagen network of the basement mem-
brane interacts with two crucial plasmalemma adhesion complexes, the integrin complex and
the dystrophin—glycoprotein complex [10]. These sarcolemma-bridging protein assemblies
form the laminin—dystroglycan axis [13] and the fibronectin-integrin (a731) axis [14], whereby
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the ECM glycoprotein fibronectin mediates the connection between laminin-211 (a2p1y1
merosin) and collagen COL IV [15].

A variety of regulatory ECM proteins are involved in matrix assembly and the modulation of
cell-matrix interactions, such as dermatopontin, nidogen/entactin, periostin (osteoblast-
specific factor OSF-2) and osteopontin [16-18]. Matricellular proteins represent non-architec-
tural ECM components and are crucial factors during muscle development and fibre repair.
Matrix metalloproteinases are an important class of ECM-associated enzymes that regulate the
degradation of ECM proteins and support tissue integrity during phases of collagen deposition
and muscle regeneration [19]. The main isoforms present in skeletal muscles are matrix
metalloproteinases MMP-1, MMP-2, MMP-9, MMP-10 and MMP-13 [20,21]. The tissue
inhibitors of matrix metalloproteinases, named TIMP, are endogenous regulatory factors
involved in the formation, adaptation and controlled degradation of the ECM [22]. TIMP
molecules play a crucial role in the migration and differentiation of muscle stem cells during
regeneration following cellular injury [19].

Alarge variety of proteoglycans fill the gaps between collagen molecules and thereby form an
integral part of the highly complex ECM structure. Proteoglycan molecules are highly
glycosylated with glycosaminoglycans at multiple sites along the peptide backbone [23].
Skeletal muscles contain small leucine-rich repeat proteoglycans (SLRP), heparan sulfate
proteoglycans and chondroitin sulphate proteoglycans. Muscle-associated proteoglycans of
the type SLRP are asporin, biglycan, decorin, mimecan (osteoglycin), fibromodulin and
lumican. Asporin is mostly found in the cartilage matrix. Biglycan is a small SLRP-type
proteoglycan that interacts with a-sarcoglycan and y-sarcoglycan of the dystrophin-glyco-
protein complex [24]. Decorin is the primary proteoglycan molecule of the perimysium and
tendon structures [25]. Fibromodulin is involved in collagen fibril formation, which is
illustrated by the biomedical fact that fibromodulin-deficient tendons exhibit abnormal
collagen fibrils [26]. The heparan sulfate proteoglycan syndecan is transiently up-regulated
during tissue differentiation and is involved in stem cell maintenance and muscle regeneration
[27]. Perlecan is located to the basement membrane and its expression is also transiently
increased during muscle differentiation [28]. The chondroitin sulphate proteoglycan named
aggrecan forms large aggregates in cartilage [29]. A proline-arginine-rich end leucine-rich
repeat protein (PRELP) is presented by prolargin of the basal lamina. At the highly differen-
tiated neuromuscular junction region, the large proteoglycan molecule agrin is present and
forms via a-dystroglycan a tight linkage to the utrophin-glycoprotein complex. Agrin is
essential for the normal development of the neuromuscular junction and agrin-induced
clustering processes are crucial for the anchoring of the acetylcholine receptor complex in the
junctional folds [30].

3. Skeletal muscle development and the extracellular matrix

Skeletal muscle fibres derive from the mesoderm [31] and represent one of the most abundant
cell types in the body. Myofibres play a key physiological role in the provision and regulation
of locomotion, breathing, postural control, heat homeostasis and metabolic integration [32-
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34]. The development of contractile fibres is a highly complex process and changes in the ECM
play an essential role during myogenesis. Adaptations occur at the level of the basal lamina,
the interstitial ECM and the collagen-rich tendon and encompass a variety of fundamental
processes of development, such as the determination of cell fate, as well as proliferation, cell
division, patterning and tissue transitions [35]. The most critical developmental processes
occur during the initial activation of precursor cells, various differentiation steps and the final
maturation of innervated myofibres. These major developmental mechanisms are regulated
by a large number of genetic and signalling factors [36]. Many specialized extracellular
components are involved in muscle development, which is reflected by the transient expres-
sion patterns of certain ECM molecules, such as the minor collagen isoforms COL XI, XII, XIV,
XV and XVIII [3].

The molecular and cellular events that occur during the establishment of the myogenic cell
lineage and resulting formation of multi-nucleated contractile fibres entail initially a fibrillar
and fibronectin-rich matrix. In developmental terms, almost all myofibres of the skeletal
musculature derive from mesodermal structures named somites that develop during early
embryonic segmentation on both sides of the neural tube [37-39]. The developing ECM of
somites is represented by a fibronectin core, a basement membrane and an outer fibronectin-
containing matrix [35]. Figure 3 outlines the initiation and control of embryonic and adult
myogenesis by myogenic factors and through a complex series of spatio-temporal dependent
signalling cascades. Fibronectin and its interactions with the integrin complex play a central
role in polarizing and guiding somitic cells [40-42] and the ECM is crucial for somite formation
and as a guiding cue during morphogenesis [43-45]. The small SLRP-type proteoglycan
decorin was shown to be majorly involved in skeletal muscle development by promoting
proliferation and differentiation of muscle cells through suppressing myostatin activity [46—
48].

The key regulator of early myogenesis that initiates the developmental commitment into the
myogenic cell lineage is the paired-type homeobox gene PAX3 [49-51]. Interestingly, another
member of the PAX transcription factor family, the PAX3 orthologue PAX7, acts as a regulator
of mature skeletal muscle regeneration and postnatal growth mechanisms [52]. Following the
induction of mesodermal precursors, the subsequent segmentation into somites and the
formation of the primary myotome involves a variety of signalling molecules and transcription
factors, such as the secreted and lipid-modified family of Wnt-glycoproteins and the large
group of myogenic basic helix-loop-helix muscle regulatory factors, such as MyoD, Myf5,
MRF4 and myogenin [53-55]. Myogenic factors act at multiple regulatory points during
embryonic myogenesis, whereby the overall genetic pathway that is responsible for the
transcriptional activation of skeletal muscle-specific genes is highly complex and partially
redundant [56]. A key step during muscle development is the fusion of myogenic cells that
result in the formation of innervated and multi-nucleated myofibres (Figure 3). Although
specific regulatory processes differ between embryonic, foetal, postnatal and mature regen-
erative myogenesis [57], the basic biological mechanisms of skeletal muscle development and
injury-related adult muscle regeneration are extraordinarily similar [58,59]. A large pool of
satellite cells provides a high level of regenerative capacity of the matured post-mitotic fibres
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and is located between the sarcolemma and the basal lamina [60]. These mono-nucleated
myogenic stem cells are activated during cycles of fibre regeneration and cellular maintenance.
To provide maximum skeletal muscle performance, activated stem cells undergo a complex
pattern of proliferation, differentiation and cellular fusion to form multi-nucleated and
functional contractile myofibres [61]. Following maturation, the tissue mass of skeletal muscles
is then regulated by catabolic and anabolic mechanisms that include signalling factors such as
NEF-kB and FoxO, as well as the mTOR pathway [62].

The systematic profiling of myogenesis using mass spectrometry-based proteomics has
covered postnatal growth and development [63,64], but focused mostly on studying cell
culture models [65-67] and specifically the skeletal muscle secretome during myoblast
differentiation and myotube formation [68-72]. The concept that skeletal muscle cells act as
secretory tissues has recently been reviewed by Pedersen [73]. Secreted myokines probably
exert autocrine, paracrine or endocrine effects within the neuromuscular system and also in
relation to other organ systems [74]. The skeletal muscle secretome is estimated to consist of
several hundred muscle-derived peptides and proteins [75]. During muscle development,
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Figure 3. Outline of the initiation and control of embryonic and adult myogenesis. Shown is the transition from meso-
dermal progenitor cells to myoblasts, followed by cellular fusion to produce multi-nucleated myotubes and finally in-
nervated and functional myofibres. The critical role of stem cells during both embryonic development and
regeneration of injured adult muscle fibres is highlighted, as well as changes in the ECM. Fibronectin (FN) and its in-
teractions with the integrin complex are of central importance for polarizing and guiding somitic cells and the proteo-
glycan decorin is majorly involved in myogenesis by promoting proliferation and differentiation through supressing
myostatin activity. Changes in the ECM and the formation of a collagen (COL) matrix during muscle development are
marked.
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changes in ECM proteins have recently been studied in relation to human myogenesis and
established that altered protein expression underlies the dramatic phenotypic conversion of
primary mono-nucleated muscle cells during differentiation to form multi-nucleated myo-
tubes [76]. The temporal profiling of the human myoblast proteome during in vitro differen-
tiation highlighted the importance of ECM rearrangement during early myogenesis and
showed a drastic increase in key ECM components, including several a-isoforms of collagen
COL VI and COL XVIII, as well as the heparan sulfate proteoglycan HSPG2 of the basement
membrane, the elastin—microfibril interface-located ECM glycoprotein EMILIN2 and nidogen
isoform NID2 [76]. These findings confirm the developmental concept that enhanced synthesis
of ECM proteins occurs during the transition from myoblasts to syncytial myotubes [72] and
that complex interactions at the cell-ECM interface facilitate the fusion of myoblasts [35].

4. Mature fibres, skeletal muscle plasticity and the extracellular matrix

Both, proteomic cataloguing studies of various skeletal muscle specimens [77-82] and the
comparative expression profiling of crude skeletal muscle preparations or subcellular fractions
[83-86] routinely identify ECM proteins that form the core complexes of the basal lamina,
microfibrils and interstitial matrix [87]. Figure 4 shows a bioinformatics STRING [88] map of
core ECM components from skeletal muscles. In mature skeletal muscles, frequently identified
ECM molecules include collagens of the interstitial matrix (COL I, COL III and COL V), the
microfibrillar collagen isoform COL VI, the non-fibrillar collagen isoform COL IV of the
basement membrane, components of cell-ECM adhesion complexes (laminin, fibronectin,
integrins, dystrophin, utrophin), regulatory ECM proteins (dermatopontin, nidogen, periostin
and osteopontin), SLRP-type proteoglycans (asporin, biglycan, decorin, mimecan, fibromo-
dulin and lumican), heparan sulfate proteoglycans (syndecan and perlecan), the chondroitin
sulphate proteoglycan aggrecan, the PRELP-type proteoglycan prolargin and the neuromus-
cular junction-specific proteoglycan agrin, as well as matrix metalloproteinases and their
inhibitors (MMP-1, MMP-2, MMP-9, MMP-10, MMP-13 and TIMPs) [77-86]. Figure 4 includes
the protein products of the following genes: BGN, SDC1, HSPG2, AGRN, FN1, DAG1, ACAN,
DPT, POSTN, MMP1, MMP2, MMP9, MMP10, MMP13, TIMP1, COL1A1, COL1A2, COL6A1,
COL6A2, COL3A1, COL5A1, COL4A4, LAMA2, LAMB1, LAMB2, LAMC1, NID1, ASPN, PRELP,
PGS2, LUM, OGN, FMOD, ITGA?7, ITGB1. This encompasses essential members of the various
collagen networks found in the basement membrane, the microfibrillar structures and the
interstitial matrix. In addition, major proteoglycans, matricellular proteins and matrix
metalloproteinases are shown, as well as the interaction sites between sarcolemmal adhesion
receptor complexes and the ECM.

Individual skeletal muscles are characterized by their fibre type distribution pattern whereby
the proportion of fast-twitching fibres, slow-twitching fibres and hybrid fibres is highly
adaptable and changes according to specific physiological, biochemical and/or metabolic
demands [89]. Alterations in physical activity affect the molecular and cellular composition of
the neuromuscular system, including hypertrophy, i.e. the increase in fibre size and hyper-
plasia, i.e. the increase in fibre number [90]. The plasticity of the neuromuscular system is a
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well-established physiological concept. Endurance training is associated with an increased
aerobic capacity and elevated utilization of fatty acid oxidation [91]. In contrast, sprint training
triggers higher activities of the glycolytic and phosphocreatine pathways and enhances
carbohydrate metabolism [92]. Prior to systematic proteomic studies, a large number of
biochemical, cell biological and physiological studies have established ECM changes in
response to exercise [93-95], including collagens, adhesion receptors, growth factors, matri-
cellular proteins and matrix metalloproteinases [96-100]. Neuromuscular unloading clearly
depresses collagen COL I and COL III production and reloading enhances collagen expression
in fast muscles [101]. The mass spectrometric analysis of exercise indicates proteome-wide
changes in the graded response of skeletal muscles to physical exercise using different training
regimes [102,103]. While moderate-intensity exercise causes a shift to a more fatigue-resistant
and a slower-contracting skeletal muscle phenotype, interval-exercise training is associated
with changes in post-translational modifications of metabolic enzymes [104-106]. The proteo-
mic analysis of skeletal muscle plasticity in relation to acute versus chronic exercise was
recently determined using human vastus lateralis muscle biopsy specimens and label-free LC-
MS/MS analysis [107]. While structural and mitochondrial proteins were shown to be increased
after long-term exercise, components related to energy metabolism were decreased following
short-term exercise. Moderate ECM changes were described for several a-chains of collagen
VI, fibronectin and decorin [107].
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Figure 4. Bioinformatics STRING map of major components that form the core of the extracellular matrix (ECM) com-
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An interesting non-physiological system is presented by external chronic low-frequency
stimulation of fast muscles. This electro-stimulation method causes the complete activation of
all affected motor units to a maximum extent [108]. During fast-to-slow transitions, skeletal
muscles show a remarkable adaptation and transform physiologically and biochemically into
motor units with an improved resistance to fatigue [109]. Chronic low-frequency stimulated
fast muscles are characterized by decreased fibre calibres, an increase in the time-to-peak
twitch tension, an increase in half-relaxation time and a significant elevation of aerobic-
oxidative capacity [110]. The proteomic analysis of continuous electro-stimulation at 10 Hz has
demonstrated complex biochemical changes with a significant shift from glycolytic to more
aerobic-oxidative metabolism [111,112]. The ECM of transforming skeletal muscle undergoes
distinct changes and exhibits increased collagen levels [113,114]. In the stimulated Ilatissimus
dorsi model for testing the suitability of dynamic cardiomyoplasty to treat heart failure, the
collagen content was shown to be significantly elevated in the paced muscle. Although the
chronically electro-stimulated muscle increased the level of fatigue resistance, distal regions
of the paced latissimus dorsi muscle were characterized by muscular atrophy and myofibrosis
[114].

5. Neuromuscular disorders and the extracellular matrix

A general myopathological parameter of a variety of acquired and inherited muscle diseases
[115], as well as the gradual loss of contractile strength during the natural aging process [116],
is the progressive accumulation of ECM components, especially collagens [7]. Inflammatory
processes and tissue infiltration often accompany the loss of skeletal muscle fibres. Increased
levels of non-contractile entities, such as fibrous connective and fatty tissue, within the
neuromuscular system are a key pathological factor in the dysregulation of skeletal muscle
function. Myofibrosis often correlates with poor motor outcome in neuromuscular disorders,
such as the progressive loss of muscle strength and concomitant endomysial changes in the X-
linked inherited disorder Duchenne muscular dystrophy [117]. In muscle pathology, changes
in ECM components can be differentiated as being a consequence of a primary defect in the
matrisome of muscles, such as the ECM diseases Collagen IV myopathy [118,119] and LAMA2-
related congenital myopathy [120,121], or a secondary response in the form of reactive
myofibrosis, as is seen in dystrophinopathies [122,123].

The systematic profiling of changes in ECM components in Collagen IV myopathy and X-
linked muscular dystrophy has resulted in interesting new findings in relation to primary ECM
defects versus reactive fibrosis. Mutations in the genes encoding collagen isoform COL VI are
the underlying cause of the severe UCMD type of Ullrich congenital muscular dystrophy and
the milder BM type of Bethlem myopathy. Both disorders are characterized by skeletal muscle
wasting, cycles of cellular degeneration and regeneration, and the substitution of contractile
fibres with fat and connective tissue [119]. The cell biological and proteomic analysis of mouse
models and biopsy material from patients afflicted with Collagen IV myopathy revealed
metabolic dysregulation, enhanced cellular stress, autophagic impairment and alterations in
mechano-transduction signalling pathways [124,125]. In the case of X-linked muscular
dystrophy, a large number of proteomic studies have surveyed secondary changes down-
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Figure 5. Overview of reactive myofibrosis in X-linked muscular dystrophy. The transforming growth factor TGF-3
and the activity of matrix metalloproteinases (MMP) and tissue inhibitors (TIMPs) play a crucial role in ECM activa-
tion and modulation, which is characterized by increased levels of various collagens, proteoglycans, dermatopontin
and periostin. Progressive ECM accumulation triggers a chronic replacement of muscle fibres by fibrotic scar tissue
leading to a loss of muscle elasticity and contractile strength.

stream of the primary abnormality in the membrane cytoskeletal protein dystrophin [126].
Muscular dystrophy-related changes affect energy metabolism, cellular signalling, the
excitation—contraction—relaxation cycle, the stress response, the cytoskeletal network and the
ECM [127]. The recent proteomic profiling of established genetic animal models of dystro-
phinopathy has revealed a drastic increase in various collagens, proteoglycans and matricel-
lular proteins [83-86,128,129]. Figure 5 outlines the histo- and pathobiochemical consequences
of muscular changes and a hyperactive connective tissue in dystrophin-deficient skeletal
muscles.

The simultaneous mass spectrometric analysis of dystrophin isoform Dp427 and collagen in
moderately dystrophic mdx-4cv leg muscles revealed significant increases in collagens and
associated ECM proteins, such as fibronectin, biglycan, asporin, decorin, prolargin, mimecan
and lumican [85]. The pathoproteomicsignature of the severely dystrophic mdx-4cv diaphragm
included a significant increase in collagens and the related ECM proteins asporin, decorin,
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dermatopontin, prolargin and periostin [83]. Especially interesting was the proteomic identi-
fication of dermatopontin and periostin [83,128,129]. Dermatopontin, also named tyrosine-rich
acidic matrix protein TRAMP [130], is involved in matrix assembly and cell-matrix interactions
[17] via interactions with decorin, TGF- and fibronectin [131]. High levels of dermatopontin
in the dystrophic mdx diaphragm most likely reflect an increased demand for collagen matrix
organization within Dp427-deficient fibres [128]. Periostin is a crucial matricellular protein of
93 kDa [18] that is involved in the regulation of the biomechanical properties of connective
tissues and collagen fibrillogenesis [132]. Normally periostin is only temporally expressed in
the muscle ECM during cellular differentiation and regeneration processes [133], making its
drastic up-regulation a characteristic feature of dystrophic muscles [83,86]. Of diagnostic and
therapeutic importance is the fact that muscle biopsies from Duchenne patients exhibit an
elevated concentration of periostin and that the deletion of periostin clearly reduces dystrophic
symptoms and myofibrosis in mice by modulating the TGF-f3 pathway [134]. Interestingly,
laminin-deficient muscular dystrophy also shows dysregulation of matricellular proteins as
an early pathophysiological feature [120,135]. Therefore altered levels of periostin and related
matricellular proteins are good biomarker candidates for the characterization of myofibrosis
in relation to inherited muscular dystrophies [136]. Although the natural aging process is also
associated with increased collagen levels [116], which were also shown by proteomics [137],
the collagen accumulation is much less pronounced in senescent muscles as compared to
muscular dystrophy.

6. Conclusions

In conclusion, a dynamic balance exists within the ECM system from skeletal muscles. Highly
regulated cycles of protein deposition, accumulation, remodelling and degradation occur in
response to development, fibre transformation, neuromuscular loading, mechanical unload-
ing, disease processes or aging. The main components of the ECM are represented by collagen
fibres, non-fibrillar collagens, matricellular proteins, proteoglycans, matrix metalloproteinas-
es, signalling molecules and adhesion complexes. The muscle ECM forms a structural scaffold
that plays a central role in the maintenance of the physical structure of motor units and
provides the framework for force transmission. The ECM is also involved in signalling
cascades and adhesion processes at the sarcolemma-matrix interface. The systematic mass
spectrometry-based proteomic analysis of the muscle ECM has established an enormous
complexity and interconnectivity of matrix proteins and confirmed the dynamic nature of
collagen networks and its associated proteoglycans in health and disease. Swift adaptations
or alterations in the arrangement of the ECM have been established to occur during myogen-
esis, fibre regeneration, increased neuromuscular activity or pathological muscle wasting.
Hence, concentration changes in ECM proteins are useful indicators for studying basic cell
biological or pathophysiological processes in skeletal muscles. In the future, distinct ECM
molecules may be useful for designing improved diagnostic, prognostic or therapy-monitoring
approaches to study neuromuscular alterations.
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Abstract

The study of extracellular matrix (ECM) in the nervous system has longed been focused
on the molecules promoting growth and migration. This is well supported by the work
in the developing nervous system. However, the discovery of Nogo and chondroitin
sulphate proteoglycans (CSPGs) in the injured nervous system in late 1980s has shifted
some of the focus to inhibitory molecules. One of the biggest hurdles in neural
regeneration is the formation of glial scar and the highly up-regulated inhibitory
molecules present in the area. Apart from Nogo and CSPGs, other myelin-associated
inhibitors, tenascins and semaphorins have been found associated with neuronal
inhibition. Together with the identification of their receptors, we now have a better
understanding on the mechanism of how these molecules control and limit regenera-
tion in the central nervous system (CNS). Recent focus has been put on designing
strategies in neutralizing these inhibitions for promoting regeneration after injury, and
some are showing promising results. Moreover, latest studies also show that rehabili-
tation in injured animal models demonstrated drastic remodeling of ECM favoring
regeneration. This review shall discuss all these different aspects and the importance of
matrix remodeling in the CNS and the implication of ECM in some retinal pathologies.

Keywords: retina, regeneration, perineuronal nets, chondroitin sulfate, integrins

1. Introduction

The extracellular matrix (ECM) constitutes a three-dimensional network thatsurrounds the cells
and conform the structure and characteristics to tissues. It has become increasingly evident that
once being considered as a bystander between cells, the ECM indeed performs significant
functions and involves in controlling various physiological responses in the CNS. The impor-
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tance of ECM is at three levels: it acts as biological scaffold for the structure of the CNS and
controls the diffusion and availability of molecules for biochemical signaling and communica-
tion and, finally, the various polymers and molecular interactions in the ECM control the
biomechanical properties of the central nervous system (CNS) [1, 2]. In addition, regenerative
capacity of tissues is also directly related to the ECM. Disorders in mechano-transduction or
alterations in the composition of ECM will drive to a loss of the regenerative ability of the tissue
and cells [3, 4]. Moreover, a proper immune and toxic response to infections is in accordance
with the correct equilibrium in the ECM components [5].

In the nervous system, the ECM are synthesized and secreted by both neurons and glia. In the
present chapter, we shall introduce the main key components of the ECM present in the brain
and the main implications of these molecules associated to the normal and pathological CNS,
including the spinal cord injury and in retina [6, 7]. While axon-glia interaction helps to
determine the extent and direction of axon outgrowth, the growth of axons are also directed
by factors present in the ECM. The growth enhancing cues such as laminin and fibronectin
will encourage the growth and extension of neurites, while the inhibitory cues such as
chondroitin sulfate proteoglycans (CSPGs) and semaphorins (Sema) serve as barriers in precise
locations to prevent the growth of certain axon pathways into inappropriate areas.

2. ECM components

The ECM in the nervous system is mainly provided by macroglia and is an important source
of supporting and signaling factors [8]. ECM components are key mediators of glial activation
and have the capacity to evoke both regenerative and degenerative effects on glia and neurons
[9]. The production of ECM components changes drastically during reactive gliosis [10]. The
activated astrocytes and microglia increases the synthesis of various ECM molecules, including
the re-expression of some extracellular glycoproteins, which are down-regulated after
development [8, 10]. These include a complex mixture of proteins, proteoglycans (PGs), and
glycoproteins (GPs) that confer the structural properties of cells and tissues.

2.1. Proteoglycans

Proteoglycans are macromolecules composed of a core protein on which multiple glycosami-
noglycan (GAG) chains are attached (Figure 1). The GAG chains are linear unbranched
polymers of repeating disaccharides composed of hexosamine and an uronic acid [11]. These
molecules have remarkable physical properties attributable to the abundance of carboxyl,
hydroxyl, and sulfate groups [11]. Their electrostatic properties make them “osmotically
active”. Their net negative charge attracts Na* and thus, draws water in causing the interstitial
spaces where GAGs reside to swell. This swelling opens up pathways that promote the
invasion and migration of cells as has been suggested for the non-sulfated GAG hyaluronan
(HA), which is correlated with an initiation of cell migration during development [12]. There
are five groups of GAGs based on the composition of the repeating disaccharides [11]. They
include hyaluronan, chondroitin sulfate (CS), dermatan sulphate, heparan sulfate and keratan
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sulfate. Except HA, all GAGs are covalently attached to a core protein and form proteoglycan

(PG) (Figure 1).

Chondroitin sulfate proteoglycan (CSPG)
A
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Figure 1. A schematic diagram of CSPGs and their aggregation into macromolecular matrix in the CNS-ECM. Each
CSPG is composed of a core protein (orange line) decorated with different number of CS-GAG chains (green lines).
The CSPGs then interact with a hyaluronan chain (grey thick line) in the ECM, forming a large molecular aggregate.
Each CS GAG chain is composed of repeating disaccharide units which sulfations (pink circles) can be added on. The
type of core protein, number and length of GAG chains, and different patterns of sulfations contribute to the big heter-
ogeneity of CSPGs.

Chondroitin sulfate (CS) and its proteoglycan CSPG constitute the major population of
proteoglycans in the CNS [13, 14]. There are at least sixteen CS core proteins expressed in the
CNS and many of them are produced by astrocytes [15]. The disaccharides in the CS chains
can be sulfated at various positions resulting in different isoforms of CSs, including chondroi-
tin 4-sulfate and chondroitin 6-sulfate, the most CS sulfation in an adult CNS (Figure 1) [16].
Together with the diversity of core proteins, the CS chain length, the number of chains attached
to the core proteins, these factors give a huge diversity with a wide functional heterogeneity
of CSPGs (Figure 1) [15].

CSPGs are known for their inhibitory influences on neurite extension [17, 18]. It was first
demonstrated in dorsal root ganglion (DRG) neurons and subsequently being recognized in
the CNS[18, 19]. CSPGs, such as NG2 and neurocan, are strongly up-regulated in the glial scar
after injury [10]. Their up-regulation induces growth cone collapse and form a strong barrier
for nerve regeneration [20]. CSPGs are primarily produced locally by the reactive astrocytes
which are attracted to the peri-lesioned area after injury [9]. Chondroitinase ABC (ChABC),
an enzyme which digests the CS chains into disaccharides, effectively removes this inhibition
both in the developing CNS and after injury in adult [21-23]. ChABC removes the CSs in the
developing hindbrain and promotes the neurite extension of commissural vestibular neurons
in developing embryos [21]. Similarly, ChABC is very effective in removing the inhibition in
the glial scar, encouraging sprouting and regrowth, and conferring functional recovery after
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injury [22, 24]. Studies in recent years have been focusing on finding new strategies for
sustained CS down-regulation, based on the success of ChABC, to provide a sufficient time
window for regeneration to occur. The expression of ChABC using lentiviral vector show a
down-regulation of CSs for up to 8 weeks, and the animal demonstrates an enhanced axonal
sprouting and a superior functional recovery in the forelimb after a cervical contusion injury
[25, 26].

One of the mechanisms of CSPGs mediating their functions is through binding to receptors or
growth factors. Contactin-1, Nogo receptors (NgRs), and RPTPo are the identified CSPG
receptors [27-29]. The transmembrane receptor RPTPo binds to CSPGs neurocan and aggrecan
in the CNS [28]. RPTPo induces growth cone collapse in vitro [30]. Mice with RPTPo knockout
show a robust regeneration, with cortical spinal tract fibers extend for a long distance after a
spinal hemisection [31] Blocking the binding of CSPGs to RPTPo using membrane-permeable
peptide mimetics promotes serotonergic innervation, and the animal demonstrates enhanced
functional recovery after spinal cord injury [30, 31]. This membrane-permeable peptide
mimetics hold a strong promise to modulate CSPG-mediated inhibition in replacing ChABC.
Apart from RPTPo, NgRs also bind to CSs. Double mutant of Ngr1/Ngr3 showed an enhanced
axon regeneration in optic nerve crush injury [29]. Contactin-1 binds specifically to highly-
sulfated CS, CS-E, on the contrary to other CSPG receptor, the binding of CS-E to contactin-1
promotes neurite extension [27]. Neuro2a cells with recombinant expression of contactin-1
demonstrate extensive neurite sprouting when cultured on CS-E [27]. CSPGs also interact with
other growth factors, chemokines, and guidance molecules in the developing brain. By doing
so, they control the availability of these factors to cells. While fibroblast growth factor (FGF)-2,
FGF-10, FGF-16, and FGF-18 bind to highly sulfated CS chains, guidance proteins such as slit2,
netrinl, ephrin Al and A5, semaphorin (Sema) 3A, 5A, and 5B bind to CS chains in a sulfation-
dependent manner [32].

CSPGs in the CNS also aggregate into a macromolecular structure on the surface of neurons
called perineuronal nets (PNNs) [33, 34]. PNNs are dense matrix structures formed by four
families of brain ECM molecules, including CSPGs, hyaluronan, hyaluronan, and proteogly-
can link proteins (HAPLNSs) and tenascins [33]. PNNs wrap the neuronal surface and are
crucial in controlling synaptic and neuronal plasticity in the developing and injury CNS [4,
35]. PNNs form toward the end of the critical period for plasticity, and the formation is activity
dependent [36, 37]. Dark rearing from birth delays the formation of PNNs in the visual cortex
[36]. Similar observation is also reported with whisker trimming from birth in the barrel cortex
of mice [38]. ChABC treatment removes this layer of CSPG-enriched PNN matrix and reacti-
vates plasticity in the adult CNS, this includes spinal cord injury, visual cortex plasticity,
cuneate nucleus plasticity, and more recently, on memory enhancement [35, 39, 40]. PNNs
mediate their functions, in part, through binding to other molecules such as chemo-repulsive
molecule sema3A and soluble transcription factor Otx2 [41, 42]. Both Sema3A and Otx-2 bind
to the PNNs via the highly sulfated CS-E. Upon binding, Otx-2 is internalized into the cells
and regulates the gene expression for the maturation of PNN-positive parvalbumin neurons
in the cortex [42, 43]. Binding of Sema3A to PNN-glycans potentiates the inhibitory properties
of PNN-glycans to the outgrowth of DRG neurons in vitro [41].
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2.2. Class 3 semaphorins

Semaphorins (Sema) are a family of axon guidance molecules during CNS development [44].
The family is divided into eight classes and only five out of these eight Sema are expressed in
vertebrates. Unlike other types of vertebrate Sema which are either transmembrane or
membrane-anchored, class 3 Sema (Sema3) is the only secreted Sema in vertebrates [45]. To
date, Sema3-A, -B, —C, -E, and -F have been identified in an injured CNS [46]. They are
produced by the meningeal fibroblasts migrating into the lesion area and up-regulated the
expression of different members of Sema3 [46, 47]. The binding of Sema3 to its receptors,
neuropilins or plexins, induces a strong growth cone collapse in DRG neurons [48]. Apart from
acting through the corresponding receptors, Sema3 also mediate their function though binding
to the PNNs. We have previously shown that Sema3A binds to PNNSs and that this binding is
mediated by a specific CS structure in the PNNs, CS-E. Blocking the binding of Sema3A to
PNN glycans reduces the inhibition imposed by PNN to DRG neurons [41].

2.3. Tenascin-C and -R

Tenascin (Tn) family has four members and two of them are expressed in the CNS, including
Tn-C and Tn-R [49, 50]. They are both up-regulated after CNS injury [51, 52]. Tn-C is expressed
by astrocytes, radial glia, and subsets of developing retinal and hippocampal neurons during
early CNS development. In adults, Tn-C is restricted to areas of high plasticity including the
olfactory bulb, the cerebellum and the retina. Tn-C interacts with other ECM molecules such
asintegrins, proteoglycans, and collagen [50]. Tn-C up-regulates after CNS injury and interacts
with the different CSPGs in the glial scar. This interaction has been implicated to the failure of
axon growth beyond the injury site [53, 54]. Expression of an appropriate integrin isoform,
which binds and uses Tn-C as substrate, elicits an enhancement in regeneration [55, 56].

Tn-R is trimer which is expressed in both the developing and adult brains, primarily by
neurons, including the horizontal cells from the retina [57]. In adults, Tn-R is found in the
PNNSs [58, 59]. The trimeric TnR interacts with the core protein in the CSPGs, consolidating
the PNN structure [60]. Tn-R has negative influence on axonal growth [49]. Knockout mice of
Tn-R, which forms disorganized PNNs, demonstrates enhanced motor recovery after spinal
cord injury suggesting that 1) Tn-R is important for PNN structure and that PNNss dissolution
enhances plasticity for functional recovery [61].

2.4. Laminins

Laminins are large heterotrimeric glycoproteins that contain an alpha chain, a beta chain and
a gamma chain joined together in a coiled—coiled structure. Sixteen isoforms have been
identified in vivo, and are differentially expressed both temporally and spatially in various
tissues [62]. Genetic disruptions of laminin chains lead disruptions in various tissues and also
functional properties in the CNS [63, 64]. The major receptors for laminins are classified as
integrins and non-integrins [65]. We shall discuss the role of integrins in later sections of this
chapter. For non-integrins receptors such as dystroglycan and GM1 gangliosides, the binding
of laminin serves critical functions in the peripheral nervous system (PNS) including myeli-
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nation by Schwann cells, neurite outgrowth, and the integrity of blood-brain barrier [66-70].
In the CNS, laminin is primarily present in the basement membrane and is up-regulated by
astrocytes after injury [71], although reports of individual isoforms of laminin have also been
reported [72]. This suggests an neuronal heterogeneity of laminin isoforms in the adult brain.

Laminin provides a positive guidance to axons during development [73], and act as a sup-
porting substrate to adult retinal ganglion cell [74] and retinal pigment epithelial cells in
vitro [75]. The expression of laminin decreases during maturation of the optic system [76] even
though, in our recent study, we observed that laminin is still present in adult retinas and optic
nerves [74].

2.5. Collagens

Collagens are the most abundant proteins in the animal kingdom, there are now 29 known
collagens [77, 78]. A triple-helical organization of component pro- a-chains defines the
collagens and 49 distinct collagen a-chain gene products have been described [79]. Collagens
are classified into both fibrillar and non-fibrillar forms and can also be assembled into reticular
networks and sheets [80]. The organization, distribution, and density of fibrils and networks
vary with tissue type and the direction and magnitude of forces to which are given tissue is
subjected.

Collagens expressed in the PNS provide a scaffold for the growth and attachment of Schwann
cells which also guide the neurite extension [78, 81]. After injury, there is an over up-regulation
of collagen which changes the mechanical properties of the lesion area, hinders, and delays
regeneration to occur [78]. Collagen is implicated in the progression of glaucoma, a visual
neurological disease. One of the characteristics of certain glaucoma is the increment of the
intraocular pressure in the anterior chamber of the eye. The heightened pressure is transmitted
to the posterior eye chamber, pressing the retinal ganglion cells and eventually driving them
to death [82]. Since these cells are the neurons responsible for transmitting the visual signal
from the eye to the brain, their cell death leads to inevitable blindness. One of the reasons for
the increasing pressure in the anterior chamber is due to an obstruction of the filtering tissue
present in the trabecular meshwork, where the aqueous humor flows. The cells of this tissue
have the ability to secrete the extracellular matrix. In an attempt to adapt to a biomechanical
insult, the cells in the trabecular meshwork increase the synthesis of ECM, including collagen,
thus blocking the flow of the aqueous humor and leading to an elevation of intraocular
pressure. This mechanism has been proposed as possible cause of the origin of glaucoma [82,
83].

Other important implication of collagens in glaucoma is found in the lamina cribosa, a
structure located in the optic nerve head where axons exit from the retina to the optic nerve
[84]. A dysregulation in collagen secretion at this point implicates an interruption of axonal
transport from the retinal ganglion cell in the retina to the visual areas in the brain. Studies
have shown that activated astrocytes are cells responsible for the collagen synthesis and
alterations here [85].
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The third implication of collagen in glaucoma is the stiffness of the sclera and its implication
in the lack of elasticity of the eye [86]. The sclera is the structure that supports the attachment
of ocular components including the retina and optic nerve head. A complex network of
collagen fibers forms the sclera’s major component and is a major influence on the tissue’s
biomechanical response to changes in the intraocular pressure. It has been proposed that the
mechanical influence of the sclera may be a key on the eye injury after elevation of the
intraocular pressure due to the alterations in the thickness, mechanics and matrix ultrastruc-
ture provided by the arrangement of scleral collagen and fiber orientation [87].

2.6. Integrins

Integrins are a family of cell surface receptors that are important for cell adhesion to ECM
proteins. They are the principal receptors on animal cells for mediating most ECM attachment
and signaling. They connect the extracellular environment to intracellular cytoskeleton and
are responsible for the activation of many intracellular signaling pathway [88]. All integrins
are heterodimeric molecules containing two subunits, a and 3. Each af3 combination has its
own specificity and signaling properties [89]. Most integrins recognize several ECM proteins.
Conversely, individual matrix proteins, such as fibronectin, laminins, collagens, and vitronec-
tin bind to several integrins [90, 91].

The binding of ECM to integrins is regulated by integrin conformation which is determined
by the activity inside the cell (inside-out signaling), while upon binding to the ECM molecule,
integrin also changes its conformation and elicits signals that are transmitted into the cell
(outside-in signaling) [92]. The best understood binding site for integrins is the Arg-Gly-Asp
(RGD), which is also found in fibronectin, vitronectin, tenascin, and other ECM proteins. There
are 24 types of integrins in humans, formed by the 18 different a-chains and 8 different 3-
chains, dimerized in different combinations [88]. Each integrin dimer has distinctive properties
and functions. Moreover, because the same integrin molecule in different cell types can have
different ligand-binding specificities, it is likely that additional cell-specific factors interact
with integrins to modulate their binding activity [93]. One example of the variability in integrin
expression is in the adult retinal ganglion cells. Cells growing on different ECM in vitro express
several distinct combinations of integrins although they are activated and signaled through
the focal adhesion kinase pathway [74].

We and the others have previously shown that integrin activation encourages glial cells or
neurons to traverse inhibitory areas. Non-specific activation using manganese or specific
beta-1 integrin activating antibody, we were able to promote the migration of Schwann cells
over CSPG substrate in vitro and encourage axonal outgrowth of DRG neurons [94, 95].
Similarly, integrin activation by over-expressing an integrin mediator kindlin-1 encourages
axonal extension on CSPG substrate in DRG neurons in vitro and the growth of DRG neurons
passing the lesion site into the spinal cord in vivo [96].

In visual system, integrins are equally important in mediating the cellular response to ECM.
Integrin activation using manganese or beta-1 integrin activating antibody enhances the
attachment of retinal pigment epithelial cells (RPE) on pathological Bruch’s membrane, which
contains a high level of Tn-C, in aged macular degeneration [55]. In retina, we and the others
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have also shown that adult retinal neurons have the capacity to grow on multiple ECM
substrates including collagen I, collagen IV, fibronectin and laminin with different affinity.
This differential binding influences the degree of branching and elongation of neurites [75].
Moreover, we demonstrated that much of effects act through integrins activation.

3. ECM degradation

Matrix components are degraded by extracellular proteolytic enzymes (proteases) acting in
the close proximity around the cells after secretion. Many of these proteases belong to two
general classes—matrix metalloproteinases (e.g.,, MMPs and ADAMTSs) and serine proteases
(e.g., trypsin, chymotrypsin, elastase) [97-99]. Matrix metalloproteinases represent the largest
group with about 50 members identified in vertebrates. Their activity is depended on the
binding of Ca, * or Zn, *ions [100, 101]. The second group of matrix degrading enzyme is the
serine proteases, which have a highly reactive serine in their active site. Protease activity is
generally confined to the cell surface by specific anchoring proteins, by membrane-associated
activators, and by the production of specific protease inhibitors in regions where protease
activity is not needed [102]. Their activity is important for the homeostasis and turnover of the
ECM.

4. ECM implications in retinal pathologies

One of the most specialized forms of ECM is the basement membrane, a flexible, tough, and
thin sheet of very well-organized components of the ECM. The functions of basement mem-
branes are to act as platforms for cell adhesion, to provide structural support to a tissue, to
divide tissues into compartments, and to regulate cell behavior including polarity. Although
small in volume and very thin (typically 40-120 nm), it has a critical role in the architecture of
the body [103, 104]. Although the precise composition of the mature basal lamina varies from
tissue to tissue and even from region to region in the same lamina, it typically contains the
glycoproteins, laminin, type IV collagen and nidogen (also called entactin), along with perlacan
[105]. Other common basal lamina components are fibronectin and type XVIII collagen.
Interactions of cells with basement membranes are mediated by trans-membrane cell surface
receptors, which connect the cytoskeleton of the cell with the extracellular environment,
leading to the formation of focal adhesions [88, 106].

The mature polarized retina is structurally and functionally supported by two basement
membranes that act as boundaries for the neural retina (Figure 2). The two basement mem-
branes are (i) the Bruch’s membrane, at the interface of the RPE and the choroid and (ii) the
inner limiting membrane (ILM) at the interface of the neural retina formed by the endfeet of
Miiller cells and the vitreous body [107]. Changes in the organization or composition of these
basement membranes lead to various pathologies including diabetic retinopathy, age-related
macular degeneration, proliferative vitreoretinopathy or retinal detachment [108-111].
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Figure 2. Schematic drawing of the cellular components of the retina, glia neurons. The different cell types are
placed in the location of a standard large mammalian retina. Note the interactions between the cells and the blood ves-
sels (BV). Amacrine cells (A), astrocytes in green (AS), bipolar cells (B), cones (C), ganglion cells (G), horizontal cells
(H), Miiller cells in blue (M), microglia in red (Mi), rods (R). Note the location of the different layers of the retina, from
the most internal: optic nerve (ON), nerve fiber layer (NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), in-
ner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), outer segment layer (OS), pigment
epithelium (PE), choroid (Ch). In green the two limiting membranes the Bruch’s and the inner limiting membrane
(ILM). In parallel to the drawing electron microscopy pictures of pig retinas showing both membranes.

The Brunch’s membrane is not only providing physical support for RPE, it also regulates RPE
differentiation and acts as a barrier that prevents choroidal neovascularization, a process in
which choroidal vascular cells inappropriately invade the retina [112, 113]. Alterations in the
composition or organization of the Brunch’s membrane compromises the normal function of
RPE cells and this disruption results in retinal pathologies including age-related macular
degeneration [113].

The ILM lies on the vitreal side of the retina which is the opposite side of the retina from Bruch
‘s membrane. The ILM constitutes the interface between the retina and the vitreous but is also
responsible for organizing and maintaining the laminated structure of the retina and guiding
astrocyte migration during vascular development [114]. Disruptions or changes in the ILM are
associated with retinal dysplasia as well as retinal pathologies such as diabetic retinopathy,
proliferative vitreo-retinopathy [114, 115].

5. Conclusion

This review aims to provide an overview of the major ECM partners and their functions in the
CNS, PNS, and retina. As demonstrated above, ECM is not a passive by-stander present in the
inter-cellular space, it actively takes part in controlling the penetration and diffusion of
molecules in the extracellular space, sequestration and release of chemokines and growth
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factors to neurons, area where it should be permissive and inhibitory to specific population of
neurons at a specific time. Dysregulation of their synthesis and production in pathological
conditions such as spinal cord injury and glaucoma impede the regeneration in both systems.
A better understanding of their spatial and temporal expression, molecular assembly and
interaction, and production and degradation will be crucial to harness them for encouraging
functional recovery in different pathological conditions.
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Abstract

Accumulating evidence points to a primary role for non-myelinating glia as principal
mediators of homeostasis in the central nervous system (CNS). However, the origins of
the basis for glial heterogeneity are not well understood. Our recent studies contribute to
an emerging view that the extracellular matrix (ECM) provides clues to glia underling
theirspecialized functionsand, moreimportantly, thenatureofhow gliachangeinrelation
to neuropathology. In this review, we discuss how the dynamic mosaic of CNS ECM
impacting CNS health and disease. Specifically, we focus on the roles of select extracel-
lular matrix proteins, namely fibronectin (Fn), vitronectin (Vn), laminin (Ln) and tenascin-
¢ (TnC), as prototypes for how ECM can modulate glial functions. We discuss the
differences in expression patterns in the developing and adult CNS and relate these ECM
molecules to specific changes in glial functions in neurological diseases. We also discuss
how experiments have revealed the role of ECM molecules’ influence on CNS develop-
ment and the response of glia to injury and inflammation. We provide a new model to
explain the nature of glial diversity as an adaptive response to the extracellular milieu,
and provide a differentapproach to understand the complex nature of glia heterogeneity.

Keywords: astrocyte, fibronectin, tenascin-c, laminin, vitronectin

1. Introduction

Tissues arenot made up solely of cells. A substantial part of Tissue volumeis extracellular space,
which is largely filled by an intricate network of macromolecules constituting the extracellu-
lar matrix (ECM). The vertebrate extracellular matrix was once thought to serve mainly as a
relatively inert scaffold to stabilize the physical structure of tissues. But It is now clear that the
matrix has a far more active and complex role in regulating the behavior of the cells that contact
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it. Throughout the body, the ECM provides structure and organization to tissues through an
intricately arranged scaffold comprised of a variety of secreted proteins and complex polysac-
charides that are secreted locally and assembled into an organized meshwork in close associa-
tion with the surface of the cells that produced them. Variations in both the relative amounts of
the different types of matrix macromolecules and the way in which they are organized in the
extracellular matrix give rise to an amazing diversity of forms, each adapted to the functional
requirements of the particular tissue that influences their survival, development, migration,
proliferation, shape, intercellular communication, and function. The extracellular matrix has a
correspondingly complex molecular composition. Although our understanding of its organi-
zation is still incomplete, there has been rapid progress in characterizing many of its major
components.

In this chapter, we will focus on a select group of ECM proteins—tenascin-C, fibronectin,
vitronectin, and laminin—and their patterns of expression and influence on the response and
function of glia in the developing and adult central nervous system (CNS). We will then
provide a detailed discussion on the differences in the patterns of expression of these factors
to specific changes observed in the context of neurological diseases using studies that have
pioneered this new approach to understanding the contributions of glia to injury and inflam-
mation. About20% of the total volume of the adult CNSis extracellular space [1, 2] that contains

Vitronectin

Laminin

Figure 1. Schematic summary depicting the diverse impacts of select ECM proteins on astrocytes. Image shown is of a
murine glial fibrillary acidic protein (GFAP+) astrocyte (red; center).
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highly organized ECM [3]. As in peripheral tissues, the ECM is composed of both interstitial
and basement membrane proteins of the ECM family; however, in the CNS, the ECM compo-
sition is remarkably different. Whereas the interstitial ECM of most peripheral tissues is
enriched in collagen, laminin, and fibronectin, the ECM of the adult CNS is primarily a loose
meshwork of hyaluronan, sulfated proteoglycans, and tenascin-R [4, 5]. The significance of
these ECM proteins in the adult CNS has been extensively considered in recent reviews [6-8]
and is beyond the focus of this chapter. Instead, we will focus on the Aforementioned ECM
proteins and their significance for astrocyte function (Figure 1).

1.1. Fibronectin

Fibronectin (Fn) is a high-molecular weight, insoluble glycoprotein dimer that consists of three
types of repeating amino acid modules, named type I, type II, and type III [9]. The structure
of Fn varies, depending on whether it is secreted into the plasma or synthesized by resident
cells. The majority of plasma Fn is produced by hepatocytes and is detectable in human blood
ata concentration of 300 pig/m1[10, 11]. In contrast, cellular Fn contains the alternatively spliced
extra domain A and/or extra domain B (the nomenclature for humans; for rodents: EITA and
EIIIB). In addition, Fn has been shown to be a critical component in other ECM proteins,
including heparin, collagen, and fibrin, and together these protein networks contribute to the
formation of the ECM [9]. One of the main functions of Fn is to serve as a scaffold for cell
adhesion and migration, which influences the regulation of cell proliferation and differentia-
tion [9]. A myriad of small proteins, such as growth factors, have been found to support these
functions of Fn when they accumulate in the Fn network. As a result, local concentrations of
these small proteins are seen to increase. The Fn matrix has been found to be essential for
normal embryonic development by studying Fn-knockout mice [12]. In healthy adult tissue,
Fn is expressed at low levels. Transient Fn re-expression either through plasma leakage
and/or synthesis from resident cells is a common “default” response to tissue injury, ranging
from skin wounds to joint inflammation [13] and myelin degradation [14]. In the CNS, myelin
damage (demyelination) elicits the production of a temporary Fn matrix [14-18]. In this injury
scenario, the Fn matrix is a result of plasma leaking into the CNS parenchyma [15, 16], and
cellular Fn is secreted by resident astrocytes, microglia, and endothelial cells [14]. The gener-
ation of a temporary Fn scaffold comprised of both plasma and cellular Fn is a common
response to tissue injury. We will discuss Fn re-expression during glial scar formation in
multiple sclerosis (MS) and how clearance of the temporary Fn matrix is disturbed, which
results in incomplete remyelination.

1.2. Tenascin-C

Tenascin-C (TnC) is a glycoprotein that is expressed in the ECM of various tissues where it has
been found to regulate processes such as cell growth, migration, and adhesion during
development, and represents 25% of the class of proteins that form the basic constituents of
the brain ECM [19-22]. Tenascins are very large multimeric glycoproteins whose structure is
well-conserved among vertebrates. TnC is built up in a modular fashion and consists of a
cysteine-rich amino-terminus, EGF-like domains followed by fibronectin type IIl domains, and

17
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a carboxyterminal domain resembling fibrinogen-b [23]. Tenascin-C binds and interacts with
a wealth of extracellular matrix and cell surface ligands [20], which is heavily mediated by Fn
type III modules. Integrins, cell-surface heparin sulfate proteoglycans, and cell adhesion
molecules of the immunoglobulin superfamily have been found to be the major cellular
receptors of TnC [24]. TnC commonly binds to other ECM proteins, such as fibronectin,
phosphacan, and, particularly, leticans. During CNS development, TnC is first expressed and
accumulates around the fibrous processes of radial and Bergmann glial cells, which direct the
migration of neuronal precursors during cortical and cerebellar development, respectively [25,
26]. During the later stages of development, TnC is expressed primarily by astrocytes, where
it is thought to exert autocrine effects that regulate the proliferation of astrocyte progenitor
cells [27]. TnC has also been found to modulate the stem cell compartment in the subventricular
niche, where it is specifically enriched in the environment of mouse neural stem cell precursor
cells (NSPCs) at embryonic day E14-E15 [28]. For example, TnC has been found to contribute
heavily to the maturation of NSPCs [29], as well as the proliferation and maintenance of
oligodendrocyte precursor cells [30-32]. In vivo and in vitro studies have demonstrated that
TnC encodes for both permissive and inhibitory cues, which mediate neuron migration and
axon growth and guidance by way of neuron-glia interactions [33-39]. Two to three weeks
after birth, TnC expression decreases continuously, maintaining only a significant expression
level in the neurogenetically active areas of the adult brain that encompass the subependymal
zone and the hippocampus, as well as regions of plasticity in the hypothalamus [40-44].

1.3. Laminin

Laminins are major components of the basal lamina [45] and are also present in the ventricular
zone (VZ) of the developing neocortex [46, 47]. Additionally, laminins were one of the first
ECM proteins to be implicated in nervous system development as they were found to promote
neurite outgrowth in an integrin-dependent manner [48-52]. During development, the
extracellular matrix forms a basal lamina (BL) surrounding the brain and blood vessels
throughout the CNS [53, 54]. In the neocortex, the BL at the pial surface is contacted by the
end-feet of radial glial cells. A number of studies have shown how crucial the pial BL is for
neocortical development. Removal of the BL leads to the detachment of radial glial cell fibers,
which affects radial glial cell survival and proper cortical lamination [55-58]. Laminins have
also been shown to promote the expansion, migration, and differentiation of neural stem cells
(NSCs) in vitro [46, 59-67]. Mice lacking laminin al die during embryogenesis [68]; mice
bearing a mutation that only affects the laminin al nidogen-binding domain survive until birth
and display disruptions of the pial basal lamina as well as neuronal ectopias [69]. Additionally,
laminin alinactivation in a subset of cortical neurons has been observed to cause cortical
lamination defects [70]. However, defects in the maintenance and/or differentiation of NSCs
has not been reported in these mutants. In vivo evidence for a role of laminins in controlling
NSC behavior comes from studies of their dystroglycan and integrin receptors. In human
patients, mutations within enzymes that glycosylate dystroglycan have been shown to
produce cortical neuronal ectopias [71, 72]. Mice lacking dystroglycan in the CNS or bearing
mutations in dystroglycan glycosyltransferase display BL disruptions and neuronal migration
defects [73-75]. Laminins have also been found to play a role in axonal guidance in vivo [76].
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In mice, laminin a1 deficiency results in the abnormal branching of myelinated axons from the
corpus callosum [70]. These mutants also show abnormal neuronal migration, impaired
activation of integrin downstream effectors, such as focal adhesion kinase and paxillin, and
disrupted AKT/GSK-3 signaling, which has been implicated in neurite outgrowth [77]. The
exact mechanisms underlying these abnormalities remain unknown. In the CNS, oligoden-
drocytes derive mainly from precursors residing in the ventral VZ and ganglionic eminences.
They proliferate and migrate before becoming mature, myelinating cells [78]. Oligodendro-
cytes do not have a basal lamina, although there exists some evidence that developing
oligodendrocyte precursor cells can secrete low levels of laminin [79], which suggests oligo-
dendrocytes may interact with outside sources of laminin. Oligodendrocytes myelinate axons
through extending multiple cell processes capable of ensheathing numerous axons [80, 81].
Expression of laminins during development correlates with the onset of CNS myelination [80,
82], and varied degrees of defects have been found in white matter tracts of patients suffering
from congenital muscle dystrophy [83, 84]. Mice lacking laminin a2 have a developmental
delay in oligodendrocyte maturation, resulting in hypomyelination [85, 86]. The degree of
developmental delay is region-specific, which may reflect different laminin a2 requirements
[86].

1.4. Vitronectin

Vitronectin (Vn) is a multifunctional plasma and ECM glycoprotein with multiple domains
for interactions with plasma proteins like thrombin, anti-thrombin III, and plasminogen
activator inhibitor-1 [87]. Vn is primarily synthesized in the liver [88] and has affinity for
different integrins expressed on T-cells, platelets, endothelial cells, and macrophages. Com-
paratively little is known about the expression patterns of Vn during CNS development;
however, a role for Vn in the induction of neurite outgrowth has been shown [89, 90]. In the
normal adult CNS, vitronectin is localized mostly to blood vessels, with the exception of
capillaries, suggesting that small amounts of vitronectin can be deposited in the CNS under
normal conditions [91].

2. Matrix influence on astrocyte differentiation in CNS development

Astrocytes are specialized glial cells that are the major cell Component of the adult CNS,
outnumbering neurons by over fivefold and Comprising roughly 20-40% of all glia [92]. They
extend numerous processes that locally contact the surrounding neurons, other glial cells, and
endothelial cells. Besides their pure barrier function, they also play a vital role in the control
of cerebral blood flow and glucose homeostasis in the brain [92]. During the early development
of the CNS, the overall expression of ECM molecules is relatively low and subsequently
increases toward the end of embyrogenesis and during postnatal development [93, 94]. Despite
their prominent expression during neural development, little is known about the functional
importance of specific ECM molecules for astrocyte development. While the importance of
how chondroitin sulfate proteoglycans (CSPGs) influence the differentiation of NPCs to
astrocytes during embryonic development cannot be overlooked, for the purposes of this book
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chapter we will instead focus on the known role of tenascin-c in NPC differentiation into
astrocytes. The tenascin gene family has recently gained increased attention with regard to
glial development Owing to their late embryonic and early postnatal expression. Karus et al.
have recently shown that TnC is capable of regulating the maturation of astrocytes during
embryonic spinal cord development, primarily by orchestrating the responsiveness of NPCs
to growth factors [27]. Within the developing brain and spinal cord, NPCs have been observed
to initially generate neuronal cells. However, changes in the expression patterns of growth
factor receptors result in the specification of astroglial cells. The expression of the epidermal
growth factor receptor has been shown to be critical for normal astrocyte development [95].
During early embryonic stages, NPCs expressing Nestin, brain lipid binding protein (BLBP),
and fibroblast growth factor receptors (FGFR) primarily generate neurons. Upon sustained
fibroblast growth factor (FGF) signaling, these NPCs gain responsiveness towards epidermal
growth factor (EGF). The expression of the EGF receptor is stimulated by TnC [27]. As a result,
a rapid decline in neuron generation is observed in the embryonic spinal cord. Regardless of
their location along the rostro-caudal axis of the developing spinal cord, the NPCs begin to
express shared molecular markers with astrocytes, such as glutamate aspartate transporter
(GLAST) and TnC [96]. Additionally, these cells begin to express additional markers such as
51008, aquaporin-4 [97], and fibroblast growth factor receptor 3 (FGFR3). Subsequently, the
NPCs differentiate into GFAP-positive mature astrocytes, which are then often classified into
fibrous white matter and gray matter astrocytes. Moreover, CSPGs and potentially TnC are
involved in the maturation toward GFAP-positive astrocytes [98].

Astrocytes have been shown to play a prominent role in the developing central nervous system.
Astrocytes contribute significantly in coordinating neuronal migration, axon guidance, and
synapse formation [92]. This coordination is directed through deposition of specific extracel-
lular matrix protein in the developing CNS—namely fibronectin and laminin. In an early
report, Stewart and Pearlman observed fibronectin-like staining in the developing mouse
cerebral cortex [99]. The temporal and spatial expression of fibronectin led them to posit that
the transient appearance of fibronectin-like immunostaining in the zones that contain early
cortical afferents suggests a role for Fn in forming the migratory pathway for the growth cones
of these axons. In this role, it may be acting in concert with other extracellular matrix compo-
nents such as hyaluronectin [100], glycosaminoglycans [101, 102], and laminin [103], which
have been shown to have similar spatial distributions. The decline of fibronectin-like immu-
nostaining that occurs as cortical development progresses may be a part of the change from
the immature state, which supports profuse axon elongation in the CNS, to the mature state
in which neurite outgrowth is quite limited. In addition to fibronectin deposition, astrocytes
produce and secrete laminin, a key extracellular matrix guidance molecule in the developing
brain. Laminin is synthesized and secreted by astrocytes both in vivo [103-107] and in vitro
[108-112]. Astrocytic laminin is deposited into the ECM and fixed on the cell surface through
binding to specific transmembrane receptors known as integrins [113-115]. The regionalization
of laminin on the astrocyte surface is determined by the clustering of integrins, which are
bound to the microfilaments, into macromolecular complexes known as focal contacts [116,
117]. It is this organization of laminin into specific patterns on the cell surface that provides
directional cues to the elongating neurite [118-120]. Similar to fibronectin and TnC, the
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expression of laminin in the brain parenchyma is developmentally regulated and coincides
with neuronal migration [119]. Once the wiring of the brain network is firmly established,
laminin disappears from the brain parenchyma and is restricted to the basal lamina of the
vasculature.

3. ECM regulation of astrocytes

Once established, the composition of the mature extracellular matrix is rather stable with little
or no turnover of their components [24]. This stability is lost, however, when tissue damage
results from injury, inflammation, or disease. Extracellular matrix degradation is triggered
through inflammation, which results in changes to the matrix composition. Under these
circumstances, the expression of various extracellular matrix molecules is highly up-regulated
and major depositions are observed often marking lesion sites, in particular, in association
with glial scar tissue formation. The freshly produced ECM components may be secreted by
reactive astrocytes, oligodendrocyte precursors, microglia/macrophages, and eventually by
meningeal cells. The lesion and consequent reactive processes induce a matrix accumulation
that strongly resembles the “juvenile-type” of meshwork previously observed during early
nervous system development. In many CNS diseases, it is becoming increasingly clear that
some ECM molecules are aberrantly expressed and others cleaved into bioactive fragments
known as damage-associated molecular patterns (DAMPs) or “alarmins” [121]. Through their
ability to bind to different types of pattern recognition receptors (PRRs), these ECM molecules
can influence the phenotype and magnitude of inflammation. Moreover, the enzymes and
inflammatory mediators released by immune cells further degrade or alter the composition of
the ECM. For the purposes of this book chapter, we will focus on the role of astrocytes in CNS
injury and disease and how the extracellular matrix influences their response. We will
highlight how the extracellular matrix proteins mentioned in the introduction could have
profound effects on CNS injury and disease recovery by discussing their known roles.

3.1. Tenascin-c influences on astrocytes in diseases of the CNS

Tenascin-c can actasa DAMP, eliciting activation of innate immune cells via binding to a TLR-4
[122]. This was first demonstrated in a model of arthritis where inflammatory disease symp-
toms in TnC KO mice resolved rapidly; conversely, TnC injection elicited joint inflammation.
TLR-4 stimulation up-regulate TnC in macrophages so tenascin-c can act in an autocrine loop
to amplify acute inflammation [122]. Although acute TnC expression is required for proper
would healing [123], persistent expression can be detrimental; TnC is up-regulated in mice
with Alzheimer’s disease, and its deletion reduces neuropathology and inflammation [124].
TnC is an important factor in propagating chronic inflammation and could act in a similar
manner after spinal cord injury.

After spinal cord injury, de novo synthesis of TnC occurs around the site within three days.
Expression of TnC has been shown to persist for at least 30 days post injury in this model [125].
TnC is expressed by astrocytes in the lesion border, within the dorsal columns, and within the
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lesion epicenter. Interestingly, astrocytes cultured on TnC express fewer scar-related markers
and proliferate less than astrocytes grown on control substrates [126], implying that TnC may
restrict astrogliosis and scar formation after spinal cord injury. Additionally, in vivo work on
spinal cord injury in tenascin-c knockout (KO) mice have shown that spontaneous recovery of
locomotor functions after spinal injury is impaired in these animals when compared to wild-
type mice. The impaired recovery was associated with attenuated excitability of the plantar
Hoffmann reflex, reduced glutamatergic input, reduced sprouting of monaminergic axons in
the lumbar spinal cord, and enhanced post-traumatic degeneration of corticospinal axons
[127]. In a follow-up study using a model of lumbar spinal cord hemisection injury, global
deletion of TnC was associated with enhanced axonal plasticity and growth into the lesion site.
While these recent reports provide contrarian views to the role of TnC in the injured spinal
cord, the precise mechanisms responsible for these changes have not been determined. In their
review on extracellular matrix regulation in the healthy and injured spinal cord, Gaudet and
Popovich suggest performing complementary gain-of-function experiments in wild-type mice
and analyses of specific cellular and molecular pathways (e.g., inflammation) in tenascin-c KO
mice [121]. Clearly the authors the state, consistent up-regulation of TnC after injury and its
ability to bind/activate TLRs suggest that it is a candidate for controlling inflammation after
spinal cord injury [121]. Further research will need to be performed in order to tease apart the
role of this integral ECM protein in spinal cord injury.

TnC has also been implicated in globoid cell leukodystrophy (GLD), also known as Krabbe
disease. GLD is a rare and often-fatal demyelinating disease caused by mutations in the
galactocerebrosidase (galc) gene that results in the accumulation of galactosylsphingosine
(“psychosine”) [128]. Aberrant deposition of the extracellular matrix protein TnC has been
observed in the brains of GLD patients when compared to age-matched control subjects.
Elevated deposition and expression of TnC have also been observed in brain tissues from
twitcher mice, an authentic mouse model of GLD [129]. The elevated TnC levels have been
implicated in enhancing astrocyte responses to psychosine and astrocytic production of matrix
metalloproteinase (MMP)-3, which activates microglial responses, inducing the formation of
“globoid-like” cells in culture [129, 130]. This dysregulation of astrocytes, in part mediated by
altered ECM, is thought to enhance the demyelination seen in this disease [129].

Expression of TnC is also aberrant in multiple sclerosis (MS). This chronic inflammatory and
CNS demyelinating disease involves autoimmunity directed against myelin. A neuropatho-
logical hallmark of MSis glial scarring, formed by reactive astrocytes. Multiple sclerosis lesions
can be broadly defined as inactive, chronic active, and chronic. Inactive MS lesions and the
center of chronicactive lesions are characterized by few leukocytes and extensive glial fibrillary
acidic protein immunoreactivity, indicative of astrogliosis. Within acute MS plaques, a
significant loss of tenascin-c immunoreactivity has been observed, whereas tenascin-c was
distributed throughout chronic MS plaques at levels similar to or greater than those seen in
normal-appearing white matter. Particularly reactive astrocytes have been shown to strongly
express TnC, and several reports have shown a correlation between TnC induction and acute
inflammation, suggesting that enhanced tenascin-c expression might function as a defense
mechanism to control the inflammatory reaction [22, 131]. However, the loss of TnC seen in
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acute MS lesions is consistent with inflammatory cell-mediated breakdown of the extracellular
matrix, which may be a marker of blood-brain barrier breakdown and leukocyte extravasation.
Matrix metalloproteinases, which can degrade tenascins, are probably a factor in this inflam-
matory-mediated matrix breakdown. Such a breakdown in the TnC matrix might lead to aloss
of matrix-cellular interactions, influencing the radial extension of the active lesion. Further-
more, the expression and preservation of TnC in normal-appearing white matter beyond the
plaque edge may negatively influence migration. The increase in TnC seen in association with
a reactive astrocyte subpopulation in extensively demyelinated and subacute lesions and scar
formation in chronic MS lesions might also inhibit repair. It suggests that reactive astrocytes
continue to produce TnC, which leads to the eventual increase in levels seen in chronic plaques.
This increased production and deposition of TnC would then actively inhibit and prevent the
differentiation of oligodendrocyte progenitor cells into oligodendrocytes within the lesion,
leading to the failure to remyelinate axons, which is seen in MS pathology.

3.2. Astrocytic fibronectin in CNS disease pathology

Inflammation-mediated loss of myelin and incomplete remyelination are pathological
hallmarks of multiple sclerosis (MS). Remyelination is essential for both restoration of saltatory
conduction and axonal protection [132]. Although remyelination occurs in the early stages of
MS, it declines as the disease progresses, resulting in chronically demyelinated plaques and
axonal loss [133]. Oligodendrocyte progenitors, the cells responsible for CNS remyelination
[134], are present in most MS lesions, but ultimately fail to differentiate into mature myelinat-
ing oligodendrocytes, which results in remyelination failure [132, 135]. One of the many factors
regulating the migration, proliferation, and differentiation of oligodendrocyte progenitor cells
into mature, myelinating oligodendrocytes is the extracellular matrix [136]. In multiple
sclerosis brain tissue, enhanced fibronectin deposition was primarily localized to vessel walls,
in particular in perivascular infiltrates, and correlated with the extent of inflammation.
Fibronectin accumulation was also detected in the parenchyma of active demyelinating MS
lesions, suggesting that, in addition to extravasation from affected blood vessels, fibronectin
may be locally produced by endothelial cells, infiltrated macrophages in the CNS [15, 137], as
well as astrocytes [14]. Recent data have now demonstrated that fibronectin inhibits the
differentiation of oligodendrocyte progenitors and, as a result, remyelination [138]. This
finding was furthered when Stoffels et al. observed that the production of fibronectin aggre-
gates inhibited oligodendrocyte progenitor cell differentiation in both an animal model of MS
and within chronically demyelinated lesions. When they examined the expression of fibro-
nectin on demyelinating injury, they found that the formation of these inhibitory fibronectin
aggregates is mediated by inflammation. In toxin-induced lesions, fibronectin expression was
transiently increased within demyelinated areas and declined as remyelination proceeded.
However, upon the examination of chronically demyelinated MS lesions, fibronectin expres-
sion persisted in the form of insoluble, degradation-resistant aggregates. This finding was also
observed in a mouse model of MS, chronic experimental autoimmune encephalomyelitis,
wherein fibronectin aggregates were found at the relapse phase but not in a toxin-induced
demyelination injury model.
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Frostetal. [139] showed that fibronectin promoted the migration of oligodendrocyte precursor
cells. Connecting segment-1 fibronectin, an alternative splice variant of fibronectin, localized
to astrocytes and astrocyte end-feet at the edge of MS lesions [16]. The CS-1 domain serves as
a ligand for a4B1, a leukocyte integrin involved in cell-ECM and cell-cell adhesion. The
presence of CS-1 fibronectin in astrocyte end-feet may therefore contribute to entry or retention
of a4B1 integrin-bearing leukocytes further into the CNS parenchyma. These data indicate that
fibronectin and its splice variants have an active part in MS lesion development and progres-
sion.

Fibronectin has also been shown to mediate the inflammatory response in spinal cord injury.
After spinal cord injury, both a glial and fibrotic scar forms at the site of injury. An excellent
review on the glial scar can be found in Sofroniew and Vinters, 2010. Along with the re-
appearance of tenascin-c, fibronectin deposition is also increased following spinal cord injury.
While fibronectin has been shown to be a growth-permissive substrate for axons, the fibrotic
scar is inhibitory to axon regeneration [140]. In a compression trauma model of spinal cord
injury, Farooque et al. found that fibronectin was present within sites of severe spinal cord
compression trauma; however, when distal portions of the spinal cord were probed for
fibronectin antigen, there were no signs of deposition [141]. This indicates that fibronectin is
deposited proximal to the site of injury. Additionally, fibronectin has been shown to stimulate
astrocyte proliferation through two means: (1) the a5p1 integrin found on astrocytes, and (2)
the up-regulation of the P2Y1 receptor. The up-regulation of P2Y1 by fibronectin requires
[Ca2+]i and the activation of the integrin-linked kinase (ILK) and Akt [142]. The [Ca2+]i
stimulated by fibronectin is a5B1 integrin receptor dependent and the phosphorylation of Akt
or extracellular signal-regulated protein kinase (ERK1/2) induced by fibronectin mediates the
action of cAMP response element-binding protein (CREB) and signal transducer and activator
of transcription 3 (Stat3). Through these various pathways, fibronectin release could stimulate
the astrocyte proliferation seen after spinal cord injury, that the increased expression of the
P2Y1 receptor would provide more sites for ATP to bind, which could further aggravate the
proliferation and inflammation of spinal cord astrocytes, thus worsening the recovery of Spinal
cord injury patients [142].

3.3. Laminin in CNS disease pathology

Laminins are high-molecular weight (~400 kDa) proteins of the extracellular matrix. They are
a major component of the basal lamina (one of the players of the basement membrane), a
protein network foundation for most cells and organs. The laminins are an important and
biologically active part of the basal lamina, influencing cell differentiation, migration, and
adhesion. Laminin is vital for the maintenance and survival of tissues. In the central nervous
system, laminins, similar to other extracellular matrix proteins, are broadly expressed during
embryonic brain development. In the adult brain, however, the distribution of laminin is
restricted to the vascular basal lamina and the ventricular-subventricular zone stem cell niche.
We will be covering laminin expression as it pertains to the vascular basal lamina (i.e.,
basement membrane). There are two distinct continuous basement membranes that can be
identified surrounding the cerebrovasculature: the vascular basement membrane and the
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astroglial basement membrane. Both of the basement membranes are composed of the
characteristic sheet-like structures of laminins, heparan sulfate proteoglycans, entactin, and
type IV collagen. The only difference observed between the two basement membranes is the
source of the structural components: endothelial cells are the predominate source for the
vascular basement membrane, and astrocytes (specifically, astrocytic end-feet) are responsible
for the formation of the astroglial basement membrane.

In multiple sclerosis lesions, alterations in the basement membrane are observed [16, 91, 143].
Abnormalities of the basal lamina surrounding the brain capillaries and local deposition of
matrix molecules may influence blood-brain barrier permeability and thus leukocyte migra-
tion and retention. The basement membrane barriers previously discussed —vascular and
astroglial —define the inner and outer limits, respectively, of the Virchow-Robin perivascular
space where leukocytes accumulate before they migrate into the CNS neuroparenchyma.
Recently, the presence of extensive basement membrane alterations in MS brain tissue was
described [16, 143]. It was found that inflammatory MS lesions contained irregular and
discontinuous basement membranes throughout the lesion area. It was also found that
organized deposition of basement membrane proteins occurred within the perivascular
infiltrates in MS lesions. This group hypothesized that these structures contributed to the influx
of leukocytes by forming a reservoir of chemotactic agents. However, they also posited that
the perivascular ECM structures might function as a conduit network, thereby facilitating the
transport of myelin-laden macrophages out of the CNS toward cervical lymph nodes [144].
The deposition of such compact parenchymal basement membrane deposits may have further
consequences such as hampering axonal regeneration and outgrowth through the formation
of an anatomical barrier, which could lead to the persistence of MS lesions.

It has also been demonstrated that the only laminin isoforms present in the vascular basement
membranes are a4 and a5, whereas isoforms al and a2 were restricted to the astroglial
basement membrane [145]. When investigating the expression of these laminin isoforms in the
brain tissue of experimental autoimmune encephalomyelitis mice, leukocyte infiltration was
associated with a pronounced loss of laminin a5 immunoreactivity in the vascular basement
membrane. However, in regions where laminin a4 and a5 were detected, no leukocyte
infiltration was detected. Interestingly, there was major leukocyte infiltration occurring at sites
where the parenchymal basement membrane contained both the laminin al and a2 chains,
isoforms produced primarily by the astrocytic basement membrane. This suggests that
leukocyte migration across the astroglial basement membrane is markedly different compared
to the migration observed across the vascular basement membrane [145]. There was also a
recent study looking into the differential distribution of several laminin isoforms in control
and MS brain tissue. In this study, the authors confirmed the previous finding that the vascular
basement membrane is mainly composed of laminin-5,-8, and -10, whereas the astroglial
basement membrane predominantly consists of laminin-1 and -2. However, in active demye-
linating MS lesions, they observed leukocytes accumulating around vascular basement
membranes containing laminin ab. In addition, disruption and loss of vascular laminin
expression in active demyelinating lesions have been reported [146].
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Laminin also plays a role in maintaining the integrity of the blood-brain barrier (BBB). The
BBB is a dynamic network that regulates material exchange between the circulatory system
and the brain parenchyma, which aids in homeostatic maintenance of the central nervous
system [147]. In the context of central nervous system injury, BBB malfunction has been
reported. The BBB is mainly composed of brain microvascular endothelial cells, astrocytic end-
feet, pericytes, and the basement membrane, of which laminin is a key component. Astrocytes
wrap around endothelial cells using their end-feet, and pericytes, which are sandwiched
between endothelial cells and astrocytes, signal to both cell types. Recently, it has been shown
that pericytes are necessary for the formation of the BBB during embryogenesis, and loss of
pericytes leads to comprised BBB integrity and age-dependent vascular-mediated neurode-
generation in adult mice, which suggests an important role for pericytes in BBB regulation. In
a recent report, a group found that astrocyte laminin, by binding to the integrin a2 receptor,
prevents pericyte differentiation from the BBB-stabilizing resting stage to the BBB-disrupting
contractile stage, which helps to maintain the integrity of the BBB [148]. However, when
astrocytic laminin was down-regulated using functional blocking antibodies and RNA
interference, there were decreases in aquaporin-4 expression on astrocyte end-feet and
decreases in tight junction protein expression. Further, in laminin knockdown animals, the
lack of astrocytic laminin induced the differentiation of pericytes from the resting stage to the
contractile stage. This loss of astrocytic laminins could be one of the major driving forces
behind the leakiness of the BBB seen in many neurodegenerative diseases and CNS injuries.

3.4. Vitronectin in CNS disease and injury

Unlike the preceding extracellular matrix proteins, vitronectin has remained elusive in its
functional role in central nervous system inflammation and injury. The earliest reports
observed an enhancement of vitronectin expression in the blood vessel walls of active demye-
linating lesions, in demyelinated axons, and on a small number of hypertrophic astrocytes.
However, a negative role for vitronectin has not been found. In contrast, vitronectin has been
shown to promote neurite outgrowth [149] and enhance astrocyte migration [150]. As vitro-
nectin mRNA is almost undetectable in the normal adult brain, it might be synthesized by
infiltrating leukocytes or derived from the plasma as a result of blood-brain barrier breakdown.
In the EAE model of multiple sclerosis, vitronectin expression was shown to be enhanced, as
well as contribute to the up-regulation of matrix metalloproteinases and activation of microglia
[151]. Increasing research into the role of this under-studied extracellular matrix protein could
provide clues as to its functional role in CNS inflammation.

4. Concluding remarks

In this chapter, we have outlined many lines of evidence linking the activity of astrocytes to
changes in the ECM associated with neuropathology. We postulate that establishing the nature
of astrocyte heterogeneity will be important for understanding the growing number of diseases
in which astrocytes have been identified as having a primary or causal role. The growing
awareness that astrocyte dysfunction, not just reactivity, contributes to neuropathology as a
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concept we have called “gliodystrophy” [152]. This term reflects more than the presence of
astrocytes in pathology, but denotes the loss or gain of astrocyte functions as a result of
astrocyte plasticity and disease-associated heterogeneity. Therefore, understanding the basis
for astrocyte heterogeneity, as a component of astrocyte dysfunction, is of increasing impor-
tance as astrocytes are recognized to play a central role in a wide range of neurological diseases.

How might we define astrocyte heterogeneity and is astrocyte reactivity a form of heteroge-
neity? To begin, we would propose that the heterogeneity of astrocytes is divergence in
functions between ontogenically identical cells. By this definition, we would suggest that there
would exist homeostatic heterogeneity among astrocytes related to their anatomical location.
One could argue that the metabolic and physiological demands on an astrocyte within the
cortical gray matter would be different from an astrocyte located within the heavily myelinated
tracts of the corpus callosum. Indeed, astrocytes in these two locations are easily discernible
by their overt appearance as either protoplasmic or fibrous [92]. Then, reactivity would add
another dimension to this heterogeneity as each would, in theory, have potentially unique
starting states from which reactivity could also be distinctive. If we depict this idea in a
(perhaps overly) simplified manner (Figure 2), we could envision naive astrocytes within the
CNSlying along an X-axis at different points. In response to a stimulus, you might then predict
that each cell would in response to that trigger rise up the Y-axis to different points. When
considered in terms of neurological diseases, identical acute injuries or trauma to different
anatomical loci may be expected to evoke different responses from astrocytes in terms of their
proliferation, gene response, and secretome contribution to the immediate environment. When
considered in terms of chronic neurodegenerative conditions, where time plays a crucial role
(as conveyed along the Z-axis in Figure 2), heterogeneous astrocytes may be expected to
develop adaptations to disease in different ways. Where one activated cell may become
quiescent, interacting less with its immediate environment and failing to sustain homeostatic
functions, as one might envision occurring in a glial scar. Another astrocyte may instead adopt
a gain of function with an enhanced or altered secretome that modifies its immediate envi-
ronment and interacts with adjacent cells in a pathological way. This concept may contribute
to how we might explain the role of astrocytes in dementia where dysregulation of synaptic
connectivity and impaired cognitive function may relate to astrocyte senescence in Alzheim-
er’s disease [153].

From all of this discussion, we should also consider the potential utility of the information
gleaned from what could be considered the basic biology of the astrocyte. How could we apply
our present and future understanding of astrocyte heterogeneity to developing new, or
possibly enhancing current treatments for neurological disease? One possible approach of
harnessing the potential of heterogenous astrocytes has already been applied to models of
spinal cord injury and Parkinson’s disease. In these studies, Proschel and colleagues have
determined that astrocyte transplants can dramatically improve the outcomes in these
degenerative conditions. For instance, in 6-hydroxydopamine lesioned rats, the behavioral
deficit and dopaminergic denervation of the striatum were attenuated when these animals
received transplants of astrocytes pre-exposed to bone morphogeneic protein [154]. In a
previous study, this group also demonstrated enhanced axon growth in a spinal cord injury
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model with these astrocyte transplants [155]. These data show that astrocytes possess thera-
peutic potential to address important neurological diseases. To build upon the ideas set forth
by these transplant studies, one could ask how could we target the endogenous astrocytes to
achieve similar outcomes? While the answer to this important question is likely complex, if
our own ideas on the origins of astrocyte heterogeneity are valid, then select targeting of ECM-
Astrocyte communication may be one approach to try. For instance, targeting of the 31 integrin
using the RGD peptide has been shown to prevent astrogliosis in the injured spinal cord and
improve functional recovery [156]. With an advanced understanding on how the ECM
controls, or at the very least influences, the function of astrocytes in situ during brain injury or
disease, we may be able to target and promote brain recovery and repair.

In the future, we suggest that technical approaches are now available to advance this line of
investigation in ways not previously feasible. For instance, cataloging astrocyte diversity using
single-cell laser-capture sequencing may be expected to identify unique markers to distinguish
different subtypes of astrocytes from tissues. This approach would also allow for the important
distinction of acquiring astrocytes that are spatially and temporally associated with specific
types of neural injury [157]. A similar approach has recently been used to identify markers of
reactive astrocytes. Results from these types of future investigations should enable us to delve
deeper into the complexity of astrocyte biology and better understand the nature and function
of these cells as they maintain the CNS and react and participate in neurological disease states.
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Figure 2. Hypothesized model of influence of ECM on innate and acquired astrocyte heterogeneity. Depicted are two
different astrocytes, labeled A and B which have been positioned along the X-axis to reflect innate heterogeneity on the
basis of their location within the central nervous system (CNS). In response to a stimulus (labeled A" and B’, respec-
tively), the innate heterogeneity impacts the reactivity, as depicted as different locations along the Y-axis. Lastly, with
chronic stimulation, these two distinct cells develop distinct long-term phenotypes, labeled A” and B”, where the in-
nate heterogeneity results in different outcomes to the long-term stimulation. Whereas A depicted as a smaller sphere
lower on the Y axis may become chronically less active, perhaps related to development of an astrocyte scar, the other
astrocyte labeled B” with chronic stimulation adapts to become a more active, perhaps physiologically adapted, phe-
notype contributing to neuropathology in disease.
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Abstract

In brains of higher vertebrates, the delicate balance of structural remodeling and
stabilization of neuronal networks changes over the life-span. While the juvenile brain is
characterized by high structural plasticity, it is more restricted in the adult. During brain
maturation, the occurrence of the extracellular matrix (ECM) is a critical step to restrict
the potential for neuronal remodeling and regeneration, but providing structural tenacity.
How this putative limitation of adult neuronal plasticity might impact on learning-
related plasticity, lifelong memory reformation, and higher cognitive functions is subject
of current research. Here, we summarize recent evidence that recognizes the ECM and
its activity-dependent modulation as a key regulator of learning-related plasticity in the
adult brain. We will first outline molecular concepts of enzymatic ECM modulation and
its impact on synaptic plasticity mechanisms. Thereafter, the ECM’s role in converting
juveniletoadultplasticity willbeexplained by several key studiesin wild-typeand genetic
knockout animals. Finally, current research evidences the impact of ECM dynamics in
different brain areas including neocortex on learning-related plasticity in the adult brain
impacting on lifelong learning and memory. Experimental modulation of the ECM in
local neuronal circuits further opens short-term windows of activity-dependent
reorganization. Malfunctions of the ECM might contribute to a variety of neurological
disorders. Therefore, experimental ECM modulation might not only promote complex
forms of learning and cognitive flexible adaptation of valuable behavioral options, but
has further implications for guided neuroplasticity with regenerative and therapeutic
potential.

Keywords: Learning, Plasticity, Memory, Cortex, Protein turnover

1. Introduction

Inthebrains of higher vertebrates, bothneurons and glial cells produce and secrete the molecules
that accumulate and form the extracellular matrix (ECM). In the nineteenth century, pioneers
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of brain cell biology including Camillo Golgi and Santiago Ramon y Cajal have discovered a
mesh-like structure surrounding the most neurons and synapses in the adult brain [1]. This
extracellular scaffold has been seen initially as a key component for ensuring the structural
stability of therespectivetissue[2]. Laterresearchevidenced thatthe ECMhas multiple functions
including regulation of cell adhesion, cell-to-cell communication, cell differentiation, cellular
compartmentalization, and several forms of neuronal plasticity [3]. During brain maturation,
the ECM undergoes profound changes. In late embryonic phases, the ECM is composed of
particular proteoglycans and glycoproteins like neurocan and tenascin-C, which are downre-
gulated during adulthood. Other components like the glycoprotein tenascin-R and chondroi-
tin sulfate (CS) proteoglycans (CSPGs), such as brevican and aggrecan, are the main molecular
components of the adult brain ECM. One of the most important structural components in the
adult ECM is the unbranched polysaccharide hyaluronic acid (HA). HA forms the backbone
that structurally orchestrates the enmeshment of all other ECM components. Interestingly, it
hasbeenshownthatthisdevelopmentalshiftof thejuvenileand adultformsof the ECM coincides
with the closure of the so-called critical periods during brain maturation of respective brain
regions. This led to the hypothesis that the brain’s ECM is involved in regulating the switch
from juvenile to adult plasticity by structural tenacity restricting the potential for neuronal
reorganization [4]. Thereby, thebrainhasevolved mechanismsthatguaranteestructuralstability
oftheneuronalnetworksestablished duringexperience-dependentlearning. Thisbrain function
is fundamental for strengthening neuronal connections and their respective forms of process-
ing impacting on long-term memory storage and recall. Nevertheless, current research has
shown that dynamic adaptations of the ECM can alter several forms of synaptic plasticity and
thereby regulate flexible learning and memory organization in the adult brain.

2. The structural foundation of the ECM in the vertebrate’s brain

Components of the ECM in the mature brain are interlinked in a complex netlike architecture
[5]. The linear HA backbone binds and coordinates proteoglycans especially of the lectican
family that are cross-linked by glycoproteins such as the tenascins. Thus, this form of ECM is
referred to as HA-based ECM. It is rich in the glycosaminoglycan CS attached to CSPGs of the
lectican family, as for instance brevican and aggrecan [6]. The main carrier of CS within the
ECM is aggrecan with its multiple attachment sites, while Brevican is a part-time proteoglycan
existing glycoprotein and proteoglycan [7,8]. Brevican and aggrecan both bind to the ECM
glycoprotein tenascin-R (Figure 1A). Other so-called cartilage link proteins form a complex
with N-terminal domains of the lecticans and HA and thereby contribute to the ECM stability
[6]. A large variety of other components including reelin, laminins, thrombospondins, heparin-
sulfate proteoglycans, guidance molecules, and even transcription factors are incorporated in
the complex ECM structure (Figure 1A). This form of the homogenous HA-based ECM loosely
enwraps cell bodies, dendritic, and synaptic structures of most neurons. Further, the mature
brain contains a specialized glycosaminoglycan-rich ECM structure around synapses and
somata of a small proportion of neurons. This more rigid form is called the perineuronal nets
(PNNs), which are especially rich in aggrecan and CS. Such PNNs are most abundant on
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GABAergic interneurons expressing the calcium buffer protein parvalbumin (PV; Figure 1B).
Recent evidence shows that PNNs are highly heterogeneous and can be found on various types
of neurons throughout the CNS. For the formation of WFA-positive PNNS, the cartilage link
protein Crtl1/Hapln1 has been identified as a key regulator [9].
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Figure 1. Cell types and their specific forms of the hyaluronan-based ECM. (A) The mature ECM is based on the
backbone of hyaluronic acid (orange). Schematized are the specialized form of the PNN (left) and the loose ECM (right)
around synaptic contacts. Densely packed PNNs are rich in CS and aggrecan. Small signaling molecules such as sema-
phorin 3a or Oxt2 are bound to CS within the PNN and mediate several functions or regulate gene expression. The
loose ECM around excitatory, spiny synapses is rich in brevican and contains only little aggrecan and is thus less rich
in CS. ECM proteins (e.g., reelin) signal through their receptors (e.g., integrins) and regulate several cellular processes
including trafficking of glutamate receptors (see C). ECM function is modulated by proteases (scissors) that may free
synapses by removing ECM or unmask signaling molecules. (B) Left, Parvalbumine positive interneuron (PV, red) with
typical PNN stained for aggrecan (AGG, green). Middle, Dendritic spines and synapses of excitatory neurons (red) are
also surrounded by brevican (BC, green), although it is less specific for PNN’s. Right, Dissociated cortical neuron
stained with the dendritic marker Map2 (blue) and Homer (red) to stain excitatory synapses and hyaluronic acid bind-
ing protein (HABP, green) to label extracellular matrix. Note the loose appearance around dendrites, spines, and syn-
apses. (C) Enzymatic weakening of the ECM by glycosidases (e.g., hyaluronidase, see scissors) changes the
micromillieu around synapses by for instance increased lateral diffusion and synaptic exchange of AMPA receptors
(blue arrows). Further, removal of stabilizing cues facilitates structural plasticity such as de-1ovo formation of new syn-
apses and synaptic scaling. Modified from Ref. [22].

The structural foundation of the mature ECM allows regulating several functions beyond
mechanical stability of neuronal networks. In the juvenile brain, the ECM regulates neuro- and
gliogenesis, cell migration, axonal pathfinding, and synaptogenesis. Adult forms of the HA-
based ECM are in the service of multiple functions including regulation of synaptogenesis and
synaptic plasticity, compartmentalization of the neuronal surface, neuroprotection, regulation
of ion homeostasis, and neuron-glia interactions. The remainder of this review will consider
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several ECM-based mechanisms for regulating synaptic plasticity and its effects on brain
development and adult learning behavior.

3. ECM-guided switch from juvenile to adult synaptic plasticity

Early in life, high structural plasticity allows profound shaping of brain circuits by experience.
Such critical periods in the juvenile brain are limited by the occurrence of the ECM imple-
menting adult brain plasticity modes. For instance, in wild-type animals, dark rearing delays
not only the critical periods of developmental plasticity in visual cortex of rodents, but also
the formation of PNNs. During the development, the cartilage link protein Crtl1/Hapln1 is
organizing the formation of PNNs. Crtll/Haplnl k.o. mice do not develop normal PNN
structures in the visual cortex. These mice show juvenile forms of ocular dominance (OD)
plasticity and sensitivity of the visual system to deprivation throughout the life-span [9].

The seminal study by Pizzorusso et al. [10] has elucidated the ECM as the regulatory switch
between juvenile and adult plasticity. The authors combined monocular deprivation with
injection of the ECM-cleaving enzyme chondroitinase ABC (chABC) into visual cortex of adult
rats (see also Figure 1C). The local weakening of the ECM “re-juvenated” the visual cortex and
restored the critical period form of OD plasticity (Figure 2). By the same manipulation
Pizzorusso and colleagues restored in a follow-up study, the visual acuity in adult animals
grown up with long-term monocular deprivation [11]. Similarly, application of the serine
protease tissue-type plasminogen activator (tPA) into the visual cortex can prolong or
reactivate critical periods of OD plasticity in visual cortex [12] based on increased structural
remodeling [13].

Later studies identified the regulatory role of the ECM in other forms of developmental
plasticity during brain maturation of different vertebrate species. For instance, birdsong
learning in the zebra finch occurs during a sensitive period similar to the language develop-
ment in humans. It has been shown that with the end of this critical period PNNs around PV-
positive neurons emerge in brain areas that are dedicated to singing [14]. In another set of
experiments, Gogolla et al. [15] shown that the maturing ECM in the amygdala essentially
makes fear memories erasure resistant in adult animals. In rats not older than 3-4 weeks, a
conditioned fear memory trace can be erased permanently by extinction, that is, the presen-
tation of the conditioned stimulus without the aversive stimulus. However, after this period
extinction only attenuates the fear response, but it reinstates instantaneously if the aversive
stimulus is presented again. Hence, a permanent loss of the fear memory is only found before
the ECM in the amygdala is formed and is preserving established fear memories. Gogolla and
colleagues now attenuated the ECM in the amygdala by chABC injections in adult rats. This
led to a complete erasure of the fear response after an extinction phase even if the aversive
stimulus is presented to these animals again. In addition, the early preweaning environment
impacts on rodent ECM maturation in a functional manner. Improved performance in water
maze learning in the adult age after early postnatal-enriched housing has been correlated with
increased PNN formation in the striatum reflecting functional shaping of neuronal circuits
involved in motor learning [16].
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Figure 2. The emerging ECM during brain maturation and its regulatory role for juvenile brain plasticity (A) Wiste-
ria floribunda (WFA) fluorescein staining against sugar chains of the CSPGs in rodent sensory cortex shows that the
diffuse HA-based ECM and perineuronal nets around cells emerge with brain maturation (>3 month), but were abun-
dant in juvenile state (3 weeks). Modified from Ref. [42]. (B) Pizzorusso et al. [10] demonstrated the inhibitory role of
the developmental maturation of the ECM in visual cortex of rats for early experience-dependent plasticity. In juvenile
rats, monocular deprivation (MD) leads to an ocular dominance shift (left). After the critical period, MD alone did not
cause such a shift in the adult. In this study, the authors found that weakening of the ECM by chABC treatment in
visual cortex reactivated OD plasticity shifting toward the nondeprived eye.

The emerging ECM in the developing brain seems to be involved in a complex molecular
machinery organizing the maturation of neuronal networks. For instance, in mouse visual
cortex, ithas been shown that critical periods are initiated, maintained, and closed by the action
of the orthodenticle homeobox 2 homeoprotein (Otx2) on PV+-GABAergic interneurons [17].
Interestingly, Otx2 contains a glycosaminoglycan binding sequence that mediatesits allocation
to the PNNs by specificbinding to CSD and E. Thereby, a constantlevel of Otx2 in PV+-neurons
keeps a mature, consolidated, and persistent PNN-state in the adult brain. Hydrolysis of the
PNNs by chABC reduces the amount of endogenous Otx2 in PV cells mediating the reopening
of OD plasticity in adult mice [18].

The reviewed studies in this paragraph have shown how the change of the juvenile form of
the ECM to a more rigid adult ECM mediates the different modes of neuronal plasticity during
brain development. Why has this restriction of adult reorganizational and regenerative
plasticity only evolved in higher vertebrates? The evolutionary benefit may be to preserve the
costly acquired hardwired connections during early life experience, which are fundamental
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for rapid experience-based behavioral adaptations of higher vertebrates [4]. Nonetheless, the
adult, healthy brain retains a remarkable capability of plastic reorganization that is essential
for constantly adapting to our ever-changing environment.

4. The hyaluronic acid-based ECM regulates adult synaptic plasticity

The functional mechanisms by which the HA-based ECM implements adult forms of brain
plasticity including classical (Hebbian) and homeostatic plasticity are still elusive (for an
overview see [3]). Research investigating knockout models lacking particular components of
the ECM have provided major insights into the impact of the ECM on adult synaptic plasticity.
For instance, different mouse models deficient in specific matrix components, as tenascin-R,
brevican, or neurocan, all showed impaired forms of hippocampal long-term potentiation
(LTP). However, during the brain development of k.o.-models compensatory mechanisms
might mimic the deficit of a particular matrix component and hence limit the significance of
the findings. Therefore, another experimental strategy is to use acute enzymatic weakening of
the ECM based on the local application of different matrix-degrading enzymes (Figure 1C).
For instance, it has been shown that treatment with chABC impaired theta-burst-induced LTP
in CA1-CA3 pyramidal synapses in hippocampal slices [19]. It has been suggested that this is
due to an increased excitability of GABAergic perisomatic interneurons [3]. Similar findings
have been found with Injection of the hyaluronidase (HYase) from Streptomyces hyalurolyti-
cus [20]. In contrast to other hyaluronidases, this enzyme is highly specific to HA and does not
digest CS. The phenotype in these experiments could be rescued by perfusion with HA. It has
been suggested that this is due to the fact that HA directly regulates L-type voltage-gated
calcium channels (L-VDCC; Cavl.2) of CAl neurons and thus postsynaptic Ca*" entry and
hippocampal-dependent forms of learning [3,20]. In a recent study, we have described a
molecular mechanism by which acute ECM removal was altering short-term-dependent forms
of synaptic plasticity [21]. We measured paired pulse ratios in dissociated hippocampal
cultures by cell-attached recordings. We found the typical robust paired pulse depression
(PPD) under control conditions. Interestingly, digestion of the ECM by infusion of HYase
prevented cells from expressing PPD. We further found increased lateral diffusion of extra-
synaptic AMPA receptors after ECM digestion as key correlate of this effect [21]. This results
in a higher exchange between synaptic desensitized receptors with extrasynaptic naive ones,
which quickly replenishes the pool of excitable receptors in the active zone of a synapse
(Figure 1C). In such conditions, synapses are able to follow higher firing frequencies. Blockade
of lateral diffusion of AMPA receptors by cross-linking with antibodies, on the other hand, led
to stronger PPD caused by accumulated desensitized synaptic AMPA receptors [22]. Similarly,
mobility of other receptor types can be modulated by specific proteolytic enzymes. For
instance, MMP9 increases the mobility of NMDA-type, but not AMPA receptors. These results
have shown that the perisynaptic ECM forms surface compartments that act as diffusion
barrier for membrane proteins such as AMPA receptors. Modulation of lateral receptor
diffusion provides a novel mechanism of short-term plasticity due to a changed extracellular
micromillieu at individual synapses. Interestingly, lack of the major hyaluronan synthetase
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HASS3 in the hippocampus did not lead to a striking morphological change in the ECM.
However, the extracellular space was reduced, which resulted in a more dense packing of cells
and lower diffusion of soluble molecules in the CA1 stratum pyramidale [23]. Further, these
animals were prone to epileptic seizures which underlines the importance of the regulatory
function of the HA-based ECM that is required for instance for volume transmission and ion
homeostasis.

Weakening of the ECM and the corresponding synaptic networks might further promote
architectural remodeling and even increased spine motility. In in vitro hippocampal cultures,
microinjections of chABC treatment increased the motility of local spines and induced spine
remodeling in a $1-integrin-dependent manner [24].

5. ECM proteolysis and the generation of synaptic signaling molecules

Endogenous ECM-modulating enzymes regulate synaptic function in the juvenile and adult
brain [25,26]. Such enzymes can exert their function by either altering the extracellular milieu
via digestion of the ECM or by generating proteolytic fragments that may act as signaling
molecules. An important group of such enzymes are the metalloproteases of the ADAMTS-
family (a disintegrin and metalloproteinase with thrombospondin motifs). Within this family,
ADAMTS-4/-5 are particularly interesting, as they are known for their ability to digest
aggrecan and brevican. Therefore, they have been termed previously aggrecanase-1/-2. The
current terminology, however, better reflects the ability of these enzymes to digest all members
of the lectican family. Interestingly, their activity is increased after epileptic seizures and
regulates homeostatic plasticity [27]. However, their impact on synaptic plasticity remains
elusive and is subject of current research. The best-studied extracellular protease is the matrix
metalloprotease 9 (MMP9). The activity-dependent expression of MMP9 influences synaptic
plasticity by regulating spine enlargement and synaptic potentiation [25]. Recently, a molec-
ular signaling cascade regulating synaptic plasticity has been identified based on the MMP-9-
dependent cleavage of neuroligin-1 [28]. This study has demonstrated that focal activation of
asingle spine by glutamate uncaging is sufficient to cleave neuroligin-1. Moreover, the activity
of MMP9 has been shown to be NMDA-receptor dependent and hence implemented locally
input-specific forms of synaptic plasticity. Thereby, extracellular MMP-9 triggers a specific
retrograde regulation of presynaptic efficacy by targeting postsynaptic neuroligin-1 [26,28].
Similarly, the brain-specific serine protease neurotrypsin is regulated in an activity-dependent
manner and requires concomitant activation of the postsynaptic neuron [29]. Proteolytic
cleavage of agrin by neurotrypsin unmasks a signaling molecule harboring a single laminin
G3 domain. This 22 kDa molecule can further regulate spine morphology and de-novo synapse
generation. Together, this suggests that proteolysis of components of the ECM by exoenzymes
not only modify the structural rigidity, but also activates instructive signal molecules that
locally modulate synaptic functions [25]. This may temporally restore local divisions of
“juvenile” environments as a major constituent of the balance between plasticity and tenacity
in the mature brain.
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We have shown that the ECM in the adult brain is a plastic structural scaffold shaped by
network activity. Depending on the current activity level, the ECM can incorporate secreted
components or release signaling messengers by proteolytic cleavage. Cleaved products can
trigger signaling through diverse ECM receptors and modulate the activities of transmitter
receptor, ion channels, or integrin signaling impacting on plastic shaping of individual
synapses.

6. Role of the ECM in control of adult learning behavior and cognitive
flexibility

Experimental weakening of the ECM by local injection of matrix-digesting enzymes can
promote functional neurorehabilitation in the injured brain. This has been related mostly to
injuries on the level of the peripheral nervous system and spinal cord [4,30,31]. Experience-
driven plasticity does, however, not only lead sensory development or neuronal rehabilitation,
butis also indispensable during learning, memory formation, and re-consolidation throughout
life. The question now arises how forms of ECM-dependent plasticity in the adult brain might
govern learning-related plasticity, lifelong memory reformation, and the organization of
cognitively flexible behavior. In this respect, several studies have investigated the involvement
of ECM functions in memory storage in adult animals. This has been characterized the best for
long-term plasticity in the hippocampus and fear memory in the amygdala. However,
available evidence is controversial about how ECM functions may impact on learning and
memory processes.

For instance, it has been reported that tenascin-R knockout mice show normal hippocampus-
dependent spatial memory acquisition in a Water maze. In subsequent reversal learning
though animals showed more vulnerable spatial long-term memory yielding enhanced
relearning performance due to less conflicting past and actual learning contingencies [32].
Another study found an already impaired acquisition of hippocampus-dependent contextual
memory in same knockout mice [33]. Injection of chABC in the bilateral striatum, however,
has been related to an improvement of water maze acquisition learning, while the recall of the
learned values was unaffected [34].

In addition to deficits in matrix components, studies also found effects of deficits in exopro-
teases modeling the ECM. Loss of MMP9 activity has been associated with impaired hippo-
campal-dependent learning and amygdala-dependent learning. This is in line with findings
of wild-type mice trained in an inhibitory avoidance (IA) learning paradigm [35,36]. Hippo-
campal LTP has been related to increased levels of MMP3 and MMP9. Both proteases were
upregulated for at least ~48 h promoting local plastic synaptic environments underlying the
learning performance. Intra-hippocampal injections of MMP9 blockers completely abrogated
memory for the IA response when tested days later. Comparably, hippocampal MMP3 and
MMP9 were found to be increased during water maze acquisition learning in a NMDA-
dependent manner. Hippocampal injection of the broad-spectrum MMP9 inhibitor FN-439
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also prevented elevated MMP9 levels, altered hippocampal LTP, and prevented spatial
acquisition learning [35].

Similarly, spatial training in a water maze in wild-type rats has been found to correlate with
increased levels of hippocampal brevican and versican in the membrane fraction [37]. These
findings indicate that hippocampal-dependent learning induced a period of intrinsic activity-
induced focal MMP-mediated proteolysis driving long-lasting synaptic modifications under-
lying learning and memory consolidation. Effects of changes in the ECM on initial learning
are, however, still unclear [25,33].

More recently, insights into the impact of the ECM onto behavior came from studies using
experimental, enzymatic, and local weakening of the ECM. The study of Gogolla et al.
manipulating adult fear extinction suggested that memory acquisition differs in juvenile and
adult brains due to changes of the mature ECM functions. The authors further argued that
intra-amygdala injections of chABC in adult rats had no effect on acquisition learning of fear,
but only on extinction, reinstatement, and renewal of the fear memory [15]. A further study
showed that intra-hippocampal and prefrontal injection of chABC and HYase in mice impair
long-term trace contextual fear conditioning [38]. This finding has been related to the impair-
ment in the L-VDCC-dependent component of hippocampal LTP by cleaved extracellular HA
[20].

In addition to spatial memory, another set of studies examined the function of the ECM in
memory consolidation of drug seeking. A recent study showed that intracerebral injection of
FN-439 impaired the acquisition of a cocaine-induced conditioned place preference (CPP) of
rats. FN-439 injection 30 min prior to cocaine memory re-activation further attenuated the
reinstatement of CPP in extinguished animals. The study further showed that intra-amygdala
injections of chABC during active extinction of cocaine-induced CPP prevented its subsequent
priming-induced reinstatement. ChABC injections alone had no effect on the retention,
retrieval, or relearning of CPP [39]. Similarly, enzymatic weakening of PNNs in the prelimbic
cortex or in the amygdala of adult rats impaired the acquisition and reconsolidation of drug-
induced memories [40,41].

With respect to cognitively flexible adaptation of behavior, we have recently shown that
weakening of the ECM in auditory cortex promotes complex forms of cortex-dependent re-
learning in the Mongolian gerbil [42]. In our experiments, we trained animals on frequency-
modulated tone discrimination based on the rising or falling modulation direction in a go-/
nogo-task. Such auditory learning is known to depend on learning-induced plastic reorgani-
zation of neuronal circuits in the auditory cortex. After acquiring robust discrimination of the
stimulus contingencies, the animals were trained to reverse their choice. We found that ECM
weakening by local HYase injection in bilateral auditory cortex accelerated the demanding
relearning performance (Figure 3). Specifically, animals had to inhibit the obsolete initial
behavioral strategy and then establish its successful reversal. Importantly, attenuation of the
ECM did neither affect the acquisition learning nor erased already established, learned
memory traces (Figure 3B). That means attenuation of the ECM in sensory cortex of these
animals promoted the flexible adaptation of the effectively appropriate strategy during cortex-
dependent learning behavior that bases on “reprogramming” previously acquired auditory
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memories. The ECM reconstitutes after several days to weeks limiting again the promoting
effects onto cognitive flexibility (Figure 3A). A comparable finding investigated log-term object
recognition memory in knockout mice of the link protein Crtl1/Haplnl—a key molecule for
stabilization of PNNs. The Ctrl1/Haplnl knockout mice have attenuated PNNs in the perirhi-
nal cortex. Long-term object recognition memory, a task depending on perirhinal cortex, was
enhanced in these mice. Local injection of chABC in wild-type mice had the same memory-
prolonging effect in the object recognition task, but also attenuated over time [43]. In this study,
the attenuation of the PNNs was accompanied by enhanced perirhinal LTD, which is thought
to be the major synaptic mechanism underlying object recognition memory.
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Figure 3. Local enzymatic weakening of the ECM in auditory cortex of Mongolian gerbils enhanced the cognitive
flexibility in a relearning paradigm. (A) Right, Quantification of ECM weakening after local injection of HYase in uni-
lateral auditory cortex of Mongolian gerbils (right) compared to control (left) based on WFA staining. Left, HYase injec-
tion significantly weakened the ECM for about 1 week and reconstituted fully after 2 weeks. (B) Mongolian gerbils
were trained in a two-compartmental go/no-go Shuttle-box in order to discriminate two frequency-modulated sounds
(modulation direction indicated by rising and falling arrows). Gerbils showed successful acquisition depending on the
contingency of the stimuli as a go-stimulus (red) or Nogo-stimulus (green). In two groups, the contingency was re-
versed after seven training days (left and middle). Conditioned response rates were strongly reduced in both experimen-
tal groups indicating the active inhibition of the previously established discrimination strategy. HYase-treated animals
were significantly better in correcting the behavioral strategy and successfully relearn the task (middle). Interestingly,
HYase treatment did not interfere with the recall of already established cortex-dependent auditory memories (right).
Modified from Ref. [42].

The both last-mentioned studies therefore promote the view that the perineuronal ECM in the
adult brain actively organizes the balance between memory stability and flexibility. Cortical
attenuation of the ECM in the mature brain might hence promote the cognitive flexibility that
can build on learned behaviors and allows for an enhanced activity-dependent memory re-
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organization (see also Ref. [44]). And regeneration of the ECM gradually restores normal,
restrictive adult plasticity levels. Generally, all studies summarized in this review emphasized
that the increased experience-based plasticity by acute, enzymatic PNN diminution is activity-
dependent and the rather inconspicuous effect of mere ECM attenuation in general. Mecha-
nistically, enzymatic ECM degradation might facilitate the rearrangement of functional
network connectivity by a shift in the balance between excitation and inhibition leading to
destabilized existing patterns of neuronal network interactions [45].

7. Impact of the ECM in old age on memory function and cognitive integrity

With respect to age, the importance to provide profound tenacity to conserve experience-based
memories might increase over the life span. Deficits or malfunctions of several ECM molecules
or ECM-chopping enzymes can affect cognitive and psychological conditions. For instance, in
humans neurotrypsin has been identified as essential component for cognitive functions.
Deficits in the neurotrypsin genotype have been correlated with severe mental retardation [46].
Further, Cichon et al. [47] reported a genetic variation of neurocan as susceptibility factor for
bipolar disorders. With relation to ageing, hippocampal ECM levels have been suggested to
show an age-dependent increase conquering age-related cognitive decline. In this line, the
Alzheimer’s disease (AD) mouse model APP/PS1 showed a significant upregulation of several
matrix components correlating with impairments in hippocampal LTP and contextual memory
[48]. Intra-hippocampal injections of chABC restored both [48] suggesting an important, but
yet elusive role for the ECM in early memory impairment in AD, as the mere correlative
findings about ECM alterations in dementia are highly controversial and are far from conclu-
sive [33]. That these data might have relevant impacts for human AD is indicated by findings
of correlating HA levels in the cerebrospinal fluid of female AD patients and particular AD-
related biomarkers [49]. Further, MMP9 levels have been found to be increased in Alzheimer
patients [50] and to cleave the amyloid beta peptide leading to AD-typical neuritic plaques
[51]. Its role in AP-induced cognitive decline is however elusive [52].

8. Outlook

We have summarized recent evidence showing that experimental modulation of the ECM
promotes “windows of opportunities” with an increase in learning-related plasticity yielding
cognitively flexible adaptation of learned behaviors and the underlying memories. How the
ECM, in addition, impacts onto several mental disorders that generally develop after the
closure of major critical periods for higher brain functions, as for instance affective disorders
or schizophrenia, are exciting new research directions. We are envisaging future challenges in
developing new tools for guided neuroplasticity with therapeutic potential for memory
disorders, stroke, or neuroprosthetic applications based on ECM manipulations.
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Abstract

The extracellular matrix is the intricate scaffolding which surrounds and supports cells
and helps to organize them into tissues and organs. The CCN family of matricellular
proteins helps to regulate and modulate production, degradation, and remodeling of
the extracellular matrix. In this chapter, we review the extracellular matrix of cartilage
and bone, including an overview of chondrogenesis and skeletogenesis, and summa-
rize the importance of the CCN proteins in establishment of the skeletal system. CCN
proteins have both positive and negative regulatory roles in skeletal development, and
their abnormal expression is related to the pathogenesis of several diseases observed in
cartilage and bone that arise when inflammation or tissue injury becomes chronic,
including fibrosis, arthritis, and cancer. Understanding the biological functions of the
CCN proteins within this context offers opportunities for developing therapeutics by
targeting CCN functions.

Keywords: matricellular proteins, CCN family, chondrogenesis; osteogenesis, extra-
cellular matrix

1. Introduction

The extracellular matrix (ECM) is the intricate scaffolding, which surrounds and supports cells,
and helps to organize them into tissues and organs. The composition of the extracellular matrix
varies based on tissue type and organ function, and this matrix affects many cellular behav-
iorsincluding proliferation, differentiation, and wound healing. Matricellular proteins, present
in the immediate environment of the cell, help to regulate and modulate these functions. We
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present a discussion of the important matrix elements of cartilage and bone, and the support-
ing connective tissues of the body, with regard to their function in health and disease. The major
aim of this book chapter is to summarize the role of extracellular matrix proteins and their roles
in chondrogenesis and osteogenesis. Additionally, we will discuss the importance of the CCN
proteins—a family of secreted extracellular matrix-associated proteins—in functional path-
ways of chondrogenesis and osteogenesis, and include a discussion of the role of CCNs in
pathophysiology of these tissues. The reader will gain an increased awareness of the impor-
tance of CCN proteins in a wide range of important functional pathways, providing in-depth
focus on their role in bone and cartilage development and repair. These proteins have also been
implicated in many human diseases and thus are important targets for drug discovery and
development.

2. Overview of chondrogenesis

Cartilage is a specialized type of supporting connective tissue that contains cartilage cells, or
chondrocytes, and a specialized extracellular matrix. The type of matrix is specific to the type
of cartilage. Depending on the type of cartilage, there may be a perichondrium present, which
is a connective tissue layer that contains mesenchymal cells or fibroblasts, as well as chon-
droblasts. Cartilage develops from mesenchyme cells that commit to become chondrocytes.
Cartilage is first seen in the developing embryo in the areas that serve as templates for
endochondral ossification, as well as in Meckel's cartilage in the head area [1]. Differentiated
chondrocytes are surrounded by matrix and can appear to have space around them and they
retain their proliferative capacity within their matrix. Development of cartilage involves
several different transcription factors, such as Sox 9, that control this process, as well as growth
factors that interact with cellular receptors to facilitate various cellular functions [2]. Interac-
tion with the extracellular matrix has been implicated in development as well. Various
epigenetic mechanisms and several different microRNAs also are important in the develop-
ment of cartilage [3,4]. Chondrocytes may remain as cartilage in specific regions of the body
or may be used as a template for the formation of many of the bones in the body during
endochondral ossification. Cartilage remains in the adult in several specific places including
the bridge of the nose, the trachea and bronchi, the ear, the intervertebral discs of the spinal
column, and on the ends of bones as articular cartilage [5]. Chondrocytes are usually consid-
ered quiescent in the adult, although this can change during pathological processes such as
osteoarthritis. Cartilage has very little capacity to regenerate, even though progenitor cells are
present in the adult [6]. This lack of repair ability causes a number of disease issues as humans
age, including the most prevalent form of degenerative joint disease, osteoarthritis [7].

2.1. Types of cartilage

Three kinds of cartilage have been identified: hyaline, elastic, and fibrous based on differences
in matrix and cellular arrangement and function [5,8]. Hyaline is present in the bronchi, parts
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of the trachea, and also as articular cartilage. It also forms the model for bone formation during
endochondral ossification. Another elastic cartilage is present in the oropharynx and ear,
among other regions of the body. Both of these types of cartilage are typically surrounded by
a connective tissue layer and a chondrogenic layer of the perichondrium. Cells from this layer
can undergo proliferation and can differentiate into chondrocytes for growth or renewal of
cartilage, a type of growth that is appositional in that the newly formed chondrocytes come
from outside the cartilage matrix. In addition, cells within the cartilage can proliferate, forming
isogenous groups of similar chondrocytes, which is termed interstitial growth. By contrast,
articular cartilage, at the surface, is not covered by a perichondrium. This lack of a perichon-
drium results in the proliferation of articular cartilage occurring only from within the matrix
itself. An unfortunate consequence of this lack of a perichondrium is that the articular cartilage,
continually exposed to stress from the movement of the joint, is less able to repair itself since
no proliferation can occur from the perichondrium. Aging also leads to decreased healing
ability and thus damage to cartilage may not repair sufficiently to prevent disease [9]. Damage
to the articular cartilage leads to the most common [10] affliction of the aging population,
osteoarthritis.

The third type of cartilage, fibrocartilage, is present as a transitional tissue generally connecting
two other structures or tissues. Fibrocartilage does not have a perichondrium and thus only
grows interstitially. Due to stress on this cartilage, the chondrocytes are typically arranged in
a linear fashion [5]. One prominent place where fibrocartilage is present is in the annulus
fibrosus of intervertebral discs. It is present in other areas such as part of the knee joint as well.
Damage to this tissue may lead to herniation of the intervertebral disc, another major health
issue as this may cause back pain [11].

Chondrocytes are surrounded by a thin pericellular matrix containing specific proteins, termed
matricellular proteins, which have significantly different properties than the majority of the
cartilage matrix [12]. This matrix and the associated chondrocyte are termed a chondron [13].
The matricellular proteins may confer the ability to withstand degradation by matrix metal-
loproteinases (MMPs), and this may be due to the localization of type VI collagen in this region
[14,15]. This collagen is not broken down by many matrix metalloproteinases. Surrounding
the pericellular matrix is the matrix termed histologically the territorial matrix and in between
groups of chondrocytes is the interterritorial matrix [5].

3. Overview of skeletogenesis

The skeletal system is primarily composed of bone and cartilage, both mesodermal-derived
tissues formed through the differentiation and cellular function of osteoblasts and chondro-
cytes. Skeletogenesis is a complex, multistep process involving the coordinated actions of
osteoblast gene expression and cellular activity that are regulated by a multitude of systemic
and locally produced growth factors, as well as complex extracellular matrix interaction [16].
Osteoblasts are highly differentiated bone lining cells responsible for the production of bone
through secretion and mineralization of ECM constituents. Osteoblasts are protein-producing
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cells characterized morphologically by a round nucleus, an intensely basophilic cytoplasm, a
prominent Golgi complex, and a well-developed rough endoplasmic reticulum. Osteoblast
precursors originate from local pluripotent mesenchymal stem cells from the bone marrow
stromal mesenchymal stem cells. Under specific conditions, including ECM interactions,
osteoblast precursors will proliferate and differentiate into pre-osteoblasts cells that are
committed to differentiate into mature osteoblasts [16-18]. The majority of these mature
synthetic osteoblasts will become osteocytes as they become embedded in their secreted ECM.
Osteocytes are the most abundant cell type in the bone and have the ability to resorb and
synthesize bone matrix but in a more limited capacity compared to osteoclasts and osteoblasts,
respectively [19]. These osteocytes form an interconnected network called the lacunocanalic-
ular system that is embedded within the mineralized tissue. The matrix directly surrounding
the lacunocanalicular system is not mineralized and has fluid-like mechanical properties and
contains ECM proteins secreted by osteocytes [20]. This system is thought to play an active
role in bone remodeling and adaptation by sensing and responding to biomechanical and other
systemic stimuli. In addition, the ECM proteins produced here also play a role in mineraliza-
tion [21,22]. Osteoclasts are bone-lining cells that are responsible for bone resorption. Osteo-
clasts are characterized morphologically as very large, multinucleated cell with abundant
Golgi complexes and numerous transport vesicles loaded with lysosomal enzymes. The zone
of contact with bone is characterized by the presence of a ruffled border where bone resorption
takes place [16,18]. Osteoclasts originate from hematopoietic precursors of the mononuclear/
phagocytic lineage that are capable of multilineage differentiation as well as self-renewal.
Thus, skeletogenesis results from the total contribution of all of these cell types and occurs as
the result of two distinct processes in vivo: endochondral and intramembranous ossification.

3.1. Intramembranous ossification

Intramembranous ossification occurs in the flat skull bones and the clavicle and involves the
condensation and direct differentiation of osteochondral progenitors into bone-forming
osteoblasts [23]. The process begins with mesenchymal cell proliferation and condensation
into compact nodules at the future sites of bone formation. As these condensations begin to
form, mesenchymal cells within the interior of these nodules stop replicating and undergo
changes in gene expression (i.e.,, Runx2/Cfba 1; Osx) [24,25] and associated morphological
changes that are characteristic of osteoprogenitor cells. These osteoprogenitor cells begin to
secrete a collagen-proteoglycan, pre-bone matrix termed osteoid that eventually becomes
mineralized through deposits of minerals such as calcium and phosphates. Typically, osteo-
blasts remain separated from this mineralized matrix by a layer of the osteoid matrix they
secrete; however, some osteoblasts remain trapped in this mineral matrix and become
osteocytes. As this process proceeds further, bony spicules are formed and begin to radiate
from the region where ossification began. Compacted mesenchymal cells on the exterior of
these nascent bony spicules also begin to form a dense layer of vascularized connective tissue
that surrounds the mineralized tissue to form the periosteum. The periosteum consists of two
primary histological layers: a fibrous layer that has dense collagenous tissue and a cambium
layer that is cellular and functions to provide osteoblast cells during bone expansion, regen-
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eration, and fracture repair [26-28]. The cells that remain on the inner surface of the periosteum
also differentiate into osteoblasts and deposit osteoid matrix parallel to that of the existing
spicules forming bone layers.

3.2. Endochondral ossification

Endochondral ossification occurs for most axial and appendicular bones (e.g., long bones)
and involves the differentiation of osteochondral progenitors into chondrocytes that form a
cartilage template (anlagen) that will eventually be transformed into bone tissue [23]. Endo-
chondral ossification also begins with condensations of mesenchymal stem cells that migrate
to the site of future bone formation and resemble the eventual shape of the bone that will be
formed [29]. The distinction between intramembranous and endochondral bone formation
lies in the fact that the mesenchymal cells found within the interior of these condensations
express cartilage-specific genes [30,31] and differentiate into chondrocytes to form cartilagi-
nous models. N-cadherin appears to be important in the initiation of these condensations,
and N-CAM also seems to be critical for their maintenance [32,33]. These chondrocytes also
secrete collagen II, aggrecan, and other matrix molecules that constitute the ECM of hyaline
cartilage [29]. As development proceeds, further chondrocyte differentiation in the center of
these anlagen results in chondrocyte hypertrophy, expression of collagen type X and fibro-
nectin, and subsequent mineralization of the surrounding matrix. Exteriorly located peri-
chondrial cells differentiate into osteoblasts and stimulate the invasion of blood vessels that
initiate the conversion of the perichondrial layer into the periosteum where osteoblasts dif-
ferentiate and secrete collagen type I and other bone matrix-specific proteins. This collar will
eventually mineralize by means of intramembranous bone formation forming a bone collar
of cortical bone around the periphery of the tissue [29]. The combination of matrix minerali-
zation and vascular invasion promotes the invasion of osteoblast precursor cells, osteoclasts,
blood vessel endothelial cells, and hematopoietic cells from the perichondrium into the hy-
pertrophic cartilage. This results in the resorption of the hypertrophic cartilage, osteoblast
differentiation, and bone formation, and the hematopoietic and endothelial cells establish
the bone marrow stroma in what becomes the primary ossification center [34]. Eventually,
this primary ossification center expands and secondary ossification centers form at the distal
ends of the developing bone. This results in the development of epiphyseal growth-plate
cartilage, responsible for the longitudinal growth of bones [35,36]. The epiphyseal growth
plate contains chondrocytes that are organized into structural and functional zones, each
with distinct gene expression patterns [37]. In the reserve zone, chondrocytes are spherical
with large amounts of matrix consisting of collagen type II and proteoglycans. This zone
transitions into a zone of chondrocyte proliferation, where chondrocytes appear discoid and
columnar. Elongation of the cartilaginous anlagen mainly occurs from the proliferation of
this zone. This zone transitions into the zone of maturation where chondrocytes become pre-
hypertrophic. Here proliferation ceases; however, cell size increases as a result of growth. As
this zone progresses, chondrocytes continue to hypertrophy and secrete a collagen X-rich
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matrix until eventually they undergo apoptosis leaving behind spaces for subsequent vascu-
lar invasion and osteoblast differentiation and bone formation [29].

4. Cartilage and bone extracellular matrix

4.1. Cartilage ECM

The extracellular matrix of cartilage varies based on the type of cartilage. All cartilage types
have the aggregated proteoglycan formed by the glycosaminoglycan hyaluronic acid, the
chondroitin sulfate/keratan sulfate proteoglycan aggrecan, and link protein, as well as other
types of proteoglycans. Cartilage tissues vary in types of collagen present, and may contain
elastic fibers. The predominant fibrillar collagen in hyaline and elastic cartilage is type II
collagen, while in fibrocartilage the predominant fibrillar collagen is type I. Elastic cartilage
has elastic fibers comprising fibrillin and elastin [5]. Differences in the distribution of these
matrix molecules are observed in cartilage, with the pericellular matrix, territorial matrix, and
interterritorial matrix having distinct matrix compositions [8,38]. In addition, zones in articular
cartilage (superficial, intermediate, deep, and calcified) have a distinct organization of matrix.
The pericellular matrix of a chondrocyte contains proteins termed “matricellular proteins” to
distinguish them from matrix proteins present in other locations. A chondrocyte with its
pericellular matrix is termed a chondron [13] and the type of matrix determines the mecha-
nophysical properties of the cartilage [12,39]. These major differences in the most prevalent
matrix molecules of the cartilage are not the only distinctions between the various matrices of
cartilages. Other fibrillar collagens present in cartilage include types III [40,41], V, and XI [41,
42]. Collagens IX, XII, and XIV (members of the FACIT group of collagens, or Fibril Associated
Collagens with Interrupted Triple helices) are present in cartilage matrix [42,43], as is type X
collagen during hypertrophy of cartilage in endochondral ossification [42]. Type IV, present
in basal laminae, is found in cartilage [44], as are type VI [8,42], type VII, type VIII, and type
XVIII collagen. Other proteins present in cartilage include fibronectin [45], thrombospondin
or COMP (cartilage oligomeric matrix protein) [46], SPARC or osteonectin, tenascin-C, laminin
[44], and the subject of this chapter, CCNs [47]. Proteoglycans in cartilage consist predomi-
nantly of the aggregated proteoglycan, with hyaluronic acid and aggrecan associated through
link protein. Other proteoglycans are observed including perlecan, decorin, lumican, fibro-
modulin, syndecan, glypican, biglycan, and epiphycan; all may be present in cartilage in
addition to aggrecan [48]. The interaction of chondrocytes with their environment, and
particularly the matricellular molecules, can regulate proliferation, differentiation, shape
changes, apoptosis, and motility [38,47]. In addition to direct interaction of chondrocyte
cellular receptors, such as integrins, with matricellular proteins, the matrix of cartilage can
bind and release soluble molecules such as growth factors that regulate many cellular functions
[49].
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4.2. Bone ECM

Bone ECM is a composite material that provides the bulk, shape, and strength of bone tissue
through a combination of mineral, collagen, and non-collagenous protein components.
However, bone ECM provides much more than just mechanical and structural support, due
toits role in the developmental patterning of bone and by providing a spatial context necessary
for regulating cellular behavior important for bone development and maintenance. ECM
proteins can signal through cell surface receptors on bone cells to regulate cell functions, and
factors contained within the ECM including growth factors, cytokines, chemokines, and
extracellular enzymes can also modulate the activity of bone cells and/or affect the ECM itself
[50]. Bone ECM contains numerous components (over 100 proteins) and various bone tissue
compartments (e.g., periosteum, marrow stroma, epiphyseal growth plate, etc.) have unique
ECM environments that play diverse roles in directing bone development through regulating
the differentiation process of mesenchymal stem cells and remodeling of bone through the
coupled activity of osteoclasts and osteoblasts [20]. Bone ECM can be generally broken down
into collagenous components that represent the majority of the ECM proteins and non-
collagenous components including proteoglycans, glycosylated proteins, small-integrin-
binding, N-glycosylated proteins (SIBLINGs), Gla-containing proteins, numerous MMPs,
matricellular proteins, and cell-associated proteins such as integrins and cadherins. Non-
collagenous components have multifactorial roles in organizing the ECM, coordinating cell-
cell and mineral-matrix interactions, and regulating the mineralization process [51]. Here, we
summarize some of the key components of bone and cartilage ECM, describe their role in
various tissue compartments and their contributions for bone and cartilage development,
maintenance, and disease.

4.2.1. Collagenous proteins

Collagen type I—Collagen type I is by far the most abundant ECM protein found in the organic
component of the bone matrix accounting for roughly 90% and is the basic building block of
the bone matrix fiber network. It serves as a scaffolding substrate for mineralization and also
binds and orients other matrix proteins that nucleate the mineral depositions [51]. Collagen
type I is secreted by committed pre-osteoblast cells and primarily determines the material
strength attributes of the skeleton, but is also involved in osteoblast lineage progression.
Collage type I can bind with integrins on pre-osteoblasts to initiate signaling cascades that
activate Runx2 (a master transcriptional activator of osteoblast differentiation), which controls
the differentiation of osteoblasts and expression of other important bone-specific ECM proteins
[e.g., osteopontin (OPN), bone sialoprotein (BSP), etc.] [52-54]. Human mutations in collagen
type I result in phenotypic features of osteogenesis imperfecta (OI) [55]. Ol is characterized by
bone brittleness leading to a higher rate of fracture in patients with the disorder potentially
from thinner or osteoporotic-like bone mass; however, the exact cause of these symptoms
remains an active area of investigation [20,56]. Animal models of the disease display brittle/
mechanically weak bones that possibly result from impaired or improper collagen minerali-
zation [57] and defects in the microarchitecture of the bone structure [58,59]. More recently,
recessive forms of Ol have confirmed that while the quantity and structure of type I collagen
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is critical to maintaining proper bone strength, posttranslational modification and assembly
of type I collagen into its normal lattice structure are key regulators of bone strength as well
[60].

Collagen type II—Collagen type Il is the major structural protein in cartilage ECM (~85%) and
the major collagen found in the growth plate during endochondral ossification [61]. It is
primarily found in the matrix secreted by the reserve zone chondrocytes. More than a hundred
human mutations of collagen type II have been identified; however, only heterozygous
mutations causing autosomal-dominant phenotypes have been described to date due to
phenotypic variations and age-dependent phenotypic transitions [62]. Type II collagen
mutations give rise to a spectrum of phenotypes predominantly affecting cartilage and bone
that range from severe disorders that are perinatally lethal to the milder conditions that are
recognized in the postnatal period and childhood. These can include skeletal abnormalities
(e.g., Stickler syndrome a.k.a. hereditary progressive arthro-opthalmopathy) or chondrodys-
plasias that are characterized by disproportionate short stature, eye abnormalities, cleft palate,
and hearing loss [62]. Mouse models where collagen II is deleted phenotypically resemble
human achondrogenesis type II and die immediately before or at birth and are smaller than
their littermates [63]. Long bones from these animals lack endochondral bone and the epiphy-
seal growth plate and intervertebral discs are not developed [63,64]. Other mouse models with
mutations of collagen type II also display growth-plate anomalies and chondrodysplasia [65];
some of these mice have similar phenotypes found in the human forms of the disease including
short bones, cleft palate, and respiratory failure [62,65].

Collagen type IIl and collagen type V—Collagen type Il is a fibrillar collagen that is found in
extensible connective tissues such as vascular system, skin, gut, and lung, frequently in
association with type I collagen. Collagen type V is a minor fibrillar collagen found in skin,
tendons, and ligaments [66]. Both collagen type III and type V are found in bone and in trace
amounts and may play a role in regulating collagen diameter. Collagen type III is expressed
particularly during bone healing [51]. Human mutations in collagen type III and V are
associated with Ehlers-Danlos syndrome, a disease characterized by defects in the structure,
production, or processing of collagen that leads to wide-ranging symptoms in the digestive,
excretory, and particularly the cardiovascular systems [66]. Collagen type III mutations are
also associated with aortic and intracranial arterial aneurysms. Collagen type III null mice are
embryonic lethal, but analysis of null cells in culture or heterozygous mice suggests that type
III collagen may promote bone differentiation [67].

Collagen type VI is a major matricellular protein present in cartilage and most connective
tissues [8, 42, 68-70]. In cartilage, collagen type VI is present in the pericellular matrix and its
localization determines the boundary of this region [14]. Both integrins and the integral
membrane proteoglycan NG2 can bind to this collagen in cartilage [71-74]. Differentiated
chondrocytes express collagen type VI, while this expression is lost when chondrocytes
undergo dedifferentiation [75]. Human mutations of collagen type VI lead to a range of
disorders from a milder Bethlem myopathy to a more severe Ullrich muscular dystrophy
associated with muscle weakness [76]. Knockout mice lacking type VI collagen show altera-
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tions in the skeleton, including less density of bone, delayed secondary ossification, and faster
development of osteoarthritis [70].

Collagen type X—type X collagen is found in cartilage, but due to its expression in hypertrophic
chondrocytes found in bone at the epiphyseal growth plate, it is important for endochondral
ossification [77-80]. Human mutations in COL10A1 lead to autosomal-dominant Schmid
metaphyseal dysplasia [81]. Schmid metaphyseal dysplasia is phenotypically characterized by
long bones that are short and curved, with widened growth plates and metaphyses [82].
Interestingly, initial studies of collagen type X null mice showed no obvious abnormalities in
the development and growth of long bones [38]; however, phenotypic changes that in part
mimicked Schmid metaphyseal dysplasia were observed in a second, separate collagen X null
mouse line [83]. In these mice, the height of the resting zone of growth-plate chondrocytes was
reduced and trabecular bone architecture was altered in the chondro-osseous junction as well
as differences in the distribution and organization of growth-plate ECM components [83]. In
transgenic mice models expressing dominant negative collagen type X, endochondral ossifi-
cation was also effected displaying variable phenotypes [84,85]. In all of these models, the
hypertrophic zone of the growth plate was compressed and the degree of compression
correlated with phenotype severity [84,85]. Additionally, two other collagen X models the first
where mice express collagen X containing a deletion similar to one found in human Schmid
metaphyseal dysplasia patients and a second knock-in mouse with a collagen X Asn617Lys
mutation displayed shortened limbs, consistent with a role in the epiphyseal growth plate [86—
88].

4.2.2. Non-collagenous proteins

4.2.2.1. Proteoglycans

Bone ECM contains several proteoglycans that, other than collagens, represent the major
constituents of the bone ECM. Proteoglycans are macromolecules that contain a central core
protein and one or more acidic polysaccharide side chains (glycosaminoglycans) [51,89].
Proteoglycans exhibit diverse biological functions including cell proliferation, adhesion,
migration, and differentiation and act as structural components in tissue organization. They
can also interact with growth factors and cytokines, as well as with growth factor receptors,
and are implicated in cell signaling [90]. Bone ECM contains several classes of proteoglycans
that include small leucine-rich proteoglycans (SLRP), aggrecan, heparin sulfate proteoglycans
(HSPGs), and hyaluronic acid [90].

Members of the SLRP family are composed of core proteins of leucine-rich repeats that are
approximately 25 amino acids in length and represent the most abundant type of proteogly-
cans in bone. Some of the most studied in bone include biglycan decorin, fibromodulin, and
lumican and these studies have demonstrated that SLRPs are involved in the structural
organization of the bone ECM and regulation of growth factor activity [90]. Biglycan is
distributed evenly throughout bone ECM [91] and can bind collagen type I and several
important bone growth factors such as transforming growth factor-beta 1 (TGF-f31) [89].
Biglycan null mice have reduced biomechanical bone strength [92] and fail to achieve peak
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bone mass due to a decrease in bone formation due to low osteoblast numbers and activity [92].
These mice also have an age-related reduction in capacity to produce bone marrow stromal
cells (MSCs), reduced responses to TGF-31, reduced collagen synthesis, and relatively more
cellular apoptosis [93]. Additionally, quantitative variations in the range, mean, and distribu-
tion profiles of the collagen fibril diameters were detected [93]. Decorin null mice have no
skeletal defect, with no major phenotypic changes in bone at macroscopic or histological levels;
however, changes in collagen fibril size and shape in bone have been observed. However,
decorin/biglycan double null mice have a more severe osteopenia than in biglycan-deficient
mice, with earlier onset and severely reduced cortical and trabecular bone mass [93]. TGF-31-
binding experiments demonstrated that it bounds to decorin with high affinity and that this
interaction may increase TGF-f31-receptor interaction to enhance its bioactivity [94]. Fibromo-
dulin is a small keratan sulfate proteoglycan that is found in bone in a pericellular fashion near
late-hypertrophic chondrocytes of the secondary ossification centers and in the growth plate
suggesting a role during endochondral ossification. Fibromodulin null mice have no apparent
skeletal phenotype but abnormal and fewer collagen fibril bundles in the tail than in wild-type
animals [95,96]. Fibromodulin possesses the capacity for TGF-B1 binding [97] and levels have
been correlated with decreased TGF-B1 expression in multiple fetal and adult rodent models.
Recent studies suggest that fibromodulin coordinates temporospatial distribution of TGF-3
ligands and receptors to modulate TGF-{ bioactivity [98]. Lumican is secreted specifically by
differentiating and mature osteoblasts and is a significant proteoglycan component of the bone
matrix, playing an essential role in the regulation of collagen fibril formation [99]. Lumican
null mice display altered collagen fibril structure [100]; however, no alteration in bone
structure was reported in these mice. Interestingly, double null lumican/fibromodulin mice
are smaller than their wild-type littermates and display age-dependent osteoarthritis [100].

Aggrecan is a large chondroitin sulfate proteoglycan and is the major proteoglycan component
of cartilage [101,102], butitis also expressed in developing bone tissue [103]. Human mutations
in aggrecan cause two types of spondyloepiphyseal dysplasia, an autosomal-dominant
Kimberley type and autosomal-recessive Aggrecan type, resulting in dwarfism, skeletal
abnormalities, and problems with vision and hearing, and an autosomal-dominant familial
osteochondritis dissecans, which displays abnormal cartilage formation and joint issues. In
mice, a natural truncating mutation of aggrecan leads to an autosomal-recessive cartilage
matrix-deficiency syndrome with abnormal craniofacial structures, shortened limbs and tail,
and perinatal lethality [88]. In these mice, chondrocytes are disorganized and the amount of
hypertrophic chondrocytes is significantly reduced and expression of other ECM genes is
altered in the growth plates of these mutant mice [104].

HSPGs act as regulators of skeletal patterning, differentiation, growth, and homeostasis and
are a critical component of the hematopoietic stem cell niche within the growth plate and bone
marrow [105]. Studies suggest that osteoblast precursors and osteoblasts synthesize HSPGs
that both membrane- and matrix-associated HSPG are found in bone tissue and may play an
important role in cell-cell interactions between fibroblast-like cells and osteoclast-lineage cells
by interacting with heparin-binding growth factors, growth factor receptors, and/or other
heparin-binding adhesion molecules, such as fibronectin [90,106]. HSPGs act as co-receptors
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for numerous signaling molecules, such as fibroblast growth factors (FGFs), vascular endo-
thelial growth factor (VEGF), TGF-B1, and TGF-$32 in addition to various other cytokines
[107,108]. The binding of these signaling molecules to HSPGs can serve a variety of functional
purposes including immobilization of these factors or cytokines and/or protection against
proteolytic degradation, thereby affecting their biological availability and/or modulation of
their biological activity [90].

One example of the role that HSPGs can have on skeletal development can be seen with
perlecan. Perlecan is a large heparan sulfate/chondroitin sulfate proteoglycan and is a ubiq-
uitous component of basement membranes and articular cartilage, and in bone it is present in
the extracellular matrix of the growth plate where it plays an important role in bone structure
[109-112]. Mutations in the human perlecan gene cause autosomal-recessive skeletal disorders
including the severe and lethal Silverman-Handmaker type characterized by a flat face,
disorganized growth plate, cleft palate, and death at birth to the milder Rolland-Desbuquois
type dyssegmental dwarfism skeletal dysplasia [81]. Schwartz-Jampel syndrome (myotonic
chondrodystrophy) is a milder, progressive disease as a result of reduced perlecan levels
characterized by abnormalities of the skeletal muscles (myotonic myopathy), bone dysplasia,
joint contractures, and/or growth delays resulting in dwarfism [81,113]. While most perlecan
null mice are embryonic lethal, surviving embryos have defects in skeletal development
starting at E14.5 with disorganized growth plates, reduced proliferation of chondrocytes,
reduced endochondral ossification, and reduced numbers of type II collagen fibrils [114,115].
The mice also die shortly after birth [114,115]. Additionally, it has been shown that perlecan
mediates binding and delivery of FGF-2 to FGF receptors [116] and that it regulates VEGF
signaling and is essential for vascularization during endochondral bone formation [117].

Hyaluronic acid (hyaluronan) is a non-sulfated linear polysaccharide present in the extracel-
lular matrix of every vertebrate's tissue important for bone regeneration [118]. Large amounts
of hyaluronan are synthesized during bone formation and it plays a role in enhancing
chondrogenic and osteogenic differentiation potentials of mesenchymal stem cells [118] by
regulating expression of chondrogenic markers including sulfated glycosaminoglycans, SOX-
9, aggrecan, and collagen type II and osteogenic markers alkaline phosphatase (ALP), osterix,
runx2, and collagen type I [119-121]. Additionally, hyaluronan synthase-2 (Has2) knockout
mouse model demonstrates that it is important for spine development [122].

4.2.2.2. Glycosylated proteins (glycoproteins)

The majority of bone ECM proteins are modified posttranslationally with either N- or O-linked
oligosaccharides. In addition, many glycoproteins found in bone ECM contain an arginine-
glycine-aspartic acid (RGD) sequence that facilitates integrin binding important for mechano-
transduction [89]. Thus, glycoprotein proteins represent an ever-growing group of bone ECM
proteins with diverse functions and thus we will only focus on some key proteins in this
chapter.

Osteonectin (SPARC, BM-40) is a secreted, multifunctional calcium-binding glycoprotein that
participates in tissue remodeling, morphogenesis, and bone mineralization and is secreted by
many different types of cells including osteoblasts [123,124]. Osteonectin can initiate miner-

171



172 Composition and Function of the Extracellular Matrix in the Human Body

alization by binding to type I collagen and synthetic hydroxyl apatite and mediating miner-
alization of the type I collagen [123]. It has also been demonstrated that osteonectin can bind
growth factors and regulate their activity of growth factors including platelet-derived growth
factor (PDGF), FGF, or (VEGF) [125,126]. It also regulates ECM and matrix metalloprotease
production [127,128]. Osteonectin also regulates cell proliferation, promotes osteoblastogen-
esis [129], and it can stimulate angiogenesis [89]. Osteonectin-deficient mice display decreased
bone remodeling with a marked negative bone balance that leads to osteopenia in older
animals [20]. Bone turnover is decreased as a result of both reduced osteoclast and osteoblast
surface with consequential development of low bone mass [20]. Expression of osteonectin in
the intervertebral disc decreases with age [130]; mice lacking osteonectin have disc herniations
[131] and may exhibit increased pain [132]. Osteonectin immunostaining is increased in
osteoarthritis in cartilage as compared to age-matched controls [133], indicating a role for this
protein in the pathogenesis of osteoarthritis. Pseudoachondroplasia, which is related to
mutations in osteonectin, is caused by retention of this protein within the endoplasmic
reticulum. This disease is an autosomal-dominant disorder that causes dwarfism [134].

Fibronectin is a high-molecular weight glycoprotein dimer that is synthesized by numerous
connective tissues throughout the body and contains three alternative spliced domains.
Fibronectin is produced from a single gene but as a result of alternative splicing exists in vivo
in two forms: a soluble, circulating form known as plasma fibronectin that is synthesized in
hepatocytes and a cellular form produced by a number of cell types including osteoblasts and
gets incorporated into the bone matrix [135,136]. Fibronectin has been shown to bind to
extracellular matrix components including collagen, fibrin, and HSPGs [137]. Fibronectin can
also bind to 11 different integrins, six of which are expressed by osteoblasts; however, the
primary adhesion integrin that fibronectin binds to on osteoblasts remains an active area of
investigation [138]. It appears that fibronectin's key function is in the assembly of collagen as
fibronectin is critical for collagen polymerization and matrix integrity [139,140]. Osteoblasts
express fibronectin in multiple stages of their differentiation including during proliferation
and differentiation concurrently with collagen type I expression. FN null mice die in utero at
embryonic day 8.5, prior to skeletal development [141]. Studies using conditional null animals
found that while conditional deletion of fibronectin in differentiating osteoblasts failed to show
a decrease in fibronectin in the bone ECM, conditional deletion of fibronectin in the liver
showed a marked decrease in fibronectin content in bone ECM associated with a decreased
mineral-to-matrix ratio and changed biomechanical properties [138]. These studies suggest
that while osteoblast-derived fibronectin affected osteoblast differentiation and function,
fibronectin found in bone ECM originates from the liver [138].

Thrombospondins are a family of ECM glycoproteins that consist of thrombospondins 1-5 and
can be divided into two subgroups: A, which contains thrombospondins 1 and 2, and B, which
contains thrombospondins 3-5 (a.k.a. cartilage oligomeric protein or COMP) [142]. We will
focus on thrombospondins 1, 2, and 5 (COMP) in this section. Thrombospondin 1 functions in
a wide variety of physiological functions including platelet aggregation, inflammatory
responses, and the regulation of angiogenesis during wound repair and tumor growth.
Thrombospondin 1 binds a variety of cell receptors including CD36, CD47 (integrin-associated
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protein), numerous integrins, proteoglycans, and calcium [142-145]. Thrombospondin 2 has
similar physiological as thrombospondin 1, but it also plays a role in the assembly of connective
tissue ECM [142], while COMP is primarily expressed in cartilage and certain other connective
tissues and has roles in chondrocyte attachment, differentiation, and cartilage ECM assembly
[146]. Thrombospondins 1 and 2 can each bind latent TGF-3, and unlike thrombospondin 2,
thrombospondin 1 can control TGF-3 bioactivity by releasing it from its latency complex [20].
Thrombospondin 1 null mice are reported to have minor trabecular bone abnormalities [147],
mild spine deformation [148], and mild growth-plate cartilage disorganization [149] in
addition to enhanced angiogenesis [150]. Additionally, these models suggest that thrombo-
spondin 1 plays a role in bone homeostasis, both in mediating bone matrix integrity and by
regulating OC formation as a matrix-derived paracrine signaling molecules [151]. Conversely,
thrombospondin 2 null mice have an increase in MSC number, suggesting that it serves as an
inhibitor of MSC proliferation [152,153]. Human mutations in thrombospondin cause a
pseudoachondroplasia and a type of epiphyseal dysplasia [81]. COMP mutations cause a type
of pseudochondrodysplasia and an epiphyseal dysplasia [81,154,155]. Mice lacking this
protein tend to appear normal with regard to their skeleton [156], but do have issues with
wound healing [157,158]. COMP may affect cellular functions by affecting the interaction of
matrix and growth factors with chondrocytes [46]. Thrombospondins function primarily as
anti-angiogenic proteins [159]. Thrombospondin is present in fibrocartilage of the interverte-
bral disc, and lack of this protein causes disorganization of this region [160]. No disc herniation
was noted in these mice. Thrombospondins help to organize the growth plate [149]. In
osteoarthritis, inappropriate angiogenesis within the cartilage may cause changes in the
articular cartilage that lead to degradation of the matrix. Gene transfer of thrombospondin 1
using an adenoviral vector into knee joints suppressed osteoarthritis disease progression, with
concomitant reductions in new vessel growth and inflammatory cell infiltration [161].

Periostin is a disulfide-linked, heparin-binding N terminus-glycosylated secreted protein that
appears to be essential for proper ECM synthesis, particularly with respect to collagen I
fibrillogenesis [162,163]. Expression of periostin occurs in many tissues including bone and
cartilage and under many pathologic states. It is expressed in osteoblasts and is present in the
intervertebral disc and its expression increases in degenerated human discs [130,164]. Overall,
the function of periostin in cartilage is not well understood [165]. Periostin expression is also
known to be prominent in fibrotic conditions, including subepithelial fibrosis in bronchial
asthma [166] and in bone marrow fibrosis [167]. Periostin null mice display severe growth
retardation, suggesting that periostin is essential for postnatal development. Histological
analysis of the periostin knockout mice demonstrated severe incisor enamel defects, perio-
dontal disease, a lack of trabecular bone, cartilage, and cardiac valve defects; however, some
of these phenotypes might be secondary due to eating difficulties as a result of the lesions in
the periodontium [168].

Alkaline phosphatase is a glycoprotein enzyme that is found both bound to cell surfaces and
also within the mineralized matrix [51]. Human ALP is classified into four isoenzyme types,
tissue-nonspecific (TNAP), intestinal, placenta, and germ cell of which the TNAP type is
ubiquitously expressed in many tissues, including bone and is the form implicated in its
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biomineralization [169]. Mineralization of cartilage, bone, and teeth occurs by a series of
physicochemical and biochemical processes that facilitate hydroxyapatite deposition (miner-
alization) into collagen fibrils of the matrix [170] and/or within the lumen of chondrocyte and
osteoblast-derived matrix vesicles [171,172] through hydroxylation of pyrophosphate provid-
ing inorganic phosphates to promote mineralization [169]. Deactivating mutations in the
TNAP gene causes the inborn error of metabolism known as hypophosphatasia [173], charac-
terized by poorly mineralized cartilage (rickets) and bones (osteomalacia), spontaneous bone
fractures, and elevated extra-cellular inorganic pyrophosphate (PPi) concentrations [174,175].
TNAP null mice also display skeletal disease at approximately 10 days of age and featured
worsening rachitic changes, osteopenia, and fracture [176]. Histologically, these mice dis-
played developmental arrest of chondrocyte differentiation in epiphyses and in growth plates
with diminished or absence of hypertrophic zones with progressive osteoidosis from defective
skeletal matrix mineralization [176].

4.2.2.3. Small-integrin-binding, N-glycosylated proteins (SIBLINGs)

SIBLINGsS are classified by the presence of the RGD sequence and large amounts of sialic acid
known as small-integrin-binding, N-glycosylated proteins (SIBLINGs) [29]. SIBLINGs, along
with other matrix proteins, are thought to play a role in cell attachment facilitated by transient
or stable focal adhesions to ECM molecules mediated by cell surface receptors. They also play
a role in intracellular signaling. Although these SIBLINGs were initially only found in
mineralized tissue, many of them can now be found in other tissues [177,178]. Bone cells
synthesize atleast five SIBLING members including OPN, BSP, dentin matrix protein-1, dentin
sialoprotein, and matrix extracellular phosphoprotein. Here, we discuss on OPN and BSP.

Osteopontin (OPN; BSP-1) is a highly negatively charged bone ECM protein that can undergo
extensive posttranslational modification mainly phosphorylation [179]. OPN is one of the most
extensively studied SIBLING proteins and has broad physiological and pathological functions
including development [180], bone remodeling [181], immune function [182], fibrosis [183],
and cancer [184]. It is expressed by a wide range of cells and promotes attachment, prolifera-
tion, migration, chemotaxis, and apoptosis of macrophages, lymphocytes, osteoblasts, and a
range of tumor cells [185-187]. OPN binds calcium and is a key regulator of hydroxyapatite
nucleation and is produced by osteoblasts during their terminal differentiation prior to matrix
mineralization. OPN regulates bone mass and overall bone quality by minimizing strain-
induced fatigue damage and microcrack propagation in bone [188]. In addition, it can also
mediate the attachment of osteoclasts and can affect the shape and size of hydroxyapatite
crystals in the bone ECM [189-191]. OPN can mediate signaling through integrins, for example,
it can bind to a4f1 integrin and trigger a cell type-specific integrin-mediated signaling cascade
[192]. OPN null mice showed no bone phenotype [193], but in stress situations, such as
oophorectomy, the mice do not develop osteoporosis [91]. Recent data confirm and extend this
observation that the skeleton of OPN null mice does not respond properly under stress
underlining the importance of OPN in bone metabolism [194,195]. However, other studies
have demonstrated that OPN null mice do have a bone phenotype also under physiological
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conditions [196-198]. More recent OPN null models demonstrate that while bone volume was
normal in young null animals, the volume and number of osteoclasts were increased, but that
osteoclasts from these mice have a lower resorptive capacity providing evidence for a role of
osteopontin in osteoclast activity [199].

BSP-2is a SIBLING glycoprotein and is expressed in chondrocytes, hypertrophic cartilage, and
in osteoblasts at the onset of mineralization and in osteoclasts [200]. BSP is highly expressed
at sites of primary bone formation [201], and it coincides with the initial formation of mem-
branous and endochondral bone, the maximal level being reached during the formation of
embryonic bone [202]. BSP-2 binds calcium; however, it does not nucleate the hydroxyl apatite
found in the bone ECM and BSP-2 mediates cell attachment through interaction with vitro-
nectin receptor [29]. BSP-2 null mice are shorter than their wild type counterparts and display
a low level of bone remodeling, with both bone formation and mineralization severely
impairing in vivo and in vitro models [203]. These mice also have lower osteoclast numbers
and surfaces in vivo; osteoclast recruitment and activity in vitro were impaired and impair-
ment of chondrocyte proliferation was suspected [203,204].

4.2.2.4. Gla-containing proteins

Gla-containing proteins refer to a group of endogenously made bone ECM proteins that
undergo vitamin K-dependent gamma-carboxylase modification. The dicarboxylic glutamyl
(gla) residues enhance calcium binding. The formation of gamma-carboxy-glutamic acid (Gla)
occurs via a unique posttranslational modification of specific peptide-bound glutamate
residues, which is required for the biological activities of these proteins.

Osteocalcin (OCN) is one of the most abundant non-collagenous proteins of the bone ECM. It
is produced by differentiated osteoblasts [205,206] and once transcribed undergoes posttrans-
lational modifications within osteoblasts that include the carboxylation of three glutamic
residues [207]. Vitamin D stimulates osteocalcin transcription and vitamin K regulates the
carboxylation processes. Various growth factors, hormones, or cytokines can also modulate
osteocalcin production [206]. Osteocalcin is secreted by osteoblasts during active bone
formation and can bind with the mineralized bone ECM [207]; however, its exact role in bone
physiology remains an active area of investigation. Osteocalcin promotes the recruitment and
differentiation of circulating monocytes and osteoclast precursors, suggesting its role on
osteoblast-osteoclast interaction and bone resorption [206-208] and other studies have shown
that osteoclast resorption is impaired in OCN null bone [208]. However, OCN null mice have
a higher bone mineral density without any change in bone resorption and mineralization [209].
Recently, tissue-specific transgenic mice with osteoblast-specific overexpression or reduced
OCN production suggested that OCN might have an important endocrine function for glucose
metabolism and lipid homeostasis [210,211].
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5. The CCN family

The CCN family makes up a group of six highly conserved, secreted, extracellular matrix-
associated proteins that regulate diverse cellular functions, including skeletal development,
wound healing, fibrosis, and cancer. Originally named after the three identified members—
cysteine-rich 61 (Cyr61, CCN1), connective tissue growth factor (CTGF, CCN2), and nephro-
blastoma overexpressed (Nov, CCN3)—this family also includes the Wnt-induced secreted
proteins 1-3 (i.e., WISP1/CCN4, WISP2/CCN5, and WISP3/CCN6). Members of the CCN
family share a unique and conserved modular structure and interact with and orchestrate
cellular responses to extracellular factors via direct binding to cell surface receptors, including
integrins, Notch1, neurotrophic tyrosine kinase receptor type 1 (TrkA), low-density lipopro-
tein receptor-related proteins (LRPs), and HSPGs. CCN proteins can also mediate biological
functions by interacting with growth factors such as tumor growth factor beta (TGF-p),
vascular endothelial growth factor, and bone morphogenetic proteins (BMPs) and by associ-
ating with other ECM proteins including fibronectin and fibulin 1C. Through these interac-
tions, CCN proteins serve both distinct and overlapping biological roles. Consequently,
deregulation of their expression or activities contributes to the pathobiology of several
diseases, many of which may arise when inflammation or tissue injury becomes chronic,
including vascular diseases, fibrosis, arthritis, and cancer.

5.1. Structure and function of CCN family members

CCN proteins are cysteine-rich and share a modular structure (Modules I-IV), with an N-
terminal secretory peptide followed by four conserved domains with sequence homologies to
insulin-like growth factor-binding proteins (IGFBPs), von Willebrand factor type C repeat
(VWCQ), thrombospondin type I repeat (TSP1), and a carboxyl-terminal domain (CT) that
contains a cysteine-knot motif [212]. The order of these modules has been strictly conserved
during evolution, suggesting that it is critically important for these proteins. Each module is
involved in protein binding and contains conserved hydrophobic, polar, and cysteine residues.
Module I shares 32% sequence homology with the N-terminal cysteine-rich regions of the IGF-
binding proteins and contains a GCGC-CXXC motif that is involved in IGF binding. Module
IIincludes a stretch of 70 amino acids with sequence identity to von Willebrand factor as well
as various thrombospondins, collagens, and mucins [212]. This domain has been shown to
mediate protein oligomerization [213]. Module III is a TSP1 repeat that contains the
WSXCSXXCG motif, which is thought to be implicated in the binding of sulfated glycoconju-
gates and to be important for cell attachment [212,214]. The last module, Module IV, occurs at
the carboxy-terminus of various extracellular proteins and is the least conserved of the four
domains at the nucleotide sequence level. It consists of several cysteine residues that adopt a
cysteine-knot motif. This motif comprises a complex structure of two-stranded B-sheets that
lie face to face and are linked by three interlocking disulfide bridges [215] and occurs in TGEF-
B, PDGF, and nerve growth factor (NGF). It is critical for several of the biological functions of
CCN proteins and is thought to mediate dimerization and binding to cell surface receptors.
CCNS5 is the only family member that lacks the CT domain [216]. A variable, central hinge
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region that is susceptible to proteolytic processing by MMPs and other proteases links the
amino-terminus and carboxy-terminus of these proteins, yielding two halves that bind distinct
cell surface receptors [217]. It is not clear whether the individual properties of each of the four
modules govern the biological properties of the CCN protein or if it is the combination of the
modules and other sequences within the protein that do so. However, all of the modules are
highly interactive with a number of other molecules, which include cell surface receptors, ECM
components, growth factors, and structural proteins [218].

5.2. Cell surface receptors mediating CCN functions in cartilage and bone

Despite the structural similarities that CCN proteins have to other protein domains as
described above, their interactions are unique because of their ability to bind extracellular
factors via their modular domains. CCN proteins have been shown to interact specifically with
cell surface receptors such as HSPGs, integrins, and LRPs, accounting for their ability to
regulate numerous cellular functions. CCN2, the most studied of the CCN family members,
shares common functionality with CCN1 with respect to interaction with integrins and HSPGs,
causing comparable biological effects. LRP1 is another common receptor shared by CCN2 and
CCN1; however, the target cell and biological consequence differ between the two [219,220].

Direct binding of CCN proteins to integrins present on cellular surface drives many of their
effects on cartilage and bone. Integrins comprise a large family of cell-cell and cell-matrix
receptors that signal both from the ECM to the cytoplasm and from the cell to the matrix (inside-
out and outside-in) [221]. Integrins are af heterodimers and can be present in a number of
configurations. The different combinations of a and {3 receptors define what ECM molecules
a cell interacts with. These receptors regulate many cellular functions such as proliferation,
differentiation, motility, and developmental processes among others [221]. A decrease in the
interaction of (3 integrins with matrix molecules is observed during the pathogenesis of
osteoarthritis, and thus the disruption of integrin-matrix interaction causes cellular dysfunc-
tion in cartilage [222]. Integrins that have been identified in cartilage include a3, a5, &,Bs
Py 1Py Py APy, and aP;. As is the case with matrix molecules, integrins are expressed
differentially in specific regions of cartilage and during development and pathogenesis.

Other matrix receptors are present in cartilage. One example is NG2, a transmembrane
proteoglycan in cartilage with the matricellular protein type VI collagen as its ligand [72-74].
NG2 interaction with type VI collagen may be an important interaction in determining the
progression of sarcomas [223]. Annexin V, or anchorin I, binds to type Il collagen and is mainly
expressed in the superficial zone of articular cartilage [224]. CD44 binds to hyaluronic acid;
blocking of this receptor causes a loss of the matrix of cartilage [225].

Asamatricellular protein, CCN2 also binds the fibronectin receptor (a;53;) and aggrecan, which
are major components of the ECM [226]. The interaction of as(3, with fibronectin in cartilage
causes loss of the differentiated state [227]. Blocking of this integrin causes a loss of the
differentiation of pre-hypertrophic chondrocytes [228]. A knockout mouse that has loss of 3,
specifically in chondrocytes exhibits a disease similar to chondrodysplasia [222]. 37 is the most
expressed integrin 3 subunit in osteoarthritic chondrocytes [229].
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CCN2 is induced by signaling from retinoids in cartilage in the growth plate [230]. CCN2
causes differentiation of the chondrocytes and is important for matrix deposition and signal-
ing from cellular receptors [226,231]. Retinoids are important signaling molecules involved
in the cartilage becoming hypertrophic during endochondral ossification.

5.3. CCNs in chondrogenesis and osteogenesis

The CCN proteins appear to play a critical role in the establishment of the skeletal system and
have been shown to have positive and negative regulatory roles in skeletal development, as
demonstrated through cell culture experiments and animal models. Collectively, these studies
demonstrate that CCN proteins promote differentiation and proliferation of chondrocytes,
osteoblasts, and vascular endothelial cells, which are important in both endochondral and
intramembranous ossification.

Cartilage is first seen in the developing embryo in the areas that serve as templates for
endochondral ossification, as well as in Meckel's cartilage in the head area [1]. Both CCN1 and
CCN2 promote chondrogenic and osteoblastic differentiation [232,233]. CCNs can interact
with members of the TGF-p and BMP family via the chordin-like homology found in the VWC
domain, and modulate their binding affinity for their respective receptors [234]. CCN2 is
important during embryogenesis and bone formation, including during proliferation of
mesenchymal cells, their differentiation into chondrocytes, and condensation of these cells into
the cartilage model that will form bone [1,235]. CCN2 expression is highest in the vascular
tissue and the maturing chondrocytes of the embryo. TGF-, which induces CCN2, directs the
condensation of these cells and regulates secretion of other matricellular proteins such as
fibronectin [235]. Cells from CCN2 knockout mice do not undergo this condensation process
in vitro and have less synthesis of cartilage proteoglycans [236]. Neutralizing antibodies,
siRNA, and antisense oligonucleotides have all been used to demonstrate that reduced or
absence of CCN2 prevents condensation from occurring [1,235]. Overexpression of CCN2
causes an increase in the length and density of bones [237]. In vertebral bodies, downregulation
of CCN2 is necessary for chondrocyte differentiation [235]. These studies demonstrate that the
spatial and temporal regulation of CCNs is an important component of development.

Development of cartilage involves several different transcription factors, such as Sox 9, that
control this process, as well as growth factors that interact with cellular receptors to facilitate
various cellular functions [2]. Interaction with the extracellular matrix has been implicated in
development as well. Various epigenetic mechanisms and several different microRNAs also
are important in the development of cartilage [3,4].

BMPs are important during skeletogenesis [238] and are known to be regulated by CCN2 [234].
Expression of CCN2 is observed in both the perichondrium and the chondrocytes during
development [239]. BMPs play a role in the repair of cartilage as well as during development
[240]. BMP2 causes proliferation of chondrocytes during development, while BMP4 does not
[241]. CCN2 and CCN3 can bind BMP2 and abrogate its ability to promote chondrogenic and
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osteogenic differentiation [242,243], respectively, whereas CCN4 binding to BMP2 enhances
its function in osteogenesis [244]. CCN2 also binds BMP4 and blocks its signaling capabilities
[234]. This binding thus modulates the activity of BMP-9. CCN2 also modulates the Wnt
pathway in Xenopus embryos by binding to LRP6 co-receptor [245]. CCN2 expression in
chondrocytes is controlled by both Rac 1 and actin pathways that are mediated by TGF-3/Smad
signaling. CCN4 is expressed in developing mesenchymal, pre-osteoblastic, and cartilage cells
and is believed to regulate skeletal growth and repair [246]. A truncated form of CCN4,
WISP1v, has been shown to regulate the differentiation of chondrocytes toward endochondral
ossification [247].

Chondrocytes are usually considered quiescent in the adult, although this can change during
pathological processes such as osteoarthritis. Cartilage has very little capacity to regenerate,
even though progenitor cells are present in the adult [6]. This lack of repair ability causes a
number of disease issues as humans age, including the most prevalent form of degenerative
joint disease, osteoarthritis [7]. In adult skeletal systems, CCN2 is highly expressed in the
osteoblasts lining metaphyseal trabeculae and in osteogenic surfaces lining fracture calluses,
suggesting that its upregulation in these areas may contribute to bone growth and fracture
repair [248].

5.4. CCNs in cartilage and bone pathology

Several types of pathologies are observed in cartilage and bone. In cartilage, the most common
is osteoarthritis, which significantly increases as the population ages. Disorders of the inter-
vertebral disc are observed as well, and also increase with aging. Wounding and subsequent
repair of cartilage occurs and can mimic the progression of osteoarthritis. Various types of
chondritis, or inflammation of cartilage, are observed in various regions of the body. Congen-
ital defects in cartilage include conditions such as chondrodysplasia, an example of which
would be achondroplasia, causing dwarfism. Finally, chondromas or chondrosarcomas,
tumors that can either become or are cancer, can occur within this tissue.

5.4.1. Intervertebral disc

CCN2 is highly expressed in the cartilage present in the intervertebral disc, just as it is in other
types of cartilage. The intervertebral disc contains the nucleus pulposus, and this is surrounded
by the annulus fibrosus composed of fibrocartilage. The annulus fibrosus contains mainly the
fibrillar collagen type I, although type II collagen is present along the inner surface as in
reference [249]. Proper function of the annulus fibrosus is important in disc function, and lack
of intact matrix can lead to disc instability [249]. Herniation of the nucleus pulposus is
sometimes implicated as a cause of back pain [11] and increased expression of CCN2 can be
correlated with discs that are painful [250].

5.4.2. Osteoarthritis and cartilage wound healing

Osteoarthritis is the most common form of degenerative joint disease [7]. During the disease
process, chondrocytes undergo cell death due to lack of ability to renew, particularly with
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aging [251]. The initial degenerative changes that occur are termed chondropenia, although
this is not often identified as osteoarthritis [252]. Upregulation of the catabolic pathways
occurs, causing cartilage degradation, and alteration of the phenotype of the chondrocytes is
ultimately responsible for loss of articular cartilage [253]. Much of this change in cartilage
structure and function occurs via interactions with matrix and signaling from both matrix and
growth factors [254,255]. Initial disease presents with an upregulation of collagen type II
synthesis, and a change in collagen type from type II to types I and III [40,256]. A decrease in
aggrecan is observed during the pathogenesis of osteoarthritis, while other proteoglycans such
as decorin and fibromodulin are increased [257]. Aging causes decreased matrix deposition
subsequent to increases in degradation by MMPs as well, causing additional issues with tissue
integrity [255]. MMPs and aggrecanase are upregulated during osteoarthritis disease progres-
sion [258] causing additional cartilage loss. These processes are very similar to what occurs
following an injury to cartilage and its subsequent repair [259].

CCN2 is increased in chondrocytes isolated from human osteoarthritis cartilage [260-262].
Increases in this matricellular protein can lead to fibrosis, and it is possible that mechanisms
used to deliver CCN2 to degenerating discs may cause some repair to occur [249] similar to
what is seen in an experimental model of osteoarthritis [263]. CCN3 has been shown to be
upregulated in an osteoarthritis mouse model [264] and in human osteoarthritis as well [265].
Mutation of CCN3 in mice causes a loss of normal joint function and disease that appears
similar to osteoarthritis in humans [266].

5.4.3. Chondromas/chondrosarcomas

A chondroma is a benign tumor of cartilage that may be present within bone and can cause
fractures due to its growth pattern. Normally, little is done with these tumors unless there is
a danger of fracture. Chondrosarcomas are cancerous tumors that can occur at any age, unlike
other sarcomas. These are refractory to treatment and can be highly metastatic. The expression
of CCNs can be correlated with chondrosarcoma grades and thus may be useful in clinical
identification of these tumors [267]. The same may be true for chondromas as well.

5.4.4. Osteosarcomas

Osteosarcoma is the most common type of cancer that develops in bone, occurring most
frequently in children and young adults. Most primary tumors develop in the areas of bone
that are growing rapidly such as near the ends of long bones surrounding the knee —the distal
femur or the proximal tibia. The proximal humerous is the next most common site, although
osteosarcoma can develop in any bone. Evidence suggests that osteosarcoma might originate
from mesenchymal cells with osteoblastic features [268,269]. CCN1 expression correlates with
poor prognosis of osteosarcoma and overexpression of CCN1 increases cell proliferation and
metastatic potential of tumor cell lines [270] and CCN1 knockdown reverses this phenomenon
[271]. In humans, CCN3 is associated with increased lung metastasis in osteosarcoma patients
[272] and CCN4 expression was shown to be higher in bone from osteosarcoma patients
compared to normal tissue [273].
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5.4.5. Ewing sarcoma

Ewing sarcoma is the second most common type of bone cancer that predominantly affects
children. CCN3 is expressed in approximately 30% of Ewing Sarcoma cases and its expression
correlates with lower survival [272]. Elevated CCN3 expression also correlated with recur-
rences and metastases compared to primary tumors in a study that examined 170 human
Ewing sarcoma specimens by immunohistochemistry. In this same study, a low level of CCN3
expression was associated with improved patient prognosis [274].

5.4.6. Chondrodysplasias

Mutations in the major collagen present in hyaline and elastic cartilage, type II, cause several
chondrodysplasias [81]. Mutation of type XI collagen also causes skeletal issues due to issues
with the structure of the growth plate, in mice with this defect [275]. Mice lacking collagen IX
appear normal but have alterations in the cartilage forming the growth plate and ultimately
these mice develop osteoarthritis when older [276]. Mutations cause skeletal issues in humans
as well, as do mutations in type X collagen. Mice lacking collagen X have several phenotypes,
including no obvious changes, metaphyseal dysplasia, and death soon after birth [81,83,277].

5.4.7. CCNs in cartilage and bone pathophysiology

The role of CCNs in cartilage function involves several family members of this class of
matricellular proteins. CCN1-6 have all been identified in cartilage matrix, and all CCN genes
have an increase in their expression in osteoarthritis or rheumatoid arthritis [265]. CCN3 is
integral to the proliferation of chondrocytes, while CCN1, CCN2, and CCNG6 are involved in
later states of maturation, proliferation, and the calcification of cartilage matrix during
endochondral ossification. CCN4 and CCN5 also participate in the differentiation and
calcification of cartilage [231]. CCN2 causes proper bone strength, shape, and length, while
the counteraction by CCN3 regulates these structural processes.

CCNT1 knockout mice die during development, making analysis of their skeleton difficult;
however, this protein causes proliferation of chondrocytes and secretion of matrix in vitro
[278]. CCN1 is present in chondrocytes in the proliferative and pre-hypertrophic zones during
endochondral bone formation [278]. CCN1 signals through the WNT signaling pathway to
cause maturation of chondrocytes isolated from sternal cartilage, with overexpression of CCN1
causing damage to chondrocytes [279]. Induction of CCN1 by {3-catenin causes maturation of
chondrocytes, while overexpression using a cartilage-specific promoter causes chondrodys-
plasia [279]. CCN1 is decreased in expression during the differentiation of mesenchymal stem
cells into chondrocytes and osteoblasts, indicating that it may be important in the maintenance
of stem cells [280].

CCN2 promotes differentiation and proliferation of chondrocytes as well as osteoblasts (see
reference [47]). The presence of CCN2 is an important modulator of the deposition of cartilage
matrix. CCN2 also is a major factor in the induction of fibrosis [281]. This growth factor causes
secretion of collagen type Il and can induce cells to proliferate and subsequently differentiate
[282]. Lack of CCN2 causes issues with bone growth due to lack of hypertrophic zone cartilage
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growth and loss of angiogenesis [283,284] and causes death immediately after birth due to
respiratory failure [239]. CCN2 binds several growth factors, including bone morphogenetic
proteins and TGF-(3, and can affect cartilage function in this manner [226].

Addition of CCN2 to damaged cartilage in rats can cause enhanced healing [263]. Although
exogenous administration of matrix metalloproteases can cause damage to cartilage similar to
osteoarthritis [285,286], the use of these inhibitors does not aid in the treatment of the disease
[287]. Overexpression of CCN2 using a col2al promoter caused reversal of some aging-related
changes present in the articular cartilage of aged mice by enhancing matrix deposition and
proliferation of chondrocytes. In addition, changes characteristic of cartilage degeneration
were reversed, such as the expression of collagens I or X and the presence of MMPs 9 and 13
[288]. These mice also showed greater levels of matrix and faster ossification during endo-
chondral bone growth [237].

CCN2 binds to receptor activator of NF-kappa B (RANK) as seen by plasmon resonance
analysis, and enhances RANK signaling. This indicates its importance in the formation of
osteoclasts [289].

Fibroblast growth factor causes an increase in BMPs, and this binding causes repair of articular
cartilage defects. Different BMPs have differing effects on this repair, but overall BMP3 is an
important component during repair of articular cartilage [279].

CCN3 decreases proliferation in several different cell types [290]. CCN3 appears to be
downregulated by PTHrP [231], which is involved in the growth of bone. CCN3 may regulate
apoptosis under conditions of serum deprivation. The presence of this CCN decreased levels
of both proteoglycan and collagen, which may mimic the cartilage environment in which no
vascularization occurs and thus conditions are somewhat hypoxic [291]. Bone regeneration in
mice that lack CCN3 is enhanced [292]. Loss of CCN2 causes an increase in the expression of
CCN3 with a concomitant decrease in proliferation due to the presence of this matricellular
protein. This deletion also caused reduced differentiation of chondrocytes due to the upregu-
lation of CCN3 [231]. Loss of CCN2 causes reductions in aggrecan and types I and X collagen
during development, a process which mimics the matrix loss that occurs with aging during
osteoarthritis development [226]. Overexpression of CCN2 has effects that counter these
reductions [288]. Overexpression of CCN4 caused an effect on cartilage differentiation by
changing the function of another growth factor, TGF-p3. Mice that completely lacked CCN4
did repair surgical defects well, while mice that expressed CCN4 demonstrated some recovery
from this injury [293]. Lack of another member of the CCN family, CCN6, causes a disease in
humans that is a form of childhood arthritis, progressive pseudorheumatoid dysplasia [294].
The function of CCN6 in normal cartilage is not well understood, although its expression is
high in osteoarthritis [295].

CCNT1 and CCN2 expression is elevated during fracture repair in the long bones throughout
the reparative phase of the callus, notably in proliferating chondrocytes and osteoblasts
[296,297]. Abrogation of CCN1 by antibodies inhibits bone fracture healing in mice [298].
Further, recombinant CCN2 protein promotes the repair of articular cartilage in a rat osteoar-
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thritis model [263]. These studies suggest that CCN proteins may play important roles in the
homeostasis of bone and cartilage tissues.
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Abstract

In this chapter, we discuss a specialized version of the extracellular matrix, the basal
lamina. We focus on biophysical approaches which helped in identifying the mechanis-
tic principles that allow the basal lamina to act as a selective permeability barrier. We
discuss the physicochemical interactions that entail binding of molecules or nanoparti-
clesto thebasal lamina matrix and outline physiological scenarios where altered selective
permeability properties of the basal lamina might contribute to physiological (mal)
function.

Keywords: laminin, collagen, entactin, microstructure, viscoelastic properties, perme-
ability

1. Molecular composition of the basal lamina

The basal lamina constitutes a thin extracellular matrix, which is located between the connec-
tivetissueand thebasolateralsideofacelllayer. This cellularlayercan consistofeitherendothelial
or epithelial cells, and those cell types secrete the different molecular components of the basal
lamina. The main components of thebasallamina arelaminin, collagen1V, the perlecan complex,
and entactin, which are also known as nidogen [1, 2]. Together, those macromolecules form a
complex network as illustrated in Figure 1. In addition, the basal lamina may contain several
proteases such as matrix metalloproteinase-2 (MMP-2), MMP-9, and growth factors such as
transforming growth factor beta (TGF-f3), insulin-like growth factor (IGF) and fibroblast growth
factor (FGF) [3].
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Figure 1. Schematic illustration of the basal lamina network. Both laminin and collagen IV assemble into a sheet-like
network. Those two networks are cross-linked by entactin as well as the perlecan complex.

Laminin is a glycoprotein mainly found in basement membranes such as the basal lamina and
is composed of three polypeptide chains: a-chain, f-chain, and vy-chain [4]. These three chains
assemble into a cross-like structure, where the short arms of the cross are formed by the N-
termini of the three subunits. The long arm of this cross-like structure is formed by all three
subunits which assemble into an a-helical coiled-coil structure with a globular end [4, 5].
Laminin self-assembles into a sheet-like structure by binding the short arms of different
laminins to each other [6]. The polymerized laminin network is anchored to the underlying
cell layer via integrin interactions mediated by the globular end of the cross-like structure [4,
7]. Collagen IV is a collagen variant mostly found in the basal lamina and forms a helix similar
to collagenI[8]. Type IV collagen self-assembles via covalent bonding, disulfide cross-linking,
and non-covalent side-by-side interactions into a sheet-like structure [2]. Both sheet-like
structures, the laminin and collagen IV network, do not interact with each other; however,
both laminin and collagen IV can bind to perlecan as well as entactin. As a consequence, the
latter two molecules act as cross-linkers between the two sheet-like structures, thus maintain-
ing the complex architecture of the basal lamina [9]. The perlecan complex is a basal lamina-
specific proteoglycan. In general, proteoglycans consist of a protein core with
glycosaminoglycans covalently attached to the protein. Thus, the perlecan complex consists
of perlecan as core protein and 2-15 heparan sulfate (HS) side chains [10]. Also entactin is a
glycoprotein and consists of three globular units connected by rod-like structures [11]. Two of
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the three globular units (G1 and G2) are situated at the N-terminus of entactin. The third
globular unit (G3) is found at the C-terminus of the protein. G3 strongly binds to the y-laminin
short arm but can also bind to collagen IV. In contrast, G2 only binds to collagen type IV [11],
thus connecting the networks built by laminin and collagen type IV.

In addition to building a complex network and serving as an anchoring matrix for a neigh-
boring cell layer, all of these basal lamina components can directly influence the cell fate:
laminin, in combination with collagen IV supports cell attachment, differentiation, migration,
and growth [12]. It was suggested that in addition to fibronectin, type IV collagen and laminin
are involved in the formation of tight junctions [13]. Laminin and collagen IV are also key
players in establishing the mechanical stability of the basal lamina [10]. As mentioned above,
the proteoglycan perlecan consists of a core protein to which HS, a heavily charged glycosa-
minoglycan, is attached. In addition to acting as a cross-linker between laminin and collagen
IV, perlecan and, in particular, the highly charged HS chains are responsible for the hydration
of the matrix and contribute to the selective filtering properties of the basal lamina [14-16].

Although this highly specific structure-function relationship suggests that the microarchitec-
ture of the basal lamina might be rather static, proteolysis of extracellular matrix (ECM)
components and thus matrix remodeling is a process which continuously takes place in vivo.
Remodeling of the ECM is, for example, a crucial part of wound healing and cell differentiation
[17]. In addition, the degradation of ECM components can be responsible for cell apoptosis
but, depending on the ECM component degraded, can also enhance cell viability [18]. In
particular, the degradation of laminin is thought to be harmful for cells: In a study conducted
in mice, it was suggested that the breakdown of laminin by the MMP-9 induces neuronal
apoptosis but can be prevented by the addition of MMP-9 inhibitors [19].

Moreover, the degradation of laminin does not only result in cell apoptosis but also impacts
the stability of the basal lamina [20]. Since laminin interacts with the integrins on the cell surface
and anchors the cells onto the basal lamina, a breakdown of laminin results in a separation of
the basal lamina from the endothelial/epithelial cell layer which in turn induces a loss of cell-
matrix communication [21, 22]. It was shown in an in vivo study in a mouse model that when
the second structural main component of the basal lamina, collagen 1V, is knocked out,
embryos develop normal during the first few days, but after 10 days of development lethality
occurs [23]. It was suggested that collagen IV is essential for the function and integrity of the
basal lamina when mechanical stress increases. However, collagen IV seems to be unimportant
in the assembly of the basal lamina at early embryonic states [23]. Similar results were obtained
when an enzyme, which catalyzes the assembly of collagen IV, was modified and thus
nonfunctional. In these mice, collagen IV was present but did not assemble properly and the
mouse embryos died after 10 days [24].

In contrast to those structural main components, loss of the small cross-linking molecule
entactin seems to have a weaker influence on basal lamina structure and function. In mice, the
inactivation or mutation of the gene encoding entactin results in a normal basal lamina
phenotype, and the viability of the mutant mice seems not be strongly impaired by a loss of
entactin [25-27]. Exceptions are the lung and the kidney, organs which fulfill important
filtering tasks and thus contain a huge amount of basal lamina. Here, a loss of entactin cross-
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linking function entailed strong alteration of those tissues during embryonal development and
ultimately led to death immediately after birth [28]. Of course, alterations in basal lamina
properties can also have less severe consequences. For instance, long-term diabetes patients
not only often suffer from retinopathies but also show an increased thickness and stiffness in
the ocular basal lamina. Here, however, the higher amount of basal lamina proteins is due to
the expression of diabetes-specific proteins whereas the production of the normal basal lamina
components is not increased [29].

2. Selective permeability of the basal lamina in vivo

In the human body, the basal lamina always supports a cell layer of either endothelial or
epithelial cells (Figure 2). Together, these two layers form a complex barrier which selectively
regulates the entrance and distribution of molecules from or into the connective tissue.
Molecules which are selectively transported across the basal lamina include growth factors,
nutrients, and hormones. Examples for such basal lamina/cell barriers are found in the skin,
the kidney, the blood-brain barrier, and the vascular system [10, 30-34].

' iu0
<«— cpithelium

<«— basal lamina

Figure 2. Illustration of complex barriers consisting of a cell layer and an adjacent basal lamina layer. The inner layer of
blood vessels is constituted by endothelial cells with a basal lamina layer located on the outer side of the blood vessel.
Also epithelial cells are supported with a thin layer of basal lamina. In both examples, selective permeability of the
complex cell/biopolymer barrier toward molecules is observed, that is, some molecules can penetrate the barrier
whereas others are rejected.

The skin poses one of the largest and, in most cases, the first barrier for foreign compounds.
In addition to this protective function, the skin also regulates the uptake of oxygen and
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prevents the loss of water from the underlying tissue [32]. In kidney tissue, the basal lamina
is, in combination with the epithelial cells, responsible for filtering [10], and defects in the basal
lamina can result in kidney malfunction [34]. The blood-brain barrier [30] protects the brain
tissue from pathogens and neurotoxic molecules, whereas it allows the passage of regulatory
molecules such as hormones from the blood stream into the cerebrospinal fluid [35]. A similar
structure is present in the vascular system. Here, the first barrier is established by endothelial
cells which rest on a thin layer of basal lamina on their basolateral side [10]. Nutrients, growth
factors, proteins, hormones, and polysaccharides are prevented from leaking from the blood
stream into the connective tissue by tight junctions between the endothelial cells [31, 35-37].
If the integrity of these tight junctions is impaired, the basal lamina becomes directly accessible
for blood compounds. Moreover, if the basal lamina layer is damaged, the translocation of
solutes from the blood stream into the connective tissue is increased, even if the tight junctions
are intact [20]. Of course, for molecules which need to traverse from the connective tissue into
the blood stream, the basal lamina is encountered first before the endothelial cells are reached.
In this scenario, the basal lamina layer constitutes the primary barrier.

A detailed knowledge of the molecular interactions which determine the selective filtering
properties of the basal lamina is especially interesting for the design of new drug carrier
vehicles for targeted drug delivery applications. One example for such an application is the
specific targeting of tumors. In tumor tissue, the influence of the basal lamina barrier becomes
even more important since tumors usually show an increased production of ECM [38]. Drug
carriers are often injected intravenously; thus, the vascular system poses the critical barrier
which the drug carriers have to pass. Here, the passage of drugs/drug carrier vehicles from
the blood stream into the adjoining tissue is primarily regulated by the endothelial cells.
However, in most cases, the endothelium around tumors is leaky. This is also known as an
“enhanced permeability and retention effect” (EPR). Since the barrier function of the endo-
thelium is impaired by the tumor, the basal lamina becomes directly accessible for compounds
from the blood stream. In such a situation, the passage of drug carrier systems and their
incorporated drugs is mainly regulated by the basal lamina.

In all of these examples, the selective barrier properties of the basal lamina are key for
regulating complex biological processes. To possess such a high selectivity toward molecules
or drug carrier particles, that is, deciding which of them are allowed to pass and which are
rejected, an advanced molecular filter system based on various interactions is needed.
Understanding the physical interactions between drug carriers and the complex multicom-
ponent, basal lamina is crucial to efficiently adjust the surface parameters of drug carriers in
such a way either that they are able to easily penetrate the basal lamina barrier or that they
accumulate at the basal lamina interface. Studying the mechanistic principles which govern
the selective permeability properties of the basal lamina layer in vivo is, however, very difficult:
On the one hand, the basal lamina has a thickness of only a few hundred nanometers which
would require optical experiments with a supreme spatial resolution such as PALM/STORM
or STED microscopy [39]. On the other hand, the presence of a plethora of molecules, dynamic
alterations in the basal lamina composition by enzymatic processes, or generation of new basal
lamina components by the adjacent cell layer further complicates the interpretation of in vivo
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permeability studies and the correlation of the experimental results with physicochemical
principles. Thus, a detailed investigation of the selective permeability properties of a complex
biopolymer barrier such as the basal lamina requires a reliable in vitro model system, which is
available in quantities large enough to conduct systematic tests while reproducing the behavior
of the in vivo basal lamina layer.

3. Basal lamina model systems

A suitable source for the purification of an extracellular matrix that mimics the basal lamina
is the Engelbreth—-Holm-Swarm sarcoma of mice. This tumor produces, in contrast to healthy
tissue, large amounts of ECM with laminin and collagen IV being the main components [3].
Depending on the question asked, individual macromolecular components of the basal lamina
may be sufficient to take over the role of the complex biopolymer mixture. For instance,
adhesion of cells to solid substrates is promoted similarly well by laminin coatings as by
coatings with the multicomponent ECM [40, 41]. For other basal lamina properties such as
viscoelasticity and selective permeability, it is crucial that the biological complexity of the
system is maintained so that the full spectrum of basal lamina function is obtained.

The high abundance of ECM in Engelbreth-Holm-Swarm tumor tissue makes it possible to
purify reasonable amounts of this multicomponent matrix as required for systematic in vitro
experiments. A first purification protocol for this ECM was established by Kleinman et al. [42,
43]in the 1980s. The extract is liquid at temperatures between 4°C and approx. 15°C and forms
a gel at higher temperatures. In its gel form, the matrix was tested for its biological activity,
and it was shown in several studies that the purified ECM successfully promotes the differ-
entiation of various cell types [44—47]. Cells can be either plated on top of the gel, thus
simulating a two-dimensional (2D) environment, or they can be embedded into a 3D ECM
matrix. Which configuration is chosen depends on the detailed experimental setup, the cell
type used and the biological question. For instance, cell migration experiments can be con-
ducted both on flat surfaces which have been coated by ECM components and in 3-dimensional
basal lamina gels [48, 49].

The purification protocol of Kleinman et al. is used by several companies for the commercial
production of ECM. Although these commercial ECM variants are extracted according to the
same purification protocol, significant differences in the behavior of cells embedded into those
gels have recently been described [50]: The migration behavior of leukocyte-like dHL-60 cells
in four different commercially available ECM gel variants differed strongly even though the
gels were prepared at matching total protein concentrations. Moreover, in one of the ECM gels,
life—dead stains demonstrated a significantly increased percentage of nonviable cells. At the
same time, for this gel variant, there was an additional band visible when the gel was analyzed
by SDS-PAGE. Mass spectrometry showed that this additional band contained laminin
fragments which indeed are suspected to be harmful for cells. This result demonstrates the
dilemma a researcher is exposed to when working with commercial model systems: On the
one hand, the relatively easy availability of the material in reasonable quantities allows for
conducting in vitro experiments which otherwise would not be possible. On the other hand,
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comparability to results from other researchers is often difficult if different vendor sources for
the biopolymer mixture are used: The data obtained need to be interpreted with great care and
ideally should be double-checked with a second, independent ECM preparation. SDS-PAGE
analysis also suggested that the commercial ECM variants differed in terms of the relative
concentration of basal lamina components. Whereas, in all ECM preparations, the bands
corresponding to collagen IV and laminin were clearly most pronounced, the strongest
variability occurred in a band around 50 kDa which matches the molecular weight of entactin.
Since this molecule acts as a cross-linker between laminin and collagen 1V, it is reasonable to
assume that variations in its relative concentration will also affect the structure and permea-
bility properties of the ECM gels and, ultimately, the migration behavior of cells in those gels.
However, biochemical techniques are not able to predict those gel parameters, which is why
physical methods are required to further characterize the different basal lamina model
systems.

4. Physical properties of basal lamina gels in vitro

In addition to the biochemical structure of its constituents, the following three physical
parameters dictate the behavior of molecules, nanoparticles, or cells within the basal lamina:
the microstructure, the mechanical properties, and the permeability of the hydrogel. In
biopolymer networks, the microstructure of the system has direct implications on both the
viscoelastic properties of the network [51] and its permeability properties [31]. Thus, imaging
methods for visualizing biopolymer networks such as the basal lamina are discussed first.

4.1. Microstructure of ECM gels

There are various methods to evaluate the structure of a material, and those methods can be
subdivided into the following categories: surface imaging techniques, near-field/contact-based
techniques and far-field imaging. Which method is used to resolve the structure depends on
the material and on the experimental question: Do I require information on the surface
topology or on the inner structure of the material? For biological samples, a fixation is needed
for most of the imaging techniques so that the structure does not change over time or during
the sample preparation process. One technique which is often used to image biological samples
is fluorescence confocal microscopy as this method can visualize the 3D structure of a biopol-
ymer network. However, most biological samples are not fluorescent by themselves and thus
a fluorescent dye has to be used to stain the structure of interest. For many target proteins,
commercial antibodies are available to which a fluorescent dye is attached. Before such a
staining with antibodies is performed, the samples are typically fixed to ensure that the
structure of the biopolymer network is not altered by the antibody application and the
following washing step.

A suitable technique for imaging the surface of a biopolymer material is scanning electron
microscopy (SEM). For this technique, the sample surface needs to be electrically conductive.
Since this is typically not the case for biological samples, the application of a thin conductive
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layer, for example gold, is necessary. Depending on the type of SEM used for imaging, the
samples are also exposed to a vacuum for imaging; this requires sample fixation and subse-
quent dehydration as typical additional preparation steps for this imaging method. It is clear
that sample preparation steps necessary for both imaging techniques may introduce artifacts,
that is, alterations of the microstructure of the biopolymer network. However, as the prepa-
ration steps for both techniques are different, the obtained pictures are reliable if both imaging
methods return comparable structures.

ECM1 ECM2 ECM3 ECM4

Immuno-
staining

SEM

Figure 3. Microstructure of four ECM gel variants. Images obtained with immunostaining/confocal microscopy and
with a SEM are compared. Both methods show a denser network for the gel variant 2 (ECM2) than for the other three
variants. Edited figure with permission from Arends et al. [50]. © 2015 Arends et al. Published under CC BY license.

Example images of basal lamina model systems are shown in Figure 3, where the microstruc-
ture of four different ECM gel variants is compared. For the fluorescent confocal image, the
ECM component laminin was stained with a fluorescent antibody and an optical slice with a
thickness of 0.9 um was acquired inside the 3-dimensional gel. Here, the ECM variant in which
leukocyte migration was slowed down most (ECM2) shows the lowest porosity. The same
difference in the microarchitecture of the ECM gels is obtained when SEM is used for imaging:
ECM2 shows the highest density, whereas the other gel variants exhibit a comparable network
structure. As the four gel variants have all been reconstituted at identical total protein
concentrations, the observed structural difference is most likely due to the higher content of
the cross-linking molecule entactin in this ECM variant as detected by SDS-PAGE.

4.2. Viscoelastic properties of ECM gels

Especially for cell differentiation, the mechanical properties of the ECM play an important role.
Using artificial hydrogels such as cross-linked polyacrylamide gels [52], it was shown that cell
differentiation can be directed by the stiffness of the substrate. The ECM is a viscoelastic
material, that is, its mechanical behavior combines both viscous as well as elastic properties.
Those viscoelastic properties can be probed macroscopically with a shear rheometer as
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illustrated in Figure 4 as well as microscopically with single-particle tracking microrheology
or AFM indentation.

In macroscopic shear rheology, the sample is placed between two plates, a stationary bottom
plate and a rotating top plate for shear stress application. The bottom plate can be heated or
cooled depending on the desired temperature conditions. The top plates are available in
various diameters and shapes and are chosen according to the sample properties and the
quantity to be measured. For determining viscoelastic properties, the top plate is typically
oscillated at different frequencies, either at a fixed strain or at a fixed torque. Small torques
during such a measurement ensure that the material response is quantified in the linear
response regime, where Hooke’s law holds, that is, where the ratio of stress and strain is
independent from the amplitude of the applied force.
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Figure 4. The viscoelastic behavior of ECM gels can be quantified by shear rheology. The sample is placed between a
stationary bottom plate and a measuring plate, and then, an oscillating shear stress is induced. The temporal delay
(phase shift) of the material response is measured. For a purely elastic material, the phase shift is 0° in contrast, a
phase shift of 90° is obtained for a purely viscous substance. For a viscoelastic material, the phase shift can assume any
value between 0° and 90° (adapted from an illustration by Stefan Grumbein). A typical gelation curve for a basal lami-
na gel at a concentration of 8.3 mg/mL is shown at the bottom right and was acquired using a plate-plate geometry
oscillating at a frequency of 1 Hz. For the first 200 s, the measurement was performed at 4°C. At this temperature, the
ECM is in its liquid state, thus the loss modulus (open circles) dominates over the storage modulus (full circles). When
the temperature is increased to 37°C, gelation is initiated and the storage modulus dominates. After a few minutes, a
plateau value is reached. A typical frequency spectrum after gelation is shown as inset. The storage modulus domi-
nates over the loss modulus over four decades of frequencies.

The viscoelastic properties of the ECM can then be described by the storage modulus G” and
the loss modulus G”. Here, G is a measure for the elastic properties and G” for the viscous
properties of the ECM gel. Atlow temperatures around 4°C, the ECM is in a liquid state. Here,
its viscous properties dominate and the loss modulus is larger than the storage modulus. When
the ECM gel is heated to room temperature or above, a gelation process is initiated which
results in an increased storage modulus: Within a few minutes after the temperature increase
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is applied, the storage modulus starts to dominate over the loss modulus and then increases
further until it reaches a plateau value (see Figure 4). In general, there are several parameters
determining the absolute value of the plateau elasticity: The higher the concentration of
proteins/polymers the higher is typically the storage modulus [53]. In addition to the concen-
tration of protein, also the type of polymer/polymer interaction plays a role. The storage
modulus of an entangled solution is usually lower than for a cross-linked network. In the study
conducted in [50], it was shown that the amount of the cross-linking molecule entactin
influences the network stiffness: The higher the concentration of entactin the higher the storage
modulus and thus the elasticity of the formed matrix. Typical values for the elastic modulus
obtained for ECM gels at a total protein concentration of 3.5 mg/mL are in the range of 1-10 Pa
which is very soft and lies in the range of moduli reported to induce neuron-like differentiation
of stem cells [52].

In general, the viscoelastic properties of a biopolymer network may depend strongly on the
probing frequency [51], especially if the network constituents are only entangled. For cross-
linked systems, however, a pronounced plateau in the frequency-dependent shear moduli is
expected, and exactly such behavior is also observed for ECM gels (Figure 4).

The absolute values of the viscoelastic parameters obtained with macrorheology may not
necessarily reflect the local stiffness of a biopolymer network. Thus, microrheological techni-
ques such as bead microrheology [54] or AFM nanoindentation [55] have been introduced and
already applied to other biopolymer systems such as cytoskeletal networks [56-58] or cartilage
[59]. With those nano-/microscopic techniques, it is also possible to spatially map the mechan-
ical properties of native basement membranes [60, 61], which might give insights important
for cellular processes such as differentiation or migration.

4.3. Permeability of ECM gels

One of the major tasks of the basal lamina is to act as a molecular filter. Here, the exclusion of
particles or molecules according to their size is one of the simplest mechanisms for establishing
permeability: A mesh size smaller or in the order of the particle diameter will prevent the
entrance of particles into the network; conversely, if particles have already entered the
network, they will be efficiently trapped within the biopolymer matrix. However, this filter
mechanism is not very sophisticated as it cannot differentiate between objects of the same size.
Thus, a second filter mechanism based on binding interactions between diffusing particles/
molecules and the basal lamina constituents has been put forward to contribute to the selective
permeability properties of biopolymer hydrogels such as the basal lamina [31]. With the ECM
model system discussed above, the physicochemical principles governing the high selectivity
of basal lamina gels can be studied systematically.

To probe the interactions between particles and the ECM, single-particle tracking (SPT) can be
employed. In contrast to SPT used for microrheology [62], the diameter of the particles
embedded into the ECM should be small compared to the mesh size of the gel. Only then one
can be sure that the particle motion is not geometrically restricted by the network microarch-
itecture—which demonstrates the importance of obtaining structural information on the
system prior to commencing SPT experiments. In SPT measurements, the diffusive movement
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of particles within the gel is recorded via light microscopy and every single particle is evaluated
separately. The trajectory of motion of each particle, in particular the x- and y-position, is
extracted from recorded movies for every frame of the movie—typically over a time course of
several seconds up to a minute (depending on the temporal resolution of the image acquisition
process, Figure 5). These data are then used to calculate the mean squared displacement (MSD)
of every particle according to the following

MSD(7) :%ZN:[}(iAt +7)—r(iAt)] )

Here, N denotes the total number of recorded frames, ;)(t) is the position of the particle at time
t, and T denotes the time interval between two particle positions within a given trajectory. For
diffusive processes, the MSD typically grows with time as a power law ¢, with the exponent
a characterizing the type of diffusive motion: One can distinguish sub-diffusive (a<1), normal
diffusive (a=1), or superdiffusive behavior (a>1), the latter of which is typically linked to active
transport phenomena or liquid flow.

Such SPT experiments revealed that both positively and negatively charged microparticles
were efficiently immobilized in the ECM gel, whereas PEGylated (and thus only weakly
charged) polystyrene particles of identical size were able to diffuse almost freely within the
gel [63]. Equivalent results were obtained with liposome particles and suggested that free
diffusion within the ECM matrix is only possible as long as the particle surface charge (as
quantified by the zeta potential) lies within a window ranging from intermediate negative
charge to low positive charge. Enzymatic digestion of the ECM component HS entailed a
mobilization of positively charged particles. This finding suggested that the polyanionic HS
chains present in the perlecan complex critically contribute to the selective properties of the
ECM gel—likely through trapping of positively charged objects by means of electrostatic
binding.

The notion that electrostatic binding interactions contribute to particle trapping in ECM gels
was confirmed by experiments conducted at elevated ionic strength of the hydrogel buffer.
Increased salt concentrations lead to charge screening effects by the formation of a layer of
counter ions around the surface of charged objects such as particles or hydrogel polymers. As
a consequence, the strength of electrostatic interactions at a given separation distance between
two objects is reduced —a process which is described by the Debye-Hiickel theory [64]. At
physiological concentrations of KCI, both positively and negatively charged polystyrene
microparticles are immobilized in ECM gels. However, when the KCl concentration is
increased, a fraction of the particles becomes mobile [63, 65]. This mobilization does not have
to be permanent as individual particles can dynamically switch between a freely diffusing and
bound state over time, and —while in the bound state —also between a weakly and strongly
bound configuration. As shown in Figure 5, the degree of particle mobilization depends both
on the ion concentration and valency which is consistent with the Debye-Hiickel theory.
However, particle mobilization efficiency seems also to depend on the particular ion species
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as identical concentrations of the divalent ions Mg?" and Ca*" lead to different experimental
outcome [65]. This ion-specific effect suggests that, in addition to electrostatic forces, also
hydrophobicinteractions are likely to contribute to the selective filtering properties of the basal
lamina.

Systematic permeability studies with artificial particles were very helpful to unravel the
physical mechanisms which are responsible for the trapping of solutes in the basal lamina.
However, most compounds which encounter the basal lamina layer under physiological
conditions are small molecules rather than microparticles. To investigate the selective prop-
erties of the basal lamina toward small molecules, a microfluidic setup (Figure 6) was recently
introduced [66]. Here, customized peptides with tailored amino acid sequences and thus
different net charges were used as diffusion probes. To ensure optimal comparability, the
molecular weight of those oligopeptides was kept constant. The penetration behavior of those
peptides into an ECM gel was visualized by fluorescent microscopy, and similar to the SPT
experiments discussed above also the behavior of those molecules critically depended on their
charge. Positively charged peptides accumulated at the gel/buffer interface, whereas nega-
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Figure 5. Single-particle tracking experiments can locally map the permeability of ECM gels. Upper panel: Exemplary
trajectories and the corresponding MSD curves of a particle showing free diffusion and a particle showing retarded
diffusion. For freely diffusing particles, the dependence of the MSD on time is linear and a diffusion coefficient D can
be calculated according to the formula shown in the graph. For the calculation of D, only the first 10% of the MSD data
is used to avoid errors arising from statistical uncertainties. Lower panel: Trajectories of a particle which transiently
switches between a diffusing and a bound state and of a particle which alternates between a strongly and a weakly
bound configuration. The states of motion can be distinguished based on the fluctuation amplitude of the particle.
Both trajectories were obtained at a salt concentration of 1 M KCI. The histogram shows that in ECM gels, the fraction
of mobile particles depends on the concentration, valency, and detailed species of the ions used. Adapted with permis-
sion from Arends et al. [65]. Copyright ©2013 American Chemical Society.
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tively charged peptides did not. Moreover, when the net charge of the positively charged
peptides was increased, the accumulation propensity of the molecules at the gel interface was
increased as well. Of course, such an artificial microfluidic setup does not reproduce the
complex situation of the basal lamina interface found in vivo. However, peptide injection tests
in the connective tissue of living mice demonstrated a similar charge-selective accumulation
behavior at the basal lamina layer of blood vessels as observed on-chip with the simplified
ECM/buffer interface. This underscores the great potential basal lamina model systems and
biophysical characterization methods hold for gaining a better insight into the mechanistic
principles that establish the complex properties of the basal lamina.

5. Outlook

Here, we have summarized selected aspects of our current understanding how the biochemical
composition of the basal lamina is mirrored in the complex microarchitecture as well as the
multi-facetted material properties of the biopolymer network. Deciphering the physicochem-
ical principles which dictate the microstructure, viscoelastic properties, and selective perme-
ability of the basal lamina layer are not only interesting for cell biology studies [67, 68], drug
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Figure 6. Illustration of a microfluidic setup used to probe the diffusive penetration of peptides from a buffer compart-
ment into a basal lamina gel. Typical intensity profile images for positively and negatively charged peptides are shown
next to the microfluidic channel. For positively charged peptides, an intensity peak is observed at the buffer/gel inter-
face, whereas such an accumulation does not occur for negatively charged peptides. Similar results are obtained when
those peptides are injected into the connective tissue of mice. Tissue immunostaining confirmed that the positively
charged peptides colocalize with collagen IV, a main component of the basal lamina. Adapted with permission from
Arends et al. [66]. © 2015 Arends et al. Published under CC BY license.
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delivery questions and tumor treatment [69-72], but might also have strong implications for
tattoo removal applications: Here, ink nanoparticles trapped in the skin tissue have to be
mobilized, for example, by soaking the tissue in salt solutions, so that they can be washed out
from the skin rather than removed by painful and scar-inducing laser treatment. The lessons
learned from systematically unraveling the physical and chemical mechanisms, which give
rise to the complex properties of the basal lamina, may also help in the rational design of
artificial hydrogel systems for tissue engineering approaches: The synthesis of complex
macromolecules with well-defined chemical properties may allow for constructing hydrogels
with both tailored mechanical properties and selective permeability behavior.
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Abstract

The extracellular matrix (ECM) is a noncellular component with a crucial role on tissue
morphogenesis, differentiation and hemostasis within all tissues and organs. With
advancement in the technology and increased data on ECM components, it was realized
that many conditions in urinary tract have a close relation with the composition of ECM
in the affected tissue. According to some basic research studies, ECM composition may
giveusimportantinformation about the prognosis and progression of disease in addition
to the cause and pathophysiology of the diseases such as congenital ureterovesical and
ureteropelvic junction obstruction. Afterwards, with better understanding of ECM one
can develop new treatment and follow-up models. This chapter will summarize the
evidence-based role of ECM in urinary tract conditions.

Keywords: urinary tract, extracellular matrix, immunohistochemistry, ureteropelvic
junction, ureterovesical junction

1. Extracellular matrix

The extracellular matrix (ECM) is a noncellular component within all tissues and organs, and it
is essential for the scaffolding of cellular constituents and also it plays a crucial role on tissue
morphogenesis, differentiation and hemostasis [1]. It is an anchoring platform for epithelia,
forms the basement membrane, and also surrounds capillaries and neural cells, and is part of
the connective tissue [2].

In general, ECM molecules can be classified as fiber-forming and non-fiber-forming molecules
[3, 4]. Collagens, elastins, laminins and fibronectins are the main fiber-forming ECM proteins.
Proteoglycans which are main non-fiber-forming molecules fill the majority of the extracel-



224 Composition and Function of the Extracellular Matrix in the Human Body

lular interstitial space and they have a wide variety of functions that reflect their unique
buffering, hydration, binding and force-resistance properties.

2. Fiber-forming ECM elements

2.1. Collagen

Collagens are the most abundant proteins in ECM and the whole human body [5]. Collagens
have many functions, which depend on the type and tissue they are in. Depending on the
tissue, collagen fibers can provide tensile strength, can regulate cell adhesion, can support
chemotaxis and migration and can direct tissue development [6]. Generally in normal phys-
iologic states, different types of collagen fibers form a heterogeneous mixture but usually there
is a dominant type of collagen in every given tissue.

The five most common collagen types are the following:

Type I: skin, tendon, vascular ligature, organs and bone (main component of the organic part
of bone)

Type II: main collagenous component of cartilage
Type III: main component of reticular fibers

Type IV: forms basal lamina and basement membrane
Type V: placenta, cell surfaces and hair

A majority of collagen molecules are in the form of triple strands, which form supramolecular
complexes like fibrils and networks depending on the type of collagen. Network collagens are
incorporated into the basal membrane and fibrous collagens form a skeleton for the collagen
fibril bundles in the interstitium [1].

2.2. Elastins

Elastins are the main ECM element, which gives tissues elasticity and allows a tissue to stretch
and return to its original state if needed. Their tight association with collagen fibrils crucially
limits their stretchability. Fibroblasts and smooth muscle cells secrete elastin in the form of its
precursor, tropoelastin. Secreted tropoelastin molecules assemble into elastin fibers. Elastin
fibers are covered by glycoprotein microfibrils. The most common glycoprotein covering
elastin fibers is fibrillin. The presence of fibrillins is also essential for the integrity of elastin [1].

2.3. Laminins

Laminins are glycoproteins that form heterodimers containing 1 &, 1 3 and 1y chain. They are
synthesized in podocytes and endothelial cells. Laminin trimerization occurs inside the cell in
the endoplasmic reticulum. Once trimerization completed they are secreted into the extracel-
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lular space and they polymerize to form a supramolecular network. Laminin polymerization
initiates basement membrane formation and sends signal to adjacent cells [7].

2.4. Fibronectins

Fibronectins are glycoproteins that establish connection between cells and collagen fibers in
the ECM. It is secreted as a dimer form, which are joined by two disulfide bonds. Fibronectin
fibers have several binding sites through which they form a connection with other fibronectin
dimers, collagen fibers, heparin and cell-surface integrin receptors [1].

Fibronectins have vital importance for mediating cell attachment and function and they have
an important role in the organization process of the interstitial ECM. During tissue develop-
ment, fibronectins are important for cell migration, and also studies showed that they have
roles on cardiovascular disease and tumor metastasis [6].

3. Non—fiber-forming ECM molecules

3.1. Proteoglycans

Proteoglycans are heavily glycosylated proteins. They contain glycosaminoglycan (GAG)
chain, which is linked with a protein core covalently. They are classified by their size (large
and small) or the nature of their GAG chains. The main classes of proteoglycans are heparan
sulfates, keratan sulfates and chondroitin sulfates. Their extreme hydrophilic nature and
ability to adapt extended conformations make them easier to form hydrogel, and structures
formed with these molecules can withstand high compressive forces.

Proteoglycans and their most common locations:
Heparan sulfate: basement membranes and components of cell surfaces.
Chondroitin sulfate: cartilage, heart valves and bone.

Keratan sulfate: cornea and bone.

3.2. Hyaluronic acid

Hyaluronic acid is a polysaccharide, which does not contain protein core and it consists of
alternating residues of D-glucuronic acid and N-acetylglucosamine. Hyaluronic acid forms a
coat around chondrocytes and they provide resilience of articular cartilage tissue. In extracel-
lular space, hyaluronic acid also provides the ability to resist compression by absorbing
significant amounts of water and providing a counteracting swelling force.

4. ECM remodeling and matrix metalloproteinases

Each tissue has an ECM with a unique composition, which is formed by biochemical and
biophysical interaction between the various cellular components (e.g., fibroblast and
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endothelial elements) and the evolving cellular and protein microenvironment [1]. There is a
constant turnover of ECM in the body and it is being regulated with either enzymatically or
nonenzymatically which makes ECM a dynamic structure.

Matrix metalloproteinases (MMPs) are a large family of endopeptidases, which are calcium-
dependent zinc-containing enzymes. They are responsible for the degradation of the ECM in
which they assist the tissue remodeling and they play a central role in tissue homeostasis [8].
They are present in both pathologic and normal tissues performing proteolytic action [9]. The
main cell types excreting MMPs are macrophages, fibroblasts, osteoblasts, endothelial cells,
neutrophils and lymphocytes [8].

MMPs have been studied in many conditions. It has been found that they have an impact on
tumor cell behavior as a result of their ability to make alterations on cell surface receptors,
growth factors, cell adhesion molecules and cytokines. Furthermore, MMPs are able to produce
apoptosis-resistant cells, which leads to generation of an aggressive phenotype. MMPs may
also regulate angiogenesis positively or negatively in cancer depending on activation of
proangiogenic factors or generation of angiogenesis inhibitors, respectively [10].

In bladder cancer, it has been shown that there is a correlation with the levels of MMP-2 and
MMP-9 and tumor grade and invasiveness [11]. MMP-2 levels were also found to be strongly
associated with tumor stage and prognosis [12]. In a study, serum level of MMP-7 was also
found to be associated with the prognosis of the patient. It is reported that in bladder cancer
patients treated with radical surgery high MMP-7 plasma levels were significantly associated
with poor overall- and disease-specific survival [13].

5. Role of ECM molecules on urinary system

5.1. Upper urinary system

In the renal cortex, the ECM is present in anatomically distinct areas with different functions
depending on its molecular components. Glomerular basal membrane, which is thicker,
compared to most other basal membranes in the body mainly contains laminin, collagen type
IV, nidogen and heparan sulfate proteoglycans [14].

Laminins in glomerular basal membrane form a network required to maintain the basement
membrane integrity. A genetic defect in laminin B2 chain will result in Pierson syndrome,
which is characterized by congenital nephrotic syndrome and diffuse mesangial sclerosis,
muscular hypotonia, distinct ocular abnormalities like microcoria (small pupils) and impair-
ment of vision and neurodevelopment [15]. Leading cause of death, which occurs within first
days, or weeks of life in Pierson syndrome is renal failure.

Nidogens bind to collagen type IV and laminin separately. Nidogens have a role in the
basement membrane formation but experimental evidence on animal studies showed that they
are not essentially required for GBM formation [16]. The most common type of heparan sulfate
found in healthy basal membrane is agrin [4].
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In normal physiologic conditions, ECM of glomerular mesangium consists of fibronectin,
collagen type IV, collagen type V, laminin, chondroitin sulfate, heparan sulfate and nidogen
[7, 17]. Mesangial ECM allows larger molecules to pass to the mesangium in contrast to
glomerular basal membrane. The small proteoglycans like decorin, biglycan, fibromodulin and
lumican are most commonly localized in the tubular interstitium and they are also weakly
expressed in mesangium [7].

Normally, the renal tubulointerstitial matrix is composed of collagen types I, I1I, V, VI, VIl and
XV, both sulfated and nonsulfated GAGs, glycoproteins and polysaccharides. During fibrosis,
decreased degradation and increased synthesis of ECM components result in accumulation of
these components leading to the formation of scar tissue in the interstitial space [14, 18].

Increasing evidence suggest that MMPs have a complex role in renal fibrosis [19]. For example,
MMP-9 mediates collagen degradation. As aresult, collagen fragments were formed, and these
fragments mediate neutrophil chemotaxis. Including their action on ECM components, it is
also shown that MMPs have functional effect on the modulation of growth factors, their
receptors and adhesion molecules [19].

In diabetic nephropathy, glomerular hypertension and hyperfiltration lead to mechanical
stress on glomerular cells, resulting increased transcription of transforming growth factor
(TGF)-p1 and decreased MMP activity. As a result, in diabetic nephropathy, changes seen on
glomerular basal membrane increase in the concentration of laminin, fibronectin, collagen IV
and VI; increase in glycation of collagen IV, increase in crosslinking of collagen IV and decrease
in the concentration of agrin, perlecan and collagen XVIII [18]. Stokes et al. showed an increase
in decorin, collagen type 1 and biglycan levels on mesengial matrix in renal fibrosing disease
[20]. Collagen type 4 reported to increase both type 1 and type 2 DM associated with the degree
of decline in renal function [14].

There are some conditions in which defects on ECM components affect upper urinary tract.
Mutations on the a5 chain of collagen type IV result in Alport’s syndrome. Genetic defects on
the a3 and a4 chains of collagen type 4 can cause autosomal dominant or recessive Alport’s
syndrome and thin basement membrane nephropathy. Goodpasture syndrome and Alport
posttransplantation disease are two autoimmune conditions in which autoantibodies attacking
glomerular basal membrane cause rapidly progressive glomerulonephritis.

Thrombospondin-1 (TSP-1) is a glycoprotein, which has adhesive properties, and it is involved
in fibroblast proliferation and migration. TSP-1 is correlated with the degree of tubulointer-
stitial fibrosis. It is also shown that TSP-1 is transiently expressed at early stages of fibrosis. It
is suggested that by the activation of TGF-, TSP-1 could have a possible role as a mediator of
interstitial fibrosis [14].

Matrix molecules such as heparan sulfate, proteoglycans, laminins, integrins and MMPs along
with a group of growth factors (e.g., TGF-3) are involved in stimulation or inhibition of growth
and branching of the ureteral bud [21]. The important role of ECM components and MMPs on
the development of ureters puts these molecules on the scope of most recent studies investi-
gating pathophysiology of congenital ureter-related abnormalities. It is suggested that an
increase in ECM components such as collagen 1 may result in ureter-related disorders such as
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ureteropelvic junction (UPJ) obstruction and ureterovesical junction (UV]) obstruction [9, 22—
24].

5.2. Bladder and lower urinary system

The bladder ECM consists of proteins, proteoglycans and GAGs. ECM in bladder provides
support and signaling to the cells of the bladder [25]. ECM components have an important role
in the protection of urothelium and the storage of urine. The protective layer of GAGs
(predominantly chondroitin and heparan sulfates) that cover urothelial cells forms a barrier
against various toxic components [25].

Bladder lamina propria forms a highly effective barrier between epithelial and mesenchymal
layers. It consists of mainly connective tissue and it also contains myofibroblasts, nerve fibers,
lymphatics and blood vessels [26, 27].

Detrusor muscle is associated with laminin, osteopontin and collagen fibrils (I and III) During
physiologic bladder filling and emptying, keratoepithelin is organized in complex folds and
facilitates expansion and compaction of the bladder. Further, the ECM composition of the
bladder wall, and in particular the type of collagen (type I favored in normally compliant
bladders), as well as the collagen-to-elastin ratio, are critical to the maintenance of a low-
pressure state in the bladder during normal filling [21].

Studies on bladder cancer show that changes in ECM play a crucial role in the course of the
disease. It has been shown that bladder cancer cells cultured in a normal ECM lose their
invasiveness or ability to form papillary structures. Instead, they align in either multi- or single-
layered formation resembling normal urothelium [28].

Altered distribution of laminin-5 y2-chain is found to be associated with worse overall
survival, higher risk of recurrence and progression; and it is regarded as independent prog-
nostic factor in bladder cancer treated with TUR-B. Studies demonstrated that loss of collagen
IV was associated with invasive behavior and worse overall survival [29].

Fibronectin is found at increased levels in lamina propria and in urine in urothelial carcinoma.
Increased expression of it is also found to be associated with stage of the cancer but has no
prognostic value. Increased value of fibronectin in urine suggested to be used for early
detection of the tumor whereas decreased fibronectin level in the urine can be used to assess
response to Bacillus Calmette Guérin (BCG) therapy [29].

Increased stromal expression of tenascin C is found to be associated with worse overall survival
in bladder cancer; on the contrary tumor cell expression of tenascin C is associated with
improved overall survival [29]. Itis also found that in patients with decreased expression levels
of TSP-1, high rate of recurrence and worse overall survival is seen [29].

In the function and diseases of prostate the noncellular stroma and ECM of the organ play an
important role. Prostate basement membrane contains type IV and V collagen meshwork that
is laminin rich and supports basal cells, stem cells, transit-amplifying cells and secretory
epithelium.
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6. ECM on UP]J obstruction

Total or partial blockage at the level where renal pelvis and the ureter are joined is defined as
UPJ obstruction. Obstruction can be congenital or acquired. In this case, the passage of urine
from the kidney to the ureter was damaged partially or completely, depending on the grade
of the obstruction. As a result, deterioration in renal function due to hydronephrosis may occur
in untreated cases in the future.

In a normal kidney, the UPJ does not differ histologically from the renal pelvis. However, in
an obstructed kidney, the longitudinal muscle fibers are significantly increased with more
collagen deposits around the muscle fibers in addition to attenuation of muscle bundles [21].

The role of ECM in the pathogenesis of UPJ obstruction is still unclear. Major pathologic
component of obstructive renal injury is tubulointerstitial fibrosis, which results in obstruc-
tion-induced renal dysfunction. Tubulointerstitial fibrosis is regarded as the final common
pathway for all kidney diseases that lead to chronic renal failure [30]. One of the earliest
histologic changes in the obstructed kidney is an increase in inflammatory cell infiltration into
the interstitial compartment of the kidney. This results in the secretion of growth factors and
cytokines. As a response to increased cytokine and growth factor levels, matrix-producing
fibroblasts accumulate in renal interstitium. In response to stimulation from cytokines and
growth factors, fibroblasts will secrete collagen, elastin, proteoglycans and fibronectin into the
interstitial space. MMPs strictly regulate ECM secretion process in healthy individuals. Tissue
inhibitors of MMPs (TIMPs) are produced by both tubular cells and interstitial cells in the
kidney, and they function to inhibit the activity of MMPs [21]. An increase in TIMPs expression
has been shown as a result of urinary obstruction. Although it is thought that this mechanism
could be the result of ECM accumulation the role of MMPs on renal fibrosis is still not clear.
Some studies show that inhibition of MMPs results in increased renal fibrosis [31] whereas
there is evidence that MMP-9-deficient mice have a dramatic reduction on interstitial fibrosis
in response to urinary obstruction [32].

Kaya etal. show that there seems to be increased expression of ECM components in the patients
with congenital UP] obstruction. In their study, surgical specimens of 21 patients who
underwent a pyeloplasty surgery were examined immunohistochemically. Their study
showed that collagen III and tenascin C expression was significantly higher in patients with
UPJ obstruction. Their study also reveals that in UPJ obstruction MMP-2 expression was
significantly elevated compared with healthy controls, which represents increased matrix
turnover. This study also showed decreased 5100 protein expression emphasizing decreased
neural structure which helps us to better understand pathophysiology of this condition [9].

Another study performed by Kim et al. [33] in 65 patients demonstrated that the more collagen
compared to smooth muscle the worse renal function recovery after surgery. Although this
study showed that increased collagen levels are associated with poor prognosis it lacks to
investigate relations with collagen subgroups.

Supporting these findings, in 2009, Ozel et al. performed a controlled study with 36 patients
performing immunohistochemistry and found that fibronectin, type 4 collagen and laminin
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levels were significantly higher in patients with UPJ obstruction. They also expressed that
apoptosis was higher in UPJ obstruction group [34].

Although it is a highly investigated area, role of ECM proteins in the development of UP]
obstruction and their impact on treatment success is still controversial. Current literature lacks
a study that compares child and adult patient populations, which could give us a clearer
picture for the progression of UPJ obstruction thought the life. Such information could help
the physician to decide the timing of the surgery with more objective data.

7. ECM on UV]

Similar to UPJ studies, UV] shows decreased muscle density and increased ECM components
in diseased patients. In a study published in 2004, 36 UV] segments were evaluated and MMP1
production was found significantly higher in the group with an obstructed junction. This study
also found that an increased level of CD68+ macrophages was found in obstructed junctions
and as a result there was an increase in cytokines and growth factors and ECM is secreted at
elevated levels [23].

Oswald et al. have shown that markers of smooth muscle structure decrease in UV] pathologies
whereas collagen concentration increases significantly by examining tissue specimens of 29
patients with a refluxing ureter and comparing them with nonrefluxing tissues.

Studies showing changes in ECM composition in UV]-related disease gives us a picture of what
happens after pathological process starts. In most conditions, our knowledge lacks the
information of what really starts these changes on subcellular level. There is a need for more
detailed and larger studies to get a clear picture of the conditions and develop better treatment
strategies.

8. Conclusion

With advancement in the technology and increased data on ECM components, it was realized
that many diseases have a close relation with the composition of ECM in the affected tissue.

ECM composition, in some conditions, gives us a view about the prognosis and progression
of disease whereas in others it can give information about the cause and pathophysiology of
the disease. With better understanding of ECM one can develop new treatment and follow-up
models. Also better knowledge of ECM is essential for tissue engineering. Although there is a
lot of data on ECM subject there are still needs for well-planned clinical trials, which can change
our perspective on this subject.
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Abstract

Fibrosis is a part of the wound-healing response to tissue damage and characterized by
excessive accumulation of mainly type I collagen-containing extracellular matrices
(ECMs). Transforming growth factor beta (TGF-) is a profibrogenic master cytokine
responsible for promoting differentiation of tissue-resident fibroblasts into myofibro-
blasts, upregulation of ECM production, and downregulation of ECM degradation. The
formation of ECM is an essential response in wound healing. Fibronectin is an ECM
glycoprotein substantially expressed during tissue repair. Based on in vitro findings, it
has been widely accepted that collagen network organization was exclusively fibronec-
tinmatrix dependent. Unexpectedly, our fibronectin conditional knockoutmouse models
have demonstrated a fibronectin-independent mechanism of collagen fibril formation
following injury and identified TGF-f3 signaling and type V collagen as essential elements
for collagen fibrillogenesis. Interestingly, the targeting of the TGF-{ signaling alone, as
proposed in some recent antifibrotic therapies of chronic fibrotic diseases, isnot sufficient
to completely prevent liver fibrosis. In this chapter, we focus on the present knowledge
of the mechanisms of the collagen network organization following tissue/organ damage
and pathological processes of chronic fibrotic diseases.

Keywords: collagen, extracellular matrix, fibrogenesis, fibronectin, TGF-3

Abbreviations:

a-SMA, a-smooth muscle actin; BAPN, -aminopropionitrile; BMP-1, bone morphogenetic
protein-1; CCl,, carbon tetrachloride; Col I, type I collagen; Col IIL, type III collagen; Col V, type
V collagen; Col XI, type XI collagen; CTGF/CCN2, connective tissue growth factor; ECM,
extracellular matrix; EGF, epidermal growth factor; HSC, hepatic stellate cell; IL17R, IL-17A
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receptor; LAP, latency associated protein; LLC, large latent complex; LOX, lysyl oxidase; LTBP,
latent TGF-B-binding protein; MMP, matrix metalloproteinase; OB, obliterative bronchiolitis;
SLRPs, small leucine-rich proteoglycans/proteins; TGE-f3, transforming growth factor-[3; TSP-1,
Thrombospondin-1; TRI, TGF-f type I receptor; TRII, TGF-f type Il receptor; TMLC, mink lung
cell line; PAI-1, plasminogen activator inhibitor-1.

1. Introduction

Cells in virtually all tissues are in contact with organized complexes of structural molecules
collectively called the extracellular matrix (ECM). ECM induces a variety of signals that
regulate the behavior of cells, such as differentiation, adhesion, and migration, and also
fundamental physiological processes such as embryonic development and tissue regeneration
and remodeling [1]. As a consequence, tissues or organs keep their normal architecture and
homeostasis. Aberrations in signal transduction from the ECM cause chronic degenerative and
fibrotic disorders.

Considering the adult tissue/organ remodeling following injury, an important unresolved
question is how newly deposited ECM contributes to the critical turning point from normal to
abnormal healing. Wound healing is a crucial response to maintain tissue/organ structure and
integrity after tissue damage, and also tissue/organ homeostasis [2]. Fibrosis is a part of the
wound-healing response that maintains organ structure and integrity following tissue
damage. However, excessive fibrosis contributes to a number of diseases. Indeed, fibrosis is
the common pathological end result of many chronic inflammatory diseases. Fibrosis is an
abnormal extension of the wound-healing process that follows tissue damage, characterized
by the excessive accumulation of collagenous ECMs. The hallmark of fibrosis is excessive
accumulation of mainly type I collagen (Col I) containing ECMs, and therefore involves both
wound-healing and fibrotic processes. Fibrosis is recognized as a major cause of morbidity and
mortality in most chronic diseases and chronic graft rejection, and also influences tumor
invasion and metastasis. Importantly, a critical event in all fibrotic diseases is the activation of
myofibroblast, which are the key mediators of fibrotic tissue remodeling [3].

The clarification of regulatory mechanisms underlying excessive accumulation of ECMs in
parenchymal organs such as livers during the development of chronic fibrotic diseases is a
critical issue. However, currently, the main barrier to designing novel antifibrotic strategies is
due to our insufficient understanding of the mechanisms responsible for ECM-network
formations following tissue/organ injury. This gap in knowledge translates to lack of experi-
mental models of repair in vivo, including gaps in the understanding of the identity and
molecular control of factors and cells participating in the repair processes following injury. In
this chapter, we will focus on the present knowledge of the mechanisms of the collagen-
network organization following tissue/organ damage and pathological processes of chronic
fibrotic diseases.
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2. Molecules critical for collagen network formation

2.1. Fibronectin

Fibronectin, a dimeric glycoprotein, exists in two isoforms: a soluble isoform in plasma
(plasma-type fibronectin, produced solely by hepatocytes) and an insoluble isoform in tissue
ECM (cellular-type fibronectin, produced by a variety of cells). Both isoforms are generated
from a single gene by alternative splicing [4]. Although considerable in vitro functional studies
have indicated that fibronectin isoforms play key roles in cell differentiation, proliferation,
migration, and survival [5, 6], knowledge of the functional identity of each fibronectin isoform
in adult tissue remodeling remains loosely defined due to the complexity and the lack of the
systems. Indeed, a prominent expression of fibronectin is often observed during adult tissue
repair [7]. In response to adult tissue damage, the initial “provisional matrix” formation
between plasma-type fibronectin and fibrinogen stabilizes wounded area, which acts as a
nidus for subsequent collagen fibrillogenesis [7, 8]. Little insight into the pathophysiological
roles of fibronectin has emerged from studies of genetic changes in humans. There are no
documented cases of fibronectin-null patients, the nearest condition being familial glomeru-
lonephritis in which there are mutations in the type III modules of fibronectin [9]. While
complete fibronectin-null mice show an embryonic lethal phenotype [10], experimental
evidence has documented that skin wounds heal normally in mice lacking plasma-type
fibronectin [11]; hence, an absolute requirement for fibronectin in response to adult tissue
damage has been speculative.

Based on in vitro findings, it has been postulated that collagen network formation depends on
the fibronectin matrix [12, 13]. It was, therefore, hypothesized that the removal of fibronectin
from the in vivo system could abolish extensive ECM network formation following tissue
damage. To define the functional identity of fibronectin in adult tissue remodeling, we recently
established a null condition for both fibronectin isoforms in adult liver (fibronectin(fl/fl)/Mx-
Cre+). We have demonstrated an unexpected finding that the lack of fibronectin does not
interfere with reconstruction and resolution of collagen fibril organization after the initial
stages of liver injury. We have discovered a fibronectin-independent mechanism of collagen
fibrillogenesis and identified transforming growth factor beta (TGF-) signaling and type V
collagen (Col V) as essential elements for collagen fibrillogenesis in response to liver injury [14]
(further discussed in Section 3).

2.2. Transforming growth factor-p (TGF-p)

Transforming growth factor (TGF)-f is a profibrogenic master cytokine responsible for
promoting differentiation of tissue-resident fibroblasts into myofibroblasts, upregulation of
ECM production including fibronectin, and downregulation of ECM degradation [15-18].
TGF-f is secreted as a biologically inactive (latent) form, and importantly, the active TGF-3
levels do not often correlate with mRNA and protein levels [19]. Indeed, the activation of latent
TGF-B occurs independently of transcription [20], and the bioassay to measure active TGF-3
levels has been developed using a mink lung cell line (TMLC) stably transfected with a
plasminogen activator inhibitor-1 (PAI-1) promoter fused to luciferase [21].
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TGEF- is secreted in a biologically inactive (latent) form in a complex (large latent complex
[LLC]) with TGF- latency associated protein (LAP) [22] and latent TGF-f3 binding proteins
(LTBPs) [23]. Prior to the secretion, TGF-{3 is synthesized as a precursor and forms dimerized
complex through disulfide bonds intracellularly. The dimer precursor is proteolytically
cleaved by endopeptidase furin to generate LAP and mature TGF-f3 peptide from the N-
terminal and C-terminal portions, respectively [24, 25]. Interestingly, LAP still associates with
mature TGF-f noncovalently, termed as small latent complex. In vitro studies demonstrate that
LAP is required for the secretion of TGF-{ from cells [26, 27]. Furthermore, LAP shields the
receptor binding epitope of mature TGF-{, indicating that LAP plays an inhibitory role in
binding to its receptors [18]. Small latent complex is further associated with a secreted large
glycoprotein LTBP via disulfide bonds. These trimolecular complexes (TGF-3, LAP, and LTBP)
termed as LLC are formed intracellularly, then secreted and incorporated into ECM. An in
vitro observation reveals that LLC and free LTBPs are secreted rapidly from cells as early as
30 min after synthesis, whereas small latent complex is secreted slowly [28]. Another study
using TGF- expressing CHO cells shows that only 50% of recombinant TGF-{3 precursor is
secreted at 6 h after radio labeling with [*S] cysteine and [*S] methionine, and the level of its
secretion becomes plateau at 20 h [29]. Secreted LLCs deposit in ECM via LTBPs. LTBPs are
extracellular multidomain glycoproteins and share homology with fibrillins, which are the
major constituents of connective tissue microfibrillar structure [25, 30-32]. Four different
isoforms (LBTP 1-4) have been identified, and each isoform includes four 8-cystein domains
and numerous epidermal growth factor (EGF)-like motifs [32]. Three isoforms, LTBP-1, 3, and
4, are known to associate with LAP via the third 8-cystein domain, whereas LTBP-2 does not
bind to latent TGF-3 [32]. In addition, LTBPs interact with extracellular proteins such as
fibrillin-1, fibronectin, heparin, and myostatin [32-36]. Indeed, LTBP-1 colocalizes with both
fibrillin-1 and fibronectin in vitro [33, 36]. Thus, LTBP-1 plays a central role in secreting and
anchoring latent TGF- into ECM (see Section 3).

In response to injury, the conformation of LLC changes and/or TGF-{ is released from LAP,
resulting that active TGF-f3 is exposed to its receptor binding site [37]. Indeed, elevated TGF-
P bioavailability is frequently observed in chronic fibrotic diseases, and the inhibition of local
TGF-p activation can protect against the progression of fibrosis in several adult chronic fibrotic
diseases [38—41]. There are several mechanisms of local TGF-f3 activation, which mediates av[36
and avf38 integrins, and thrombospondin-1 (TSP-1). Integrin av36 can directly activate latent
TGEF-B, which depends on an interaction with RGD amino acid sequence of LAP [25]. In
response to injury, integrin av6 induces a conformational change (deformation) of LAP via
the interaction between av{36 and the cytoskeleton [25, 42, 43]. Consequently, such a defor-
mation makes it possible to release active TGF-3 from LAP and then cause mature TGF-3 to
interact with TGF-f3 type II receptor (TRII) [25, 42, 43]. Interestingly, this activation process is
independent of any proteolysis [25]. In contrast, integrin av38-mediated activation of TGF-3
is shown to be dependent on membrane type 1-matrix metalloprotease (MT1-MMP, also
known as MMP-14) [44]. Furthermore, this activation does not require 38-cytoplasmic domain
[44]. These findings indicate that the mechanism of av38-mediated TGF-f3 activation is clearly
different from that of av36. In vitro and in vivo studies demonstrate that TSP-1 can also activate
latent TGF-{3 [45, 46]. TSP-1 is a matricellular protein prominently expressed in response to
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tissue damage and plays a role as a transient component of ECM during tissue repair [47].
TSP-1 directly interacts with the LAP [48], and the interaction is supposed to induce a confor-
mational change of LAP, thereby presumably uncover TGF-f receptor binding site [49, 50]. In
addition, MMP-2, 9, 13, bone morphogenetic protein (BMP)-1, and serine proteases (plasmin,
thrombin, neutrophil elastase, and kallikrein) have been shown to play an important role in
TGEF-p activation at least in vitro [51, 52]. A very recent study reveals plasma kallikrein-
dependent TGF-{ activation in fibrotic liver in both animal models and patients [53].

Smads are the central as direct downstream modulators in canonical TGF-f signaling [54-56].
Smads consist of three classes: regulatory/receptor-activated (Smad2 and Smad3), coactivating
(Smad4), and inhibitory Smads (Smad6 and Smad?7). TGF-f3 binding to TRII initiates the
formation of the complex with the TGF-f3 type I receptor (TRI) and phosphorylation of TRI.
Subsequently, they activate TRI phosphorylates of Smad2 and Smad3, and then they form
complexes with Smad4. These complexes bind to specific motifs “Smad-binding element” with
transcription factors/coactivator such as Ap-1, Spl, and CBP/p300, and promote the gene
expression [54, 57]. Lines of evidence suggest that TGF-{ signaling plays a key role in regu-
lating myofibroblast phenotypes and fibrosis in the heart, lungs, liver, kidneys, and skin [3,
54]. For example, TGF-f directly induces the transdifferentiation of fibroblasts into collagen-
secreting active myofibroblasts [3, 14, 58], and overexpression of TGF-f results in the induction
of hepatocyte apoptosis and liver fibrosis [18, 59, 60]. In contrast, TGF-f31 knockout mice show
remarkable (~80%) decrease of collagen accumulation in response to liver injury [58, 61].
Furthermore, Smad3-null mice show reduction in liver fibrosis with decreased myofibroblast
activation and ECM production in response to liver injury, whereas the disruption of inhibitory
Smad? results in an enhancement of damage and fibrogenesis in chronic liver injury [7]. We
have previously generated adult mice lacking TRII from livers (TGF-BIIR(fl/fl)/Mx-Cre+);
because TRII is the exclusive type II receptor for all TGF-§3 ligands, lack of this receptor
abolishes all TGF-mediated signaling in the liver. Knockout livers actually show significantly
lower ECM deposition (~46% compared to controls) in carbon tetrachloride (CCl,)-induced
chronic injury, which is accompanied by the decreased expression of myofibroblast marker
alpha-smooth muscle actin (a-SMA). These findings indicate that TGF-f signaling is indeed a
dominant pathway in the development of liver fibrosis [62]. However, elimination of TGF-f3
or TRII does not completely prevent the accumulation of Col I in chronic liver injury, and in
particular, TRII knockout livers still remain ~46.4% fibrosis compared to wild type [61, 62].
Therefore, these findings clearly indicate the TGF-B-independent mechanism(s) in the
development of liver fibrosis (see Section 3). Indeed, we have found that TRII-null livers
significantly upregulated connective tissue growth factors (CTGF/CCN2) following chronic
liver injury, suggesting that CTGF/CCN2 can be an alternative mediator in liver fibrosis.

As described above, the local activation of latent TGF-f3 is a critical step in TGF-B-mediated
fibrosis [37, 42, 63, 64]. We have discovered that fibronectin-null livers show elevated local
TGF-p bioavailability and upregulate Smad signaling in activated hepatic stellate cells (HSCs)
following injury [14, 65]. This novel finding implies that fibronectin regulates the balance
between active and inactive (latent) TGF-, which in turn modulates ECM production and
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remodeling following injury, and consequently retains adult tissue/organ functions. We
further describe this important topic in the following section.

2.3. Type I/type V collagen

Collagens are the most abundant scaffolding ECM in tissue/organ stroma and contribute
significantly to tissue/organ integrity [66, 67]. The collagen superfamily is large and hetero-
geneous, and there are at least 28 different collagen types in vertebrates [66, 68]. A collagen
molecule consists of three polypeptide chains called a chains, displays a right-handed
supercoil, and also has one or more triple helical regions with common sequence repeats, Gly-
X-Y [69]. Collagens are divided into six subfamilies (or subgroups) based on their structure,
function, and distribution [66, 67]. The collagens that we focus in this review are Col I and Col
V and those belong to fibril-forming collagens. Fibril-forming collagens are synthesized as
procollagen and three pro a chains fold a triple helical structure from its C-terminus to N-
terminus [67]. To form ordered fibrils, both N- and C-propeptides should be cleaved by
procollagen N-proteinases/ADAMTS-2, 3, 14, and procollagen C-proteinases/BMP-1/tolloid
proteinases, respectively [68]. An exception to this is the case in Col al(V) chain. Its C-
procollagen is cleaved by furin, and its N-terminal is cleaved by BMP-1 [70]. The peptides
cleaved by proteinase are called “propeptides” and noncollagenous peptides remain after the
enzyme cleavages called “telopeptides”. The telopeptides of Col I contain intermolecular
crosslinking sites for fibrillogenesis [71]. Fibril-forming collagens form the 6467 nm regularly
repeated striated fibrils [72]. When collagen I molecules form fibrils, there is a unique space in
the collagen fibrils termed “gap zone”. The gap zone is present between the N-terminus of one
molecule and C-terminus of the next in the triple helix-formed collagen fibrils, and the gap
zone is suggested to play a role in a variety of molecular interactions, including lysyl oxidase
(LOX)-mediated collagen cross-linking [73, 74].

Collagens are essential for tissue-specific macromolecular structure and organizations in the
ECM. Indeed, collagen-mediated ECM networks affect many important biological properties
such as matrix/tissue stiffness and tissue/organ structure. Collagens participate in numerous
physiological processes such as embryonic development, and tissue regeneration and remod-
eling [75]. Collagen networks provide the biomechanical scaffold for cell attachment and trap
of macromolecules, and regulate cell growth and proliferation, and also the shape and
structural integrities of cells and tissues [1, 76]. While collagens exist outside of cell and are
composed of ECM structures, cells always sense the alterations of their ECMs, produce new
ECMs, and/or degrade their ECMs, and consequently, tissues/organs maintain their homeo-
stasis. More importantly, collagens induce intracellular signaling pathways, and it is mediated
by cell surface ECM receptor, integrins. Integrins are transmembrane af3 heterodimeric
receptors that mediate organization of focal contacts, actin-containing cytoskeleton, and ECM.
Integrins are a major family of cell-surface-adhesion receptors (composed of 18 a-subunits and
8 p-subunits) [77]. The ligation of integrins by adhesive ligands can induce intracellular
signaling events (“outside-in” signaling) and intracellular signaling pathways can control
binding avidity of integrins for extracellular ligands (“inside-out” signaling) [77]. Interesting-
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ly, there is a “cross-talk” between integrins and receptor tyrosine kinases in certain cell types
[78-80].

Several unique features of collagens are spotlighted as targets of medical treatment or
biomarkers for diagnosis. For examples, oral administration of Col V induces immunologic
tolerance to lung allografts and downregulates lung allograft rejection [81]. Another study
shows using a specific monoclonal antibody against Col V C-terminal propeptide that, in the
liver fibrosis patients, Col V C-terminal propeptide levels released in the serum have a positive
correlation with the total amount of collagens deposited in the fibrotic livers. This finding has
a potential to be used as diagnostic and potentially prognostic markers in monitoring liver
fibrosis [82].

Considering the mechanisms in collagen fibril network organization, two key molecules, Col
V and Col XI, are involved in this process. Although both collagens are fibrillar collagens and
minor components in tissues/organs, they play an important role in controlling fibril diameter
of assembled collagen [83]. Col V [two al(V) and one a2(V)] is known to form heterotypic
fibrils with Col 1[76]. Col V has a conserved multidomain structure, N-terminal domain [73].
Col V controls collagen fibril diameter through both triple helical [84] and N-terminal domains
[83, 85]. There is evidence that Col V regulates the fibril diameter in vitro [73, 84, 86]: Col T alone
formed a broad distribution of relatively large diameter fibrils, while Col V alone formed much
thinner nonperiodic fibrils. Interestingly, fibrils formed from Col I in the presence of increasing
amounts of Col V displayed a significant decrease in the mean fibril diameter. The variance of
the fibril population is also decreased as the percentage of Col V increases. Despite of presence
of Col I, deletion of col 5a1 gene causes embryonic lethal in a mouse model due to a virtual lack
of fibril formation in the mesenchyme [87]. The heterozygous mice (col 5a1 [+/-]) are viable,
but show the reduction of fibril number and collagen content in the skin compared to wild-
type mice. Furthermore, the abnormal collagen fibrils are observed in the deep dermis of col
5al (+/-) mice; the mutant fibrils display larger diameter and broad distribution, and the
diameter is inconsistent along the fibril length. These findings show that col V is essential for
Col I fibril assembly.

Col XI [al(XI), a2(XI), a3(XI)] is known to form heterotypic fibrils with Col II. Col XI a-chains
shares structural homology with Col V and appears to have a similar nucleating function [88].
The first half of the human al(V) N-propeptide has 73% homology with the human a1(XI)
chain [83]. The al (XI) chain loses its function by chondrodysplasia mutation [89]. Loss of
function mutations in the al (XI) chain leads to the assembly of Col II and Col V fibrils with
abnormally large diameters [73, 89]. This interesting observation clearly indicates that Col XI
also have a role to regulate the fibril diameter as Col V. To date, very little evidence in Col XI-
mediated fibrillogenesis has been identified, and more detailed studies in the functional role
of Col XI remain to be elucidated.

Recently, Burlingham et al. have shown an attractive evidence that Col V is involved in
immune response to adult human lung disease, obliterative bronchiolitis (OB), which is
characterized by narrowing of bronchiole lumens due to the inflammation and fibrosis [90].
Col V is recognized as an antigen by monocyte and presented to CD4" T cells (called Th-17),
and Col V-specific responses are required both IL-17A produced by Th-17 and the monokines
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TNF-a and IL-1p3, suggesting that IL-17A induced in response to Col V plays a role in fibrosis.
Indeed, IL-17A plays a variety of significant roles in neutrophil recruitment, angiogenesis,
inflammation, and autoimmune disease [91]. Very recently, Vittal et al. have shown a unique
observation about the relationship between Col V and IL-17A [92]. IL-17A can induce epithe-
lial-mesenchymal transition in rat lung epithelial T-antigen negative cells through upregula-
tion of S100A4 and mesenchymal marker a-SMA, and downregulation of epithelial markers
Z0-1 and E-cadherin. Mechanistically, IL-17A results in the downregulation of Smad7, and
upregulation of TGF-f and Smad3 activation, clearly indicating that IL-17A is involved in TGF-
B pathway. Col V is upregulated by TGF-f3 during osteogenesis [93], and we have demon-
strated TGF-B-induced Col V-mediated de novo Col I and Col IIl network organization even in
the absence of fibronectin [14]. Thus, these findings suggest that IL-17A can act as an upstream
mediator to regulate the expression of Col V via TGF-{ signaling-mediated pathway, and as
a consequence, IL-17A could modulate Col V-mediated fibrogenesis. There is another obser-
vation showing that IL-17A is involved in liver fibrosis. Mouse primary HSCs are shown to
express IL-17A receptor (IL-17R). The treatment of HSC with recombinant IL-17A upregulates
a-SMA, collagens, and TGF-$ mRNA expression levels. Furthermore, the IL-17RA-null mouse
model shows ~50% reduction of liver fibrosis induced by CCl, with decreased levels liver
damage and inflammations [94], suggesting that IL-17A plays a significant role in HSC
transdifferentiation into active myofibroblasts during the development of liver fibrosis. Thus,
further analysis of the regulatory mechanisms of Col V by IL-17A could open the new avenue
as a drug target for liver fibrosis.

2.4. Other modifying molecules such as lysyl oxidase and small leucine-rich proteoglycans

Collagen contributes significantly to tissue/organ integrity, and collagen cross-linking stiffens
the ECM [1]. A recent elegant study has demonstrated that collagen cross-linking leads to
cancer progression by enhancing ECM receptor integrin signaling [95, 96]. However, the
functional contribution of collagen cross-linking to noncancer pathogenesis remains largely
unknown. The LOX family enzymes are copper-dependent amine oxidase and catalyze the
post-translational modification of peptidyl lysine to the peptidyl aldehyde, a-aminoadipic-d-
semialdehyde [97]. This chemical change enables the covalent cross-linking of collagen and
elastin, resulting in insolubilizing and stabilizing ECM proteins. Collagen cross-linking stiffens
the ECM and is accompanied by tissue/organ fibrosis that is mediated by several profibrogenic
cytokines [95, 98]. Indeed, LOX inhibitor 3-aminopropionitrile (BAPN) reduces organ stiffness
following injury and TGF-B1-induced collagen fibril stiffness in vitro [65, 99]. Lines of study
show that LOX localizes in ECM of several tissue such as skin, aorta, heart, lung, liver, and
cartilage [97]. LOX is secreted as inactive proenzyme (proLOX) and then proteolytically
cleaved to active enzyme. In vitro study shows the possibility that the activation of proLOX
occurs on the cell surface in a complex with cellular fibronectin. Indeed, LOX colocalizes well
with assembled fibronectin fibrils in cultured fibroblasts and normal human tissues [100].
Furthermore, fibronectin-null mouse embryonic fibroblasts exhibit drastic decrease of the
proteolytic processing of proLOX [100], strongly suggesting that fibronectin matrix regulates
ECM stiffness via LOX activation.
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Small leucine-rich proteoglycans/proteins (SLRPs) such as decorin, biglycan, and fibromodu-
lin are known to contribute significantly to collagen assembly. SLRPs consist of five classes,
and almost all SLRPs bind collagen fibrils through their leucine-rich repeat domain [101-103].
Accumulating evidence using SLRP-null mouse models shows that SLRPs regulate the
diameter and/or alter structure of collagen fibrils [101-103]. For example, decorin knockout
mouse skin exhibits a broader range of collagen fibril diameters [104], and treatment of decorin
with decorin-null skin fibroblasts results in the formation of more uniform collagen fibrils
[105]. Fibromodulin-deficient tail tendons exhibit thinner collagen fibrils compared to wild-
type controls [106, 107]. A dynamic modulus in biglycan-null tendons is significantly increased
compared to wild-type tendons [108]. The elasticity of collagen fiber networks in cultured
decorin-siRNA-transfected mouse NIH3T3 fibroblasts is declined during the incubation
period, whereas it remains unchanged in untransfected cells. It is therefore likely that SLRPs
could regulate the physiological properties of ECM (e.g., mechanical strength).

3. Possible mechanisms of collagen network formation

As described in Section 2.1, it has been believed that collagen-network formation depends on
the fibronectin matrix in culture [12, 13]. Indeed, the prominent expression of fibronectin is
observed during adult tissue repair [11, 109]. Another line of evidence shows that TGF-f plays
a central role as a profibrogenic cytokine in the accumulation of ECMs, including fibronectin.
Therefore, it would be possible that TGF-p-induced ECM accumulation is dependent on
fibronectin. However, to date, fibronectin/TGF-f3 interdependence in the fibrogenic response
to tissue damage has not yet been addressed. Furthermore, it remains to be elucidated how
ECM remodeling by myofibroblasts results in changes in mechanical tension and supports the
activation of pathogenic signaling pathways during the development of chronic fibrotic
diseases. We hypothesized that the removal of fibronectin or TGF-f3 signaling in vivo could
prevent extensive ECM network formation following tissue damage. To define the functional
identity of fibronectin and TGF-{ signaling in adult tissue remodeling, we recently established
two animal models lacking fibronectin (both isoforms) or TRIL respectively, in adult liver [14,
62]. Our new findings suggest fibronectin-/TGF-p-independent mechanisms are involved in
the development of liver fibrosis.

3.1. Fibronectin-dependent assembly

3.1.1. Fibronectin matrix assembly

Fibronectin matrix assembly consists of multistep process (Figure 1) [110-113]. Importantly,
fibronectin assembly is cell dependent; binding of fibronectin to cell surface and cellular
contractility are required. In the first step, fibronectin binds to cell surface, and integrin plays
an important role. Integrins a5@31 and av33 are characterized as fibronectin receptors [114].
Lines of evidence show that a5(31 is a primary receptor in fibronectin matrix assembly, whereas
avp3 dominates the formation of focal contacts [115-117]. However, the binding of fibronectin
to the cell is not sufficient for fibronectin assembly. A critical step of this assembly is considered
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to be the cell-driven exposure of cryptic site for self-association in fibronectin. Although one
mechanism for exposing the cryptic site could be conformational changes induced by fibro-
nectin binding to integrin, cellular contractility is necessary for fibronectin fibrillogenesis [88,
111, 118]. Indeed, loss of cellular contractility by RhoA inhibitor prevents fibronectin matrix
formation [119]. Furthermore, recent study demonstrates that 1 cytoplasmic domain modu-
lates fibronectin assembly via recruitment of cytoplasmic adaptor protein talin, which links
integrin to the actin cytoskeleton [120, 121]. Thus, integrin-mediated association of fibronectin
with cytoskeleton is important for fibronectin assembly.
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Figure 1. Proposed mechanism of fibronectin-dependent collagen assembly. (A) Type I collagen assembly with fibro-
nectin. (B) Fibronectin assembly. (DFibronectin binding to activated integrin; @conformational changes of fibronectin
cryptic site by cellular contraction; @exposure of fibronectin cryptic site, resulting in acquiring ability to associate with
other fibronectin molecules; and @formation and extension of fibronectin fibril assembly. (C) Fibronectin structure.
See details in the text.

3.1.2. Collagen assembly with fibronectin matrix

Fibronectin contains collagen-binding domain [122] and directly binds to collagens. In vitro
studies have shown an extensive codistribution of fibronectin and Col I/IIl (Figure 1) [12,
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123]. A very recent study using fibroblasts demonstrates that type I collagen fibrils preferen-
tially colocalize with more-relaxed fibronectin fibrils in the ECM in vitro [124]. Fibronectin-null
embryonic fibroblastic cells cannot organize collagen fibril networks in vitro, but they can form
collagen networks when fibronectin is exogenously added [123]. Interestingly, collagen-
binding integrins a231 and a11p1 are not required for collagen polymerization in fibronectin-
null embryonic fibroblastic cells when cultured with exogenous fibronectin [12]. Furthermore,
integrin B1-null line GD25 cells, which express fibronectin and its receptor av3, contract
collagen gel more forcefully than integrin a2- and B1-transfected GD25 cells that contract
collagen gel via a231 but not av33 [125]. Other studies show that fibronectin polymerization
stimulates collagen gel contraction [126] and that the disruption of fibronectin—collagen
association inhibits this contraction [13]. These findings demonstrate that fibronectin matrix
is required for collagen assembly and enhances ECM contraction of cells.

3.1.3. Initial incorporation of latent TGF- complex

Growing evidence suggests a mechanism by which fibronectin plays a role in the initial
incorporation of latent TGF- complex into ECM [18, 33]. LTBP-1 associates with not only
fibrillin-1 but also fibronectin [33, 36]. Fibronectin-null fibroblasts fail to incorporate LTBP into
ECM [33], and minimally activate latent TGF-{3 [127]. Furthermore, cells lacking fibronectin
receptor integrin a531 show defective activity of latent TGF-f3 by av36 [127]. These findings
suggest that fibronectin regulates latent TGF-f activation via deposition of latent TGF-{ into
the matrix.

3.2. Fibronectin-independent collagen assembly

As described above, based on in vitro findings, it has been postulated that collagen network
organization and assembly depends on the fibronectin matrix in culture [12, 13]. However, the
contribution of fibronectin to these processes remains to be defined in vivo. We therefore
investigated whether fibronectin is a suitable molecular target for ameliorating the fibrogenic
response to liver injury. Since mice with complete inactivation of fibronectin gene die at an
early embryonic stage [10], we generated conditional fibronectin-floxed and liver-specific
adult fibronectin-null mice (lacking both plasma and cellular isoforms of fibronectin) using
Cre-loxP technology [11, 14], investigated their phenotypes, and have demonstrated fibronec-
tin-independent mechanisms for collagen network formation following liver injury.

3.2.1. TGF-B and Col V-mediated collagen assembly in fibronectin-null liver

The adult mouse model lacking fibronectin shows no abnormalities in anatomical and
histological analyses of the liver and hepatic biochemical markers under standard laboratory
conditions. Unexpectedly, the lack of fibronectin did not interfere with the reconstruction of
collagen fibril organization in response to both acute liver and chronic liver injuries up to 8
weeks induced by CCl, [14]. Fibronectin-null livers show significant increased HSC activation
with elevated Smad signaling following injury. To determine whether TGF-{ is involved in
Col III/I collagen network formation in the absence of fibronectin, we further assessed which
factors that regulate activated HSC phenotypes were involved in collagen fibrillogenesis. We
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haveidentified TGF-p1-induced Col V as anovel and essential element for Col I/I1I fibrogenesis
in hepatic stellate cells (Figure 2). Thus, our study provides compelling evidence that collagen
fibrillogenesis in response to adult tissue/organ damage is mediated by both fibronectin and
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Figure 2. Proposed mechanism of fibronectin-independent collagen assembly mediated by tissue growth factor beta
(TGF-B) signaling and type V collagen (Col V). (A) Type I collagen assembly with Col V. (B) Pro-a1(V) collagen struc-
ture. PARP, proline- and arginine-rich domain; VAR, variable domain. (C) Local TGF-f3 activation. See details in the
text.

Interestingly, type V collagen—mediated Col III/I fibril assembly following liver injury seems
to be specific for adult HSCs because TGF-{1 supports neither Col V nor Col I1I/I fibril assembly
in fibronectin-null embryonic fibroblasts in vitro [14]. Furthermore, fibronectin-null livers
show substantial depositions of LTBP-1, -3, and -4 with fibrillar structures in the ECM
following both acute and chronic liver injuries [14, 65], whereas fibronectin-null embryonic
fibroblasts fail to incorporate LTBP-1 into ECM in vitro [33]. Therefore, further studies for
mechanisms underlying Col V-mediated collagen network formation remain to be elucidated,
i.e., the phenotypic differences among myofibroblasts, and the contribution to adult tissue/
organ remodeling following injury.

3.2.2. Elevated collagen matrix stiffness in advanced stage of liver fibrosis/cirrhosis in fibronectin-null
liver

We showed that collagen network organization can be formed even without fibronectin in
response to liver injury [14]. However, it remains unknown whether the initial deposition of



Mechanisms of Collagen Network Organization in Response to Tissue/Organ Damage
http://dx.doi.org/10.5772/63163

fibronectin could contribute to the turning point from normal healing to chronic fibrotic
disorders. Furthermore, it remains to be elucidated how ECM remodeling by myofibroblasts
affects mechanical tension and supports the activation of pathogenic signaling during the
development of chronic fibrotic diseases. We therefore have further investigated whether
fibronectin could be a suitable target for ameliorating fibrosis during advanced stages of
chronic liver injury [65]. Fibronectin-null livers have exhibited constitutively elevated local
TGF-p activity, induced more myofibroblast phenotypes, and accumulated highly disorgan-
ized/diffused collagenous ECM networks during chronic liver fibrogenesis induced by CCl,.
The deposition and network formation of Col V are also significantly increased. Consequently,
fibronectin-null livers have led to more extensive liver cirrhosis, which is accompanied by
significant increased liver matrix stiffness and deteriorated hepatic functions. Mechanistically,
fibronectin-null livers have shown elevated LOX expressions, and a significant amount of
active LOX is released in fibronectin-null hepatic stellate cells in response to TGF-31. Further-
more, treatment of fibronectin in fibronectin-null stellate cells recovers collagen fibril stiffness
to wild-type levels [65].

We propose that there are the functional links between fibronectin-mediated control of TGF-
 bioavailability and collagen fibril stiffness regulated by LOX. All these novel findings
strongly suggest that locally activated TGF-{3 signaling and Col V are essential elements for
collagen fibrogenesis without fibronectin in adult tissue remodeling. Although the contribu-
tion of Col V-nucleated Col I fibrogenesis in adult tissues is largely undetermined, our finding
raises the hypothesis that the accumulation of Col V-mediated ECMs during persistent chronic
damage could influence a formation of disorganized ECM architecture.

3.3. TGF-p-independent collagen assembly

3.3.1. CTGF-mediated collagen assembly

TGEF-p signaling is the dominant pathway of ECM productions in HSCs [58]. To address
whether the elimination of this signaling is sufficient to prevent liver fibrosis, we have
generated adult liver-specific TRII-null mice (TGFBIIR[flox/flox]/Mx-Cre+) [62]. Actually, this
mutant liver exhibits a significant decrease of ECM deposition and a-SMA expression in
CCl;-induced chronic liver injury. However, elimination of TRII does not completely prevent
the collagen accumulation in chronic liver injury, and TRII-null livers still remain ~46.4%
fibrosis compared to wild type. Furthermore, we have found that matricellular protein CTGF/
CCN2 expression is significantly upregulated (1.94-fold compared to wild type) in mutant
livers following chronic liver injury. Therefore, these findings clearly indicate that TGF-f3-
independent mechanisms play an alternative role in developing liver fibrosis. Since CTGF/
CCN2 synergizes with the action of TGF-f3, CTGF/CCN2 is considered to act as a TGF-3
downstream modulator [128]. Accompanied by the elevated TGF-{ activity, CTGF/CCN2
expression is upregulated in several fibrotic tissues, including kidney, lung, heart, liver,
pancreas, bowel, and skin [128, 129]. A recent study has demonstrated that overexpression of
CTGF/CCN?2 in fibroblasts alone is sufficient to cause spontaneous multiorgan fibrosis in
vivo and that this signal pathway does not involve canonical TGF-f3-Smad signaling in vitro.
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However, the liver does not show significant fibrosis [130]. We have found that TRII-null livers
in chronicinjury show elevated expression of CTGF/CCN2 in spite of a lack of TGF-{ signaling,
indicating CTGF/CCN2 as a potent mediator in liver fibrosis [62]. We propose two hits,
induction of CTGF/CCN2 and adult tissue/organ injury, for the progression of liver fibrosis.
In fibrotic livers, CTGF/CCN2 is known to be synthesized in a diversity of cells such as
hepatocytes, myofibroblasts (activated HSCs), endothelial cells, proliferating bile duct
epithelial cells, and inflammatory cells [128]. Thus, it remains to be elucidated to identify
cellular contribution and mechanisms underlying CTGF/CCN2 production in the progression
of tissue/organ fibrosis.

4. Perspective

Novel findings obtained imply that fibronectin regulates the balance between active and
inactive (latent) TGF-@, which in turn modulates ECM production and remodeling following
injury, and consequently retains adult tissue/organ functions. This regulatory mechanism by
fibronectin could be translated for a potential therapeutic target in a broader variety of chronic
fibrotic diseases. It is obvious that fibronectin matrix networks play crucial roles in many
important biological events and in adult homeostasis. Therefore, the regulation of TGF-3
bioavailability by fibronectin with retaining fibronectin matrix networks would be an essential
element for long-term antifibrotic strategies in chronic fibrotic diseases to preserve tissue/
organ function and homeostasis.

Considering the adult tissue/organ remodeling following injury, important unresolved
questions are (1) what is the trigger for fibrosis resolution (regression); and (2) how fibrosis
resolution proceeds. Quiescent HSCs are adipocyte-like (vitamin A stock) cells expressing
marker genes such as PPARYy, SREBP-1c, and leptin, whereas activated HSCs are proliferative
myofibroblasts expressing myogenic marker a-SMA, c-myb, and MEF-2 [131]. CCl,-induced
experimental liver injury models have suggested that elimination of activated HSCs by
apoptosis [132] or senescence [133] is a key step in the onset of fibrosis regression [134].
Growing evidence demonstrates that activated HSCs are reverted to quiescent-like state both
in vitro [135, 136] and in vivo [137, 138], and a very recent in vitro study using human primary
HSCs reveals EGF, fibroblast growth factor 2, fatty acids, and retinol as potential factors in
activated HSCs to reverse quiescent-like phenotypes [139]. Interestingly, reverted HSCs show
more rapid reactivation into myofibroblasts in response to TGF-f3 than quiescent HSCs [137].
It is therefore likely that reverted HSCs may not fully revert to a quiescent state [134]. A recent
elegant study demonstrates that a history of liver injury is transmitted to offspring via
epigenetic modification of PPARy and TGF-$ genes in rats, and consequently, healing
response to hepaticinjury is suppressed in offspring of CCl-injured group compared to injury-
inexperienced group [140]. Nevertheless, the clarification of molecular mechanisms underly-
ing excessive accumulation of collagenous ECM during the development of chronic fibrotic
diseases could translate basic antifibrotic research into improved clinical therapeutic ap-
proaches, which will have a significant benefit in public health impact. Thus, an establishment
of novel models/systems, e.g., in which we enable to analyze global alterations of signaling
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cascades/metabolisms or epigenetics, would be crucial for challenging these complicated
mechanisms in chronic fibrotic diseases.
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Abstract

A tumor can be considered as a highly heterogeneous functional tissue, connected and
dependent on the microenvironment, which sends and receives signals to and from the
tumor tissue itself. Tumor cells alter the mechanical properties of the microenviron-
mentin order to create favorable conditions for their proliferation. Stromal cells and non-
cellular elements of the extracellular matrix (ECM), including the host immune system,
the fibrous scaffolding, the fundamental substance, and blood vascularization can
determine tumoral cell morphologies, functions, aggressiveness, and response to
treatment, as well as an accurate assessment of prognosis of the patients. Robust
morphometric digital pathology techniques that are able to standardize measurements
and analyse wholesetsofimmunohistochemicalimagesare called for toidentify, describe,
and quantify theelementsofthe ECM. The computer-automated segmentationalgorithms
are therefore required to increase the knowledge on the tumor microenvironment
heterogeneity and to provide new therapeutic targets.

Keywords: Extracellular matrix, digital pathology, tumor microenvironment, hetero-
geneity, reticulin fibers, vascularization

1. Introduction

Many processes relevant to cancer, such as differentiation, maturation, and the malignant
potential of tumor cells have all been shown to be influenced by extracellular matrix (ECM)
stiffness [1]. In the general context of cancer, within the tumor ECM, various support cells
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(fibroblasts, Schwann cells), tumor-associated immune cells, and vascular (blood and lymph)
endothelial cells are found, lying among a network of various reticulin, collagen, and elastic
fibers merged within the interstitial fluids (glycosaminoglycans, proteoglycans, and glycopro-
teins) and gradients of several chemical species, which constantly interplay with cells and
provide much of the structural support available to parenchymal cells in tissues, providing
tensile strength and flexibility [2, 3].

Numerous studies have demonstrated that the tumor ECM not only responds to and supports
carcinogenesis, but actively contributes to tumor initiation, progression, and metastasis, and
must not only be understood as a reactive neighboring, but also as an active contributor [4].
In fact, it has been published that chronic growth stimulation, ECM remodeling, alteration of
cell mechanics, and disruption of tissue architecture are a non-genetic basis, influencing cancer
progression [5-7]. Given the complexity both within and outside the cancer cell, and the
interactions between cancer cells and the surrounding stroma, it is not surprising that a single
perturbation within a tumor can create a cascade of changes in multiple pathways and
networks, some of which may have lethal repercussions [8].

Tumor malignancy is driven, among other factors, by the remodeling of contiguous stromal
tissue to foster growth, metastasis, and therapy resistance. Tumor cells alter the mechanical
properties of the microenvironment to create favorable conditions for their proliferation and/
or dissemination [9]. They promote stiffening of their environment, which feeds back to
increase malignant behaviors such as loss of tissue architecture and invasion [10]. Matrix
remodeling by tumor-associated stromal cells entails the assembly of a highly dense ECM,
whose physicochemical attributes enhance malignancy through morphogenic deregulation,
tumor cell proliferation, vascular recruitment, and stromal cell differentiation [11-13]. Both
tumor and stromal cells produce and assemble a matrix of collagens, proteoglycans, and other
molecules such as cytokines that hinder the transport of macromolecules and stimulate the
otherwise quiescent host cells to initiate a variety of processes, including desmoplasia and
angiogenesis [14, 15]. Mediated by increased deposition, unfolding, and crosslinking of fibrilar
adhesion proteins, stiffening increases cell contractility which, in turn, can directly and
indirectly modify gene expression via altering transcription factor activity and the release of
matrix-bound pro-tumorigenic growth factors [16-19]. Similarly, changes in the microstruc-
ture, elasticity, distribution of pore sizes, chemical composition, and fiber arrangement due to
ECM remodeling can control aspects of tumor cell phenotype such as adhesion, mechanics,
and motility [20-24]. The speed of malignant cells in vitro is also affected by the geometry of
the ECM. Human glioma cells move faster through narrow channels than through wide
channels or in non-stretched 2D surfaces. This is thought to be triggered by an increase in the
polarity of the traction forces between cell and ECM [25]. Recent publications describe that not
only neoplastic ECM stiffness, but also the firmness of tumor cells play a significant role in
tumor progression. Steadiness of tumor cells, especially the metastatic cells, is lower than that
of the normal cells of the same sample, and is currently caused by the loss of actin filaments
and/or microtubules, and the subsequent lower density of the scaffold [26, 27].

The study of ECM elements composing the architectural scaffolding and the blood vessels can
be performed by means of automated or semi-automated quantification. This technique can
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be used on histologic sections of all malignancies, providing important tumor characteristics
such as the morphometric features and the spatial context of tumor and stromal cells at single-
cell resolution. Differences in the ECM of different cancer subtypes can contribute to a more
comprehensive understanding of the highly heterogeneous tumor microenvironment, and can
provide abundant and novel targets for therapy.

2. Masterpiece of biology

2.1. Glycosaminoglycans

Since glycosaminoglycans (GAGs) have been recognized as essential players in critical
biological processes regulating cellular properties, owing to their particular biofiltering,
scaffolding, and cell anchoring properties, they have been related to diverse malignancies and
they are now understood as key elements involved in cancer cell biology and novel thera-
peutical agents [28, 29].

GAG:s are long, non-branched polymers of several disaccharides (up to 200 repeated saccha-
rides), consisting of one uronic acid (almost always glucuronic acid and sometimes iduronic
acid) and one hexosamine (glucosamine or galactosamine), presenting variable degrees of
sulfation, and constitute the main components of the fundamental substance of the ECM [2].
According to their chemical composition, GAGs can be divided in acid and sulfated: chon-
droitin sulfate (CS), dermatan sulfate (DS), and heparan sulfate or heparin (HS, Hep); acid and
non-sulfated: hyaluronan (HA); and non-acid and sulfated: keratan sulfate (KS). GAGs can
form proteoglycans by means of a linkage tetrasaccharide, linking GAGs to a central protein
(core protein) through a serine residue and catalyzed by four specific enzymes. The formation
of the linkage tetrasaccharide is key for GAG synthesis to start in GAGosomes [30-32]. Proteo-
glycans can be located at the cell surface (syndecan, glypican), in the intracellular compartment
(serglycin), secreted to the extracellular medium (small leucine-rich proteoglycans, hyalec-
tans), or within the basement membrane (agrin, collagen XVIII, perlecan) [33, 34].

Diagnostic methods have typically centered on the analysis of GAG structure and concentra-
tion. Hyaluronan has the capacity to bind large amounts of water to form viscous gels with
special filtering properties and it is capable of forming polyvalent connections with other ECM
proteins. This GAG, as well as the rest, has the capacity of modulating host-tumor interaction,
lymphangiogenesis, angiogenesis, and multidrug resistance. It can therefore be used as a drug
carrier [35]. Hyaluronan accumulates in the stroma of various human tumors and modulates
intracellular signaling pathways, cell proliferation, motility, and invasive properties of
malignant cells: high stromal hyaluronic acid content is associated with poor differentiation
and aggressive clinical behavior in human adenocarcinomas. On the contrary, squamous cell
carcinomas and malignant melanomas tend to have a reduced HA content [35]. When tumors
produce hyaluronan, this fact is associated with invasion, host-tumor interactions, lymphan-
giogenesis/angiogenesis, epithelial-mesenchymal transition and with local and distant
metastases in glioma, pancreatic adenocarcinoma, breast cancer and prostate cancer, respec-
tively [35]. Other studies in prostate carcinoma have found a link between poor prognosis and
under-sulfation or overexpression of chondroitin sulphate. Aggressive breast cancer shows an
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increase of approximately 15% on GAG content with longer chains compared to non-lethal
breast cancer tissue [36].

2.2. Fibrous component

The architectural role of the fibrous component of the ECM is clear and central for tissue
homeostasis. In fact, scaffold architecture has been found to have a significant impact on cell
growth [37].

The primary proteins present in the ECM are the collagens. They are secreted by connective
tissue cells, as well as by a variety of other cell types. As a major component of skin and bone,
they represent the most abundant proteins in mammals, constituting 25% of the total protein
mass in these animals. A typical collagen molecule is extremely rich in proline and glycine,
long, stiff, and presents a triple-stranded helical structure, in which three collagen polypeptide
chains called a chain are wound around one another in a ropelike superhelix [38]. Reticulin
fibers, or type III collagen, are fine fibers forming an extensive branching network in certain
organs. Their distribution is rather restricted: they are usually found mainly in the basement
of epithelial tissues, the surface of adipose cells, muscle cells and Schwann cells, outside the
endothelium of the hepatic sinusoids, and in the fibrous reticulum of lymphoid tissues. These
fibers have a diameter of less than 2 um and support not only the physical structure of the cell,
but also various biological functions, largely through their ability to bind multiple interacting
partners such as other ECM proteins, growth factors, signal receptors, and adhesion molecules
[3, 39]. Collagen type I fibers account for 90% of the body collagen and usually form thick
bundles in bone, skin, tendons, ligaments, cornea, and internal organs. These collagen strands
measure up to 100 um thick and usually follow a wavy course without branching in normal
tissues.

The architecture of the collagen scaffolds in tumors is severely altered [18, 40]. It has been
found that an aligned fiber matrix enhances differentiation of human neural crest stem cells
towards the Schwann cell lineage [41] and evidence has pointed to collagen crosslinking as a
significant contributor to the changes in cellular mechanical microenvironment that accom-
panies tumor progression [42]. Reticulin fibers are considered to play an important role in the
adherence of cells and constitute a skeletal framework suitable for individual cells and tissues
[43]. They are known to increase in amount and disorganize with aging and stress in physio-
logical conditions [44]. Desmoplasia (collagen type I and reticulin fibers accumulation) is
associated with several malignancies. The deregulation and disorganization of the tumor
stroma alter the composition, structure, and stiffness of the ECM, leading to the creation of
niches within tissues and organs that offer a proper environment for tumors to successfully
establish metastasis and activate therapy resistance programs [40, 45, 46]. In primary breast
tumors, collagen type I density is associated with breast cancer metastasis, and may serve as
an imaging biomarker of metastasis. The expression of COL11A1 gene continuously increases
during ovarian cancer disease progression, with the highest expression in recurrent metasta-
ses. Knockdown of COL11A1 decreases in vitro cell migration and invasion and tumor
progression in mice [47]. The tumor-stromal interface of breast primary tumors in 3D culture
was studied with second harmonic generation, showing that randomly organized matrix
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realigned the collagen fibers allowing individual cells to migrate out along radially aligned
fibers [48].

Elastic fibers are generally twisted or straight strands of 0.2-1.5 um which sometimes branch
to form a coarse network in loose connective tissue or form flattened sheets in dense elastic
tissues such as the aorta [39]. As basic structural elements, elastic fibers aberrations trigger
severe pathologies such as Marfan’s syndrome, emphysema, hypertension, actinic elastosis,
and aortic aneurysms [49]. Nevertheless, little evidence has been reported about its role in
neoplastic processes. It has been found that elastic fiber increase, together with a decrease in
collagen fibers is associated with oral squamous cell carcinoma and lymph node metastasis
[50]. Elastin-rich lung ECM is largely remodeled during tumor invasion. The degradation of
elastin produces peptides displaying a wide range of biological activities and increase invasive
capacities of lung cancer cells by post-transcriptional regulation of metalloproteinase-2 [51].
This mechanism has also been found to actin melanoma progression, another cancer associated
with rich elastin microenvironment [52].

2.3. Vascular component

Depending on their size and composition, blood vessels can be divided in capillaries (5-15um),
post-capillaries/metarterioles (15-20um), sinusoids (20-50pum), venules/ arterioles (50—
200um), and veins/ arteries (>200um). In order to grow over the limit of oxygen and nutrients
diffusion, tumors have developed different strategies to provide blood supply. These mecha-
nisms are sprouting angiogenesis: the growth of new capillary vessels out of preexisting ones;
intussusceptive angiogenesis: the division of preexisting vessels in two new vessels by the
formation of transvascular tissue in the lumen of the vessels; recruitment of endothelial
progenitor cells or angioblasts; vessel co-option: tumor cells can grow along existing vessels
without evoking an angiogenic response; vasculogenic mimicry: tumor cells dedifferentiate to
an endothelial phenotype and make tube-like structures, providing tumors with a secondary
circulation system; mosaic vessels: both endothelial cells and tumor cells form the luminal
surface of the vessels [53-55].

In many aspects, tumor vessels are different from normal vessels. They are dilated, tortuous,
and poorly covered by pericytes [56, 57]. The fact that tumor growth is dependent on angio-
genesis has given rise to anti-angiogenic therapies targeting different pro-angiogenic mole-
cules [58]. The tumor microenvironment comprises numerous signaling molecules and
pathways that influence the angiogenic response. Understanding how these components
functionally interact as angiogenic stimuli or as repressors and how mechanisms of resistance
arise is required for the identification of new therapeutic strategies [59].

In some malignancies, different studies have shown conflicting results, some indicating a
prognostic value of angiogenesis and others rejecting such conclusions [60-64]. This may arise
from the fact that tissue vascularization has been quantified following different methods [62,
63], all based on the detection of the differential staining of the vessels with more or less specific
immunostaining (anti-factor VIII, von Willebrand factor, CD34, CD31, caveolin or CD105) on
image sections [65], hot spots [60], whole sections [62], or in tissue microarrays sections [64],
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thereby indicating the need for robust morphometric techniques which may standardize the
measurement of angiogenesis.

2.4. Immune system

The immune system is composed of different lineages of immune cells with different functions
that protect every organism against infection. Among its tasks, immunosurveillance impedes
transformed cells to become neoplastic cells. Indeed, increasing literature support the hypoth-
esis that cancer development is influenced by the host immune system [66]. In fact, specialized
blood vessels, the high endothelial venules (HEV), allowing the extravasation of lymphocytes,
are present in primary human solid cancers [67, 68]. Therefore, it has been postulated that
analyzing the composition, distribution, and architecture of the immune infiltrate for each
tumor type, will offer new prognostic or predictive biomarkers [68, 69].

Immune infiltrates are heterogeneous between tumor types, and are diverse from patient to
patient. All immune cell types may be found in a tumor, including macrophages, dendritic
cells (DC), mast cells, natural killer (NK) cells, naive and memory lymphocytes, B cells, and T
lymphocytes (which include various subsets of T cell: TH1, TH2, TH17, regulatory T cells
(TREGS), T follicular helper cells (TFH), and cytotoxic T cells). The analysis of the location,
density, and functional orientation of different immune cell populations (termed the immune
contexture) in large collections of annotated human tumors has allowed the identification of
components that are beneficial for patients and those that are deleterious [70-72]. The prog-
nostic impact of immune cells such as B cells, NK cells, myeloid derived suppressor cells
(MDSC), macrophages, and subset of Thelper populations (TH2, TH17, TREG cells) may differ
depending on the type of cancer, and on the cancer stage [72]. In contrast, cytotoxic T cells,
THI cells, and memory T cells were strongly associated with good clinical outcome for all
cancer types [66, 72]. Notably, two large studies have shown that tumor immune infiltrate
patterns and subsets in colorectal cancer are significant prognostic biomarkers [73, 74]. A
potential clinical translation of these observations is the establishment of an Immunoscore,
based on the numeration of two lymphocyte populations (CD3/CD45RO, CD3/CD8 or CD8/
CD45RO0), both in the core and in the invasive margin of tumors, as a clinically useful prog-
nostic marker [75]. This immunoscore sheds light into the prognostic role of the tumoral
immune infiltrate, but still needs to be validated in colorectal cancer. Its utility in other
malignancies should be tested as well.

3. Methods for the quantification of ECM elements above mentioned

The methods explained are based on the experience of the group in the study of the ECM in
neuroblastic tumor samples.
3.1. Samples

The study of tissue microarrays (TMAs) have emerged as a tool for rapid analysis for diagnostic
and prognostic studies because several markers can be tested in huge amounts of samples [76—
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79]. The main advantage of TMAs consists in the standardization of the methods, given that
all samples contained in a single TMA are subject to the same protocols. TMA are mainly used
to validate biologic markers with potential diagnostic value, which can be used to develop
screening programs or enhance a subclassification of a disease [80]. The steps to follow are
summarized in Figure 1. Alternatively, whole slides for individual samples can be used.

Sample 1: Sample 2:
* Cylinder A * Cylinder A
* Cylinder B * Cylinder B

C 2 control cylinders

Figure 1. Steps followed to construct a TMA. A) Hematoxylin & eosin of a sample with two representative areas select-
ed and their corresponding location in the paraffin block (already perforated). B) Beecher Instrument (Silver Springs,
MD) and the different parts composing it (1 and 2: fixed plate and receptor block; 3: small needle to perforate the re-
ceptor block; 4 and 5: mobile plate with one donor block and its hematoxylin & eosin to be able to locate the represen-
tative regions selected by the pathologist; 6: big needle to extract cylinders from donor blocks; 7: fingerwheel to move
in the X axis; 8: fingerwheel to move in the Y axis. C) TMA obtained where each sample is represented by 2 cylinders
and 2 control cylinders are placed asymmetrically.

3.2. Stainings

Several serial sections of 3um can be made and stained with histochemistry (HC) for GAGs,
reticulin fibers and collagen type I fibers, and with immunohistochemistry (IHC) anti-CD31
for blood vessels.

Alcian blue pH 2.5 Stain Kit (Artisan™, Dako) stains acid GAGs (HS, CS, DS, and HA),
sulfomucins and sialomucins in blue, the nucleus in red and the cytoplasm in pale pink
(Figure 2).

Reticulin stains are silver stains based on the argyrophilic properties of reticulin fibers and a
slightly modified Gomori can be used, which stains reticulin fibers in black (Figure 3). The first
step in the staining procedure consists of oxidation of the hexose sugars in reticulin fibers to
yield aldehydes. The second step is called sensitization in which a metallic compound such as
ammonium sulfate is deposited around the reticulin fibers, followed by silver impregnation
in which an ammonical or diamine silver solution is reduced by the exposed aldehyde groups
to metallic silver. Further reduction of the diamine silver is achieved by transferring the
sections to formaldehyde; this step is called revealing. The last step consists of toning by gold
chloride in which the silver is replaced by metallic gold and the color of the reticulin fibers
changes from brown to black. Masson's trichrome stain consists in the sequential staining with
Harris hematoxylin which stains nuclei dark red, aniline blue which stains collagen and
reticulin blue, and molybdic orange G which stains erythrocytes dark orange (Figure 4). Orcein
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is a natural dye obtained from lichens which are found to stain elastic fibers dark brown
(Figure 5).

CD31 is a single chain type 1 transmembrane protein with a molecular mass of approximately
135 kDa, belonging to the immunoglobulin superfamily. CD34 can also be applied to a
subgroup, but this marker also stains cells other than endothelial. CD31 is expressed on
endothelial cells of epithelial origin (all continuous endothelia, including those of arteries,
arterioles, venules, veins, and capillaries, but it is not completely expressed on discontinuous
endothelium in, for example, splenic red pulp). In addition, CD31 is expressed diffusely on
the surfaces of megakaryocytes, platelets, myeloid cells, natural killer cells, and some subsets
of T cells, as well as on B-cell precursors. Cells labeled by the antibody predominantly display
membrane staining with weaker cytoplasmic staining (Figure 6).

Finally, IHC is used to detect diverse subpopulations of lymphocytes in tumoral tissues. For
example, CD45 is a transmembrane glycoprotein expressed on most nucleated cells of
hematopoetic origin, i.e., all human leucocytes; CD20 reacts with an epitope located on the
surface of B cells and appears early during B-cell maturation; CD3 is a pan-T cell marker for
identification of T cells. It is well-suited for labeling reactive T cells in tissue with lymphoid
infiltrates, and for classification of T-cell neoplasms; CD7 is expressed by the majority of
peripheral blood T cells, NK cells, and all thymocytes. It is one of the earliest surface antigens
on T and NK-cell lineages; CD4 is a transmembrane glycoprotein, expressed on normal
thymocytes, T-helper cells, majority of mature peripheral T cells, and a subset of suppressor
or cytotoxic T cells; CD8 is a 68 kDa transmembrane glycoprotein expressed as a heterodimer
by a majority of thymocytes, and by class I major histocompatibility complex restricted,
mature, suppressor/cytotoxic T cells; CD68 labels human monocytes and macrophages, but
not myeloid cells; CD163 has been shown to mark cells of monocyte/macrophage lineage;
CD11b is expressed on the surface of many leukocytes including monocytes, neutrophils,
natural killer cells, granulocytes and macrophages, as well as on 8% of spleen cells and 44%
of bone marrow cells; and CD11c is expressed prominently on the plasma membranes of
monocytes, tissue macrophages, NK cells, and most dendritic cells (Figure 7).

3.3. Evaluation of the samples

3.3.1. Subjective assessment

The samples contained in TMAs or in whole slides can subjectively be analyzed by a pathol-
ogist to assess the amount of each ECM element as non-informative: artefact, scant material,
lost cylinder; negative: no expression or <5% of stained area is detected; positive 1+: mild
staining, 5-10% of the area; positive 2+: moderate staining, 10-50% of the area.; and positive
3+: strong staining, >50% of the area.

3.3.2. Automated quantification

The growing size and number of medical diagnostic images requires the use of computer-
automated segmentation algorithms for the delineation of ECM structures of interest, which
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play a vital role in the research of new biomedical-imaging markers [81]. This is critical to
analyzing whole sets of HC and THC images to identify, describe, and quantify tissue altera-
tions of the ECM, and require digitation of the samples. Morphometric techniques based on
computer-automated segmentation algorithms attempt to decrease human error, increase
efficiency, assess large areas or huge amounts of tumor samples, create reproducible results,
and help to standardize the measurements [81].

3.3.2.1. Digitization of the sections

The digitization of the samples is required to perform morphometric analysis. The method
available in most laboratories is the capture of several images per sample with a photomicro-
scope. Sequential photos can be done at 20x or 40x magnifications with a photomicroscope and
then carefully merged with Adobe Photoshop to reconstruct a single whole cylinder image
(Figure 2). Following our experience, this method needs approximately two weeks to digitize
30 samples (2 cylinders per sample) for a single staining at 20x magnification, or approximately
6 to 7 weeks at 40x magnification.

Figure 2. Process of hematoxylin & eosin and CD31 immunostaining TMA image capture. A) At 20x magnification, 6
individual images of the cylinder must be captured to reconstruct the whole cylinder image. B) The whole Imm cylin-
der image at 40x magnification must be reconstructed from 20 individual images.

The use of a slide scanner is the only method that permits the digitization of a high number of
cases for a reasonable time when developing a routine image biobank [82, 83] or a research
project. Additionally, the use of slide scanners provides the possibility to standardize the image
quality using preserved light conditions.
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In order to enhance the standardization of the image capture conditions and therefore, the
quality of the measurements and to save time, whole slide scanning is advised, as described
next. Our group used the ScanScope XT scanner, Aperio technologies, but increasing alterna-
tives such as Panoramic Midi from3D Histech and the Ventana iScann Coreo Au from Roche,
among others can also be considered [82, 84]. ScanScope XT scanner is a brightfield scanner
that digitizes whole sections at 20x or 40x magnification providing high resolution images in
approximately 15 to 30 minutes per slide, depending on the magnification and the size of the
tissue. 40x magnification was used, originating images with a resolution of 0.25 um/pixel.
Given to the enormous amount of pixels scanned, the images were compressed in JPEG2000
to 100-200 megabytes for the average size of a TMA, and saved to a proprietary TIFF format
(SVS).

The sections were placed in a mobile plate one by one. An option for TMAs digitization
provided by the scanner driver was used. This option recognizes the tissue cylinders and places
several points per sample where the objective adjusts the focus to obtain clear and focused
images. The mobile plate with the section moves in consecutive stripes, until it sweeps the
whole section while the objective scans. Individual scanned stripes are originated and stitched
together automatically to reconstruct the whole image, which can be visualized up to 40x
magnifications with the Image Scope viewer software (Aperio technologies). The process is
briefly shown in Figure 3.

s & :
L]
i & a
y T
C
?
| T — _|D

Figure 3. Digitization process. A) ScanScope XT, Aperio technologies. B) Mobile plate with one section on it. The plate
is introduced in the scanner and placed under the objective to start the process. C) Preview of an area of the section.
Blue arrows show the pre-set points where the scanner shall readjust the focus. Green points have already been prop-
erly focused and yellow points still have to be focused. The red arrow shows different marks corresponding to the
different horizontal stripes which are going to be scanned individually and then stitched together. D) 4 single consecu-
tive stripes are shown corresponding to the section in E. E) All the stripes are stitched to form a single image of the
whole section. The image is opened in the free viewer ImageScope, Aperio technologies.
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3.3.2.2. Design of automated image analysis algorithms

Depending on the staining to be measured and the availability of morphometric systems,
different methods for image analysis can be used, all following a common workflow (Figure 4).

SAMPLE

Image
Cylinder A

Image
CylinderB

ScanScope XT {Aperio)

g —
INPUT

Segmentation

Object detection
Extraction of
measurements

Image Pro Plus

ImageScope
AngioPath

Data processing
(Excel)

v
Individual
parameter

average per

cylinder (Excel)

parameters

_
OUTPUT
parameters

Size
Shape
Orientation
Number
Intensity

Individual

parameter

average per
sample (Excel)

VALIDATION

(3 Researchers)

Figure 4. Flowchart showing the multi-resolution image analysis system for TMA with two cylinders per sample. Im-
ages belonging to different samples stained with different markers have been quantified by image analysis following a
common process including segmentation (differential recognition of the staining) with specific input parameters for
each marker and method and extraction of some given parameters. Adapted from Tadeo et al. [85].

OPTION 1: To use commercial software for image analysis with established protocols
which the user can adapt to the marker specific color.

Example 1: Algorithm for the fundamental substance (GAGs). Each cylinder was analyzed
individually with Aperio Positive Pixel Count Algorithm on Aperio ScanScope software by
selecting each cylinder outline in the whole section image. This algorithm was used with the
default parameters and counted the number of pixels belonging to a given staining intensity,
being the intensity of each pixel the average between the values of red, green, and blue (RGB)
intensities. It recognizes Alcian blue stained pixels which have average intensities over 221.
Nuclear fast red stained pixels were detected with weak, middle, and strong intensities painted
in yellow, orange, and brown following default parameters (Figure 5). The remaining cus-
tomizable parameters were set by default.
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Figure 5. Segmentation obtained with the positive pixel count algorithm on a salivary gland. A) Original image. B)
Mark-up image after segmentation. Alcian blue staining is marked in blue and nuclear fast red is marked in yellow,
orange or maroon, depending on the intensity of staining.

Example 2: Algorithm for the immune system cells. Each cylinder was analyzed individually
with the Nuclear Quant algorithm on Panoramic Viewer software (3D Histech) by selecting
each cylinder outline in the whole section image. This algorithm was used with the default
parameters and counted the number of cells presenting a given staining intensity. Stained cells
were detected with weak, middle, and strong intensities painted in yellow, orange, and maroon
(Figure 6).

Figure 6. Segmentation of a neuroblastic tumor sample stained with THC anti-CD45. A) Original image. B) Mark-up
image after segmentation. Immune system cells are marked in yellow, orange or maroon, depending on the intensity
of staining blue and hematoxylin is marked in blue.

OPTION 2: To use commercial software for image analysis which allows the user to
configure personal image analysis protocols or macros capable of recognizing and
describing the specific color and shape of the element of interest.

Example: Algorithm for the reticulin fibers. The grading of fibrosis in general and namely of
reticulin fibers is of main interest in bone marrow pathologies [86] and fibrous diseases of the
liver [87]. For this reason, different methods for the quantification of reticular fibrosis have
been developed, some of them consisting in automated morphometry [88-93]. However, these
methods quantify the percentage of stained area and we considered that not only the amount
of fibers, but also the morphometric features were relevant, given that these are usually
subjectively assessed. Image Pro-Plus software (Media Cybernetics), which enables the design
of specific algorithms, was used to analyze the fibrous component. An image of every cylinder
was extracted in a separate JPEG-quality 80 image from the whole section scan. An algorithm
capable of specifically detecting the reticulin fibers and measure their amount, size, and shape
was customized. Image ] is a free software providing similar options. An example of the
segmentation process in a control tissue (kidney) is provided by Figure 7.
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Figure 7. Segmentation process on a kidney tissue. A) Original image. B) Image after segmentation. The reticulin fibers
recognized by the algorithm are marked-up in red.

OPTION 3: To design a personal application capable of solving commercial softwares lacks.

Example: Algorithm for the vascular component. A common feature of tumor vessels studies
is that the researchers focus on microvessel density overlooking other parameters that might
be significant, such as the size and shape of the microvessels [94]. Studies have revealed the
importance of the size and shape of blood vessels in, for instance, laryngeal tumors [95]. The
morphometric tool Angiopath closes blood vessels with discontinuous endothelial layer,
recognizes all blood vessels and classifies them in six categories corresponding to different
types of vessels, differentiated by their largest diameter or length. Density (density and
occupied area), size (area, width, length, and perimeter), and shape (perimeter-ratio, shape
index, branching, aspect, roundness, and deformity) parameters are extracted [96, 97]. An
example of the segmentation process is provided in Figure 8.
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Figure 8. Segmentation process on a neuroblastic tumor sample immunostained with CD31. A) Original image. B) Im-
age after segmentation. Note that the big blood vessel with an interrupted staining of the endothelial cells surrounding
the vascular lumen (asterisk) has been closed, thus providing morphometric measures.

3.3.2.3. Spatial distribution of microenvironmental components

Topological network analysis and the graph theory in combination with Vonoroi tessellations
[98] have recently been found to be useful in the diagnosis of muscular dystrophies and
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neurogenic atrophies, in the classification of neuromuscular disease or to model the progres-
sion of dementia [99-102]. All the generated information is subject to capture relevant
information about the organization of different tissue markers.

3.3.2.4. Texture analysis

Another novel approach to cancer research is the texture analysis of different tissue images
and machine-learning methods to train automated algorithms which find different patterns in
the tissue capable of discriminating between prognostic groups, among other variables,
resulting in computer-aided diagnosis tools [103-106].

4. Therapeutic implications of the study of ECM elements

The accumulation of non-fluid elements in the tumor ECM, understood as an increased density
of fibrous elements with huge crosslinking, carries the establishment of a solid pressure within
the tumor tissue, which, together with other pressure sources, leads to an elevated tumor
interstitial pressure [107]. Elevated tumor pressure alters gene expression, cancer cell prolif-
eration, apoptosis and invasiveness, stromal cell function, and ECM synthesis and organiza-
tion [108-110]. Additionally, it has a negative impact on cancer treatment and is known to
reduce the efficacy of cancer therapy through a reduced uptake and heterogeneous distribution
of drugs [111, 112]. The direct intratumoral injection of anticancer agents has been evaluated
extensively in the past decades, as one approach to counteract such intratumoral pressure
[113]. For example, is has been shown that intratumoral injection of immunostimulatory
oligonucleotides induces differentiation and reduces immunosuppressive activity of myeloid-
derived suppressor cells in mice inoculated with colon cancer cell lines [114]. Regarding ECM
fibers, therapies that attack some of the major physical changes themselves, such as inhibiting
matrix crosslinking, could be developed to revert pressure within the tumor tissue [115]. Most
of the therapeutic strategies under study are based on altering the fibroblastic pathways of
collagen synthesis and inhibiting fibroblast growth factor [116-118]. Other strategies focusing
on the destruction of existing fibrosis are being developed. In this sense, collagenase has been
shown to reduce tumor interstitial pressure by cleaving collagen and consequently destroying
the collagen crosslinked networks in human osteosarcoma xenografts [119]. Moreover, this
enzyme could indirectly affect tumor ECM by degrading the reticulin fibers associated with
blood vessels. Another therapeutic approach not affecting the amount of fibers but the
morphology consists in impeding an increased crosslinking. The reduction of lysyl-oxydase-
like-2, catalyzing the production of a crosslinked collagenous matrix, by the monoclonal
antibody AB0023, was efficacious in reducing disease in different models of cancer and fibrosis
[115]. Incorporating biomechanical forces into our current picture of the tumor microenvir-
onment, through the study of the interaction and the status of different ECM elements,
fundamentally changes the context in which we study the basic cell and molecular biology of
cancer. If there is one core message from the last two decades of research into the tumor ECM,
it is that context matters [120].
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Solid stresses affect tumor pathophysiology directly by compressing cancer and stromal cells
butalso indirectly by deforming blood and lymphatic vessels as described in pancreatic cancer,
where compressed vessels are observable at the histological level [111]. The compression of
tumor vasculature also leads to a reduction in tumor blood flow and subsequently reduces the
anticancer agent transport to tumor cells [121]. Therapeutic chemicals are normally transport-
ed through the interstitial space by convection, a transport process that is dependent on
pressure gradients, but increased tumor vessel permeability creates a less steep gradient along
the vessels. This leads to a reduction in convective transport across the vessels in tumor bulk
[122]. Additionally, an increase in vessels permeability enables the extravasation of stem and
immune cells, among others, and the entrance of malignant cells into the bloodstream to
promote metastasis [123]. Moreover, abnormal and tortuous tumor vasculature causes blood
stasis, which leads to the reduction of oxygen and blood flow in tumors causing hypoxia and
subsequently ischemia and necrosis [121]. This effect increases anabolic metabolism which
produce an acid ECM that degrades or deactivates some therapeutic drugs and renders them
ineffective [124]. Hypoxia also can cause resistance to radiotherapy and can help tumor cells
to escape immunosurveillance [45]. Because of its importance to the tumor, tumor vasculature
represents an “Achilles” heel” that can be used for cancer therapy [125]. Indeed, multiple
antiangiogenic therapeutic strategies have been developed in the last decades for many
different malignancies [57]. Several direct angiogenic inhibitors (angiostatin, endostatin, and
thrombospondin) targeting endothelial cells and indirect anti-antiangiogenic agents blocking
the production or activity of pro-angiogenic molecules, such as vascular endothelial growth
factor (VEGF), have been developed [126]. In this case, again intratumoral injections of
adenoviral vectors encoding tumor-targeted immunoconjugates induce a cytotoxic immune
response against the neovasculature endothelial cells and tumor cells in mice xenografted with
human melanoma cell lines [127]. Recent studies have focused on the value of normalizing
tumor vasculature to improve responses to conventional anticancer therapies rather than
destroying tumor vessels to starve primary tumors from oxygen and induce tumor shrinkage
[128]. Vessel normalization results in reduced vessel diameter, increased pericyte coverage,
and normalized basement membrane, accompanied by normalization of its function. This
normalized tumor vasculature becomes less permeable and tortuous and leads to reduced fluid
and protein extravasation into the interstitium, resulting in the decrease tumor interstitial
pressure [129, 130]. For example, various preclinical studies have shown that the high levels
of VEGF observed in tumors induce vessel abnormalities [131, 132]. Therefore, targeting VEGF
using anti-VEGF antibodies and inhibitors such as bevacizumab has been shown to reduce
tumor interstitial pressure [133, 134]. Another protein playing an important role in tumor
angiogenesis is PDGF. Imatinib, a PDGFR-inhibitor has been shown to reduce tumor intersti-
tial pressure and enhance therapeutic efficacy [135]. Other drugs such as hydralazine and
cachectin are vasodilators that cause a decrease in vascular resistance followed by an increase
in tumor blood flow, which can potentially improve intratumoral transport of macromolecules
and that have been shown to reduce intratumoral pressure [136, 137]. In addition to these
therapeutic agents, some physical approaches have been tested to decrease tumor ECM
pressure that can be summarized as follows: irradiation reduces the vascular wall permeability
to fluid and leads to a reduction of intratumoral pressure [138]; induced hyperthermia or
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hypothermia have shown similar results regarding the reduction of intratumoral pressure as
for irradiation [139]; ultrasounds due to mechanical (cavitation) and thermal pressure cause
damage to tumor cells and ECM, which increase the interstitial hydraulic conductivity, reduces
matrix tension and enhances tumor blood flow [140]; hyperbaric oxygen increases oxygen
tension and delivery to tissues [141]; finally, photodynamic therapy impaired microcirculation
in tumors [142]. All these strategies are possible by the knowledge of the physiopathology of
vascularity in tumors ECM. Most of them are in the experimental phases and others are already
in clinical trials.

In the specific case of neuroblastic tumors, many relevant processes, such as stem cell differ-
entiation, neuronal maturation, neurite extension, MYCN expression and the malignant
potential and phenotype of tumor cells have all been shown to be influenced by ECM stiffness
[1]. In this respect, our group performed a preliminary study where some differences regarding
ECM elements could be described between favorable and unfavorable neuroblastic tumors
[85]. This study was extended to a cohort of more than 500 samples where a stiffer, crosslinked
and less porous ECM was mainly found in unfavorable tumors [143, 144]. Additionally,
unfavorable tumors presented a highly vascularized ECM with mostly sinusoid vessels with
abnormal morphologies [145]. Some ECM elements morphometric features helped the
description of an ultra-high risk subgroup which could beneficiate of novel therapies [146].

Cancer cells often express a variety of abnormal proteins that can serve as targets for an
immune response. Although spontaneous immune responses to these antigens can occur, these
reactions are rarely sufficient to cause tumor regression; however, the local administration of
immune-activating agents can induce tumor-associated inflammation and protective immun-
ity. By binding to their targets, antibodies exercise their functions through several effector
mechanisms, including steric inhibition and neutralization, complement activation, and
activation of cell-mediated cytotoxicity. Each of these mechanisms may play a role in the
antitumor activity of monoclonal antibodies; however, at present the relative importance of
these mechanisms is not completely clear. In general, immune adjuvant-based therapies have
only proven effective against early stage tumors; yet in this context they can be remarkably
effective with minimal risk of serious adverse reactions [147]. Advances in immunotherapy
have changed the management of several malignancies, being monoclonal antibodies the most
specific targeted therapies currently in use [148]. Therefore, understanding how tumor cells
develop immune escape mechanisms and create microenvironments that improve their
survival and dissemination and to reach assay normalization seems crucial to achieving
optimal treatment [69, 149, 150]. Most notable has been the ability of the anti-CTLA4 antibody,
ipilimumab, to achieve a significant increase in survival for patients with metastatic melanoma,
for which conventional therapies have failed. In the context of advances in the understanding
of how tolerance, immunity and immunosuppression regulate antitumor immune responses
together with the advent of targeted therapies, suggesting that active immunotherapy
represents a path to obtain a durable and long-lasting response in cancer patients [151]. Five
monoclonal antibodies are clinically approved for the treatment of hematologic tumors such
as chronic lymphocytic leukemia (alemtuzumab), acute myelogenous leukemia (gemtuzu-
mab), and non-Hodgkin's lymphoma (rituximab, ibritumomab tiuxetan, and tositumomab)
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[147]. Cetuximab and panitumumab increase progression-free survival in patients with
metastatic colorectal cancer who have previously failed standard chemotherapy and are
associated with 10-20% and 10% response rates, respectively [152, 153]. Trastuzumab was the
second monoclonal antibody approved for cancer therapy and is used, either alone or in
combination with paclitaxel, for the treatment of invasive, HER2/neu-positive breast cancer,
which represents approximately 20-30% of invasive breast cancers with a response rate of 50%
when used in combination with chemotherapy [154]. Bevacizumab is the only monoclonal
antibody with anticancer activity that does not directly target malignant cells. Instead,
bevacizumab binds VEGF, a critical mediator of tumor angiogenesis. Inhibiting angiogenesis
slows the delivery of nutrients and oxygen to tumors, inhibiting growth without severely
compromising normal tissue function [155, 156].

5. Conclusions

In cancer biology, tumors are described as complex tissues comprised of heterogeneous
neoplastic cells interwoven with tumor associated stroma. The characterization of the ECM
elements associated with the tumoral and stromal cells presents opportunities for targeted
therapeutic intervention. However, the heterogeneity of tumoral elements dictates that, in
order to achieve successful clinical treatment, it is necessary to employ a combination of
targeted therapies.

Novel and accurate image analysis algorithms must be developed and used to further
investigate about tumor ECM composition and conformation and its relationship with
different malignancies prognosis. Digital pathology approaches based on automated image
analysis are necessary to obtain standardization, reproducibility, and eliminate observers’
biases.

The definition of favorable and unfavorable ECM characteristics, together with the under-
standing of the fact that biomechanical forces affect cell-cell and cell-matrix crosstalk and alter
tumor cells fate, suggests the possibility of developing new therapies that can target the
behaviors that arise from these complex interactions and from the heterogeneity of tumor
tissues.
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Abstract

The extracellular matrix (ECM) represents the framework of tissues and organs and is
involvedincelldifferentiationand function. Thestudy of ECMis challenging and required
a combination of identification and imaging techniques to give a valuable scheme of its
composition, organization, and finally function. The study of ECM enables to culture cells
ex vivo, but cultures are restricted to two-dimensional surfaces, whereas in the mean-
time, material sciences were developing devices able to bring cell culture in a three-
dimensional (3D) environment. This chapter presents basic techniques to investigate
extracellular matrices composition and organization. Basic knowledge on ECM
composition and organization should inspire material scientists to propose more
biologically relevant materials. In a second time, we present strategies available to create
ex vivo models of ECM and a series of examples of 3D materials that were engineered to
investigate cell adhesion, phenotype, and differentiation in a biologically relevant
microenvironment. The production of a gold-standard material is possible for a specific
biological question, and it might be developed from an intelligible dialogue between
material scientists, that bring engineering strategies, and cell biologists who implement
the material design to meet the biological process that has to be investigated ex vivo.

Keywords: extracellular matrix, tissue organization, 3D materials, in vitro cell culture
models, tissue engineering

1. Introduction

Multicellular organisms require a framework to delineate functional territories and to pro-
videashelf where the cells can attach to perform their specific functions. The extracellular matrix
(ECM) represents this framework for tissues and organs and as such it is an important actor of
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organisms’ physiology. The most known examples of ECM-related tissues are the skin, where
ECM act as a barrier against the outside environment, and the bones where ECM is strength-
ened by a mineral phase which allows the body to stand and to move. However, its apparent
structural and mechanical properties have hidden more subtle roles of ECM in cell differentia-
tionand function as ECMs are notrestricted to load-bearing organs but are presentand required
in all types of tissues and organs. During the development of the embryo, neural crest cells lose
their cell-cell adhesion properties toward cell-ECM interactions that allow them to move along
the dorsal part of the embryo and reach their specific site of function and give birth to the future
skeleton. Again, tissue remodeling, as observed during the healing processes, can release
messenger molecules that were entrapped in the ECM, waiting for the right moment to trigger
theirsignal and healing functions [1]. Somelack of knowledge on ECM functions remains mainly
becauseof the challengerepresented by its comprehensivestudy.Indeed, ECMismadeofseveral
high molecular weight proteins, proteoglycans, and polysaccharides molecules self-arranged
into fibers and networks difficult to solubilize and individualize. Basic biochemistry techni-
queshaveledtotheidentification of themajor components of ECMssuchascollagensorlaminins,
but as the investigations are progressing, this results in the constant growing of the constitu-
ent members of collagen and laminin families and in the discovery of new ECM components
with unknown functions [2]. Moreover, understanding the ECM not only means discovering
new molecules but also to unravel their organization in the ECM network. So the study of ECM
requires the combination of identification and imaging techniques to give a valuable scheme of
its composition, organization, and finally function. Interestingly, unraveling ECM complexity
meets one of the fundamental questions for biologists: how to recreate and maintain life outside
a living organism (literally ex vivo but commonly referred as in vitro)?

The beginning of the 20th century aroused the possibility to dissociate cells from living tissues
and to culture them ex vivo. This new technique has triggered the emergence of the new
discipline of cell biology which has brought most of the knowledge that we possess today on
cell proliferation, differentiation, metabolism, cell fate, and death. However, ex vivo cell
cultures were restricted to two-dimensional (2-D) culture systems, originally on glass and
subsequently on plastic dishes, occasionally supplemented by the coating of ECM molecules
to favor cell adhesion. Parallel to the development of cell biology, the broad field of materials
science was creating polymers and devices able to bring ex vivo cell culture to the third
dimension, and to the 21st century. Dedicated to materials that interact with living tissues, the
field of biomaterials encompasses several scientific disciplines, from physics and chemistry to
biochemistry and medicine. Several types of three-dimensional (3D) materials have been
engineered which may represent valuable tools for fundamental cell research, but a lack of
knowledge on ECM structures have undermined their use for cell biology. On the other hand,
cell biologists are not necessarily aware of the development and possibilities created by
extensive research in the field of 3D biomaterials, and this partly compromises the expansion
of 3D cell culture models.

In this chapter, we will present basic techniques involved in the investigation of extracellular
matrices and data generated by their use to understand ECM composition and organization.
Basic knowledge on ECM composition and organization should be useful for biomaterial
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scientists to propose more biologically relevant materials. Such methodologies are fully
transposable for the characterization of biomaterials and 3D models of ECMs. In a second
section, we will present a series of biomaterials that were engineered based on the investigation
of ECMs composition and organization in vivo and could become suitable 3D cell culture
models for mechanobiology, aging, cell migration, cell differentiation, and studies on
pathologies and their treatments.

2. Exploring the ECM

Extracellular matrices are multimolecular three-dimensional (3D) networks made of a large
variety of ECM-specific molecules and their compositions and organizations are tissue-
specific. Exploring the ECM means (1) the determination of its distribution within the tissue
and its relation to the cell content, (2) the identification and quantification of its composition,
and (3) the characterization of the 3-D architecture of the ECM network [2]. ECMs contain
similar biomolecules which can be organized in two main classes (1) proteins and glycopro-
teins and (2) proteoglycans and polysaccharides. Variation in the composition or in the amount
of certain ECM molecules will change dramatically the physical properties of the ECM such
as the tensile strength observed in the hard mineralized ECM in bones, the elasticity observed
in dermis of the skin, or even the transparency in the cornea of the eye. The biochemistry of
ECM components strongly influences the techniques used to investigate them. Light micro-
scopy associated with histological staining is based on the differences of biochemical features
of tissues (i.e., hydrophobicity, electrical charge, and molecular weight). Proteomics associated
with mass spectrometry is a powerful tool to exhaustively identify proteins in a complex
sample, but biochemistry of ECM proteins is particularly unfavorable to this method that need
significant adaptation to be effective with ECM samples. Finally, electron microscopy is the
ideal method to investigate the molecular and fibrillary organization of the ECM network.

2.1. Biochemistry of the main ECM components

2.1.1. Proteins and glycoproteins

A large diversity of proteins is found in ECMs where they are the principal component. They
are classified either in structural proteins that are directly involved in the overall architecture
of the ECM or in soluble factors that are globular proteins entrapped in the ECM network.
Structural proteins are mainly fibrous, insoluble, and high molecular weight molecules,
including collagens, elastin, laminins, and fibronectins. They are direct actors of the shape and
the mechanical properties of tissues and organs and further possess the ability to auto-
assemble among themselves as well as to interact with each other to form fibrillary network
and complex 3-D architectures. Most of the ECM proteins have sequences recognized by cells
for adhesions and some of them can bind specifically soluble growth factors or cytokines. These
molecules present several posttranslational modifications like hydroxylation at Proline and
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Lysine residues in collagens and O-glycosylation and N-glycosylation in laminins and
fibronectin.

Collagens are found in all types of ECMs and are the main constituent of connective tissues
like skin, bone, and tendons [3]. They belong to a large family of molecules with to date 28
members identified (numbered from collagen type I to type XXVIII). Collagens are trimeric
proteins, made of the association of three alpha-chains specific to each type of collagens that
assemble together to form a super-helix structure. For some collagen types several alpha-
chains exist, leading to multiple isoforms of the same collagen molecule and raising the
diversity and the complexity of the collagen family. In ECMs, collagens are organized in
different supramolecular assemblies inherited from the specificity for each collagen types
taking into account their amino-acid sequences and the 3-D folding of their tertiary structure
[4]. Fibril-forming collagens include collagen type L, II, III, V, and XI. They assemble in large
fibrils (up to 500 nm in diameter) that can merge to form collagen fibers of micrometric size.
All ECMs contain fibrillary collagens. Connective tissues are characterized by an abundant
ECM content made mainly by fibrils of collagen type I in dermis and bone, or of collagen type
II fibrils in cartilage. Basement membranes (BM) are a specialized form of ECM mainly found
in epithelial tissues and contain heterotypic fibrils combining collagen I and III or V [5]. Size
and diameters of collagen fibrils are regulated by other ECM molecules like fibril-associated
collagens or proteoglycans. Collagen fibrils and fibers are finally stabilized by covalent cross-
links making these structures highly resistant to mechanical load and stresses. Network-
forming collagens are mostly found in BM where collagen type IV is the most abundant.
Collagen IV molecules assemble in a hexameric superstructure that propagate to form finally
a 2-D network that is maintained by covalent crosslinks with methionine and lysine residues

[6].

Laminins are large molecular weight (from 400 to 900 kDa), heterotrimeric glycoproteins and,
along with collagen type IV, they are the main constituent of BM [7]. Even found in every BM,
laminin is a large family of molecules, and their distribution among BM is tissue-specific. A
laminin molecule consists of the association of one alpha, one beta, and one gamma chain. To
date, 5 alpha, 3 beta, and 3 gamma chains have been identified which may be assembled in 16
different laminin molecules. All laminins share common structural features: a cross-shaped 3-
D structure with one long and two shorts arms, di-sulfide bridges in-between the chains that
maintain their association and the presence of several N-glycosylation on asparagine residues.
Laminins auto-assemble in a network interlaced with the collagen type IV network. Directed
toward the cells, laminins gives cues for cell adhesions through integrin receptors.

Elastin is organized in fibers closely linked to fibrillar collagens where it gives the elasticity to
tissues and compensate the tensile strength of collagen fibers [8]. Elastin is secreted by cells as
a 60-70 kDa monomeric soluble precursor, tropoelastin, which contains intermittent hydro-
phobic domains. Tropoelastin monomers auto-assemble to form elastin fibers that are stabi-
lized by enzymatic cross-linking through Lysine residues and rendering the elastin network
highly insoluble. Stacks of hydrophobic domains in the elastin network are responsible for its
elastic properties and make elastin highly resistant to enzymatic degradation and solubiliza-
tion in aqueous solutions.
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Fibronectin is a large (500 kDa) dimeric glycoprotein made of the association of two nonident-
ical monomers linked by two disulfides bounds at their C-terminal extremities [9]. Diversity
of the monomers is due to alternate splicing of the fibronectin mRNA, as fibronectin is encoded
by only one gene. Fibronectin is expressed by several cell types and found in most of ECMs.
It assembles through disulfide bridges in oligomers and finally in insoluble fibers possessing
various diameters ranging from 10 nm to microns [10]. A soluble form made of the dimeric
monomer may be also found to circulate in the blood. Fibronectin primary structure is arranged
in several domains that specifically interact with collagens or with cells via integrins.

There are globular, soluble proteins associated with the ECM network of structural proteins.
Among the globular proteins there are growth factors, cytokines, and ECM-specific proteolytic
enzymes like matrix metalloproteinases (MMP). They play an important role in cell signaling
and in the remodeling of the ECM network and finally in the overall biological activity of
ECMs. They can be linked to structural proteins by labile interactions at specific biding sites
or be trapped in the high molecular weight chains of the structural proteins and proteoglycan.
However, they are not core proteins of the ECM network, and their biochemistry is similar to
most of the other globular proteins.

2.1.2. Proteoglycans and polysaccharides

Polysaccharides found in ECMs of vertebrae are glycosaminoglycans (GAG) and are cova-
lently linked to a core protein to form proteoglycans, except for hyaluronan representing the
only “pure” polysaccharide of ECMs [11]. Even if this chapter focuses on mammalian ECMs,
it has to be mentioned that polysaccharides are the main ECM components of invertebrates
and plants represented by chitin and cellulose, respectively. Hyaluronan, equally called
hyaluronic acid, has the particularity to be synthesized at the plasma membrane by three
different Hyaluronan synthase enzymes and not inside the Golgi apparatus like all the other
proteoglycans [12]. GAGs are linear, unbranched polysaccharides composed by tens to
hundreds of disaccharides units. The combination of disaccharide units is highly heterogene-
ous, but can be specific for each individual chain. The disaccharide unit is made of glucosamine
or galactosamine linked to another modified hexose, the most often to glucuronic acid, iduronic
acid, or galactose. These monosaccharides are mainly modified by N-acetylation and N-
sulfatation. The nature of the disaccharide unit and the types of modifications lead to the
formation of different types of GAG, including chondroitin sulfate, dermatan sulfate, keratan
sulfate, heparan sulfate, and hyaluronan. At physiological pH, GAGs chains are highly
negatively charged due to the sulfate and carboxylic acid functions carried on modified
hexoses. The net negative charge of GAGs make them highly hydrophilic, and thus, they play
an important role in the hydration of ECMs [13]. High amounts of water associated with GAGs
ensure some mechanical properties to ECMs, especially the resistance to compression as in the
cartilage. Proteoglycans are abundant within ECM, but may be also found at the cell membrane
or intracellularly. The most active part of the proteoglycans is the GAGs chain which can
interact with growth factors, cytokines, cell receptors, and other constituents of the ECM.
However, their core proteins also possess interaction sites that make proteoglycans highly
versatile molecules inside ECMs [14]. Due to their interactions with ECM components, they
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play a role in ECM organization, but their important role is to be a reservoir for growth factors
and to anchor signal molecules that are released through specific enzymes in particular after
injuries and favor wound healing.

2.2. Exploring the organization and the composition ECMs within tissues by histology

Histology is an old, but still a powerful technique to image the organization of tissues at the
scale of the cells. Organs or tissues have to be fixed to stabilize their organization after removing
them from the living body and to be embedded in a hard material for being sectioned into thin
slices to allow light to pass through the tissue and so be visible by the lenses of an optical
microscope. Usually, tissues are fixed in paraformaldehyde and embedded in wax (paraffin).
Tissues can also be frozen-fixed in liquid nitrogen. This approach may help to avoid some
prejudicial effects of chemical fixations and do not require an embedding step to slice the tissue.
However, frozen sections give pictures with less contrast and sharp edges, therefore formalin-
fixed paraffin embedded (FFPE) samples are preferred for routine examination. To be inter-
pretable under light microscopic examination, the histological sections have to be stained to
give some contrast to the different tissue and cells structures [15]. Numerous special stains
have been developed to give a precise contrast to the organization and to the components of
ECM, and this approach still keeps all its strength and efficiency to describe and accurately
decorticate a tissue [16]. A significant further step in histology is the use of antibodies by the
mean of immunohistochemistry (IHC) to specifically identify a target molecule, and at the
same time, visualize its exact localization within the tissue [17]. However, IHC relies on the
quality of the antibody, and it appears more difficult to obtain commercially reliable antibodies
against ECM molecules than for intracellular molecules. A model of the accuracy and the
potentials of histological techniques for investigation of ECMs are reported in a recent and
thorough study on tooth root cementum using exclusively light microscopy techniques, with
a combination of special stains, polarized light, and immunodetection [18].

2.2.1. Special stains for histology of ECMs

Masson’s and Gomori’s trichrome— they are ideal for connective tissues and in particular to stain
fibrillar collagens. Trichrome staining indicates that three different dyes are used to discrim-
inate the ECM materials from the cell cytoplasm and the nucleus. Selectivity of the dye for the
different tissue structures is based mainly on size exclusion: a small dye will penetrate into
low porosity elements while larger dye will penetrate preferably into the more porous
structures. Gomori’s trichrome stains collagen-based ECM in green, cell cytoplasm and
noncollagenous tissue in pink to purple and cells nuclei in black to blue. Same discrimination
of connective tissue comportments but with different colors is obtained with Masson’s
trichrome (collagen in blue, cytoplasm in red, and nucleus in black). This trichrome staining
is longer and maybe more delicate to perform than the classical hematoxylin-eosin staining,
however, this staining should be used each time when collagen-based samples (tissue or
biomaterial) are investigated because of the high degree of contrast it enables compared to
H&E [19].
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Von Kossa staining — It is used to reveal mineral deposits within tissues. Mineralisation of ECM
is observed in bones or teeth but can also appear pathologically in blood vessels, skin, or
cartilage. Von Kossa staining detects calcium phosphate deposits by its substitution with silver
nitrate to form black precipitates. This method is robust and useful to follow mineralization
of bone substitute materials or progressive differentiation of naive cells into the osteoblastic
lineage. It can also discriminate calcium—phosphate based materials from organic compounds.

Picro-sirius—This staining method is specific of fibrillar collagens (type I-III), although it can
slightly stain collagen type IV in BM. Sirius-red dye is an anionic molecule that arrange parallel
to collagen molecules by interaction with basic (cationic) amino acids [20]. Collagenous tissue
is stained in red while remaining tissue is pale yellow, and nuclei can be counterstained in
black or deep blue if necessary. The parallel organization of picro-sirius is used to enhance the
birefringence signal of collagen fibers observed under a polarized microscope. With the
combination of polarized light and picro-sirius, it is possible to address the 3D orientation of
the collagen fibers as the intensity of the birefringence depends on fibers orientation, with
maximum birefringence intensity for fibers organized at 45°(+/-90°) toward the transmitted
light axis, while no birefringence signal is observed with fibers organized parallel or orthog-
onal to the transmission axis [21,22]. Picro-sirius is also used to make quantitative analysis of
the collagen content in tissues, in particular to address the degrees of fibrosis.

Verhoeff-Van Gieson —This coloration method stains preferentially elastic fibers which have a
higher affinity for the dye than the rest of the tissue due to hydrophobic interactions. The elastic
fibers are stained black or dark brown while collagen fibers are red and the rest of the tissue
appears pale yellow. This coloration is particularly appropriate to reveal atrophy of elastic
tissues in case of vascular diseases and to discriminate arteries from veins due to differences
in the elastic fibers organization and content [23].

Alcian blue—This dye is a cationic molecule and interacts specifically with negatively charged
polysaccharides like sulfated and carboxylated GAGs. Because the selectivity of the dye is
based on the charge of GAGs it is of importance to ascertain the pH of the alcian blue solution,
as the carboxylic acid groups are in their acidic neutral form at pH < 2 and therefore will not
interact with the dye. This specificity allows the discrimination between the carboxylated and
the sulfated GAGs, as the latter are negatively charged at pH < 2. Polysaccharide’s rich tissues
are stained in light blue, counterstaining with nuclear fast red, making cells cytoplasm and
nuclei colored in pink-red. Alcian blue is routinely used to stain cartilaginous ECM due to their
large content of GAGs [24].

Periodic Acid—Schiff (PAS)—This staining is also sensitive to polysaccharides and is used to stain
BM due to their high content in glycoproteins and proteoglycans. Unlike alcian blue, PAS
staining reveals both charged and neutral polysaccharides because this coloration is based on
the oxidation of monosaccharides with periodic acid and subsequent reaction of newly formed
aldehyde groups with the Schiff reagent dye. BM are finely stained in pink-purple color,
whereas the cytoplasm and the nuclei are colored in shades of blue when counterstained with
Harris” hematoxylin. This staining method is also used to reveal other polysaccharides-rich
compounds, such as mucins and glycogen [15].
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2.2.2. Immunohistochemistry of the extracellular matrix

IHC enables the identification of a specific component of the ECM and to image its distribution
within the tissue [25]. The target molecule is recognized by an antibody that reacts to a specific
epitope and then is visualized by light microscopy through a chromogenic enzymatic reaction
(alkaline phosphatase or horseradish peroxidase) or through a fluorescent dye with a fluores-
cence microscope. The antibody is observed directly if the dye or the enzyme is linked to it,
but most of the time it is detected indirectly by a labeled (by a fluorophore or an enzyme)
secondary antibody which reacts to the first one through its Fc fragment. Frozen sections are
more appropriate for Inmunohistochemistry because they avoid the use of fixative that may
alter the epitope, but frozen sections cannot be counterstained and so keeps the tissue organ-
ization around the epitope not visible [26]. In contrast, FFPE samples are well preserved and
can be counterstained with different dyes after antibody incubation and detection. However,
if the fixative (generally 4% paraformaldehyde in neutral buffer) preserves the morphology of
the tissue, it can severely compromise the antigenicity of the target molecule, and then make
immunodetection inefficient or inoperative. Paraformaldehyde fixative triggers intra- and
intermolecular cross-linking of proteins by the formation of methylene bridges between amino
acids residues [25]. It may also alter the molecular structure of polysaccharides, lipids, and
nucleic acids. The degree of cross-linking will depend on the concentration and the pH of the
fixative solution, as well as on the time and the temperature at what the fixation is performed.
The formation of intra- and intermolecular cross-linking modifies the secondary and tertiary
structures of proteins that lower the detection by antibodies because of the modification of the
target epitopes [27]. In the early 1990s, an antigen retrieval (AR) method was introduced to
recover the antigenicity of FFPE tissue sections impaired by the fixation treatment [28]. The
AR method originally refers to the high-temperature processing of FFPE sections, but with the
development of other methods it is nowadays a generic term for any kind of treatment used
torecover the original antigenicity of the FFPE sections [29]. The rationale of AR is the breaking
of fixative-induced cross-links and methylene bridges that enable a renaturation of the proteins
and a partial recovery of the epitopes. However, it has to be noticed that the true mechanism
of AR is not yet understood, and it remains an empirical technique that requires several
positive and negative controls to avoid true- or false-positive reactions [30]. AR is performed
with the use of heat (called heat-induced antigen or epitope retrieval) or enzymes (referred-to
PIER for proteolytic enzyme-induced epitope retrieval) to break fixative cross-links.

In heat-Induced epitope retrieval (HIER), three parameters appear essential in the outcome of
the AR: temperature and pH of the solution and time of incubation of the sections [29,31].
Classically, sections are incubated for 10-20 minutes at 95°C in a water bath. Microwave and
steam-cookers are also used to heat sections and have shown good AR properties, although
the control of the temperature is more delicate. The pH of the solution is a critical factor because
some epitopes will be revealed only in acidic or in alkaline buffer. The most common acidic
buffer is citrate used in a pH range of 3-6. The most used alkaline buffer is Tris supplemented
or not with EDTA at pH 8-10 [29,31]. All pH, temperature, and time have to be checked
carefully because extreme conditions will damage the tissue sections.
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Enzyme treatment is thought to break some of the fixative methylene bridges and to elicit the
reconstitution of epitopes after a moderate digestion of proteins. It is generally performed with
proteolytic enzymes such as pepsin, trypsin and proteinase K at a concentration of 0.05-1%
for 10-30 minutes. Glycosidases, such as hyaluronidase, chondroitinase, and keratinase have
shown valuable AR properties on polysaccharides-rich tissues and on glycosylated proteins
[32]. The pH and temperature of the solution are adjusted to the optimal activity of the enzyme,
and time of digestion and the concentration of the enzyme have to be carefully set to avoid
overdigestion of the tissue sections which will lead to a loss of tissue structure and
organization.

Success of immunohistostaining mainly relies upon the quality of the antibody. Compared to
soluble proteins, only few antibodies against ECM molecules are commercially available [32].
The ECM proteins are highly conserved in mammals making difficult the immunization of
animals to generate an efficient antibody. Some antibodies are raised from synthetic peptides
(5-20 amino acids) chosen from the primary amino-acid sequence of the target protein, but the
epitope generated could be irrelevant to the secondary and tertiary structures of the native
proteins [33]. Polysaccharides are either not or very slightly immunogenic, making very
difficult to generate antibodies against the sugar part of proteoglycans. Moreover, ECM
proteins are organized into dense fibers structures or meshwork or bear high polysaccharides
chains that hinder the access of the antibody to the epitopes. In conclusion, IHC of the ECM is
a delicate technique but remains the best option to obtain a picture of individual ECM
components distribution within the different compartments of a tissue. As an example among
several ones, by the means of monoclonal antibodies raised against laminin chains alpha-4 and
-5, beta-1 and -2, and gamma-1, it has been possible to elucidate the particular composition
and organization of the basement membrane surrounding islets of Langerhans in human
pancreas [34]. The identification of a duplex BM surrounding intra-islets vessels with a specific
laminin composition for each of the two BM has led to the proposition of a double-basement
membrane model of human islets of Langerhans clearly distinct from the organization of
basement membrane surrounding islets in mouse [35].

2.3. Identification of ECM composition by proteomics with mass spectrometry

The proteomic strategy is based on the isolation of a complex mixture of proteins from cells,
tissues, or a whole organism and their identification by mass spectrometry and genomic
database. Mass spectrometers commonly used for protein identification are MALDI-TOF (for
Matrix—Assisted Lazer Desorption Ionization—Time of Flight) and ESI-Q-TOF (for Electro
Spray Ionization—Quadripole—Time of Flight) that have their own characteristics and
performances but do not change the general flow-chart of the sample preparation and
identification [36,37]. After extraction and purification, proteins are separated by 1D or 2D
sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE), respectively to
their molecular weight (1D) or by both their isoelectric point (pH which net charge of protein
isneutral) and molecular weight (2D). Mass spectrometers only detect charged molecules with
an accuracy and sensibility that depends on the ratio of mass over charge (m/z), so the proteins
samples have to be hydrolyzed into peptides before mass spectrometry analysis to obtain
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spectra at atomic resolution. Protein bands (1D) or spots (2D) are excised from the gel,
hydrolysed into peptides by a proteolytic enzyme (frequently Trypsin), and loaded in the mass
spectrometer to measure the exact mass of the peptides. Each protein from the original mixture
is identified by matching the measured masses of their peptides with the expected masses of
peptides calculated in silico from genomic database [37,38]. This technique allows a large-scale
identification of components without the bias of predetermined molecular candidates as with
antibody detection. Itis thus possible in theory to have the exact protein composition of a tissue
and follow its modification with time or diseases [39].

The total or relative amount of identified proteins can also be addressed. The SDS-PAGE
migration pattern and intensity of protein band (1D) or spot (2D) give a “map” of the protein
content of the target tissue or organ and can be used to identify particular band/spot that are
modified in specific conditions, enabling discovery of new therapeutic targets [40]. Labeling
methods exist to generate quantitative data with mass spectrometry. Samples of the control
conditions are modified with nuclear isotopes 13C, 15N, or 180, whereas the treated sample
is left unmodified, and the relative abundance of both isotopic pics is compared [41]. A direct
semiquantitative approach is also possible, with the mathematical integration of ion counts of
the peptides identifying each protein to describe its relative abundance [42]. In the ECM
analysis, relative quantification is a remarkable tool to identify the specific isoform of some
multimeric ECM proteins, such as collagens and laminins, as the relative amount of each
monomer will indicate under which form the ECM molecule is present in the tissue. To be
more specific, collagen type V exists in the common heterotrimeric isoform [a1(V)],a2(V) and
a more scarce homotrimeric isoform [a1(V)];. The relative amount of ion counts for the a1(V)
chain over a2(V) chain will indicate if the @1(V) chain is associated only with a2(V) (a1 chain
signal twofold of a2 chain signal) or if the investigated tissue contains both heterotrimeric
[@1(V)],a2(V) and homotrimeric [a1(V)]; isoforms (a1 chain signal >> twofold of a2 chain
signal). However, quantification by mass spectrometry can be restricted by the ionization
properties of some proteins that will make them less detected and consequently under-
represented in the final analysis. Nevertheless, this highlights the potentials of proteomics and
mass spectrometry in the study of ECM proteins, as such characterization of ECM proteins
isoform will require several antibodies (i.e., one per protein chain) to identify one isoform by
western blot or IHC [43].

The most critical steps of a proteomic analysis are the purification of the protein mixture and
their identification from database. ECM proteins have a high molecular weight and are tightly
associated with each other by covalent cross links that make them mostly insoluble. An
important point in the analysis of ECM by mass spectrometry proteomic will be the proper
solubilization of the ECM [44]. The tissue has to be first carefully decellularized to purify the
ECM and eliminate the remaining intracellular proteins. This step requires the use of a
detergent like SDS and will eliminate from the ECM part of the loosely bounded proteins like
remodeling enzymes or growth factors [40]. The purified ECM can be solubilized by a
combination of physical, chemical, and enzymatic methods. A physical method is the me-
chanical breaking with a French press or grinding with mortar and pestle in liquid nitrogen.
This step is important to homogenize correctly the purified ECM and make the following
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solubilization treatment effective. Ultrasound can also be used, but this process yields heat
that can denaturate and break the proteins creating smears instead of protein bands or spots
during SDS-PAGE separation if temperature is not carefully controlled. Homogenized ECM
can be solubilized with a chaotropic agent like concentrated urea or guanidium chloride [45].
These molecules are efficient for solubilization, but a too high concentration is not compatible
with SDS-PAGE separation and can impair the trypsin digestion. Highly cross-linked collagen
fibrils or elastin microfibrils can remain insoluble after chaotropic extraction. Partial digestion
with proteolytic enzymes such as pepsin is also used to favor ECM solubilization, but again,
it has to be done carefully to not hydrolyze the ECM sample before SDS-PAGE separation.
Deglycosylation with glucosidase such as PNGase or chondroitinase can unravel parts of the
dense polysaccharide network of proteoglycan and unleash trapped ECM proteins [45].
Moreover, deglycosylation is also favorable for further trypsin digestion and peptide identi-
fication from database. ECM proteins undergo several posttranslational modifications, such
as hydroxylation, disulfide bridges, and glycosylation that can block digestive sites for trypsin,
leading to inefficient peptide generation, or resulted in peptides of different masses than the
expected masses from the genomic data base, leading to inappropriate identification of the
protein. All these biochemical specificities of ECM proteins make proteomic discovery
challenging and explain why only a few proteome of ECMs have been published so far.
Nevertheless, this approach has a huge potential and consequently efficient solubilization and
identification protocols are under development to make this technique more routinely usable
in ECM and biomaterials characterization.

2.4. Three-dimensional organization of ECMs studied by electron microscopy

Electron microscopy gives higher spatial resolution than light microscopy with the use a
shorter wave-length from an electron beam. With resolution at the nanometres scale, and below
with high resolution microscopes, it gives access to the molecular structure of ECM proteins
and can image their supramolecular organization (i.e., fibrils and fibers assemblies) that are
hardly distinguishable with optical microscopes. Transmission electronic microscopes (TEM)
are built on the same scheme as optical/visible-light microscopes and so, equivalent techniques
and processing of samples are required for both type of microscopy. In TEM, the electron beam
pass through the samples to give rise to a projected image on an electron-sensitive surface like
a phosphorescent screen, on a silver-film plate to record the image or nowadays on CCD
cameras. The electron beam requires a vacuum pressure and cannot pass through thick
samples of several micrometers which both represent a challenge for biological samples that
are mainly wet, thick, and soft materials [46]. Biological tissues have to be fixed, dehydrated,
and embedded in hard material (epoxy resin) and sliced with a diamond knife ultra-microtome
into hundreds nanometres slices to be investigated by TEM. The electron beam interacts poorly
with low atomic numbers atoms, such as carbon, oxygen, and nitrogen found in biological
samples, so sections are stained with heavy metal solutions (commonly tungsten in phospho-
tungstic acid, uranium in uranyl acetate, and lead in lead citrate) to give contrast [47]. Com-
pared to histological staining, negative staining is more commonly used to prepare TEM
sample to improve the contrast of organic materials: heavy metals dyes are absorbed by the
background that creates contrast to the slightly stained specimen. The observation of ECM by
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TEM is nearly concomitant of its apparition in the late 1930s. Native collagen fibrils extracted
from tissues and stained negatively with phosphotungtsic acid present a typical cross-striated
pattern with a series of dark and light bands, spaced with a regular period of 67 nm. These
observations have allowed the establishment of the assembly model of collagen molecules into
collagen fibrils, known as the quarter-stagger model from Hodge and Petruska (1963). This
model proposes a lateral stacking of collagen molecules, creating overlaps that exclude
phosphotungstic dye and appear light, and a longitudinal collinear succession of collagen
molecule spaced with a constant gap filled by Tungsten dye and appears dark under electron
beam [48]. The cross-striated pattern is characteristic of fibrillary collagen, that are collagen
typel, type I, and type III. On the other hand, network forming collagen type IV do not present
any bands on TEM but is seen as a meshwork of hexagonal structures [49]. The resolution
(roughly 1-5 nm) of TEM allows analyzing single macromolecules deposited on carbon film
and stained by rotary-shadowing, creating a 3D electron sensitive replica of the specimen [50].
This method has revealed the semiflexible rod structure of collagen molecules terminated by
a globular C-term pro-peptide and the cross-shaped triple chain structure of laminin mole-
cules. TEM is particularly accurate to measure length of ECM molecules and diameters of fibrils
and fibers assembly. These last parameters are important when analyzing a tissue because
ECM fibrils diameters appear to be tissue-specific and modification of their size can be induced
by pathologies such as diabetes, fibrosis, cancer, or aging and consequently impair tissue
organization and function [51]. Compact bone tissue which supports most of the load of the
body and muscles anchorage has to resist strong mechanical solicitations, but it is surprisingly
light in weight structure if compared to human-engineered buildings. Bone tissue is made of
an abundant organic ECM, strengthened with a mineral phase, and has highly hierarchical
structure with length scales ranging from meters to nanometers that give its overall mechanical
properties [52]. The shaft of long bones is organized in cylindrical osteons formed by successive
concentric lamellae, themselves constituted by compact assemblies of collagen fibrils. An
oblique transverse section of successive concentric lamellae made with ultra-microtome and
observed with TEM revealed coexistence of two patterns of organization for collagen fibrils
[53]. One is an alternation of parallel and orthogonal fibrils, with a regular 90° shift of fibrils
orientation from one lamellae to another. The second is seen under TEM as arced structures,
as if collagen fibrils were bent in between two series of longitudinal fibrils. The arced pattern
is the consequence of the oblique sections into succession of collagen fibrils rotating with a tiny
and constant angle from one lamellae to another, creating the illusion of bend structures [54].
From these TEM observations, a twisted plywood model of collagen fibril organization in bone
has been proposed. This particular constant angle twist recall the organization observed in
some liquid crystal phase, and it has been suggested that collagen molecules could have a
liquid crystal behavior and autoassemble in higher-scales structures [21,55]. This finally
underlines the potentials of transmission electron microscopy (TEM) to address ECM archi-
tectures in tissues. As mentioned above, similar techniques and processing of samples used in
optical microscopy are also applied with TEM. The different components of the ECM can be
identified by immunolabeling with the same limitations for the necessity to retrieve antigens
from the fixation and embedding processes. The antibodies are covalently linked to a gold
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particle to be seen by TEM and multiple labeling is possible with the use of a specific size of
gold particle for each antibody [30].

TEM, however, needs a very thin specimen and cannot directly image a 3D structure. Unlike
TEM, scanning electron microscope (SEM) uses electrons reflected from the surface of the
sample as signals for image generation and provides information on surface topography,
fibrillar organization, porosity, and also atomic composition of a bulk sample [56]. Samples
have to be dehydrated to enter the low-vacuum chamber of the microscope and coated with
an electron conducting layer (commonly gold) to ensure an adequate contrast and avoid
charging phenomenon on the sample which are deleterious for the quality of the image. To
keep their native 3D structure intact, biological samples are usually dehydrated by ethanol
treatment and to a critical point drying. This procedure has enabled the evaluation of collagen
fibrils diameters and spatial organization in reconstituted collagen hydrogels [57]. In biological
tissues, the higher proportion of cells compared to ECM can minimize the access to the ECM
fibrillar network. By a gentle decellularization method, the cellular counterpart of the tissue
is removed and the native ECM frame remains [58]. This process mainly keeps in their original
shape the reticular fibers of collagen and elastin but degrade most part of the laminins and
GAGs network.

3. Extracellular matrix-inspired biomaterials

The deep exploration of ECMs composition, organization, and biological functions associated
with the development of methods to produce new biocompatible materials has enabled
material scientists to recreate ex vivo some of the key characteristics of ECM [59]. This section
focuses on how the structural and functional characteristics derived from the knowledge of
the native cell microenvironment have been applied to design biologically relevant biomate-
rials. Different strategies currently exist to build 3D models of the ECM: tissue-derived ECM,
use of natural or synthetic polymers, and formulation into hydrogel or porous 3D materials.
Some biomaterials are designed to recreate the composition of the ECM and thus offering the
right environment for studying cell adhesion and anchorage-associated cell phenotypes. Other
materials are developed to recreate the 3D architectures of ECM, proposing fibrillary structures
with similar organization and mechanical properties of native tissues. These examples
represent preliminary attempts of ex vivo models of ECM that will most likely be improved
and increase with an overcoming of technical hurdle faced by material scientists and with
rising interest of cell biologists for 3D models that will ask for more refined and specific
materials to answer fundamental questions on cell biology.

3.1. Strategies to engineer 3D models of ECMs

3.1.1. Tissue-derived ECM: the gold standard Matrigel®

A basement membrane-derived tissue isolated from Engelberth-Holm-Swarm (EHS) mouse
sarcoma is commercially available under the brand name Matrigel® (BD Biosciences) and has
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become widely used to evaluate cell migration, cancer cells behavior, and to create organoids
in vitro. EHS-sarcoma produces a large amount of ECM rich in collagen type I, laminin-111,
heparin sulfate proteoglycans (Perlecan), and Nidogen that are the main constituents of BM
[60]. This basement membrane extract is liquid at 4°C and turns into a gel at 37°C under
physiological pH and ionic strength. Matrigel® is currently the gold standard in most of the
3D assays performed in cell biology. Indeed, there is not yet any material in the market that is
able to better reproduce the composition and partially the organization of BM, in particular
because Matrigel® is obtained directly from animals and is not an ex vivo engineered ECM. It
is a ready-to-use solution that allows user-defined utilization, even if manipulating Matrigel®
requires skills and experience. The success of Matrigel® is also due to its biological activity
that allows under normal conditions of culture the differentiation of several cell types and the
formation of complex structures like vessels or mammary glands acinar structures [61,62].
Besides structural ECM molecules, Matrigel® contains soluble growth factors such as fibro-
blast growth factors (FGF), epidermal growth factor (EGF), and transforming growth factor-3
19 (TGF-B) and matrix metalloproteinases (MMPs) including MMP-2 and -9. The unique
coexistence in an ex vivo substrate for cell culture of native and organized fibrous ECM proteins
associated with soluble factors explains its genuine bioactivity. Concomitantly, this represents
its main drawback to serve as an ECM model for 3D cell cultures. Because Matrigel® is
produced and purified from an animal, there is a lack of control on its exact composition and
a batch-to-batch variability of its content [63]. Moreover, the presence of growth factors in an
unknown and uncontrollable amount can interfere (positively or negatively) with the intended
parameters to be studied, like with the evaluation signaling molecule or a drug, and invalidate
the use of Matrigel® in any experiments where the role of a growth factors in a cellular process
would like to be addressed. The work of Edna Cukierman has demonstrated the dramatic
changes in cell morphology in-between 2D and 3D cell culture systems with a massive
reorganization of cell cytoskeleton and a modification of integrins expression [64]. This has
increasingly recognized the importance of studying cells, in particular their adhesion and
migration, within a 3D environment. Thus, Matrigel® should be considered with caution and
with the full awareness of its limitations when it is chosen for a 3D model and so not creating
a “black-box” during the switch of cell biology from 2D to 3D.

3.1.2. Biological polymers

Biological polymers were first used as a coating of tissue culture dishes to favor cell adhesion
and spreading, and then incorporated into 3D materials under different forms (hydrogels,
freeze-dried materials, and surface coating of bulk inorganic materials). Most of the biological
polymers used in biomaterials are structural molecules derived from mammalian ECM such
as collagens (type I-IV), elastin, fibronectin, laminin (mainly laminin-111), fibrin, and glycoa-
minoglycans (Hyaluronan, Chondroitin sulfate, and Heparan sulfate) [65]. They are classically
purified from animals” ECM-rich tissues such as dermis and tendons (collagen type I, elastin),
cartilages (collagen type II and GAGs), tumors (laminins and collagen IV) or directly from
blood (fibrin and fibronectin). Nowadays, it is possible to obtain some of these molecules from
DNA-recombinant sources. This allows to work with human ECM molecules, produced with
a high degree of purity and free of many pathogens [66]. However, DNA-recombinant
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production of multimeric high molecular weight molecules is still a challenge and it minimizes
the number and the amount of molecules available from this source and raises dramatically
their prices. Nonmammalian ECM molecules are also widely used in the design of biomate-
rials, mainly for their ability to self-assemble in 3D structures. Numerous materials are
engineered in the form of hydrogel from chitin/chitosan (polysaccharide purified from fungi
or arthropods exoskeleton), agarose or alginate (both polysaccharides purified from algae).
Silk fibroin, a protein found in silkworm cocoon and spiders, is also used to produce fibrous
materials [67]. Because of their origin, nonmammalian biological polymers lack many of the
cell adhesion cues on their structures and should be most often supplemented with adhesive
molecules or peptides to obtain a biologically active material. Their inherent abilities to form
3D materials remain their best interests. Last type of biological polymers usable in the design
of 3D materials are growth factors (FGF, EGF, platelet derived growth factor [PDGF], and
vascular endothelial growth factor [VEGEF]) that give important biological signals to the cells
and enzymes (MMPs, proteolytic enzymes) that can favor a remodeling and a progression with
time of the material, like that is observed in the healing processes and during tumor invasion.
However, as mentioned in the first section of this chapter, these molecules are not structural
proteins and thus no 3D material can be raised from them. Nevertheless, both growth factors
and enzymes represent essential molecules to reinforce the basic 3D scaffold in a relevant ECM
model. For that purpose, there are strategies to incorporate these soluble molecules into a
material and trigger their appropriate release at specific time points or location in the material
[59].

3.1.3. Synthetic polymers

Synthetic organic polymers offer a large panel of creativity to produce 3D materials. They
inherently lack basic biological activity but possess a great processing flexibility. They are
easier to produce as well as purify in large quantities and finally, are free from animal
contaminations. Synthetic polymers are suitable for many types of chemical modifications such
as chemical grafting of adhesive peptides or incorporation of bioactive molecules and can be
processed into 3D materials with many types of techniques (electrospinning, foaming,
hydrogel, and sheets), some of them not bearable by biological polymers. The diversity of
synthetic polymers used in biomaterials is large, including polyacrylamides, polyacrylates,
polyethers (e.g., polyethylene glycol), polyesters (e.g., polycaprolactone), polyhydroxy acids
(e.g., poly lactic acid, poly glycolic acid, and copolymers poly lactic-co-glycolic acid), polyfu-
marates, and polyphosphazenes [68]. Polyesters and polyhydroxy acids have both biodegrad-
able properties with presence of hydrolysable bonds in their backbone, whereas
polyacrylamides and polyacrylates are almost unbreakable under cell culture conditions.
Chemically or genetically engineered peptides or protein-like polymers with amphiphilic or
autoassembling properties offer a direct incorporation of bioactive cues into fibrillar materials.
Inorganic materials such as metal (e.g., titanium, stainless, and cobalt) and mineral alloys (e.g.,
ceramics) are widely used as bone and dental substitutes, but their bulk and stiff structures
associated with poor possibilities of chemical modifications make them rarely used as ex
vivo engineered ECM [69]. Synthetic polymers are usually functionalized by chemical grafting
of peptides which are recognized for cell adhesion such as the well-known Arg-Gly-Asp (RGD)
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motif found in numerous ECM molecules (fibronectin, collagen, and vitronectin) and bind by
several integrins. More specific ECM-derived peptides can also be grafted, such as DGEA and
GFPGER sequences found in collagen I and IV, respectively, or IKLLI and YIGSR sequences
from laminin alpha-1 and beta-1 chain, respectively. Functionalization strategies use the
inherent properties of the synthetic polymers to form a 3D scaffold and to contain active
chemical groups (amine, acid, or alcohol functions) sensitive to chemical reactions and so
providing an ECM model with well-defined characteristics in order to answer a specific
question. Synthetic polymers can also be functionalized with whole proteins such as growth
factors or enzymes. Through the mediation of a peptide spacer incorporating a cleavage
sequence, the release of the bioactive compounds may be triggered at the required time or
progressively by the proper proteolytic action of the cells [70]. In conclusion, synthetic
polymers represent an engineering solution to rationalized parameters tested in 3D model of
ECM and can introduce a dynamic aspect into the system [71,72].

3.1.4. Hydrogels

Hydrogels are produced from polymers in solutions which are gelated into 3D materials that
possess high water content. To some extent, hydrogels behave in the same way than proteo-
glycans in ECM and represent a valuable mimicry of soft-tissues ECM structures and physical
properties due to its hydrated state. They are most often produced by mild, physiological
conditions and, as such, are mainly compatible with cell encapsulation and culture, as water
is the natural solvent for living organisms and biochemical reactions. The water content of the
gels also facilitates the diffusion of low molecular weight nutriments, oxygen, and metabolic
waste. Hydrogel can be produced from a large variety of polymers, including both natural and
synthetic substrates, offering a large diversity of biochemical, physical, and mechanical
properties. Depending on polymers characteristics, the gelation can be reversible or irrever-
sible and triggered by different factors such as multivalent ions, chemical covalent cross-
linking (including aldehyde fixatives), and physical phase-transition induced by temperature,
pH, or concentration [73]. Covalent cross-linking can form hydrogel with almost all types of
polymers in solutions, but the toxicity of cross-linking molecules must be considered, and
furthermore, most of the cross-links are nondegradable by cells or in physiological conditions.
Moreover, the gelating process can be deleterious for cells, and thus it will dictate the ways
that cells are associated with the scaffold (i.e., before or after gelation). Mixing the cells with
the polymers prior gelation allows a homogenous distribution of the cells inside the material,
which could be more difficult to achieve when seeding the cells on an already formed hydrogel
[74].

Natural polymer hydrogels can be made with collagen, fibrin, hyaluronan, alginate, and
agarose. Collagen hydrogels are formed by pH neutralization of acid solutions that trigger the
assembly of the collagen molecules into fibrils and fibers which will stabilize the structure of
the gel. Mechanical properties of collagen hydrogels can be finely modulated by adjusting their
concentrations [75]. Fibrin gels are formed following the same reaction that occurs in the body
after an injury or an inflammatory response: fibrinogen is mixed in solution with thrombin, a
serine protease, which hydrolyses the N-terminal peptide of fibrinogen to create fibrin



Exploring the Extracellular Matrix to Create Biomaterials
http://dx.doi.org/10.5772/62979

monomers that assembles into fibrils that will produce an interconnected fibrous hydrogel.
Mechanical properties of fibrin gel are tuned by adjusting fibrinogen and thrombin concen-
trations. However, fibrin gels are highly sensitive to several proteases, which are secreted by
cells, and a gel degradation regularly occurs in long-term cell cultures if no protease inhibitors
are added in the culture media [76]. Hyaluronan hydrogels are formed by covalent cross-
linking with hydrazide derivatives that react with the carboxylic acid groups of the polymer.
They bear inherent biological properties and are susceptible for further chemical modifications
which modulate these properties, such as the grafting of fibrous proteins or adhesive peptides.
However, hyaluronan hydrogels are mechanically poor, and hyaluronan is more often
incorporated into other materials than being the main frame of a hydrogel. Several different
types of materials are produced from alginate hydrogels. Alginate polymerization is triggered
by addition of divalent cations Ca2+, Mg2+, Ba2+, or Sr2+ that create bridges in-between
negative charges of alginate monomers. Processing of alginate hydrogels enables an easy cell
encapsulation, but a progressive diffusion and solution-exchange of divalent cation can
undermine its structure. Agarose gels are formed by heating (near boiling temperature) of the
solution that gelate with cooling. Different porous architectures and mechanical properties are
obtained with modulation of agarose concentration.

Hydrogels can be formed with synthetic polymers including polyethylene oxide, polyvinyl
alcohol or in a blended solution or copolymer association with poly lactic acid. Again, the
interest of synthetic polymers to form hydrogels is the diversity and the reproducibility of
materials that they are able to produce, with versatile biophysical, mechanical and biological
properties. Poly ethylene glycol (PEG) polymers can be modified to allow in situ gelation by
visible UV-light induction [77]. Photopolymerization is based on the interaction of light with
photo initiators that create free radicals which react with the polymer and initiate cross-links.
Compared to other type of chemical cross-linkers, photopolymerization is fast (second or
minutes) and allows a spatial control of the polymerization. It works under physiological
conditions and the radical species, even harsh for living species, are quickly removed by the
polymerization process, making these materials more free of adverse chemical compounds as
it may occur with aldehyde or hydrazide derivatives. Photopolymerization of PEG-based
solutions was used to encapsulate chondrocytes that were cultured for 14 days with progres-
sive deposition of a cartilaginous native ECM showing the biocompatibility of the process [77].
Synthetic peptides containing cell adhesion cues can also be designed for autoassembling into
supramolecular structures able to form hydrogels. Engineered proteins produced by recombi-
nant DNA can, in the same way, present adhesive domains and reactive groups such as thiols
and amines for being the specific targets of polymerization reactants [72]. Finally, hydrogel-
forming properties of synthetic polymers can be used to include biological polymers unable
to form otherwise materials on their own and then offering a mixed inert 3D structures with
biological functions.

3.1.5. Porous material

Hydrogels show a good biocompatibility due to their water content but present most often
low mechanical properties, high degradation rates, and a compromised deep diffusion of large
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molecules like proteins. To overcome these issues, porous materials with interconnected pore
networks and surfaces or fibers to sustain cell adhesion as well as cell phenotype have been
designed. These materials are discriminated in microporous scaffolds where embedded cells
will mainly attach on the surface of pores of >100um diameter and will more represent curved
2D surfaces, and in nanoporous scaffolds where pore structures are in the range of the cell
diameter (roughly 10 um) and represent more the native 3D environment of ECMs [78].
Nevertheless, microporous structures allow a more effective cell penetration and migration
into the material while smaller-sized pores can represent a barrier for cell colonization of the
material, and limit the cell interactions at the edges of the material [79]. This particular point
of cell colonization represents one of the challenges with nanoporous materials, and definitely
a limitation when directly compared with both the microporous and the hydrogel materials.
Similar to hydrogels, porous materials can be prepared with both natural and synthetic
polymers with a large panel of techniques including, but not restricted to electrospinning,
phase separation, templating, and vapor-phase polymerization [79]. Electrospinning forms
fibrillar materials with control on the fibers diameters, fibers alignment, and fibers interdis-
tances that dictate the overall porosity of the material. A polymeric solution is injected through
a capillary tube into a high electric field that forms a Taylor cone with application of the
electrostatic forces. On the opposite side of the capillary, the collector of the electrospun fibers
is charged or grounded. The electric field in-between capillary and collector accelerates the
flow of the polymer solution that evaporates the solvent and generate coalescence of the
polymers that finally form solid fibers arrays. This technique is mainly used with synthetic
polymers (poly lactic/glycolic acid and poly caprolactone) but is also suitable for natural
polymers such as collagen and silk fibroin [80]. Electrospinning produces thin materials not
exceeding millimeters and with a high-packing density of fibers that can impair a deep
colonization by cells, butintensive researches are presently conducted to overcome these issues
[81]. Collagen porous materials can be formed by thermally induced phase separation leading
to the production of the so-called “collagen sponges” due to their high porous structures.
Acidic collagen solutions are frozen which induces a phase separation of collagen molecules
from the water-based solvent that is then eliminated by lyophilization. Materials are then made
of dense collagen walls with unstriated microfibrils [57] or with native cross-striated fibrils
[82]. Size and interconnectivity of the pores can be modified by modulation of the length and
temperature of the phase separation, by modulation of the collagen concentration or by mixing
the collagen solutions with other natural polymers such as GAGs [82] or with synthetic
polymers such as poly lactic acids. Freeze-dried collagen materials have weak mechanical
properties and are often strengthened by the addition of GAGs, or cross-linked by chemical
species (aldehydes) or dehydrothermal processes [83].

The various polymers and processes presented above enable the engineering of different types
of 3D materials designed to study ex vivo a large variety of cellular phenomenon such as cell
differentiation, drug response, tumor formation, cell migration, cell morphology and cytos-
keleton organization, cell death and proliferation, tissue architecture, and coculture behavior
of cells [84]. For that purpose, 3D materials are built either to mimic ECM composition, ECM
organization, or ECM mechanical properties. We present here examples of such engineered
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3D models of ECM with description of the material characteristics and cellular outcomes
observed.

3.2. Three-dimensional models mimicking ECM composition

Recreating ex vivo the ECM composition in 3D materials offers the possibility to address in a
relative more biologically relevant environment the specific function of one or several of its
components on several cell mechanisms. It can be used to recreate cell adhesion and cell
migration or to offer adhesive cues that are specially organized.

A minimal system has been designed with a gelatin hydrogel mixed with PEG and function-
alized with RGD and PHSRN adhesion peptides to evaluate the inflammatory response of
adhering immune cells [85]. Monocytes are circulating immune cells which are among the first
cells to react at the site of an injury. Once they have migrated and attached to the site of
aggression, they start to secrete cytokines and ECM remodeling enzymes. The hydrogel was
built with PEG-diacrylate (PEG-da) photopolymerizable polymers mixed with gelatin
monomers covalently grafted with PEG-RGD and PEG-PHSRN, two amino acid sequences
found in fibronectin and recognized by several types of integrins. The hydrogel mixture was
made with different ratios of Gelatin-PEG-peptides compared to the PEG-da polymers for the
formation of hydrogels with different adhesive peptide densities (from 30 to 50% of gelatin-
modified polymers). The study showed that monocyte adhesion and cytokine secretion
reached a plateau when the gelatin-modified polymers concentration was above 40%, indi-
cating that rising adhesive-peptides densities did not improve their accessibility for mono-
cytes. The nature of the ligands has also an influence on monocytes behavior, with a higher
level of MMP-9 expression when hydrogels are incorporating PHSRN peptides, while more
interlekin-1 was secreted in RGD hydrogels. These data suggest a specific monocyte inflam-
matory response for each of these adhesive cues. This model can be developed and used, for
instance, to study the different parameters that initiates the inflammatory response at the site
of injury.

Metastatic cancerous cells escape the original tumor site to attach and invade a distant organ.
The switch of the cellular microenvironment from primary tumor site to the metastatic organ
can affect the metastatic cells response to therapeutics which was originally designed to act on
the original cancerous cells in the specific microenvironment of the primary tumor site. Blehm
and coworkers have engineered a 3D model of the ECM of the perivascular niche of the brain,
a metastatic target of cutaneous melanomas, to address the effect of anti-MAPK therapeutics
(ERK inhibitor and Darafemib) on metastatic cutaneous melanomas cells lines [86]. Cells were
seeded in a huyaluronic acid-PEG-diacrylate hydrogel supplemented with purified full-length
proteins, laminin-111 and fibronectin, or with RGD-cyclic peptides. Diminution of Darafemib
drug efficacy is reported for one melanoma cell line in hydrogels supplemented with fibro-
nectin, whereas laminin-supplemented hydrogels protected against ERK inhibition. With
another cell line, drug efficacy was weakened for both therapeutics only on laminin-supple-
mented hydrogels, reinforcing the importance of the cellular microenvironment for drug
testing.

311



312 Composition and Function of the Extracellular Matrix in the Human Body

Natural polymers, including ECM proteins, GAGs, and growth factors, with a high degree of
purity were successively assembled to form molecularly defined materials evaluated by
subcutaneous implantation as well as in a cartilage reconstruction model [87]. Collagen type
I solution purified from bovine Achilles tendon was mixed with insoluble elastin, purified
from equine ligamentum nuchae and homogenized in a grinder before molding and freeze-
drying of the solution. This process formed a porous scaffold (collagen sponge-based material)
with both collagen and elastin fibrils. Porosity of the material was controlled by the freezing
temperatures, as higher rates of freezing provided materials with smaller pore diameter.
Complexity and ECM mimicry of the material is extended by incorporation of chondroitin
sulfate or heparan sulfate. Collagen-elastin material is soaked with either chondroitin or
heparan sulfate solution, and GAGs are covalently bounded to the collagen-elastin fibers by
carbodiimide cross-linking. The amount of GAGs effectively grafted to the materials is a
function of GAGs structures and their respective reactiveness to the cross-linker, with a final
grafting of 10% of the original heparan sulfate solution and 6% of the chondroitin sulfate
solution. Finally, growth factors such as bFGF and VEGF were loaded into the Collagen-
Elastin-GAG material to form a valuable model of the different classes of natural polymers
found in ECMs. Incubation of growth factor solution with the material only allowed a partial
adsorption as growth factors are rapidly lost after a few hours of cultures. However, heparan
sulfate bears native biding sites for bFGF, enabling a more efficient loading of bFGF into the
material and a progressive and extended release during cell culture. Two-weeks after subcu-
taneous implantation in rat, collagen-heparan sulfate materials showed a higher vasculariza-
tion than collagen alone. After 10 weeks, collagen materials loaded with bFGF exhibited a
lower cell invasion and vascularization than the collagen-heparan sulfate-bFGF material. Even
evaluated in vivo, where cells are in a more positive environment than cultured in vitro, this
study showed the possibility to engineer a complex material reproducing the different class
of natural polymers found in ECMs. A critical parameter for the use of such porous material
as an ex vivo ECM model is the possibility to seed evenly the cells within the material as
compared to hydrogel-embedding. However, this can be overcome by creation and control of
an open and interconnected porosity within the material.

3.3. Mimicking ECM organization and mechanics

Two-dimensional cell cultures on TCPS have been coated with ECM molecules to give more
biologically relevant ligands for cell adhesion, spreading, migration, and expression of
phenotypes. This has partly raised the idea that instead of coating, ECM-derived adhesive cues
should be displayed in 3D to be more close to the cell environment, and we have presented
above 3D materials that recreate ECM composition. However, this approach does not generally
consider the reconstruction of the spatial organization of ECM that is of equal importance as
the ECM composition [88].

The study of collagen-rich connective tissues such as skin, tendons, and bones by polarized-
light microscopy and TEM revealed that type I collagen is highly structured, with a spatial
geometry specific for each tissue. This spatial organization of collagen I in tissues can be
reproduced in vitro, using the autoassembling properties of collagen molecules in acidic
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solutions which will self-organize in different liquid-crystal organizations dependent on the
collagen concentration [89]. Regulated evaporation of solvent raise progressively the collagen
concentration and modify collagen molecules organization. These organized molecular
textures are stabilized by neutralization of the pH of the solution and further triggering the
assembly of soluble collagen molecules into insoluble cross-striated native collagen fibrils
[54,90]. The supramolecular assembly of collagen molecules into collagen fibrils also induce
the transition from the original collagen solution to a solid hydrogel structure (i.e., so-called
“sol/gel transition”) that retains the molecular tissue-like organization of collagen molecules.
This leads to materials with collagen fibrils architecture which may mimic those observed in
tendon, skin, and bones [21,91] but that also reproduce the mechanical features of collagen-
rich tissues from dermis to bone, depending on the collagen concentration of the material [75].
Ordered collagen hydrogels have been used to study myofibroblasts migration as a model of
wound-healing [92], behavior of human osteoblasts in long-term in vitro cultures [57,93] and
also as a model to study the kinetics of noncollagenous ECM proteins secretion in relation to
the biomineralization processes [94]. However, tissue-like organization of collagen fibrils
resulted in mild (20-40 mg/mL) or high (>80 mg/mL) collagen concentrations, which mainly
restricted cell seeding to the surface of the materials.

In the depth of a tissue, different ECM organization could be found, like in the skin with
different ECM compositions, organizations, and properties of epidermis and dermis, or in
articular cartilage from the GAGs-rich upper surface to the deeper interface with the under-
lying bone tissue. A layer-by-layer approach, based on successive freeze-drying of different
natural polymer solutions to modulate material organization, was used to recreate the
discrepancies in the ECM organization observed in the cartilage tissue [95]. The first layer
intends to recreate main features of the deeper osteochondral tissue architecture. Collagen type
Iin acidic solution is mixed with hydroxyapatite, the mineral phase found in bones, and freeze-
dried at a constant rate to obtain a dense porous structure. The subsequent porous material
was cross-linked with carbodiimide to strengthen its structure. The second layer mimics the
bone-cartilage interface and is made with an equal amount of mixture of the collagen type I,
main collagen of bone tissue, and of the collagen type II that is the main collagen of cartilage
tissue. Collagen I and II mixture is supplemented with hydroxyapatite at a final concentration
five-times lower than on the first layer. This mixture is poured on the surface of the first layer
and freeze-dried to finally form a two-layer material, with two distinct compositions and
porous structures. The last layer mimics the articular cartilage tissue. This layer is made from
a mixture solution of 25%/75% of collagen type I and II, respectively, and then further
supplemented with hyaluronic acid to recreate the GAGs content of the articular cartilage. The
last layer is again freeze-dried with time-prolonged freezing and drying steps to ensure the
proper porous structure. The overall material is strengthened by a dehydrothermal process
that creates amine-based cross-links. This process forms a material with three specific porous
structures as well as a molecular composition and with the opened and interconnected porosity
that allows an effective cell colonization of each of the three layers.

The specific composition and spatial organization of the ECM dictate its overall mechanical
properties, that cells are able to sense through their integrin receptors and their cytoskeletons.
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On 2D surfaces, it has been shown that cells are responsive to surface rigidity and that it
influences the commitment of mesenchymal stem cells toward differentiation in a specific
lineage [96]. Again, surface stiffness applies forces which are unevenly distributed on the cells
(i.e., only located at the cell-surface interface). Developing a 3D material with tuned and
controllable mechanical properties will generate a more biologically relevant environment to
evaluate the role of ECM mechanobiology on cells functions and differentiation processes. To
study the influence of mechanical stiffness on mesenchymal stem cells differentiation, a series
of alginate gels with elastic modulus ranging from 2.5 to 110 kPa has been developed [97].
Mechanical properties of alginate gels are modulated by the percentage of alginate polymers
in the final hydrogel. Because alginate is not sensitive to the degradation of hydrolytic enzymes
of mammalian cells, the elastic modulus of the mechanical properties of the material are
expected to remain constant all along the study (7 days of cell culture). RGD-peptides are
covalently grafted to alginate polymers prior to hydrogel formation to give to the cells adhesive
cues. The more rigid materials trigger mesenchymal stem cells differentiation toward bone
lineage with an expression of the bone-related molecular markers such as alkaline phosphatase
and osteopontin after 7 days of culture. On the other hand, alginate gels with the lower elastic
modulus (softer material) triggers an accumulation of oil-droplets into stem cells, indicating
adipose tissue differentiation. The density of RGD-peptides incorporated into these materials
did not modify the cell fate related to the elastic modulus of the material, but induce a higher
level of expression of the lineage markers for both bone and adipose-committed cells.

3.4. Conclusion: toward a gold-standard of 3D model of ECMs?

Asmentioned at the beginning of this section, the ECM-derived Matrigel® represents currently
the most often used material for 3D experiments in cell biology. Despite that Matrigel®-related
drawbacks are of importance, Matrigel®is a widely and available model to investigate many
fundamental questions in cell biology, from cell adhesion and tumor formation, to drug testing.
We have presented in this chapter a large panel of techniques, methodologies, and engineering
processes that allow the exploration of ECM organization and permit to recreate ex vivo some
of their key features. At the conclusion of this chapter and after the review of several studies
investigating various 3D materials, it appears that no material can represent the unique and
ideal answer for all cell investigations in 3D [63]. A modular approach should be taken by
rationalizing the biological question to be studied and the parameter of ECM intended to be
recreated. Nevertheless, more and more complex materials are engineered that will finally be
able to mimic simultaneously several key factors of ECM composition, architecture, or
mechanical properties, and so enabling investigation of multiple parameters for cell biology
experiments. An important drawback with engineered 3D materials is to create a “black-box”
where undefined and uncontrollable parameters may influence the cellular outcomes to be
investigated. To avoid part of this problem, rigorous attention should be paid on the purity of
polymers used to build the material, in particular with biological polymers. The development
of DNA-recombinant production of ECM proteins can overcome this problem, even if this will
raise ultimately the cost of the final material. The structural characteristics of the final material
(porosity, polymers distribution, and fibrils diameter) should be consistently reproducible and
addressed. To do so, an “easy,” meaning straightforward, process of the material should be
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sought and preferred rather than a more complex multistep fabrication process. Biomaterial
scientists propose continuously new design and approaches to engineer ex vivo ECMs. The
production of a gold-standard material may become possible for a specific biological question.
It might happen with the existence of a deep and intelligible dialog in-between material
scientists, whom brings engineering strategies, and the cell biologists, that implement the
material design to mimic the biological process that has to be investigated ex vivo. This
collaboration may result in major advances for science and medicine.

Author details

Sylvain Vigier"” and Tamas Fuilop*

*Address all correspondence to: sylvain.vigier@gmail.com and Tamas.fulop@usherbrooke.ca

1 Department of Chemical and Biotechnological Engineering, Université de Sherbrooke,
Sherbrooke, Québec, Canada

2 Department of Medicine, Geriatric Division Research Center on Aging, Université de Sher-
brooke, Sherbrooke, Qc, Canada

References

[1] Shaw TJ, Martin P. Wound repair at a glance. ] Cell Sci. 2009;122(Pt 18):3209-13.

[2] Frantz C, Stewart KM, Weaver VM. The extracellular matrix at a glance. J Cell Sci.
2010;123(24):4195-200.

[3] Kadler KE, Baldock C, Bella J, Boot-Handford RP. Collagens at a glance. J Cell Sci.
2007;120(Pt 12):1955-8.

[4] Ottani V, Raspanti M, Ruggeri A. Collagen structure and functional implications.
Micron. 2001 avril;32(3):251-60.

[5] LeBleu VS, Macdonald B, Kalluri R. Structure and function of basement membranes.
Exp Biol Med Maywood NJ. 2007;232(9):1121-9.

[6] Ayad S, Boot-Handford R, Humphries M]J, Kadler KE, Shuttleworth A. 15—Collagen
type IV. In: Ayad S, Boot-Handford R, Humphries MJ, Kadler KE, Shuttleworth A,
editors. The Extracellular Matrix Facts Book (Second Edition) [Internet]. San Diego,
California: Academic Press; 1998 [cited 2016 Jan 7]. pp. 54-62.

[7] Aumailley M. The laminin family. Cell Adhes Migr. 2013;7(1):48-55.



316 Composition and Function of the Extracellular Matrix in the Human Body

8]

[°]

[15]

[16]

(18]

[19]

[20]

[21]

Ushiki T. Collagen fibers, reticular fibers and elastic fibers. A comprehensive under-
standing from a morphological viewpoint. Arch Histol Cytol. 2002;65(2):109-26.

Wierzbicka-Patynowski I, Schwarzbauer JE. The ins and outs of fibronectin matrix
assembly. J Cell Sci. 2003;116(Pt 16):3269-76.

Ayad S, Boot-Handford R, Humphries MJ, Kadler KE, Shuttleworth A. 39 - Fibronectin.
In: Ayad S, Boot-Handford R, Humphries M]J, Kadler KE, Shuttleworth A, editors. The
Extracellular Matrix FactsBook (Second Edition) [Internet]. San Diego, California:
Academic Press; 1998 [cited 2016 Jan 7]. pp. 149-52.

Prydz K. Determinants of Glycosaminoglycan (GAG) Structure. Biomolecules.
2015;5(3):2003-22.

Vigetti D, Karousou E, Viola M, Deleonibus S, De Luca G, Passi A. Hyaluronan:
biosynthesis and signaling. Biochim Biophys Acta BBA—Gen Subj. 2014 aofit;1840(8):
2452-9.

Iozzo RV, Schaefer L. Proteoglycan form and function: a comprehensive nomenclature
of proteoglycans. Matrix Biol ] Int Soc Matrix Biol. 2015;42:11-55.

Milev P, Monnerie H, Popp S, Margolis RK, Margolis RU. The core protein of the
chondproitin sulfate proteoglycan phosphacan is a high-affinity ligand of fibroblast
growth factor-2 and potentiates its mitogenic activity. ] Biol Chem. 1998;273(34):21439-
42.

Horobin RW. Biological staining: mechanisms and theory. Biotech Histochem off Publ
Biol Stain Comm. 2002;77(1):3-13.

Monte-Alto-Costa A, Porto LC. Special stains for extracellular matrix. Methods Mol
Biol Clifton NJ. 2010;611:131-40.

Ramos-Vara JA. Technical aspects of immunohistochemistry. Vet Pathol Online.
2005;42(4):405-26.

Foster BL. Methods for studying tooth root cementum by light microscopy. Int J Oral
Sci. 2012;4(3):119-28.

Levingstone TJ, Thompson E, Matsiko A, Schepens A, Gleeson JP, O’Brien FJ. Multi-
layered collagen-based scaffolds for osteochondral defect repair in rabbits. Acta
Biomater. 2016;32:149-60.

Lattouf R, Younes R, Lutomski D, Naaman N, Godeau G, Senni K, et al. Picrosirius red
staining: a useful tool to appraise collagen networks in normal and pathological tissues.
J Histochem Cytochem off ] Histochem Soc. 2014;62(10):751-8.

Giraud-Guille M-M, Besseau L, Martin R. Liquid crystalline assemblies of collagen in
bone and in vitro systems. ] Biomech. 2003;36(10):1571-9.



[22]

(30]

(31]

[35]

[36]

Exploring the Extracellular Matrix to Create Biomaterials
http://dx.doi.org/10.5772/62979

Howie AJ, Brewer DB, Howell D, Jones AP. Physical basis of colors seen in Congo red-
stained amyloid in polarized light. Lab Investig ] Tech Methods Pathol. 2008;88(3):232—
42.

Montes GS. Structural biology of the fibres of the collagenous and elastic systems. Cell
Biol Int. 1996;20(1):15-27.

Hyllested JL, Veje K, Ostergaard K. Histochemical studies of the extracellular matrix
of human articular cartilage—a review. Osteoarthr Cartil OARS Osteoarthr Res Soc.
2002;10(5):333—43.

Leong TY-M, Cooper K, Leong AS-Y. Immunohistology —past, present, and future.
Adv Anat Pathol. 2010;17(6):404-18.

Schacht V, Kern JS. Basics of immunohistochemistry. ] Invest Dermatol. 2015;135(3):e30.

O’Leary TJ, Fowler CB, Evers DL, Mason JT. Protein fixation and antigen retrieval:
chemical studies. Biotech Histochem Off Publ Biol Stain Comm. 2009;84(5):217-21.

Shi SR, Key ME, Kalra KL. Antigen retrieval in formalin-fixed, paraffin-embedded
tissues: an enhancement method for immunohistochemical staining based on micro-
wave oven heating of tissue sections. ] Histochem Cytochem Off ] Histochem Soc.
1991;39(6):741-8.

Shi S-R, Shi Y, Taylor CR. Antigen retrieval immunohistochemistry: review and future
prospects in research and diagnosis over two decades. ] Histochem Cytochem off ]
Histochem Soc. 2011;59(1):13-32.

Griffiths G, Lucocq JM. Antibodies for immunolabeling by light and electron micro-
scopy: not for the faint hearted. Histochem Cell Biol. 2014;142(4):347-60.

D’Amico F, Skarmoutsou E, Stivala F. State of the art in antigen retrieval for immuno-
histochemistry. ] Immunol Methods. 2009;341(1-2):1-18.

Hayes AJ, Hughes CE, Caterson B. Antibodies and immunohistochemistry in extrac-
ellular matrix research. Methods San Diego Calif. 2008;45(1):10-21.

Saper CB. A guide to the perplexed on the specificity of antibodies. ] Histochem
Cytochem Off ] Histochem Soc. 2009;57(1):1-5.

Virtanen I, Banerjee M, Palgi ], Korsgren O, Lukinius A, Thornell L-E, et al. Blood vessels
of human islets of Langerhans are surrounded by a double basement membrane.
Diabetologia. 2008;51(7):1181-91.

Otonkoski T, Banerjee M, Korsgren O, Thornell L-E, Virtanen I. Unique basement
membrane structure of human pancreatic islets: implications for beta-cell growth and
differentiation. Diabetes Obes Metab. 2008;10 Suppl 4:119-27.

Holcapek M, Jirasko R, Lisa M. Recent developments in liquid chromatography-mass
spectrometry and related techniques. ] Chromatogr A. 2012;1259:3-15.

317



318 Composition and Function of the Extracellular Matrix in the Human Body

[37]

[38]

[39]

[40]

[43]

[44]

[45]

[47]

Roepstorff P. Mass spectrometry based proteomics, background, status and future
needs. Protein Cell. 2012;3(9):641-7.

Eng JK, Searle BC, Clauser KR, Tabb DL. A face in the crowd: recognizing peptides
through database search. Mol Cell Proteomics MCP. 2011;10(11):R111.009522.

Naba A, Clauser KR, Ding H, Whittaker CA, Carr SA, Hynes RO. The extracellular
matrix: tools and insights for the “omics” era. Matrix Biol J Int Soc Matrix Biol. 2016
Jan;49:10-24.

Wilson R, Diseberg AF, Gordon L, Zivkovic S, Tatarczuch L, Mackie EJ, et al. Compre-
hensive profiling of cartilage extracellular matrix formation and maturation using
sequential extraction and label-free quantitative proteomics. Mol Cell Proteomics MCP.
2010;9(6):1296-313.

Rotilio D, Della Corte A, D'Imperio M, Coletta W, Marcone S, Silvestri C, et al. Proteo-
mics: bases for protein complexity understanding. Thromb Res. 2012;129(3):257-62.

Ishihama Y, Oda Y, Tabata T, Sato T, Nagasu T, Rappsilber J, et al. Exponentially
modified protein abundance index (emPAI) for estimation of absolute protein amount
in proteomics by the number of sequenced peptides per protein. Mol Cell Proteomics.
2005;4(9):1265-72.

Wilson R. The extracellular matrix: an underexplored but important proteome. Expert
Rev Proteomics. 2010;7(6):803—6.

Byron A, Humphries JD, Humphries M]. Defining the extracellular matrix using
proteomics. Int ] Exp Pathol. 2013 Apr;94(2):75-92.

de Castro Bras LE, Ramirez TA, DeLeon-Pennell KY, Chiao YA, Ma Y, Dai Q, et al.
Texas 3-step decellularization protocol: looking at the cardiac extracellular matrix. J
Proteomics. 2013;86:43-52.

Egerton RF. Physical Principles of Electron Microscopy [Internet]. Boston, MA:
Springer US; 2005 [cited 2016 Mar 2]. Available from: http://link.springer.com/10.1007/
b136495

Quantock AJ, Winkler M, Parfitt GJ, Young RD, Brown D], Boote C, et al. From nano
to macro: studying the hierarchical structure of the corneal extracellular matrix. Exp
Eye Res. 2015;133:81-99.

Holmes DF, Graham HK, Trotter JA, Kadler KE. STEM/TEM studies of collagen fibril
assembly. Micron Oxf Engl 1993. 2001;32(3):273-85.

Khoshnoodi J, Pedchenko V, Hudson BG. Mammalian collagen IV. Microsc Res Tech.
2008;71(5):357-70.

Hendricks GM. Metal shadowing for electron microscopy. Methods Mol Biol Clifton
NJ. 2014;1117:73-93.



[51]

[52]

[55]

[56]

[57]

(58]

[61]

Exploring the Extracellular Matrix to Create Biomaterials
http://dx.doi.org/10.5772/62979

Eyden B, Tzaphlidou M. Structural variations of collagen in normal and pathological
tissues: role of electron microscopy. Micron. 2001;32(3):287-300.

Dalle Carbonare L, Valenti MT, Bertoldo F, Zanatta M, Zenari S, Realdi G, et al. Bone
microarchitecture evaluated by histomorphometry. Micron. 2005;36(7-8):609-16.

Giraud-Guille MM. Twisted plywood architecture of collagen fibrils in human compact
bone osteons. Calcif Tissue Int. 1988;42(3):167-80.

Mosser G, Anglo A, Helary C, Bouligand Y, Giraud-Guille M-M. Dense tissue-like
collagen matrices formed in cell-free conditions. Matrix Biol ] Int Soc Matrix Biol.
2006;25(1):3-13.

Giraud-Guille MM. Twisted liquid crystalline supramolecular arrangements in
morphogenesis. Int Rev Cytol. 1996;166:59-101.

Mammadov R, Tekinay AB, Dana A, Guler MO. Microscopic characterization of
peptide nanostructures. Micron. 2012 février;43(2-3):69-84.

Vigier S, Helary C, Fromigue O, Marie P, Giraud-Guille M-M. Collagen supramolecular
and suprafibrillar organizations on osteoblasts long-term behavior: benefits for bone
healing materials. ] Biomed Mater Res A. 2010;94(2):556-67.

Ohtani O. Three-dimensional organization of the connective tissue fibers of the human
pancreas: a scanning electron microscopic study of NaOH treated-tissues. Arch Histol
Jpn Nihon Soshikigaku Kiroku. 1987;50(5):557-66.

Hubbell JA. Materials as morphogenetic guides in tissue engineering. Curr Opin
Biotechnol. 2003;14(5):551-8.

Benton G, Kleinman HK, George ], Arnaoutova I. Multiple uses of basement mem-
brane-like matrix (BME/Matrigel) in vitro and in vivo with cancer cells. Int ] Cancer J
Int Cancer. 2011;128(8):1751-7.

Arnaoutova I, George J, Kleinman HK, Benton G. The endothelial cell tube formation
assay on basement membrane turns 20: state of the science and the art. Angiogenesis.
2009;12(3):267-74.

Ghajar CM, Bissell MJ. Extracellular matrix control of mammary gland morphogenesis

and tumorigenesis: insights from imaging. Histochem Cell Biol. 2008;130(6):1105-18.

Serban MA, Prestwich GD. Modular extracellular matrices: solutions for the puzzle.
Methods San Diego Calif. 2008;45(1):93-8.

Cukierman E, Pankov R, Stevens DR, Yamada KM. Taking cell-matrix adhesions to the
third dimension. Science. 2001,294(5547):1708-12.

Jafari M, Paknejad Z, Rad MR, Motamedian SR, Eghbal MJ, Nadjmi N, et al. Polymeric
scaffolds in tissue engineering: a literature review. ] Biomed Mater Res B Appl Bio-
mater. 2015.



320 Composition and Function of the Extracellular Matrix in the Human Body

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]
[74]

(73]

[76]

[77]

(78]

[79]

Nagaoka M, Jiang H-L, Hoshiba T, Akaike T, Cho C-S. Application of recombinant
fusion proteins for tissue engineering. Ann Biomed Eng. 2010;38(3):683-93.

Kapoor S, Kundu SC. Silk protein-based hydrogels: promising advanced materials for
biomedical applications. Acta Biomater. 2016 février;31:17-32.

Seal BL, Otero TC, Panitch A. Polymeric biomaterials for tissue and organ regeneration.
Mater Sci Eng R Rep. 2001;34(4-5):147-230.

Saha K, Pollock JF, Schaffer DV, Healy KE. Designing synthetic materials to control
stem cell phenotype. Curr Opin Chem Biol. 2007;11(4):381-7.

Zisch AH, Lutolf MP, Ehrbar M, Raeber GP, Rizzi SC, Davies N, et al. Cell-demanded
release of VEGF from synthetic, biointeractive cell ingrowth matrices for vascularized
tissue growth. FASEB ] Off Publ Fed Am Soc Exp Biol. 2003;17(15):2260-2.

Liu J, He X, Corbett SA, Lowry SF, Graham AM, Fassler R, et al. Integrins are required
for the differentiation of visceral endoderm. J Cell Sci. 2009;122(2):233—42.

Lutolf MP, Hubbell JA. Synthetic biomaterials as instructive extracellular microenvir-
onments for morphogenesis in tissue engineering. Nat Biotechnol. 2005;23(1):47-55.

Lee KY, Mooney DJ. Hydrogels for tissue engineering. Chem Rev. 2001;101(7):1869-79.

Drury JL, Mooney DJ. Hydrogels for tissue engineering: scaffold design variables and
applications. Biomaterials. 2003;24(24):4337-51.

Ramtani S, Takahashi-Ifiguez Y, Helary C, Geiger D, Guille MMG. Mechanical
behavior under unconfined compression loadings of dense fibrillar collagen matrices
mimetic of living tissues. ] Mech Med Biol. 2010;10(01):35-55.

DeVolder R, Kong H-J. Hydrogels for in vivo-like three-dimensional cellular studies.
Wiley Interdiscip Rev Syst Biol Med. 2012;4(4):351-65.

Nguyen KT, West JL. Photopolymerizable hydrogels for tissue engineering applica-
tions. Biomaterials. 2002;23(22):4307-14.

Tibbitt MW, Anseth KS. Hydrogels as extracellular matrix mimics for 3D cell culture.
Biotechnol Bioeng. 2009;103(4):655-63.

PuppiD, Zhang X, Yang L, Chiellini F, Sun X, Chiellini E. Nano/microfibrous polymeric
constructs loaded with bioactive agents and designed for tissue engineering applica-
tions: a review. ] Biomed Mater Res B Appl Biomater. 2014;102(7):1562-79.

Kundu B, Rajkhowa R, Kundu SC, Wang X. Silk fibroin biomaterials for tissue regen-
erations. Adv Drug Deliv Rev. 2013 avril;65(4):457-70.

Guimaraes A, Martins A, Pinho ED, Faria S, Reis RL, Neves NM. Solving cell infiltration
limitations of electrospun nanofiber meshes for tissue engineering applications.
Nanomed. 2010;5(4):539-54.



(82]

(83]

(87]

(88]

(89]

[90]

(1]

[93]

[94]

Exploring the Extracellular Matrix to Create Biomaterials
http://dx.doi.org/10.5772/62979

O’Brien FJ, Harley BA, Yannas IV, Gibson L]. The effect of pore size on cell adhesion
in collagen-GAG scaffolds. Biomaterials. 2005 février;26(4):433-41.

Tierney CM, Haugh MG, Liedl ], Mulcahy F, Hayes B, O’Brien FJ. The effects of collagen
concentration and crosslink density on the biological, structural and mechanical
properties of collagen-GAG scaffolds for bone tissue engineering. ] Mech Behav Biomed
Mater. 2009;2(2):202-9.

Ravi M, Paramesh V, Kaviya SR, Anuradha E, Solomon FDP. 3D cell culture systems:
advantages and applications. ] Cell Physiol. 2015;230(1):16-26.

Chung AS, Waldeck H, Schmidt DR, Kao W]. Monocyte inflammatory and matrix
remodeling response modulated by grafted ECM-derived ligand concentration. ]
Biomed Mater Res A. 2009;91(3):742-52.

Blehm BH, Jiang N, Kotobuki Y, Tanner K. Deconstructing the role of the ECM
microenvironment on drug efficacy targeting MAPK signaling in a pre-clinical
platform for cutaneous melanoma. Biomaterials. 2015 juillet;56:129-39.

Geutjes PJ, Daamen WF, Buma P, Feitz WF, Faraj KA, van Kuppevelt TH. From
molecules to matrix: construction and evaluation of molecularly defined bioscaffolds.
Adv Exp Med Biol. 2006;585:279-95.

Nelson CM, Tien J. Microstructured extracellular matrices in tissue engineering and
development. Curr Opin Biotechnol. 2006;17(5):518-23.

Martin R, Farjanel ], Eichenberger D, Colige A, Kessler E, Hulmes DJ, et al. Liquid
crystalline ordering of procollagen as a determinant of three-dimensional extracellular
matrix architecture. ] Mol Biol. 2000;301(1):11-7.

Besseau L, Giraud-Guille MM. Stabilization of fluid cholesteric phases of collagen to
ordered gelated matrices. ] Mol Biol. 1995;251(2):197-202.

Giraud-Guille MM, Mosser G, Helary C, Eglin D. Bone matrix like assemblies of
collagen: from liquid crystals to gels and biomimetic materials. Micron Oxf Engl
2005;36(7-8):602-8.

Helary C, Ovtracht L, Coulomb B, Godeau G, Giraud-Guille MM. Dense fibrillar
collagen matrices: a model to study myofibroblast behaviour during wound healing.
Biomaterials. 2006;27(25):4443-52.

Vigier S, Catania C, Baroukh B, Saffar J-L, Giraud-Guille M-M, Colombier M-L. Dense
fibrillar collagen matrices sustain osteoblast phenotype in vitro and promote bone
formation in rat calvaria defect. Tissue Eng Part A. 2011;17(7-8):889-98.

Silvent J, Nassif N, Helary C, Azais T, Sire J-Y, Guille MMG. Collagen osteoid-like
model allows kinetic gene expression studies of non-collagenous proteins in relation
with mineral development to understand bone biomineralization. PloS One.
2013;8(2):e57344.

321



322 Composition and Function of the Extracellular Matrix in the Human Body

(93]

Levingstone TJ, Matsiko A, Dickson GR, O’Brien FJ, Gleeson JP. A biomimetic multi-
layered collagen-based scaffold for osteochondral repair. Acta Biomater. 2014;10(5):
1996-2004.

Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell lineage
specification. Cell. 2006;126(4):677-89.

Huebsch N, Arany PR, Mao AS, Shvartsman D, Ali OA, Bencherif SA, et al. Harnessing
traction-mediated manipulation of the cell/matrix interface to control stem-cell fate.
Nat Mater. 2010;9(6):518-26.



Chapter 14

Extracellular Matrix Enhances Therapeutic Effects of
Stem Cells in Regenerative Medicine

Yan Nie, Shuaigiang Zhang, Na Liu and Zongjin Li

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62229

Abstract

Stem cell therapy is a promising option for regenerative of injured or diseased tissues.
However, the extremely low survival and engraftment of transplanted cells and the
obviously inadequate recruitment and activation of the endogenous resident stem cells
are the major challenges for stem cell therapy. Fortunately, recent progresses show that
extracellular matrix (ECM) could not only act as a spatial and mechanical scaffold to
enhance cell viability but also provide a supportive niche for engraftment or accelerat-
ing stem cell differentiation. These findings provide a new approach for increasing the
efficiency of stem cell therapy and may lead to substantial changes in cell administra-
tion. In order to take a giant stride forward in stem cell therapy, we need to know much
more abouthow the ECM affects cell behaviours. In this chapter, we provide an overview
oftheinfluenceof ECMonregulating stem cellmaintenanceand differentiation. Moreover,
the enhancement of supportive microenvironment function of natural or synthetic ECMs
in stem cell therapy is discussed.

Keywords: extracellular matrix (ECM), stem cell therapy, microenvironment, growth
factor, regenerative medicine

1. Introduction

Stem cells reside within a specific extracellular microenvironment, which consists of a com-
plex mixture of soluble and insoluble, short- and long-range signals [1]. Extracellular matrix
(ECM) to which stem cellsadheresis one of the microenvironmental parameters regulated stem-
cell fates [2—4]. Once moving outside of their niche, stem cells will quickly lose their develop-
mental potential, whichlimitstheapplicationofstemcelltherapy[5]. Besides, mountingevidence
on stem cells and their niche indicates that transplanted stem cells are unable to survive and
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adaptat the site of administration where there islack of functional vascular network to transport
blood, supply oxygen and nutrients, and remove metabolites [6].

Through enhancing cell retention and engraftment after transplantation, modulating stem cell
fate, and promoting functional vasculature formation, co-transplantation stem cells with
natural or synthetic ECM that mimic natural extracellular milieu could be a potentially
powerful tool to break the current bottleneck and maximize the effectiveness of stem cell
therapy [7-9]. These strategies provide considerable hope for the development of stem cell
therapy in degenerative diseases. This chapter will provide the insights into the interaction
between stem cells and ECM, as well as current knowledge and involvement of stem cell
therapy. Moreover, we will discuss the strategy of co-transplantation stem cells and ECM for
tissue regeneration with enhanced therapeutic efficacy.

2. Why extracellular matrix is necessary for stem cell therapy

With the capacity of self-renewal and differentiation, stem cells have shown promising
potential in regenerative medicine and tissue engineering. So far, stem cell transplantation
have been proposed as future therapies for degenerative diseases or injury, including Alz-
heimer's disease [10], type 1 diabetes [11], Parkinson's disease [12], cardiac disease [13], muscle
damage [14] and many others [15-17]. However, some studies showed that stem cell therapy
only had modest improvement, which could be attributed to the fact that transplanted cells
were unable to survive and adapt in the diseased area. For instance, low cell retention and
engraftment and remarkably cell death after transplantation have been observed by using
bioluminescence imaging (BLI) [18].

Though it is not clear what signals and underlying pathways cause the acute donor cell death
following transplantation, increasing evidence suggests that that a supportive microenviron-
ment is of crucial importance for stem cell survival, proliferation and differentiation [5,19]. For
this reason, the strategy to seed stem cells on biomaterials that mimic the biochemical and
biophysical properties of native niche could be a viable solution to the above mentioned
problems [20] and optimize functional recovery of injured tissue (Figure 1). For instance,
Matrigel, a product derived from the Engelbroth-Holm-Swarm (EHS) mouse sarcoma, is one
of the most commonly used plate-coating materials for stem cell culture in vitro and effectively
applied vehicles for transplanted stem cells [21]. Mounting evidence has demonstrated that
Matrigel could affect cell fate in a variety of dimensions [21,22]. However, Matrigel is a complex
with unknown variable matrices and numerous mixed growth factors, which makes it
impossible for us to get further insights into the interplay of stem cells and ECM. Besides,
another reason for safety concern is that Matrigel has been reported contaminated with Lactate
Dehydrogenase Elevating Virus [23]. To avoid these problems, artificially synthetic ECM with
both high purity and defined components in qualitative and quantitative measures for safe
application is strongly demanded [24,25]. Recently, developments in engineered ECM-based
microenvironments have gradually exhibited their ability for directing stem cell behaviours,
such as adhesion, proliferation, and differentiation [26].
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Figure 1. Extracellular matrix(ECM) is necessary for stem cell therapy. A form of apoptosis, called “anoikis”, will be
initiated once interactions between stem cells and ECM are cut off. Re-establish the connection between ECM and de-
tached cells could increase cell viability and promote function recovery of injured tissue [4]. Reprinted by permission
of the publisher.

3. Influence of the extracellular matrix on stem cell behaviour

Extracellular matrix (ECM), acting in conjunction with the biophysical properties and bio-
chemical extracellular stimuli, is critical to regulate stem cell maintenance and differentiation
[27,28]. It has been reported that a form of apoptosis, called “anoikis”, would be initiated when
interactions between stem cells and ECM were cut off [19]. Great effort has been made in an
attempt to detail the mechanisms, which provides some key information for cell-ECM
interplay. For example, recent study investigated changes of genes’ expression after cell
detachment by using PCR Array [2]. In that study, researchers found that adhesion molecules
expression had no significant difference between cultured human embryonic stem cell-derived
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Figure 2. ECM and cell adhesion related gene-expression patterns of hESC-EC at different conditions. Expression of
more than 4-fold changes genes of hESC-ECs in Matrigel compared with hESC-ECs in PBS [4]. Reprinted by permis-
sion of the publisher.
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endothelial cells (hESC-ECs) and enzymatically dispersed hESC-ECs suspended in Matrigel.
However, a series of ECM and adhesion molecules-specific genes was considerably down-
regulated in hESC-EC suspended in PBS (Figure 2). These gene-expression data indicated that
adding ECM to detached cells could reverse genes down-regulation of ECM pathway, cell
adhesion molecules pathway, ECM and adhesion signalling.

3.1. Biochemical stimulus

The assignment of cell fate results from a response to sophisticated extracellular signals [29,30].
There is mounting evidence suggesting that ECM could deliver numerous soluble and
immobilized factors that play vital roles in making the fate choice between self-renewal and
lineage commitment [31]. Further insights and exquisite control of signals transported by ECM
could provide opportunities for enhancing the regenerative efficacy in both in vitro and in
vivo and further accelerating the translation of basic science to the clinical setting.

3.1.1. Release of soluble factors

The propagation of soluble signalling molecules controls a great variety of cellular responses,
including proliferation [32], polarity [33], migration [34], and differentiation [35]. It has been
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Figure 3. Putative model outlining the controlled nitric oxide (NO)-releasing hydrogel enhances the therapeutic ef-
fect of adipose derived-mesenchymal stem cells (ADSCs) for myocardial infarction. Encapsulation of ADSCs by
NO-releasing hydrogel prevented transplanted cells effusing from injection positions. NO molecule released from the
hydrogel catalyzed by (3-galactosidase can facilitate angiogenic cytokines secretion of ADSCs, resulting in promoting
angiogenesis, ADSCs survival and cardiac function. 3-gal, 3-galactosidase [9]. Reprinted by permission of the publish-
er.
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demonstrated that a specific interaction between cells and ECM is required for the ultimate
biological response of soluble molecules [29,36,37]. Interactions with ECM can affect the
responses of cell toward signalling messengers. For instance, insulin-triggered activation of
insulin receptor substrate (IRS) was intensely enhanced in cells cultured on basement mem-
brane than on collagen I, whereas higher levels of tyrosine phosphorylation of the EGF receptor
and Erk was triggered by EGF in cell adhesion to collagen I [36].

In living systems, the coordinated effort among cells, growth factors and ECM is required for
the successful tissue regeneration. The ability of manipulating biological signals transduced
by ECM in a controlled and spatiotemporal manner that mimic the natural regenerative
process could provide specific control over the stem cell-based regenerative therapy [38]. The
potential therapeutic effect of a peptide-based ECM with the capacity of controlled release
nitric oxide (NO), NapFF-NO, was tested in a mouse model of myocardial infarction [9]. The
therapeutic effect of adipose-derived-mesenchymal stem cells (ADSCs) was elevated through
co-transplantation with NapFF-NO and on-demand NO release (Figure 3). Additionally, the
administration of growth factors within the context of the ECM niche could accentuate their
therapeutic effects for tissue repair [39]. It was reported that a recombinant fragment of
fibronectin (FN) could significantly enhance the regenerative effects of growth factors in
models of chronic wounds and bone defects [40].

3.1.2. Immobilized factors

Sustained release and improved local retention of regenerative factors, such as growth factors
and extracellular substances, are required during tissue regeneration [41]. However, these
molecules are suffering from rapid degradation, and therefore they will quickly lose their
functionality and clinical efficacy [42]. Additionally, there is evidence that cellular processes
are also affected by the interactions between cells and non-soluble constituents of the ECM
[43]. For these reasons, immobilization of signalling molecules or functional components to
ECM could be suitable for stabilizing these highly reactive molecules, increasing local
concentration of biochemical stimuli, and increasing the bioactivity of engineered ECM.

A growing number of studies have utilized short synthetic peptides to mimic the biological
properties of full-length growth factors and to substitute parent proteins [44,45]. For example,
insulin-like growth factor 1 (IGF-1) is considered as an essential biochemical stimulus in tissue
regeneration. The C domain of IGF-1 (IGF-1C), a 12 amino acids sequence, had already been
proved as the active region of IGF-1 [46]. IGF-1C has been used as substitute for IGF-1 and
applied into hydrogel biomaterials as biomimetic material for tissue engineering and regen-
erative medicine. The proliferation, apoptosis resistance, and paracrine effects of ADSCs were
significantly enhanced after they were seeded on chitosan (CS) hydrogel with immobilization
of IGF-1C [47]. When co-transplanted ADSCs with CS-IGF-1C hydrogel into ischemic organ,
this biomimetic matrix could create a favourable microenvironment for the survival and
adaptation of transplanted cells and further promote functional and structural recovery of
injured organ (Figure 4).
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Figure 4. Schema of renoprotective effects of ADSCs and synthetic ECM (CS-IGF-1C hydrogel). When co-trans-
planted into AKI model, CS-IGF-1C hydrogel could protect delivered ADSCs, facilitated their paracrine and anti-in-
flammatory effects, and inhibit ECM synthesis in kidney, which result in enhanced angiogenesis, regeneration and
alleviated fibrosis after kidney injuries. Consequently, CS-IGF-1C hydrogel therapy leads to improved functional and
structural recovery of kidney [47]. Reprinted by permission of the publisher.

3.2. Physical interaction

Although it has commonly acknowledged that signals transduced by ECM could direct stem
cell fate, there is increasing evidence that physical properties of ECM could also make a great
impact on cell behaviours [48-50]. Some of these factors are proven to be of great influence,
but we still have a long way to go and a lot of work to do to establish a complete theory. For
example, in response to injury, the accumulation of ECM is excess and abnormal, which would
cause significant changes to the stiffness of ECM and ultimately lead to tissue fibrosis [51,52].

3.2.1. Stiffness and elasticity

To test the effect of different stiffness (EY) on cell behaviors, substrates with EY ranging from
<1 kPa to 30 kPa were synthesized [53]. The results showed that ECM stiffness has influence
on cell proliferation as well as cell differentiation. For instance, neural stem/progenitor cells
(NSPCs) could proliferated on substrates with EY <10 kPa. On soft substrates (<1 kPa), neuronal
differentiation was promoted; whereas, on relatively stiff substrates (>7 kPa), oligodendrocyte
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differentiation was favoured. This consequence indicated that matrix stiffness had effect on
lineage choice and differentiation. In light of previous data that stiffness was a regulator of
differentiation, Shih et al. further explore how matrix affects the osteogenic phenotype of MSCs
[54]. They found that the matrix rigidity promoted osteogenic commitment through a a2-
integrin-ROCK-FAK-ERK1/2 axis.

Fascinatingly, it was observed that mesenchymal stem cells all underwent osteogenic differ-
entiation on both stiff and soft polydimethylsiloxane (PDMS) substrates; whereas, the osteo-
blast differentiation of the same cells was promoted on stiff polyacrylamide (PAAm)
hydrogels, and more cell differentiated into adipocytes on soft PAAm hydrogels [55]. The
different cellular responses to different substrates indicated that stiffness was not an inde-
pendent stimulus for differentiation. Further data provided in this study suggested that the
differentiation of human mesenchymal stem cells on PAAm was also regulated by the elastic
modulus. Consistent with the previous study, Xue et al. reported that matrix elasticity was the
main physical parameter directing stem cell differentiation at low cell density; with increased
cell density, the cell-cell contact force and interactions took priority over the matrix elasticity
[56]. Most notably, although cell differentiation was influenced by elastic modulus, recent
discovery found that matrix-promoted adipogenic or osteogenic differentiation could not
maintain when the cells were re-seeded into tissue culture plastic (TCP) [57]. Furthermore,
global gene expression profiles and DNA-methylation profiles revealed no significant impact
caused by matrix with different elasticity. These results indicated that matrix elasticity only
exerted a transient influence on stem cell lineage commitment.

3.2.2. Ligands and ligand densities

When cells were seeded on ECM with different ligand densities, changes in stem cell viability,
size, and shape provided the direct evidence that ligand immobilized to ECM could not be
easily separated from the biophysical effects of matrix [58,59]. The spatial arrangement of
ligands had a significant influence on MSC behavior [44]. Through manipulating of the ratio
of polystyrene-block-poly (ethylene oxide) copolymers (PS-PEO-Ma) in mixtures of block
copolymer and polystyrene homopolymer, the lateral spacing of RGD (arginine-glycine-
aspartic acid) peptides was under control. With increased lateral spacing, osteogenesis of MSC
was reduced while adipogenic differentiation was increased, which was consistent with the
results of gene expression levels and alkaline phosphatase activities.

Moreover, the type of ligands covalently linked to ECM could also influence stem cell fate
determination. The differentiation of MSCs on different composition of adhesion ligands with
the same concentration was various. MSCs cultured on fibronectin or laminin matrices tended
to undergo adipogenic differentiation; whereas, MSCs cultured on ECM containing collagen
preferred to adopt a neurogenic outcome [60].

3.2.3. Macro/nano-scale topography

Recent development also demonstrated that macro/nano-scale of ECM was another important
physical parameter that could not only change the shape of stem cells but also influence the
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behaviour of stem cells. A preliminary study demonstrated Zyxin played an important role in
nanotopographical feature-facilitated changes in stem cells [48]. On 350 nm grating, expression
of Zyxin was down-regulated, which was associated with the accelerated speed of migration
and the decreased intracellular tension. Likewise, McMurray et al. revealed that modification
in surface nanotopography of thermoplastic polycaprolactone (PCL) would influence intra-
cellular tension, which could maintain the multipotency of stem cells and diminish spontane-
ous differentiation of MSC [61]. Moreover, his current study further illustrated that nanoscale
spatial organization of cell-adhesive ligands bound to ECM could affect lineage commitment
of MSCs [62]. By using nanopatterning techniques, arginine-glycine-aspartate (RGD) was
covalently linked to the surface of poly (ethyleneglycol) (PEG) hydrogels with different
nanospacing. It was interesting to identify that large RGD nanospacing was beneficial for
osteogenesis; small RGD nanospacing was conducive to adipogenesis.

4. ECM augments therapeutic effects of stem cell therapy

Many attempts at cell therapy have employed ECM to improve efficacy for the following
reasons. First, the major obstacle to the application of stem cells, which is known as the
extremely poor survival and engraftment of transplanted stem cells, could be minimized by
co-transplantation stem cells with ECM [51,63,64]. Second, engineered ECM mimicking the
natural stem-cell microenvironments could provide plenty of subtle and instructive cues to
control the fate of both transplanted and endogenous cells, including stem cell self-renewal,
differentiation, and migration [7,65,66]. Taken together, the development of engineered
matrices is promising for the application of stem cells in regenerative medicine.

4.1. Enhance efficacy of transplanted cells

For both experimental studies and clinical applications, transplanted stem cells are commonly
prepared for transplantation as single cells. During this process, interactions between cells and
ECM are lost and adhesion-related survival signals are down-regulated, which could cause a
decrease in cell viability and initiated apoptosis [67]. Fortunately, recent research discovered
that the down-regulated molecules of detached cells could be regained in the presence of
Matrigel [4], which provided a theoretical rationale for using ECM as a protective scaffold to
enhance viability and to stimulate self-renewal of the transplanted cells.

In support of this finding, recent study demonstrated that biomimetic scaffold could protect
the transplanted stem cells, and further promote functional and structural recovery from acute
kidney injury (AKI). Through immobilization of the C-domain of insulin-like growth factor 1
(IGF-1C) to chitosan (CS) hydrogel (CS-IGF-1C), an artificial microenvironment for supporting
growth of stem cells was synthesized. The pro-proliferative, anti-apoptotic, and pro-angio-
genic effects of CS-IGF-1C were demonstrably beneficial for enhancing survival of transplant-
ed stem cells, which could ameliorate renal function [47] (Figure 5).
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Figure 5. CS-IGF-1C hydrogel increases ADSCs viability in vivo. (A) The fate of ADSCs after transplantation was
tracked by molecular imaging. Images are from representative animals receiving 1x10° ADSCs alone, with chitosan hy-
drogel or CS-IGF-1C hydrogel. (B) Quantitative analysis of BLI signals demonstrated that cell survival was improved
by chitosan hydrogel and CS-IGF-1C hydrogel application at all time-points. CS-IGF-1C hydrogel group showed sig-
nificantly better cell survival. Data are expressed as mean + SEM. (C) Representative photomicrographs displayed the
engraftment of ADSCs (GFP, green) within kidneys at day 3 and 14. Proximal tubular epithelial cells were stained by
rhodamine-labeled lens culinaris agglutinin (LCA, red). (D) Quantitative analysis data revealed that chitosan hydrogel
improved cell engraftment and CS-IGF-1C hydrogel further increased this effect. Data are expressed as mean + SEM.
*P<0.05 vs. ADSCs, #P<0.05 vs. ADSCs/CS. (E) Representative images showing the proliferation (Ki-67, red) of trans-
planted ADSCs (GFP, green) in the border regions 3 days after AKI. DyLight 649-labeled LCA staining (cyan) was per-
formed to reveal renal structure. (F) Quantification of the proliferation index of ADSCs. Data are expressed as mean +
SEM. *P<0.05 vs. ADSCs, #P<0.05 vs. ADSCs/CS. (47). Reprinted by permission of the publisher.

Besides, we could attribute the efficacy of stem cell therapy partly to the pluripotency of stem
cells [68,69]. A morphological study of MSCs in collagen type I (Col I) hydrogel and in
interfacial polyelectrolyte complexation (IPC) based hydrogels containing Col I discovered
that cells were neatly arranged and closely packed in IPC- Col I hydrogel [70]. This uniform
arrangement results in notably enhanced commitment to the chondrogenic lineage of MSC,
which could be an attractive source of cartilage equivalents for tissue engineering.

Recently, a variety of studies have demonstrated that decellularized matrix could provide
tissue specific cues for cell growth and lineage commitment [71-73]. Decellularized myocardial
matrix hydrogel, which keeps the original structure and natural heart ECM, is the most
compelling example among these biomaterials. One of the most inspiring finding is that a
mouse heart could contract and beat again after removing its own cells and repopulating the
decellularized whole-heart ECMs (DC-ECMs) with multipotential cells that could differentiate
in response to the signals from the DC-ECMs. Through repopulating decellularized mouse
hearts with induced pluripotent stem cell (iPSC)-derived earliest heart progenitors, the
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recellularized DC-ECMs exhibited myocardium, vessel-like structures, intracellular Ca*
transients (CaiT), spontaneous heart contractions and significant response to numerous drug
interventions [74].

4.2. Support the function of endogenous cells

MSCs could mobilize into circulating blood and be recruited to the injury site, which was
consistent with the evidence that numbers of MSCs were increased considerably in peripheral
blood [75]. Several approaches were used in an attempt to investigate this cell recruitment
event. It was unexpected to find that ECM was indispensable for the homing of MSCs toward
sites of injury [76]. The homing effect could be inhibited through adding inhibitor of serine
proteases and leupeptin to ECM, which illustrated the key role of matrix remodelling in MSC
migration. In addition, evidence also indicated that exposing MSCs to injury-associated ECM
prior to transplantation could augment the efficiency of MSCs’ intrinsic tropism for injury [77].

Asresident stem cells and progenitor cells could be activated to participate tissue regeneration
after injury [78,79], ECM designed for cell seeding should also benefit the growth of host cells
and support the function of endogenous cells. Encouragingly, evidence suggested that host
cells could respond to ECM in the site of injury in vivo. Firstly, immune responses were elicited
in hosts, which was identified by the quickly infiltrated CD68* cells throughout the entire ECM
within 3 days after implantation. Then there were indications of myogenesis in the muscle
injury area, which was confirmed by morphology and myosin heavy chain positive staining
[80].

Furthermore, accumulating data suggested that human mesenchymal stem cells (hMSCs)
could modulate immune system response through their paracrine effect and then create a
pro-regenerative environment in situ. Their paracrine effects could be optimized through
encapsulating hMSCs into protective ECM [81]. The recruitment of endogenous macrophag-
es and the M1/M2 polarization were modulated by the trophic factors secreted by hMSCs,
which was possibly capable of counteracting the hostile environment and sustaining tissue
regeneration. This cell-friendly microenvironment could also be established by administra-
tion of ECM alone. Increased stem cell tropism, revascularization, and improved cardiac
function induced by chitosan-based ECM were observed in ischemic myocardium [82],
which may be attributing to the mechanical support provided by ECM and the therapeutic
biomolecules enriched by ECM [83-85].

5. Future perspectives

The ECM is not only a simple scaffold that provides physical supports for stem cells but also
a dynamic and complex environment that is capable of regulating cell behaviours. Although
the application of natural or synthetic ECM with the aim to enhance therapeutic effects of stem
cells is highly appealing for promoting regenerative processes, issues related to efficiency and
safety limit their translational use as regenerative medicine. Further identifying specific
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biochemical and biophysical properties of ECM and understanding the interplay between stem
cells and ECM will provide knowledge of stem cell biology and fuel the development of
regenerative therapies based on stem cells.
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Abstract

Tissue engineering results from the use of cells and scaffolds to reproduce structural and
spatial organization or function of a tissue. The Production of an ideal engineered tissue
depends on its designed purpose. For clinical applications, the main concerns are
biocompatibility and the generation of a tissue able to mimicmost of its original biological
functions. Moreover, the viability of an implanted tissue is associated with its stability to
support vascular networks. This chapter summarizes the theory of the self-assembly
approach for tissue engineering. Adjustments and modifications in stromal thickness and
extracellular matrix composition for various self-assembled tissues are discussed.
Methods developed to generate tissue closely mimicking the native morphology and
structure, toincorporate capillary-like networks, and to reduce production time and costs
are also reviewed. The self-assembly technique leads to the production of a stroma free
of exogenous material and can be adapted to generate fastest, inexpensive, and near-to-
native tissue bioengineering for medical and fundamental research applications.

Keywords: Tissue engineering, Self-assembly, Stroma, Epithelial cells, Endothelial
cells
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ASC Adipose tissue-derived stem cells

EC Endothelial cells

ECM Extracellular matrix

HA Hyaluronic acid

HMVEC Human microvascular endothelial cell
HUVEC Human umbilical vein endothelial cell
L-Arg L-arginine

LOX Lysyl oxidase enzymes

LOXL Lysyl oxidase homologues

LPA Lysophosphatidic acid

MMP Matrix metalloproteinases

MSC Mesenchymal stem/stromal cells

NG2 Neuron glial-2

PLGA Poly-lactic-co-glycolic acid

SVF Adipose stromal vascular fraction
TGEF-B Transforming growth factor-beta
TIMP Tissue inhibitors of metalloproteinases
VEGF Vascular endothelial growth factor
2D Two-dimensional

3D Three-dimensional

1. Introduction

The extracellular matrix (ECM) is present within all tissues and organs. It constitutes the
noncellular microenvironment around the cells that plays an important role in modulating their
behavior and functions [1]. This elaborated milieu is very dynamic and extremely adaptable [2—
4]. ECM is composed of several components that include proteoglycans, as well as collagen
proteins and noncollagenous glycoproteins. Each component has several subcategories of
molecules that influence the ECM physical and biochemical properties [5].

1.1. ECM deposition and assembly

The homeostasis of epithelial tissues depends on a dynamic interaction of the stroma compo-
nents, such as fibroblasts, adipocytes, and nonactivated immune players [6]. In fact, fibroblasts
were reported to secrete and organize type I and type III collagens, elastin, fibronectin,
tenascin, and a repertoire of proteoglycans (hyaluronic acid (HA) and decorin), that maintains
interstitial ECM integrity [7]. The ECM is constantly remodeled to allow the healthy tissue to
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resist to a wide range of tensile pressures [8, 9]. This remodeling occurs through the synthesis
of elastin, which originates secreted tropoelastin, the precursor of elastin, that assembles into
fibers and becomes cross-linked on lysine residues by members of the lysyl oxidase (LOX)
enzymes and lysyl oxidase homologues (LOXL) molecules [10]. LOX and LOXL catalyze the
first step in the formation of collagens and elastins, a very conserved process that plays an
important role in cell growth, chemotaxis, or sprouting of new blood vessels [11, 12]. On the
one hand, coordinated secretion of matrix metalloproteinases (MMPs) by fibroblasts mediates
ECM remodeling [13]. On the other hand, the mesh networks are counterbalanced by tissue
inhibitors of metalloproteinases (TIMPs) [14] or by other enzymes such as LOX molecules and
transglutaminases that stiffen the ECM [10].

2. Cellular players and ECM production
2.1. Mesenchymal stem/stromal cells

Adult mesenchymal stem/stromal cells (MSCs) are found in all postnatal organs and tissues,
and they play important functions in tissue injury repair and general homeostasis [15]. These
cells are one of the principal adult stem cells and the most promising tool for regenerative
medicine because of their sustained proliferative capacity and their multipotent differentiation
potential [15-17].

2.1.1. Fibroblasts

Fibroblasts are nonterminally differentiated mesenchymal cells derived from the embryonic
mesoderm [18]. They are found in the connective tissue, a tissue that supports the whole body.
Fibroblasts are spread in the ECM containing fibrous proteins and gel-like substances. In fact,
fibroblasts produce the ECM proteins, such as fibrous collagen and elastin, as well as adhesive
proteins such as laminin and fibronectin. Fibroblasts are also the major source of glycosami-
noglycans (hyaluronan and glycoproteins) [19]. Interconnecting meshworks of extracellular
protein fibers and connector proteins provide the architectural tissue structure. Moreover, this
milieu forms the connections needed for cellular migration of fibroblasts, immune cells, and
endothelial cells (ECs) during angiogenesis [19].

Most tissues are composed of a simple or multiple layers of epithelial cells that exhibit an
apical-basal polarization. The basal part is in contact with the basement membrane, whereas
the apical side is oriented toward the fluid-filled lumen [20]. Fibroblasts form a basement
membrane, composed of a layer of basal lamina and a layer of reticular lamina. This basement
membrane serves essentially as a structural scaffold that maintains the dynamics of a three-
dimensional (3D) engineered tissue. It is also critical for tissue regeneration in wound healing
and acts as a cell barrier. The basement membrane acts as a cell barrier by segregating epithelial
cells from endothelial cells (ECs), thus preventing tumor invasion or metastasis.

343



344 Composition and Function of the Extracellular Matrix in the Human Body

2.1.2. Myofibroblasts: functions and origins

Myofibroblasts, or activated fibroblasts, are contractile, resistant to apoptosis and have an
upregulated rate of matrix deposition. They also express different cytokine and chemokine
receptors that enable fiber regulation and wound contraction at injury sites [21-24]. In this
sense, activated fibroblasts not only favor wound healing, but can also cause injuries when
their activation is uncontrolled, producing a pathological fibrotic response [25, 26]. The
precursor of myofibroblast is not precisely known, but many cells can differentiate into
myofibroblasts through different signaling pathways or gene regulation. Some of these
precursors include epithelial cells, ECs, pericytes, multipotent monocytes, and fibroblasts.

2.2. Adipose tissue—-derived stem cells

Fat is an abundant and accessible source of stem cells. Adipose tissue—derived stem cells
(ASCs) include preadipocytes, and a subpopulation of stromal cells able to differentiate into
multilineages, including neuronal cells, chondrocytes, and osteoblasts [27, 28]. Moreover, these
MSCs are able to secrete cytokines and growth factors promoting regenerative processes
because they can influence cell recruitment, proliferation rates, or inhibit apoptosis [29, 30].
ASCs extracted from liposuctions can be expanded in culture and used as building blocks for
tissue engineering. Both connective and adipose tissues were engineered in vitro using ASCs
[31-33]. Both allogeneic and xenogeneic ASCs can be transplanted in patients regardless of
their immunocompatibility and without the need of immunosuppression therapy, making
them an unlimited source for regenerative medicine applications [34].

3. Tissue engineering history and techniques

As medical treatments and expanded lifespan expectancies in both males and females have
improved, the number of individuals waiting for organ transplants or blood vessel bypasses
is constantly increasing but the availability of organs does not often match the demand. To
circumvent this shortage in organ and tissue supplies, many efforts in cell culture methods
were deployed to engineer tissues that could be used as an alternative therapeutical option.

3.1. Self-assembly technique

The self-assembly technique is based on the ability of MSCs to secrete and organize their own
ECM to produce sheets. This tissue engineering method allows the production of autologous
living tissues, free of exogenous biomaterials [35-37]. The self-assembly technique has
exploited the inherent characteristics of MSCs to produce ECM. For instance, it was well
documented that ascorbic acid, a vitamin C derivate, promotes collagen protein synthesis and
deposition of sulfated glycosaminoglycans in human skin substitutes [38]. Once fibroblasts
supplemented with ascorbic acid are cultured for 21-35 days, they form sheets of matrix where
stromal cells are embedded within [35]. These sheets can be peeled from the culture dish and
superimposed. The superimposed layers are maintained for an additional week for further
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cell-matrix reorganization and layer fusion (Figure 1A). Holes can be made in the multilayer
dermal equivalent and hair follicles can be added to mimic the presence of native skin
component. An additional culture time is required before seeding keratinocytes. Thereafter,
the skin equivalent is maintained for 21 days at an air-liquid interface to induce the cornifi-
cation of the epidermis [36, 39].
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Figure 1. Schematic representation of self-assembled tissues. A) The classical self-assembly technique requires stack-
ing of three fibroblast (Fb) cell sheets that are cultured for 4 weeks in the presence of ascorbic acid. Sheet fusion lasts 4
to 7 days. B) After 4 weeks of Fb cultures, the stroma is seeded with endothelial cells (ECs) and then a fusion set is
carried on to generate endothelialized tissues. C) Modification to the self-assembly technique consists of an initial Fb
culture for 2 weeks followed by an additional Fb reseeding. The culture is maintained for an additional 2 weeks before
using the stroma without stacking. D) Fb and EC are co-seeded in order to generate endothelialized tissues with a 3D
capillary-like network.

3.1.1. Engineered human skin substitutes

One of the great breakthroughs in medicine was achieved by engineering human skin
substitutes for grafting purposes. Self-assembled skin substitutes were generated by extracting
the patient’s own cells, thus avoiding immunological incompatibility problems upon grafting.
These skin substitutes were characterized and showed a fully differentiated epidermis,
structural and morphological resemblance to native human skin. Moreover, these in vitro
engineered tissues were able to deliver cytokines, chemokines, and growth factors at the
grafted site, improving the wound closure [36, 40—43]. Because of all these characteristics, self-
assembled human skin is clinically used for wound healing and burn treatments [44, 45]. Self-
assembled skin substitutes possess a near-to-native architecture and maintain their cell growth
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potential and matrix deposition. Therefore, these equivalents are free of exogenous material,
cytotoxicity, and have clinically reduced morbidity in burnt patients (reviewed in Refs. [46, 47].

Over the years, self-assembled skin substitutes were also produced from extracted cells of
patients having psoriasis [48]. The reconstructed tissues from psoriatic donors represent an
ideal model to study one of the most common human skin diseases. In fact, this model outlines
the excessive growth and aberrant differentiation of keratinocytes. It offers a reliable in vitro
mean to measure the efficacy of appropriate treatments, perform tests directly on human
primary cells, and avoid animal use [48-52]. Furthermore, self-assembled skin substitutes were
used to extensively characterize cellular and molecular players involved in the pathogenesis
of hypertrophic scars and scleroderma [53-55]. More recently, a skin substitute derived from
patients diagnosed with amyotrophic lateral sclerosis (ALS) was similarly generated. As one
of the early perturbations in ALS patients is skin alterations that often precede the neurological
symptoms, this human skin model is designed to better identify disease-specific biomarkers
and early diagnostic tools to monitor disease progression [56].

3.1.2. Cardiovascular tissues

The self-assembly technique was customized to engineer human blood vessel that displayed
excellent physiological and mechanical properties without the need for any exogenous scaffold
[35, 57]. Blood vessels are constituted of a functional endothelium seeded onto an internal
membrane of human skin fibroblasts. In order to mimic the shape of a blood vessel, a smooth
muscle cell (SMC) sheet is first rolled, followed by the fibroblast sheet around a cylindrical
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Figure 2. Vascular self-assembled tissue. A) A sheet of smooth muscle cells (SMC) (first) and a sheet of fibroblasts
(Fb) (second) are rolled around a cylindrical support after 4 weeks of culture. The construct is allowed to fuse and ma-
ture in a bioreactor. B) Modification to the technique shown in (A) consists of co-seeding SMCc and Fb each at an ex-
tremity of the same sheet, which is rolled around a cylindrical support after 4 weeks of culture and then allowed to
fuse and mature in a bioreactor.
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support, and cultured until fusion (Figure 2A). Analyses of these in vitro engineered vessels
confirmed the presence of numerous ECM proteins (collagen types I, III, IV, laminin, fibro-
nectin, and chondroitin sulfates) and a functional endothelium [35, 58, 59].

Progress in developing self-assembled valves was reported over the years [60, 61]. Valve
leaflets made of self-assembled tissue sheets can organize into a characteristic three-layer
structure featuring appropriate dynamic fluidics [60]. This tissue remains to be grafted into
living recipients in order to assess in vivo survival and behavior of the transplanted valve.
Nevertheless, this stentless bioprosthetic offers a great alternative to artificial valves for
cardiovascular surgeries [60, 61].

3.1.3. Cornea

Corneal tissue engineering was developed in an attempt to cure corneal opacity by replacing
the damaged area with a clear substitute. Proulx et al. [62] generated a self-assembled three-
layer equivalent of human cornea. These substitutes presented near-to-native stromal,
endothelial, and epithelial morphology with an intact basement membrane filled with laminin
V and collagen VII proteins. The differentiated epithelial layer had defined basal and wing
cells that expressed Na'/K* ATPase al protein, keratin 3/12, and basic keratins. This human
cornea model was also used to study the pattern of MMP genes expression during corneal
wound healing [63].

3.1.4. ASCs for the production of adipose tissues and other connective tissues

Adipose cell sheets can be generated in vitro using the self-assembly technique supplemented
with ascorbic acid and adipogenic differentiation factors. These sheets share many adipocyte
features [64]. ASCs have the ability to respond to media composition and motion allowing
them to be an optimal cell type for tissue engineering. Using the self-assembly technique, fully
autologous vascular tissues were also engineered from ASCs in vitro, with an organized
structure and matrix components [65]. Other studies showed that ASCs could be used to
bioengineer near-to-native skin [31] and bladder mucosa equivalents [66] in vitro.

3.1.5. Urogenital tissues

In vitro reconstruction of a bladder substitute using the self-assembly technique was first
documented by Magnan et al. [67], where a single porcine biopsy was processed and allowed
the generation of an endothelialized bladder equivalent. Subsequently, seeding urothelial cells
on a dermal fibroblast stroma generated tubular urethral grafts for in vivo replacement. To
mimic in vivo tissue architecture, the engineered construct was placed under perfusion in a
bioreactor [68]. ECs were also added to the model [69]. The human tissue—engineered bladder
model can be used to screen common prescribed medicine. For instance, this model was used
to study ketamine, an anesthetic agent and a drug used in chronic pain management, which
is excreted in the urine. The drug application on the 3D bladder model showed that ketamine
directly damages the urothelium, especially the structure and the interconnections that
characterize the intermediate epithelial layers, by inducing apoptosis [70].

347



348 Composition and Function of the Extracellular Matrix in the Human Body

4. Improvements of stromal thickness and mechanical properties of self-
assembled tissue

The self-assembly technique has great therapeutic potential because it uses autologous cells
that produce their own ECM, thus reducing allogeneic graft rejection. Although the self-
assembly approach is suitable for clinical applications, the time required for tissue reconstruc-
tion and the costs are important drawbacks hindering its wider use. Hence, many strategies
to reduce tissue reconstruction time and the cost associated with cell culture were investigated.
Efforts to stimulate collagen deposition and matrix reorganization are detailed in this section.

4.1. Mechanical stimulation

Mechanical stimuli induce major biological modifications in the organization of the cells
cytoskeleton and their ECM composition [71, 72]. For instance, the mechanical stimulation of
blood flow induces the realignment of collagen fibers and strengthening of the tissue [73, 74].
At the molecular level, these changes are triggered by the activation of mechanoreceptors such
as the ones containing the Arginyl-Glycyl-Aspartic acid attachment site that bind to integrins
[75]. This mechanical stimulation often results in activation of extracellular signal-regulated
kinase, ERK, and the c-Jun N-terminal kinase, JNK, signaling pathways that will induce cellular
responses in order to adapt to new environments [75]. In some studies G-proteins seem to be
also involved in the molecular signaling [76]. In response to mechanical stimuli, cells can also
secrete growth factors such as transforming growth factor-beta (TGF-f3) [77] that will exert
paracrine or autocrine functions. Furthermore, cells can secrete and/or activate latent MMPs
and other proteases [78, 79], which affect the balance between synthesis of ECM elements and
their degradation. Accordingly, fibrosis was observed in mechanically overstimulated settings
emphasizing that increased collagen deposition rates need to be controlled in order to remain
reversible [80].

4.1.1. Improved blood vessels generation

The quality of engineered vascular tissues can be improved in a bioreactor by applying the
appropriate laminar/cyclic flow. Other modification to the self-assembled blood vessel
generation, such as co-seeding fibroblasts and SMCs, each at their respective half of the same
sheet, before rolling around a cylindrical support [81] (Figure 2B) was reported. The fully
autologous vascular substitutes possess high-grade mechanical strength to sustain
engraftment and are readily available when needed without any immunosuppressive
treatments [81-83].

4.1.2. Specific culture surface can influence fiber alignment in engineered tissues

Tissue functions can be improved using microstructured surfaces that control the interactions
between cells and the ECM. With the use of a specific surface topography on an elastomeric
material, it was observed that the first cell layer followed the same patterns and orientation as
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the material. Subsequently, this orientation influenced the second cell layer to follow a
physiologically similar alignment mimicking the structure of the native tissue. Furthermore,
secreted ECM followed cell orientation in every layer, resulting in very well-structured self-
assembled sheets for cornea, vascular, and dermis. A micropatterned surface on which cells
are seeded have the capacity to generate multiple layers, in which cells and the ECM sponta-
neously organize in patterns consistent with the original tissue [84].

4.1.3. ASCs cultures in dynamic conditions

In order to reduce culture time required for tissue production, human ASCs were used to
replace dermal fibroblasts in some self-assembled tissues. Self-assembled stromas generated
with dermal fibroblast or ASCs can be subjected to static or dynamic conditions [85], as they
can be mechanically stimulated on a 3D shaker platform. Dynamic culture conditions increased
(1.5- to 2-fold) the thickness of tissues derived from ASCs compared to static conditions.
Moreover, culture time could be reduced in dynamic conditions. Yet, mechanical properties
of these tissues were not measured.

4.2. Enzymatic reactions and chemical stimulation

Although ascorbic acid is an essential element that contributes to collagen deposition, an
increase in its concentration does not lead to enhanced collagen deposition. Ascorbic acid is
an enzymatic cofactor of prolyl- and lysyl-hydroxylase [86], and its action reaches a plateau
when these enzymes achieve their peak of activity. Independently of its role as a cofactor,
ascorbic acid is responsible for a certain level of collagen secretion in fibroblast cultures, until
itreachesits biological limits [87], albeit it can be toxic for fibroblasts if present in high dose [23].

Chemical inhibitors of MMP could also increase ECM production by restricting the extent of
protease activity. Among them, galardin was used to produce self-assembled tissues and it
significantly increased the thickness of treated tissues [54]. Currently, the cost associated with
the use of galardin is too expensive to be a promising solution.

L-arginine (L-Arg) is converted in ornithine followed by glutamine semialdehyde and finally
proline, an important amino acid that is metabolized during collagen synthesis. L-Arg
supplementation to culture media was evaluated, when the stroma was produced using the
self-assembly method. Although an increase in collagen synthesis and secretion (20% more
collagen type-I) was observed, collagen deposition remained unchanged when compared to
controls [88]. A plausible explanation would be that enzymes involved in collagen matura-
tion were not sufficient to process the surplus of this amino acid in vitro.

4.3. Biological stimulation

Biological stimulation of ECM deposition in the field of tissue engineering is a challenge. This
complexity is due to pleiotropic roles of multiple bioactive agents and their subtle effects,
which could appear after a long period of time, for instance after tissue implantation. In
contrary to monolayer culture studies in which experiments rarely exceed days, tissue
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engineering methods can be carried out for months, especially if it involves in vivo implanta-
tion. Many proteins, peptides, and lipids can be used to stimulate collagen synthesis and
deposition. Most of them are involved in fibrosis and need to be carefully handled to avoid
production of pathological-like tissue.

4.3.1. Polysaccharides

Beta-glucans constitute a family of carbohydrates that stimulates fibroblasts to produce
collagen [89, 90]. For instance, laminaran, a glucan from Saccharina longicruris seaweed,
increased collagen secretion when added to dermal fibroblast culture [91]. An increase in
collagen synthesis and secretion was observed in self-assembled tissues. Moreover, thicker
stroma could be obtained without significant increase in cell proliferation and alpha-smooth
muscle actin content, a hallmark of fibrosis [92]. The authors argued that the aggregation
properties of laminaran triggered a net increase of collagen secretion without inducing a
fibrotic phenotype [92, 93].

Tissue engineering often relies on glucose-rich media because glucose is the primary source
of energy that allows MSCs to produce ECM compounds. Advanced glycation end-products
(AGE) result from glucose metabolism and are found in elderly tissues or in diabetic patient
tissues [94]. Unfortunately, the glucose concentration used during the production of most self-
assembled tissues is too high. Consequently, it was reported that AGE are involved in the
process of skin aging, which has an impact on mechanical and biological parameters [95]. New
approaches to circumvent this issue are currently being developed and should generate
promising alternatives.

4.3.2. Insulin and hypoxia

In addition to mediating glucose entry in cells, insulin also plays an active role in collagen
synthesis and deposition [96]. Insulin has a long history of safety use for human therapies and
microencapsulated insulin-secreting cells in hydrogels can improve collagen fiber density in
diabetic mouse models [97]. Poly-lactic-co-glycolic acid (PLGA) alginate structure that releases
insulin in rats was also found to increase collagen deposition and maturation [98]. In a clinical
setting, wound healing is problematic for diabetic patients because their insulin metabolism
is altered. Also, their tissues are less irrigated because of microvascular network changes
caused by the loss of ECs. When capillary networks are altered, the surrounding tissues
undergo hypoxia. In such an environment, fibroblasts change to a fibrotic phenotype. Fibrosis
is induced by factors that are released by damaged ECs [99], as well as by other unknown
mechanisms [96, 100]. Insulin and hypoxia exert a synergic effect on self-assembled tissues.
They increase collagen deposition as demonstrated by tests on human and animal cell
cultures [101] (unpublished data). Nevertheless, long-term effect of hypoxia exposure (more
than 2 weeks) induced acidification of the cell culture medium and a thinning of the engi-
neered tissues [102]. Hence, cyclichypoxia seems a better alternative than constitutive hypoxia
because it produces thicker tissues in vitro.
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4.3.3. Adenosine

Adenosine and other derivatives have been used to enhance the rate of wound healing [103].
Their receptors were also found to be involved in fibrosis. Activation of A,z-adenosine
receptors resulted in an increase of collagen synthesis and a decrease in MMP-9 activity [104,
105]. This molecule was successfully tested to produce rabbit tissues by the self-assembly
approach [101]. Effects of adenosine on human cultures remain to be evaluated.

4.3.4. Lysophosphatidic acid

Lysophosphatidic acid (LPA) is a bioactive lipid found in blood. LPA binds to its receptors at
the surface of many cells and activates pathways leading to proliferation, migration, and
secretion of cytokines. LPA expression is upregulated in disease conditions such as in fibrosis
and cancer or cancer [106, 107]. As LPA is naturally present in human blood, it was used in
vitro and approved by regulatory agencies. LPA-cultured fibroblasts showed increased
collagen type-I and fibronectin deposition in a dose-dependent manner that could be com-
pletely reversible. No adverse effects were noted: alpha-smooth muscle actin was not
overexpressed and cell proliferation rates remained normal [108]. Thicker stroma and
enhanced collagen deposition kinetics suggested that the production time could be reduced
by 25% when LPA was added to the cell culture medium.

5. Bioengineering substitutes that resemble native tissues

Classical self-assembly technique involves sheet stacking in order to generate a tissue with
sufficient mechanical strength. The superimposition of sheets Influences cell distribution.
Although fusion of all sheets occurs following sheet stacking, a pattern at the site of each sheet
fusion remains visible. Epithelial cell seeding has been noted to reduce sheet demarcations
after sheet stacking. Nevertheless, different layers are visible in the 3D self-assembled tissue,
Which does not correspond to native stroma architecture and weakens tissue mechanical
strength [31, 66, 85, 88]. To outwit this issue, a newly reseeding self-assembly protocol was
elaborated and allowed a more uniform distribution of cells throughout the tissue without
delineation marks [88].

5.1. Reseeding self-assembly technique

Ascorbic acid triggers collagen deposition that reaches a plateau level after 2 weeks of
fibroblast culture [88]. This time period also correlates with the thickness reached by self-
assembled tissue [85]. When fibroblasts reach confluence, the cells begin to secrete and deposit
collagen to form the ECM, a step that lasts 2 weeks before collagen synthesis rate decreases.
These observations led to the generation of engineered tissues by reseeding of cells instead of
sheet stacking (Figure 1C). The new reseeding approach is based on the fact that a second layer
of fibroblasts seeded onto the first sheet will concomitantly induce a transitory peak of MMP
activity and a boost of collagen secretion. The fibroblasts in the first sheet play a role in this
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remodeling, and after an additional 2 weeks of culture, the reseeding process results in the
generation of a stroma with the same thickness as the one obtained by classical stacking of
three sheets produced without reseeding. This dense stroma supported the development and
maturation of the epithelium [88]. The reseeding technique offers a remarkable alternative to
the classical self-assembly protocol because it is faster and it reduces costs associated with
extensive culture medium consumption as well as material [88] (Figure 3).
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Figure 3. Graphical illustration of the improvements to the self-assembly technique (SS) when reseeding of cells
(RS) is applied. Reseeding allows the reduction of costs, handling time, and incubator space requirements throughout
the steps of cell culture.

5.2. Organ-specific stroma

Over the years, it has been shown that the origin of mesenchymal cells has a direct impact on
the quality of bioengineered tissues. Carrier et al. [109] showed that reconstructed human
cornea substitutes had great macroscopic and histological differences; especially in the corneal
epithelium thickness and differentiation whether dermal fibroblasts or keratocytes (corneal
fibroblasts) were used to produce the ECM. Constructs made with dermal fibroblasts were less
transparent and lacked ultraviolet absorption characteristics compared to corneal tissues
which were produced using autologous keratocytes [109]. The importance of this cross talk
was further evaluated by mass spectrometry analyses performed on human stromal and
epithelial layers of corneal substitute. Not only is the origin of mesenchymal cell important,
but a fully differentiated and stratified epithelium is required for appropriate ECM synthe-
sis and organization. This reciprocal regulation between the ECM and epithelial components
is initiated as epithelial cells adhere to the stroma, they emit a continuous signal that medi-
ates ECM remodeling accordingly [63].
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Modifications to the original protocol have generated near-to-native self-assembled bladder
and urethral human tissues. Many improvements include mechanical stimulation [68], the use
of autologous human stromal cells, urothelial cells, urine[110, 111], and a new proposed
reseeding technique of stromal cells [88]. In particular, the absence of an air/liquid interface
and the presence of urine allowed the new bladder mucosa model [110] to be continuously
cultured in submerged conditions. Consequently, these modifications generated a bladder
model that preserved the best urothelial cell properties and uroplakin distribution [110, 111].

5.3. Importance of blood vessels for tissue homoeostasis

Blood vessel formation can occur through two distinct mechanisms: angiogenesis and
vasculogenesis. Vasculogenesis involves the recruitment of progenitors of ECs from the bone
marrow, which leads to the formation of a vascular plexus de novo, whereas angiogenesis
occurs when pre-existing vessels form new branches or sprouts [112, 113]. Finally, inoscula-
tion of a tissue is the anastomosis of the pre-established capillary-like network within the graft
or engineered tissue with the host’s vasculature [114].

ECs are in a stable quiescent state, however, they can become activated upon angiogenic
stimuli in engineered tissues [115]. For instance, in response to conditions, such as tissue
ischemia or chronic hypoxia, new collateral vessels can grow. Endothelium proliferation is
stimulated by growth factors such as vascular endothelial growth factor (VEGF) that induce
sprouting of new blood vessels. Additionally, proangiogenic signals increase MMP activity
that prompts ECs to break apart their basement membrane allowing sprouting [116].

5.3.1. Vascularization strategies in tissue engineering

ECs are a promising angiogenic cell source for therapeutic vasculogenesis because they have
the potential to proliferate and rearrange themselves into functional capillary-like networks.
Human umbilical vein endothelial cells (HUVEC) are an important source of ECs widely used
in vasculogenesis [117]. Advantages of this cell type use are the noninvasive cell source, the
profusion of medical wastes, and the impressive source of ECs in umbilical cords and placental
tissues. Although the therapeutic use of HUVECs is limited because of their allogeneic nature,
they remain a valuable EC source for basic and applied research needs [117].

To overcome this issue, the potential of ASCs for their differentiation into ECs was explored.
Isolated adipose stromal vascular fraction (SVF) from white human adipose tissue is rich in
adult stem cell populations, including EC progenitors. Freshly harvested SVF containing
mixed white adipose stromal cells and white adipose ECs was cultured in 3D collagen
hydrogels. Within the first week, the culture showed a formation of capillary network with
continuous lumen [118], and after 3 weeks it gave rise to a functional 3D vascularized skin
substitute that responded well to implantation in mice. This experiment demonstrates the
synergy of vascular and stromal cells in blood network formation de novo. Hence, white ASCs
Demonstrate promising results with minimal cell handling. Finally, human microvascular
endothelial cells (HMVEC), which originate from small superficial capillaries, also represent
a promising avenue for tissue endothelialization. These cells have been incorporated in in vitro
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models using the self-assembly method and formed vascular networks with lumen [115].
HMVECs are an easily accessible source because they can be derived from a skin biopsy or
any other tissue. The use of HMVECs could be particularly suitable for therapeutic applica-
tion because it is best adapted for organ specific reconstructs.

5.3.1.1. Vascularization of self-assembled tissues

The co-culture of dermal fibroblasts and keratinocytes with HUVEC on a chitosan/collagen
sponge showed the establishment of a capillary-like network similar to the microvasculature
found in vivo [119]. Prevascularization of tissues prior to implantation has yield impressive
improvements in regenerative medicine. In 2005, human endothelialized reconstructed skin
models revealed an important reduction in the delay of functional vascularization after
implantation in mice. Early signs of vascularization were observed in the endothelialized
human skin grafts within 4 days following tissue implantation, as opposed to 14 days in the
nonendothelialized reconstructed skin. Mouse blood vessels were only detected after 14 days
in both models demonstrating that neovascularization is a latter process. The uniform
distribution of ECs across the reconstruct ensures adequate perfusion of the entire graft. The
colocalization of human and host mouse ECs inside a human capillary within the graft suggests
the formation of chimeric microvessels and confirms inosculation between both microvascu-
lar networks [114] (later confirmed in Gibot et al. [120] generated self-assembled tissue).

The progress of endothelialized tissue-engineered dermal substitutes lead to the introduc-
tion of a new in vitro model of capillary-like network formation in self-assembled skin
substitutes without the use of an exogenous scaffold. In this approach, stromal sheets, formed
by culturing dermal fibroblast during 4 weeks, were seeded with ECs. To generate the 3D skin,
two endothelialized stromal sheets were stacked and allowed to fuse [121] (Figure 1B).
Although a capillary network was observed, the fact that ECs were seeded in a single plane
orientation, on top of the stromal sheets, resulted in a vascularized skin model with mainly a
2D vascular network rather than a 3D network. In order to provide the reconstructed skin with
the optimal 3D capillary network, ECs were co-seeded with fibroblasts (Figure 1D). Incorpo-
ration of ECs in the reconstructed model using the reseeding technique produced a capillary-
like network with increased tissue elasticity and mechanical strength [88]. Moreover, because
fibroblasts were seeded at high density, ECM was readily generated and allowed the dermal
stroma to be rapidly embedded with ECs [88].This vascularized stroma had pericyte-like cells
that expressed the neuron-glial 2 (NG2) marker, which characterizes the surrounding of
capillary-like structures.

6. Conclusions

The self-assembly approach is used to generate several tissues for fundamental and clinical
research applications. Over the years, adjustments to the stroma elaboration protocols and
especially the ECM generation were proposed to improve the quality of the bioengineered
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substitutes. As one of the main objectives is to reduce the production time and costs, mechan-
ical, biological, and chemical modifications were also introduced. Organ-specific ECM was
associated with a better epithelial differentiation and an overall tissue architecture that closely
mimics native tissues. To improve clinical applications, endothelialized tissues were generat-
ed and grafted with better survival and functions compared to nonvascularized substitutes.
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