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Mecanotransducdo é a resposta e/ou a producdo de um estimulo mecanico
exercido sobre ou por células, que é acoplado a sinais bioquimicos. As células
estdo rodeadas por matriz extracelular (ECM) que tem propriedades
mecanicas e de composicdo especificas, dependendo do tecido. Estes
componentes ligam-se a integrinas e activam-nas, resultando em sinalizacdo
intracelular que envolve o citoesqueleto de actina e proteinas motoras. Em
doencas neurodegenerativas, sdo observadas modificagcGes na composi¢do da
matriz extracelular e da sua rigidez que pode resultar na inibicdo de
diferenciagao de oligodendrécitos e de remielinizagdo das areas afectadas. Os
oligodendrécitos (OLs) sdo células do sistema nervoso central (CNS)
responsdveis pela producdo de mielina. A sua diferenciacdo é modulada por,
entre outros fatores, proteinas presentes na matriz extracelular como
laminina e fibronectina e pela rigidez do substrato.

As células sdao também sensiveis a rigidez do substrato quando cultivadas in
vitro. De forma a mimetizar essa componente mecanica, foram criadas
plataformas de poli-acrilamida como substrato com rigidez definida, tendo em
consideragdo o tecido que pretendemos mimetizar - o cérebro. Estas
plataformas foram funcionalizadas com proteinas da ECM ou pequenos
péptidos presentes nessas mesmas proteinas, permitindo estudar e modular a
influéncia destes mesmos fatores na diferenciagdo celular, em contraste com
condicbes de cultura standard.

A principal novidade deste estudo consiste na manutencdo e diferenciacdo de
oligodendrécitos in vitro utilizando um substrato compativel e definido. Foram
para isso utilizados péptidos derivados da laminina-alfa2, que promoveram a
adesdo e diferenciacdo das células. Este estudo exploratdrio sugere que os
péptidos sob estudo tém potencial para ser utilizados no futuro na modulagdo
da diferenciacdo de células primarias e perceber qual o papel destes nas vias
bioquimicas intracelulares envolvidas.
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Mechanotransduction is the response to and/or the production of mechanical
stimuli exerted upon, or by cells, that is coupled to biochemical signals. Cells
are surrounded by extracellular matrix (ECM) which has specific mechanical
properties and composition depending on the tissue. These components bind
to and activate integrins, which results in intracellular signaling that involves
the actin cytoskeleton and myosin motor proteins. In neurodegenerative
diseases, modifications occur in the ECM composition and rigidity that seem to
inhibit oligodendrocyte differentiation and remyelination of the affected area.
Oligodendrocytes (OLs) are the myelin-producing cells of the central nervous
system (CNS). OL differentiation is modulated by, among other factors, ECM
proteins like laminin and fibronectin and by substrate rigidity.

Cells also sense substrate stiffness when cultured in vitro. In order to mimic
this mechanical component, polyacrylamide platforms were created with
defined stiffness, considering the stiffness of the target tissue relevant for this
study — the brain. These platforms were functionalized with ECM proteins or
small peptides (derived from ECM proteins), that allow to study the impact of
these factors on cellular differentiation, in contrast with standard cell culture
conditions.

The main achievement in this study was to maintain and differentiate
oligodendrocytes using a fully defined compliant substrate. Several peptides
derived from the laminin-alpha2 chain were used, to provide adhesion to the
cells and allow their differentiation. This exploratory study suggests that the
peptides under study have a potential to be explored in the future using
primary cells and fully evaluate their capacity to modulate oligodendrocyte
differentiation, namely to understand which biochemical pathways are
involved.
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I.1. Central Nervous System (CNS)

1.1.1. Overview
Neurons and glial cells are the constituents of the central nervous system (CNS). The
neurons are the cells responsible for the nerve impulse transmission. Glial cells include
‘macroglia’ (derived from the neural tube) and ‘microglia’ (derived from hematopoietic
precursors). The resident macrophages of the CNS, known as ‘microglia’, are essential for
immune surveillance and defense. The two major macroglia cells types are astrocytes and
oligodendrocytes (Kessaris et al., 2008). The first visualization of these cells was a century
ago by Andriezen and colleagues (Andriezen, 1893). Furthermore, it is known that glial
cells play an important role in the homeostasis of the CNS. Oligodendrocytes are
responsible for formation of myelin sheaths around CNS axons. On the other hand,
astrocytes are responsible to provide structural support to CNS neurons, interact with
blood vessels and the formation of the blood-brain barrier and also for the regulation of

the CNS synaptogenesis and synaptic transmission (Kessaris et al., 2008).

1.1.2. Oligodendrocyte Development and differentiation
Martin Raff and colleagues in the early 1980s identified oligodendrocytes precursor cells
(OPCs) (Hart et al.,, 1989). OPCs are proliferating cells that could differentiate into
oligodendrocyte type-2 astrocytes (O-2A cells), immature oligodendrocytes or
myelinating mature oligodendrocyte (Figure 1.1) (Franklin and ffrench-Constant, 2008;

Kessaris et al., 2008).
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Figure 1.1 - The oligodendrocyte (OL) lineage commitment. Schematics of morphological features and
expression of specification markers from progenitor cells to myelinating oligodendrocytes. (Adapted
from Schumacher et al., 2012)

Oligodendrocytes (OLs) are essential for myelinating events of the CNS (Bradl and
Lassmann, 2010; Kessaris et al., 2008). In the spinal cord, oligodendrocyte precursor cells
(OPCs) are derived from neuroepithelial precursor cells (NEPs) named motor neuron
precursors (pMN) at a specific domain of the ventral ventricular zone (Bradl and
Lassmann, 2010; Kessaris et al., 2008). OPCs migrate and differentiate into myelin-
forming oligodendrocytes. Another source of OPCs is the dorsal spinal cord, but from
there, production of OPCs occurs 2 days later than in the ventral zone (Kessaris et al.,

2008).

The first wave of OPCs produced in the forebrain appears in the anterior peduncular area
(AEP) and medial ganglionic eminence (MGE). Two more waves are produced from more
dorsal regions [the lateral and caudal ganglionic eminences (LGE/CGE)] and finally from
within the postnatal cortex (Bradl and Lassmann, 2010; Kessaris et al., 2008). During

postnatal life, the first waves of OPCs generated in the ventral forebrain (MGE/AEP)
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practically disappear and are replaced by other populations including the LGE/CGE
population (Kessaris et al., 2008; Wen et al., 2009).

A program of NEP cell fate occurs, in the spinal cord, when Sonic hedgehog (Shh) is
secreted and diffused, from the notochord, that creates a morphogenetic gradient and
complementary signals from the roof plate. Activation or repression by Shh involves
activation or repression of a set of homeobox, paired-box (Pax) and basic helix-loop-helix
(bHLH) transcription factor genes. The combinatorial expression of these genes,
influenced by Shh, generates different classes of spinal cord neurons. Shh signaling in
vertebrates is still unclear. Shh interacts with transmembrane receptor Patched (Ptc)
(Rivera et al., 2010), causing disinhibition of its co-receptor Smoothened (Smo) - Figure
.2, a seven-pass transmembrane G-protein-coupled receptor (GPCR), eventually
promoting nuclear translocation of the full-length form of the transcription factor of the

Gli family (Gli1—Gli3) (Kessaris et al., 2008).

I

AN ]

Target genes

@@gﬂr‘:]
GLI|GRO

Target genes

Figure 1.2 — See legend on the next page.
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Figure 1.2 - The Shh signalling pathway. Two transmembrane receptors are involved: Patched (Ptch) and
Smoothened (Smo). Binding of Shh inhibits Ptch function and so Smo is no longer inhibited. Smo
represses the cleavage of Gli that is translocated to the nucleus, acting as a transcription modulator.
SUFU act as a repressor of the transcriptional activity of intact Gli. (Adapted from Scotting et al., 2005)

Gli transcription factor allows expression of Oligl and Olig2, effectors of oligodendroglial
differentiation and myelination. Another factor that stimulates oligodendrogenesis is
platelet-derived growth factor (PDGF), which stimulates OPC proliferation and survival

(Rivera et al., 2010; Wen et al., 2009).

Likewise, thyroid hormone (TH) induces proliferation and differentiation of OPCs and
enhances morphological and functional maturation of post-mitotic oligodendrocytes.

Myelination is delayed in hypothyroid animals (Rivera et al., 2010).

Genes relevant for oligodendrocyte maturation and consequently myelination are
inhibited by Notch downstream targets (Hesl and Hes5). The Notch signaling pathway
inhibits oligodendroglial differentiation and promotes astrocytic fate (Rivera and Aigner,

2012).

The oligodendrogenic process may be activated by intrinsic activators, the Sox genes. For
example, Sox9 is essentially for glial fate decision; Sox17 expression increases in
differentiating OPCs, which enhances myelin gene expression. Sox genes are required for
oligodendrogenesis and promote OL development and myelination. Oligodendrogenesis
is also dependent on extracellular matrix components that regulate cell adhesion,

migration and differentiation (Rivera et al., 2010; Wen et al., 2009).

I.1.3. Demyelinating diseases
In the CNS, demyelinating diseases are characterized by the pathological process in which
the myelin sheath formed around axons is damaged - Figure 1.3 (Franklin and ffrench-
Constant, 2008; O'Meara et al., 2011). Myelin is a major protein present in the
multilamellar sheath synthesized by oligodendrocytes in the central nervous system that

allows the rapid and efficient propagation of impulses (Jackman et al., 2009; Kraemer-
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Albers and White, 2011; Kramer et al., 1997). The unique composition of that membrane
is ~70% lipid (for example, galactocerebroside) and ~30% protein, which contrasts with

other common membranes that have 30-50% lipid.

MNeuron Oligodendrocyte
W/@\% —— Myelin sheath

(] _\ >— Axon
£ = 2 =

Demyelination

-«

s
it g -
o y
-
-y
Y
y y

Figure 1.3 - The demyelination of axons. This pathological process is characterized by the loss of myelin
sheaths around axons (Franklin and ffrench-Constant, 2008).

There are three major causes for demyelination of the CNS: (i) genetic abnormalities that
affect glia; (ii) inflammatory damage; or (iii) acute traumatic injuries to the CNS (e.g.
contusion or compression of the spinal cord). The loss of the myelin sheath that protects
nerve fibers causes anomalous insulation of the CNS neuronal axons resulting in
abnormalities of the nerve impulse transmission and neuronal death (Franklin and
ffrench-Constant, 2008). Astrocytes influence demyelination by enhancing the immune
response. They are responsible for the activation of autoreactive T cells through
expression of MHC class Il; the production of chemokines that recruits T cells,
macrophages and microglia to inflammatory lesions; secretion of cytokines IL-12 and IL-23

(McFarland and Martin, 2007; Nair et al., 2008).

Remyelination is a process in which entire myelin sheaths are restored to demyelinated

axons, reinstating salutatory conduction (Franklin and ffrench-Constant, 2008; Smith et
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al., 1979) and resolving functional deficits (Franklin and ffrench-Constant, 2008).

However, this process is normally not very efficient in humans.

Oligodendrocyte precursor cells typically have a simple and bipolar morphology and are
responsive to soluble growth factors (GFs), which promote their proliferation and
survival. While differentiating, OPCs initiate contact with multiple axons and when
matured, oligodendrocytes extend a complex meshwork of processes. When axo-glial
contact are established, OLs produce large amounts of myelin sheaths that insulate axons

(O'Meara et al., 2011).

OPCs have an important contribution for remyelination, due to their ability to proliferate,
migrate and terminally differentiate into newly formed OLs. During remyelination, these
cells can be influenced to proliferate and migrate by the growth factors PDGF and
fibroblast growth factor (FGF). There are four relevant evidences suggesting that OPCs are
the major source of remyelinating oligodendrocytes: (i) retroviral and autoradiographic
tracing indicate that dividing cells in normal adult white matter give rise to remyelinating
oligodendrocytes; (ii) transplanted OPCs remyelinate areas of demyelination with great
efficiency; (iii) focal areas of demyelination are repopulated by OPCs suggesting that OPCs
are the source of the remyelinating cells; (iv) cells with transitional expression of OPC and
oligodendrocyte markers can be identified at the beginning of remyelination (Franklin and

ffrench-Constant, 2008).

Following demyelination, microglia and astrocytes become activated, and induce the
rapid proliferative response of OPCs to the injury site. During the remyelination process,
local OPCs change from an essentially quiescent state to a regenerative phenotype. The
first step in this process involves changes in morphology and up-regulation of several
genes related with the development of oligodendrocytes (that encode the transcription
factors Olig2, NKX2.2, MYT1 and Sox2). Following recruitment, the differentiation phase
of OPCs into remyelinating oligodendrocytes involves a contact with the axon and the
formation of a wrap and compact myelin to form the sheath. These steps are represented
in Figure 1.4. There are many factors which affect the efficiency of remyelination like age,

gender and genetic background (Franklin and ffrench-Constant, 2008).
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Figure 1.4 - The remyelination process. In demyelinating events, the myelin sheath or the
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oligodendrocytes are lost. Through biochemical signals, oligodendrocytes progenitor cells are activated,
proliferate and are recruited to the affected region. Then, they differentiate into remyelinating
oligodendrocytes. (http://www.crm.ed.ac.uk/research/group/myelination-and-repair-cns, 2013).

I.2. Characterization of the Cell Microenvironment

1.2.1. The Niche and extracellular matrix composition
R. Schofield proposed, in 1978, the concept of the stem cell niche showing that is
essential to the cell fate (Schofield, 1978). The niche encompasses interactions between
soluble molecules, other cells and extracellular matrix (ECM). The capacity of the cell to
sense all the biophysical and biochemical cues in their surrounding microenvironment is
crucial to regulate the cell and tissue maintenance and development (Discher et al., 2009;

Eyckmans et al., 2011; Gobaa et al., 2011; Morrison and Spradling, 2008).

The ECM of the CNS has a unique composition, since the major element of the niche is a
complex mixture of large glycoproteins (such as fibronectins, collagens, laminins),
proteoglycans and glycosaminoglycans (such as hyaluronan, chondroitin sulphate and
heparin sulfate). This structure provides not only a scaffold for cellular support, but also
the triggers of regulatory signals through the activation of transmembrane receptors, like

the integrins (Eyckmans et al., 2011; Ma et al., 2008).
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1.2.2. Cell adhesion molecules, receptors and signal transduction involved

in oligodendrocyte maturation
The protein complex of an integrin was first characterized in 1986 (Tamkun et al., 1986).
Integrins are fundamental in cellular processes like adhesion, proliferation, migration, cell
survival and differentiation in a variety of tissues (Campbell and Humphries, 2011; Danen

and Sonnenberg, 2003).

Integrins are heterodimeric transmembrane protein receptors (Brakebusch and Fassler,
2003; Campbell and Humphries, 2011; Hynes, 2002) and constitute the major group of
receptors for ECM constituents (Montgomery et al., 1996; Ruppert et al., 1995). There are
18a and 8P subunits that result in 24 different combinations of receptors with different
distribution (Hynes, 2002; Ma et al., 2008). Integrins are composed by two non-covalently
associated subunits (Hynes, 2002), a and B, which are both involved in the binding to
extracellular matrix proteins and in the coordination of the actin cytoskeleton and cellular
response to growth factors (Leone et al., 2005; Tamkun et al.,, 1986) that allow for
regulation of cell motility, cell polarity, cell growth and survival (Brakebusch and Fassler,
2003; O'Meara et al., 2011). The B subunits of integrins have longer cytoplasmic tails that
can bind to adaptor proteins such as talin, a-actinin or filamin (Figure 1.5), which in turn

recruit other players involved in the formation of focal adhesions (FAs).

FAs are complex structures, constituting recruitment sites for actin filaments and
cytoplasmic tails of integrins, contributing heavily for cellular adhesion and
mechanotransduction signaling events (Brakebusch and Fassler, 2003; Moore et al.,

2010).
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Figure 1.5 - Different pathways through which integrins can link to the actin cytoskeleton. ILK bins to
the cytoplasmic tails B-integrin subunits and can recruit a family of F-actin binding proteins. a-actinin
connects actin fibrils to the cytoplasmic tails of transmembrane receptors such as integrins, cadherins
and inter-cellular adhesion molecules. a-actinin can also recruit actin filament by the interaction with
vinculin. Talin binds to integrin, focal adhesion kinases (FAK), phosphatidylinositol phosphate kinase,
phosphatidylinositol (4,5) bis-phosphate (PIP2), vinculin and Arp 2/3 complex. When PIP2 interacts with
vinculin is replaced by actin filaments. Filamin is a dimeric protein and has a head domain containing the
actin binding site (Brakebusch and Fassler, 2003).

Expression of integrins is dependent on oligodendrocyte development stage, but is also
dependent on the surrounding environment. Moreover, changes in ECM constituents
results in alteration in oligodendrocyte integrin expression (ffrench-Constant and
Colognato, 2004). avp1-integrin and avp3-integrin (among others) are strongly expressed
during OL precursor phases contributing to migration and proliferation, respectively.
However, avp5-integrin and a6B1 are strongly expressed in late stages of development,
contributing to differentiation. a6B1 also contributes to the survival of newly formed

oligodendrocytes (O'Meara et al., 2011).

The integration of external factors is dependent on the activation of both integrins and
growth factor receptors, that activate Src family kinases (SFKs) that are non-receptor
tyrosine kinases (Colognato et al., 2004; O'Meara et al., 2011). The amplification of GF-

signaling is dependent on signaling pathways involving phosphotidylinositide 3-kinase
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(P13K) and mitogen-activated protein kinase (MAPK) cascades, involved in proliferation,

survival, signal transduction and cytoskeletal reorganization (O'Meara et al., 2011).

One SFK is Lyn that is expressed by oligodendrocyte progenitors. Integrin avf3 promotes
activatation of Lyn by phosphorylation in catalitic Y397 which contributes to OPCs
proliferation (Colognato et al., 2004). Another one is Fyn that is expressed in the brain

and its activity is correlated with myelination and oligodendrocyte differentiation process.

Activation of Fyn is dependent on axonal contact and ligation by laminin-2 to integrin
a6B1 (Figure 1.6). Laminin induces dephosphorylation of the inhibitory tyrosine residue
(Y531) of Fyn. To become completely activated, Fyn is phosphorylate in tyrosine residue
Y420, a process mediated by contacting with axonal neural cell adhesion molecule L1
(NCAM-L1). Laminin regulates elevated levels of C-terminal Src kinase (Csk) and Csk-
binding protein (Cbp), promoting Fyn activity and OL differentiation (Colognato et al.,
2004; Relucio et al., 2009).

@ axon contact @

—_— o

laminin
\ inactive actlvx 0

VB3 a6Bl PDGFaR a6B1 ErbB2/4
Lyﬂl Fyn L) +—
* inactive Fyn T

PI3K MAPK

proliferation +

survival enhanced survival
differentiation

Figure 1.6 - Model for regulation of SFK activity by integrins during oligodendrocyte differentiation. In
proliferating stages (1), Lyn is associated with the PDGF-aVB3 integrin complex and Fyn is maintained
inactive by Csk-mediated phosphorylation (in residue Y531). After axonal contact (2) and ligation of a2
chain laminin to a6B1 integrin, Lyn is dissociated from the integrin-growth factor complex and Csk is
dowregulated, activating Fyn-a6Bf1 complexes. This complex can trigger PI3K and MAPK signalling
involved in oligodendrocyte survival (depending on the ligand of PDGFaR) and differentiation (depending
on the ligand of ErbB2/4), respectively. (Adapted from Colognato et al., 2004)
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Active Fyn modulates factors such as Rho family GTPases (Rho, Racl and Cdc42). GTPases
are active when bound to GTP, and inactive when bound to GDP. Cdc42 and Racl are
activated by Fyn and build filamentous actin while GTP-bound Rho depolymerizes actin
filaments, thus, these proteins have influence on cell morphology (O'Meara et al., 2011).
Futhermore, Wang et al. demonstrated that depletion of activated Fyn in
oligodendrocytes depletes GTP-bound Racl, GTP-bound Cdc42, and GDP-bound Rho,
resulting in morphological deffects in OL differentiation and myelination, demonstrating
the importance of these proteins in the cytoskeleton rearregement and process extension

(Huveneers and Danen, 2009; Wang et al., 2009).

Another function of Fyn is to phosphorylate rhoGAPs, more specifically p190RhoGAP, that
increases with oligodendrocyte differentiation (Huveneers and Danen, 2009; Wolf et al.,
2001). That event promotes the formation of Rho GDP-bound, which is the inactive form
of RhoA, and when active stimulates myosin Il-dependent actomyosin contractility
[intracellular forces generated by the dynamic interaction of myosin motors and actin
filaments (Sun et al., 2012)] and MBP expression increase (Burgstaller and Gimona, 2004;
Wang et al, 2012). Therefore Fyn-mediated inactivation of RhoA promotes

oligodendrocytes diffentiation (Wang et al., 2008).

All these proccesses are crucial for the dynamic of the cytoskeleton. Actin polymerization,
and the subsequent invasion of microtubules (MT) are processes that mediate
reorganization of the cytoskeleton with the formation of filopodia and lamellipodia
(Figure 1.7), resulting in formation and extension of processes in oligodendrocytes (Bauer
et al., 2009). Cdc42 and Racl activation are the crucial steps to filopodia and lamellipodia
formation, respectively (Huveneers and Danen, 2009). Inibition of myosin Il regulates
actin cytoskeleton dynamics, myelin formation and potentiates OLs branching (Wang et

al., 2008).
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Figure 1.7 - Oligodendrocyte process formation. Extracellular signals mediate polymerization of actin
filaments, resulting in the protrusion of the plasma membrane and the formation of filopodia. Actin
branching mediated by the Wiskott-Aldrich syndrome protein (N-WASP)/actin-related protein-2/3
(Arp2/3) complex causes filopodia to enlarge. Microtubules migrate into the widen membrane
protrusions and convert them into lamellipodia. (Adapted from Heasman and Ridley, 2008)

I.3. Mechanotransduction

Cells are sensitive to the mechanical properties of their microenvironment (Eyckmans et
al., 2011; Saha et al., 2008). Cellular processes such as cell adhesion, actin flow, retraction
forces or gene expression are influenced by substrate rigidity (Engler et al., 2006; Gobaa
et al., 2011; Jagielska et al., 2012; Moore et al., 2010). The composition and mechanical
properties of the extracellular matrix (ECM) are essential for cellular proliferation, fate
and differentiation (Cameron et al., 2011; Saha et al, 2008). Hence, the
microenvironment can influence cells by the presence of not only biochemical, but also
physical and mechanical stimuli (Saha et al., 2008). Wang and colleagues demonstrated
that integrins interact with the extracellular matrix influencing cell behavior by
transducing mechanical signals to the cytoskeleton (Wang et al., 1993).

Mechanotransduction may be defined as the response to and/or the production of a

Introduction | 14



Characterization and functionalization of hydrogels for cell culture

mechanical stimulus exerted upon, or by the cells, that is coupled to biochemical signals

that influence their behaviour and phenotype (Figure 1.8).
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Figure 1.8 - Mechanotransduction in a Cell-ECM Unit. A cell connected to the ECM and a neighbor cell.
(A) Mechanotransduction at adherents junctions. (B) Mechanoreceptors at the cell membrane. (C)
Mechanotransduction at the nucleus. (D) Mechanotransduction at the focal adhesion. (Adapted from
Sun et al., 2012)

1.3.1.Mechanisms of mechanotransduction
Mechanotransduction involves the conversion of mechanical stimuli into changes in
protein activity (Giannone and Sheetz, 2006). One of the key proteins involved in this
event is focal adhesion kinase (FAK), whose activity increases with mechanical forces
(Moore et al., 2010). This enzyme interacts with integrins and phosphorylates tyrosine
residues of intracellular proteins, like paxillin (Pax), promoting their recruitment to focal
adhesion (Figure 1.9) (Eyckmans et al., 2011; Moore et al., 2010). Focal adhesions (FA) are

regions of cellular attachment to the extracellular matrix, which are formed by the
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coordinated recruitment of intracellular adaptor and catalytic (mostly kinases) proteins

linked to the extracellular matrix through integrins (Figure 1.9-A).

Mechanical stimuli increase tyrosine phosphorylation activity of Src, a tyrosine kinase. In
mechanotransduction, there is evidence that cell stretching and matrix rigidity increases
tyrosine phosphorylation and exposes protein-protein binding domains of important
proteins. For instance, tyrosine phosphorylation of the substrate domain of p130CAS, a
downstream target of Src, is observed upon stretch. Also, Talin exposes 11 potential
vinculin binding sites, as well as for actin filaments, integrins and other proteins.
Mechanical forces stretch Talin, which then results in reinforcement of early adhesions of
focal adhesions, through the recruitment of additional actin-binding proteins. Filamins
have an actin-binding domain followed by 24 immunoglobulin repeats, and bridge

integrins, through their C-terminal domain, to actin — Figure 1.9-B (Moore et al., 2010).

B
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Figure 1.9 — See legend on the next page.
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Figure 1.9 - Proteins involved in integrin-mediated rigidity sensing. (A) Mechanical stimuli induce
conformational changes in focal adhesions and enzyme kinetics (Adapted from Eyckmans et al., 2011) (B)
FAK its kinase activity is regulated by mechanical forces, removal of the FERM domain from the kinase
could play a role. Upon stretching, the substrate domain of p130Cas contains 15 tyrosine residues that
become exposed. Stretching of talin’s rod domain exposes vinculin binding sites. Extension of filamin
immunoglobulin repeats (labelled 1-24) could regulate the binding of proteins. Mechanical forces could
regulate this dimerization or its association with other proteins (Adapted from Moore et al., 2010).

Thus, integrins bind to ECM proteins and focal adhesions (FAs) are formed. Through
actomyosin contraction, cells exert force on the substrate allowing movement of actin
fibers. If the substrate is very soft, talin is not stretch and the matrix deforms. In case of a
stiffer substrate, actomyosin induces tension, talin stretches and recruits vinculin and

other FA proteins (Moore et al., 2010).

Mechanotransduction, through several mechanisms, allows cells to sense and respond to
their surrounding microenvironment. Many details of mechanotransduction are still

unexplored and need more elucidation (Moore et al., 2010).

Recent studies have been showing, in vitro, the influence of many factors which mimic
the native tissue during OL differentiation. Kippert et al. showed that physical properties
of the matrix regulate the cell surface area of oligodendrocytes, influenced by actomyosin
contractility. The inhibition of actomyosin contractility using different factors, such as
blebbistatin (an inhibitor of myosin II) or Y27632 [an inhibitor of the Rho/Rho-kinase
(ROCK) pathway] suggests that the low contractility favors OL maturation (Kippert et al.,
2009). Jagielska and colleagues demonstrated that OPCs from the CNS are
mechanosensitive. Using polyacrylamide hydrogels they showed that cell survival,
proliferation, migration and differentiation are dependent on the mechanical properties

of the substrate where the cells are seeded (Jagielska et al., 2012).

I.4. Mimicking the cellular microenvironment

The knowledge about the properties of oligodendrocyte precursors has been seen with

interest for future applications in regenerative medicine. However, it is difficult to obtain
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these cells, because it implies invasive procedures to the CNS. So, alternatives are being
investigated. To obtain these cells, in vitro, the conditions of native microenvironment
have a special attention. For that, it is important to consider the stiffness and the

characteristics of the biomaterial, ECM proteins (or peptides) and soluble factors.

1.4.1. ECM proteins and soluble factors
ECM proteins, such as fibronectin and laminin, are a crucial component for cell adhesion,

maintenance and differentiation.

Fibronectin (FN) is a polypeptide that contains a large number of binding regions. There
are binding domains for cellular integrins [including the characteristic amino acid
sequence Arg-Gly-Asp (RGD)] and protein-protein interactions sites [with

heparin/heparan sulfate proteoglycan (HSPGs), collagen] (Li et al., 2013).

Laminin, another ECM glycoprotein, composed by the combination by one of the 5 types
of a chain, one B chain of the three possible and one of 3 types of y chains (Aumailley et
al., 2005; Buttery and ffrench-Constant, 1999; Urushibata et al., 2010). The isoform
laminin a2B1yl (merosin-MN) is known to bind the integrin receptor a6f1, crucial for
oligodendrocyte survival and differentiation (Colognato et al., 2004). Furthermore, there
are also heparin-binding active sites that are involved in interactions with HSPGs, such as

syndecans and a-dystroglycans (Colognato et al., 2007; Urushibata et al., 2010).

Oligodendrogenesis is a process that may be stimulated by many soluble factors. PDGF, a
survival and mitogen factor, stimulates the proliferation and survival of oligodendrocyte
progenitors (Colognato et al., 2004; Rivera et al., 2010). Thyroid hormones (TH) are also

crucial for the proliferation of OPCs and their differentiation (Rivera et al., 2010).
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1.4.2. ECM stiffness and biomaterials
Cells are influenced by physical and mechanical factors like ECM stiffness in vivo, or when
cultured on a synthetic matrix, in vitro. Stiffening of the microenvironment has an

important consequence in cell spreading, morphology and function (Engler et al., 2006).

The stiffness of the materials is measured based on the force required to deform the
matrix. Cells may be cultured in vitro on synthetic substrates, which are viscoelastic
materials. These materials have separable shear elastic (storage, G’) and viscous (loss, G”)
modulus components. The shear modulus (G) of a crosslinked network system can be
related to the Young’s modulus or compressive modulus (E), through Equation 1.1, where

v is the Poisson ratio of the material (Cameron et al., 2011).

E=2(1+4+v)G Equation (1.1)

The shear modulus (G) and Young’s modulus (also known as Elastic modulus - E) are
distinct and depend on the direction of the force that is applied. To quantify the shear
modulus (G), the force is applied parallel to the material’s surface, however for elastic
modulus (E), the force is applied perpendicular to the surface — Figure 1.10 (Moore et al.,
2010). Nevertheless, for practical reasons, for several techniques it is easier to measure
the shear modulus (force applied parallel to the surface of the material). In these cases,
the elastic modulus (which is a widely used measure of the stiffness of a material) may
then be calculated from the shear modulus using Equation 1.1. For hydrogels, the formula
may be simplified to the ratio that the compressive modulus (E) of is thus approximately 3
times that of the shear modulus (G), assuming that the Poisson ration of materials that do
not change their volume under stretch (as it is in the case of hydrogels) is approximately

0.5 (Moore et al., 2010).
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Figure I. 10 - Rigidity moduli. Elastic and shear moduli are the ratio of the amount of force applied per
area (F/A) and strain [which reflects the displacement in the direction of the force applied relative to

the initial length (Ax/L or AL/L)]. (Adapted from Moore et al., 2010)

Engler et al. showed that the microenvironment is an important element influencing the
cellular phenotype (Engler et al., 2006). Solid tissues exhibit a range of stiffness (Table I.1)
from 0.1 to 30,000,000 nN/um? (nN/um’ may also be expressed as kPa) and when
mesenchymal stem cells are cultured on soft matrices (coated with collagen to promote
cell adhesion) with stiffness that mimics the stiffness of the brain, muscle or bone, the
cells acquire a neurogenic, myogenic or osteogenic phenotype, respectively (Engler et al.,

2006; Tse and Engler, 2011).

Table 1.1 - Elasticity of some human solid tissues. Range of stiffness measured by the
Elastic modulus , E. (Adapted from Moore, S.W., et al. 2010)

Tissue type | Elastic modulus (nN/pum?)

Brain 0.1-10
Muscle 12 -100
Fat 20
Bone 17100000 — 28900000
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Furthermore, Saha and colleagues demonstrated that neural stem cells cultured on soft
matrices (~100-500 Pa) differentiated preferentially into neurons, whereas when cultured
on stiffer matrices (~1,000-10,000Pa) glial fates were favoured (Saha et al., 2008). This
observation seems to recapitulate the developmental fate of neural stem cells, since
neurons differentiate first, on a softer environment, followed by glial cells, which

encounter a more rigid niche later on.

1.4.2.1. Polyacrylamide hydrogel-based synthetic substrates
Cells in living tissues establish contacts with other cells and with the extracellular matrix
components. To understand the mechanotransduction properties of cells and tissues and
how to tailor more appropriate materials to be used as in vitro platforms (for
mechanotransduction studies) or implants for tissue engineering, model
microenvironments are required. This will allow researchers to create biomimetic
environments that will contribute to our knowledge of cellular biology in a more realistic
context. In vitro, hydrogels functionalized with ECM proteins (or peptides), associated

with soluble factors, have been widely used as a model for ECM (Moshayedi et al., 2010).

Polyacrylamide (PAA) hydrogels (Figure 1.11) are artificial gel matrices that constitute a
widespread platform used in cell biology. They are cheap, biologically inert, capable of
modeling different ranges of stiffness and ‘anti-adhesive’ materials prepared by the co-
polimerization of different percentages of acrylamide (Ac) and bis-acrylamide (Bis-Ac)
(Cretu et al., 2010; Moshayedi et al., 2010). PAA hydrogels need to be activated and
covalently grafted with adhesion proteins or peptides in order to enable them for cell

culture (Moshayedi et al., 2010).
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Figure 1.11 - Schematic representation of the molecular structure of a polyacrylamide hydrogel.

The development of new hydrogels has the goal to imitate aspects of the ECM of native
tissues and should mimic the mechanical and biological features of the tissues being

replicated (Hutson et al., 2011).

I.5. Objectives

There is an increase of studies showing the crucial impact of mechanical and physical
forces and mechanotransduction on cell behavior, shape and fate. For this purpose, to
approximate cell culture closer to the native microenvironment of the cells, we propose
to use a synthetic tunable platform which mimics the stiffness of the native tissue and

may be conjugated with extracellular proteins, to differentiate oligodendrocytes in vitro.

The main objective of this work was to functionalize a synthetic platform (polyacrylamide
hydrogels) with ECM proteins and small peptides derived from the laminin-aplpha2 chain
to study and understand the effect of stiffness and ECM-like composition on the
differentiation of oligodendrocytes, by addressing the expression of specific

differentiation markers and morphology analysis.
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1.1. Cell culture

11.1.1. Human Oligodendroglioma (HOG) cell line culture

HOG cells (kindly provided by Dr. José Antonio Lépez-Guerrero, Centro de Biologia
Molecular Severo Ochoa, CSIC-UAM, Madrid, Spain) are a human oligodendrocyte cell line
derived from a surgically removed human oligodendroglioma (Post and Dawson, 1992)
which express a 15kDa form of myelin basic protein (MBP), myelin-specific lipids
galactosylceramide and sulfogalactosylceramide (sulfatide) and high level of the
maturation marker CNP. Moreover, do not express astrocyte markers glial fibrillary acidic
protein (GFAP) or glutamine synthetase activity (Buntinx et al., 2003; Post and Dawson,
1992). To proliferate, HOG cells were maintained in proliferation medium (PM): DMEM
low glucose (Gibco) with 3.57g/L HEPES, 1.5g/L sodium bicarbonate, 10%FBS (Gibco), 1%
Penicillin/Streptomycin (Gibco) and 1% Amphotericin B (Gibco) (Bello-Morales et al.,
2009). Cells were kept in an incubator at 37°C, 5% C0O,/95% air and 95% humidity.

For differentiation experiments performed on coverslips and hydrogels, cells were plated
on these two platforms at 6,400 cells/cm? in proliferation medium for two days. The
medium was then replaced by one of two different differentiation media: N1 (Louis et al.,
1992) supplemented with T3 and T4 [composed by 5ug/mL apo-transferrin, 10ng/mL
biotin, 5ng/mL sodium selenite, 5ug/mL insulin, 6.3ng/mL progesterone, 16ug/mL
putrescine, 30ng/mL triiodo-L-thyronine (T3) and 40ng/ml Thyroxin (T4)], 1%
Penicillin/Streptomycin (Gibco) and 1% Amphotericin B (Gibco) or the medium described
by Bello Morales (Bello-Morales et al., 2011) composed by: DMEM with high glucose
(4,500 mg/mL — Thermo Hyclone) supplemented with 50ug/mL apo-transferrin, 30nM
sodium selenite, 0.5ug/mL insulin, 16.1mg/mL putrescine, 30nM T3, 0.5mM dbcAMP and
IBMX and 1.5g/L sodium bicarbonate (all the supplements were from Sigma-Aldrich), 1%

Penicillin/Streptomycin (Gibco) and 1% Amphotericin B (Gibco), for more two days.

To determine the best conditions of coating on PAA hydrogels and coverslips, HOG cells
were plated at a density of 6,000cells/cm?for 1 dayin proliferation medium. As a control,
HOG cells were plated in glass coverslips with same conditions of cellular density, timing,

and coating concentrations.
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11.1.2. CG4 cell line culture
The CG4 cell line (kindly provided by Dr. Adil J. Nazarali, College of Pharmacy and
Nutrition, University of Saskatchewan, Saskatoon, Canada) is a rat oligodendrocyte cell
line characterized by a bipotential oligodendrocyte-type 2 astrocyte (O2A progenitor cell)
morphology. The cells were maintained as described by Louis and colleagues (Louis et al.,
1992). In detail, CG-4 cells were washed 2 or 3 times using a sterile Puck’s solution (80g/L
NaCl, 4g/L KCl, 0.6g/L KH,PO4, 0.9g/L Na,HPO,4.H,0, 10g/L D-glucose). Then, the cells were
detached using Trypsin-EDTA 0.05% (Gibco). After dissociation and detachment, the
trypsin was inactivated using serum-supplemented recovery medium [DMEM high
glucose (Hyclone) supplemented with 2mM sodium pyruvate (Sigma-Aldrich), 5% FBS
(Gibco), 5pg/mL insulin (Sigma-Aldrich), 1% Penicillin/Streptomycin (Gibco) and 1%
Ampbhotericin B (Gibco)]. Then, the cells were centrifuged (20°C, 201g, 5 minutes),
counted and seeded at the density of 2,500 cells/cm? in serum-supplemented recovery
medium on cell culture dishes (Corning-Costar), coated with poly-D-Lysine (Sigma-Aldrich)
at 100ug/ml. When the cells were attached (approximately 30 minutes at 37°C) the
recovery medium was replaced by CG4 proliferation medium [DMEM high-Glucose
(Hyclone-Thermo) supplemented with 50ug/mL apo-tranferrin (Sigma-Aldrich), 9.8ng/mL
biotin (Sigma-Aldrich), 40ng/mL sodium selenite (Sigma-Aldrich), 30% of B104-
conditioned medium, 1% Penincilin/Streptomycin (Gibco) and 1% Amphotericin B
(Gibco)]. Then, the CG4 cultures were maintained in an incubator at 37°C, 5% C0O,/95% air

and 95% humidity and the medium was change every two days (Ji et al., 2011).

Hydrogels and coverslips were placed in 12 well plates and 24 well plates, respectively,
and then CG4 cells were seeded at a density of 6,400ce||/cm2 or 10,000ce||s/cm2 if we
intend to proliferate or differentiate, respectively. Cells were allowed to attach in
recovery medium for 1h, at 37°C and the medium was changed for proliferation, for 2

days or differentiation medium — N1+T3+T4, for 3 days.
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11.1.3. B104 cell culture and preparation of conditioned medium
B104 neuroblastoma cells were kindly provided by Adil J. Nazarali, College of Pharmacy
and Nutrition, University of Saskatchewan, Saskatoon, Canada. Cells were cultured in
B104 proliferation medium constituted by DMEM high-glucose/F12 (Gibco) [1:1]
containing 10% FBS, 1%Penicillin/Streptomycin and 1% Amphotericin B. For the
preparation of conditioned medium, cells were detached using trypsin-EDTA 0.05%
(trypsin was then inhibited using proliferation medium), centrifuged (290g for 5 minutes,
at room temperature), counted and seeded at a density of 15,000cells/cm? in B104
proliferation medium. After 24 hours, the cells were washed 3 times with Puck’s solution
and the cells were maintained in defined medium [DMEM high-glucose/F12 (1:1),
10pg/mL holo-transferin  (Sigma-Aldrich), 5ng/mL sodium selenite (Sigma-Aldrich),
16pg/mL putrescine (Sigma-Aldrich), 6.3ng/mL progesterone (Sigma-Aldrich), 1%
Penicillin/Streptomycin and 1% Amphotericin B] for 3 days in an incubator at 37°C, 5%
C0,/95% air and 95% humidity. Then, the medium was collected and added 1ug/ml of
PMSF (phenylmethanesulfonylfluoride). Finally the medium was centrifuged (1,000g at
4°C, for 10 minutes) and the supernatant filtered (using a 0.22um Cellulose Acetate filter

from VWR) and stored at -20°C.

1.2. Preparation of polyacrylamide hydrogels

Reactive glass coverslips (15x15 mm) allow covalent links between the hydrogel and the
coverslip (Cretu et al., 2010). For this, coverslips were treated for 3 minutes with a
solution that consisted of 3-(Trimethoxysilyl)propyl methacrylate diluted in ethanol
(1:200) and 3% (v/v) of diluted acid acetic (1:10 glacial acetic acid: water) (Figure I11.1)
(Hoffecker et al., 2011). Finally, coverslips were washed with absolute ethanol twice and

then dried.
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Figure Il.1 - Reaction of activation of glass coverslips with 3-(trimethoxysilyl) propyl methacrylate..

Acrylamide — 40% (Ac - purchased from AppliChem), bis-acrylamide — 2% (Bis-Ac -
purchased from AppliChem), mQ water and tetramethylethylenediamine (TEMED -
purchased from Fluka) were mixed, according to Table Il.1. The pH of the solution was
adjusted to 7.5-8 using HCl 2N. Next, the solution was degassed for 30 minutes using a
vacuum pump. Then, N-acryloxysuccinimide (NHS, 20 mg/mL in toluene, Santa Cruz
Biotechnology) and 10 % ammonium persulfate (APS, Sigma-Aldrich) were added to the

hydrogel solution according to Table 1.1 and vortexed briefly (Figure 11.2).

Table 1I.1 - Hydrogel formulation with 6.5kPa- volume added (uL) per milliliter of hydrogel solution
(Lourenco, 2012).

PAA hydrogel
formulation - uL
(10%Ac/0.3%Bis-Ac)

Ac 40% 250
Bis — Ac 2% 150
NHS 220
APS 10% 3
TEMED 1
Water 376

Hydrogel polymerization was carried out using a Mini-Protean Il system from BioRad with
Imm spacers. Polymerization of the hydrogels was allowed to occur on the treated

coverslips during 30 minutes. Hydrogels were then washed three times with PBS, five
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minutes each, on a rocker and sterilized by exposure to UV light for 30 minutes in an air

flow cabinet.
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Figure 1.2 - Reaction of PAA gel production. Co-polymerization of acrylamide with N-

acryloxysuccinimide crosslinked with bis-acrylamide.

1.2.1. Crosslinking of ECM proteins and peptides on polyacrylamide
hydrogels

To mimic the extracellular matrix and allow cell attachment, hydrogels can be

functionalized with ECM proteins or peptides representing epitopes of ECM proteins. NHS

acts as a crosslinker in this approach (Cretu et al., 2010), allowing covalent binding of

primary amines of proteins or peptides to the hydrogels (Figure 11.3).

In order to functionalize the hydrogels, either individual proteins or a mixture of proteins
[such as Laminin-2/Merosin (MN) or Fibronectin (FN)] were diluted in PBS at different
concentrations in the presence of poly-D-Lysine (PDL). The Fibronectin and merosin were
isolated from human plasma and placenta from Roche and Millipore, respectively. Poly-D-
Lysine was from Sigma-Aldrich. The concentrations and combinations of
proteins/peptides used are indicated in the Results section, according to each
experimental condition. Volumes of 4ul were applied to the surface of the gel, creating

adherence spots. Hydrogels were incubated at 4°C overnight (ON), and then washed once
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with PBS. Hydrogels were blocked with a solution of Img/mL of heat-inactivated BSA in
DMEM low glucose at 37°C for 30 minutes. Finally, hydrogels were washed once with PBS
and incubated at 37°C for 4 hours to equilibrate. In case of functionalization of the

hydrogels using peptides the blocking step was not performed.
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Figure 1.3 - Reaction of functionalization of PAA gels. The functional group — NHS allows the covalent
bond of the hydrogel with primary amines of proteins or polypeptides.

1.3. PAA hydrogels rheological characterization

The rheological characterization of polyacrylamide hydrogels was done by Tania Lourenco
(Lourenco, 2012). Briefly, the stiffness of hydrogels was measured by rheology using a
Kinexus Pro rheometer and rSpace software. According to the literature, the elastic
modulus (E) is determined using the formula E=2G(1+v), where v is the Poisson ratio, that
is assumed 0.5 (at 1Hz) for materials do not change volume under stretch, resulting in an
elastic modulus that will be three times its shear modulus (G) (Moore et al., 2010; Saha et
al., 2008). The measurements of G were performed after an equilibration of hydrogels,
overnight, in PBS. The distance between the top and bottom plates (gap) was defined as
1mm, and was then fine-tuned until the top plate applied a normal force of 0.1N on the
hydrogel. The measurements were then carried out using 2mstrain, at 1Hz, at 37°C

(Lourenco, 2012).
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11.4. Coating on coverslips

In order to functionalize with ECM proteins and PDL, the glass coverslips (12mm
diameter) were immersed in 65% nitric acid, during 24 hours with agitation. Then, the
acid was removed and the coverslips were washed several times with an excess of milliQ
water and allowed for 3 hours with agitation in milliQ water. Lastly, they were sterilized

with dry heat (for 15 minutes at 121°C).

However, to obtain a longer spacer between the glass coverslip and the peptides (several
peptides with short sequences of about 15 aminoacids or less were used), a different
treatment was done. First, the glass coverslips were incubated in a IN NAOH (from J. T .
Baker) solution for 30 minutes, at room temperature (RT). Then, the NaOH was aspirated
and the coverslips were treated with 200uL of 10% 3-aminopropiltrimethoxisilane (3-
APTMS from Sigma-Aldrich) in 96% ethanol (EtOH from Merck), for 30 minutes at room
temperature. The coverslips were washed (3 times, 10 minutes) with abundant MilliQ
water (H,0 mQ) with agitation, in order to minimize the excess of 3-APTMS that are able
to react with glutaraldehyde- from Merck (Chung and Min, 2009). The coverslips were
then immersed with 3% glutaraldehyde in PBS (1x) for 20 minutes at room temperature

and washed 3 times with H,0 mQ, with agitation — Figure 11.4 (Cretu et al., 2010; Wipff et

al., 2009).
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Figure 11.4 — Formulation of reactive coverslips. The coverslips were incubated with NaOH (1) followed by

de addition of 3-APTMS (2). Glutaraldehyde (3) was used to crosslink the 3-APTMS and the polypeptide.
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In both cases, the coverslips were coated with 50uL of protein or peptide solution (in PBS)
for 4 hours at 37°C in an incubator. The cell culture in this platform was done using the

same procedure as in section 11.1.2.

Il.5. Fluorescence microscopy and immunocytochemistry

To evaluate morphological features and differentiation markers of cells before and after
the differentiation protocol, a fluorescence microscopy approach was performed. Cells
were washed once with Puck’s solution (HOG cells were washed with PBS) and fixed with
4% paraformaldehyde for 20 min at room temperature. After washing with PBS, cells
were incubated either with FITC-labeled agglutinin (Invitrogen — Molecular Probes) or
antibodies against oligodendroglial lineage markers expressed at distinct differentiation

stages.

In order to evaluate morphological features, cells were stained with FITC-labelled
agglutinin (5ug/mL) in HBSS for one hour. To stain cells using antibodies, cells were
permeabilized using PBS-triton 0.1% for 20 minutes and for 5 minutes with PBS-Tween
0.1% and then blocked with 1% BSA in PBS for 30 minutes. The primary antibodies were
incubated in blocking solution, over-night at 4°C in humidified conditions and then
washed twice with PBS for 5 min each. The secondary antibodies were used according to
the species of each primary antibody and they were incubated for 1h at room
temperature (RT) in PBS with 1% BSA. The cells were then washed and fixed with 4% PFA
for 5 minutes (to stabilize the antibody staining) and then were incubated with DAPI
(200ng/mL) in PBS for 5 minutes at room temperature for nuclear staining. The primary
antibodies used were: rat anti-MBP, clone 21 (1:200) from Abcam; mouse anti-PLP, clone
PLPC1 (1:500) from Millipore. The secondary antibodies were: goat anti-rat Alexa Fluor
488 (1:200); goat anti-mouse Alexa Fluor 568 (1:200), both from Invitrogen — Molecular

Probes.
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Fluorescence images were acquired using a Zeiss Axiovert 200M fluorescence microscope
using AxioVision release 4.8 software (Zeiss) for image acquisition. Image processing and

analysis was performed using the Image J software.

Il.6. Image and fluorescence intensity analysis

To analyze fluorescence microscopy images using Image J software, images were
converted to 8-bit. Then, to quantify the mean fluorescence intensity (MFI), the
background and the signal threshold levels were determined (Image-Adjust-Threshold
tool) of at least 3 fields. The average of threshold levels was calculated and applied
(Image-Adjust-Threshold-Set tool) to all the images. Finally, using the Measure tools (in
Analyze menu) the MFI and background were measured. The MFI values were used to

perform statistical analysis.

For the fractal dimension analysis, first, the cell was selected using the crop tool (Image-
Crop tool) and the background and signal threshold values were set (using the same
procedure as described above). To conclude, the Fractal Box Count was selected (Analyze-

Tools-Fractal Box Count) and the obtained values were used for statistical analysis.

In order to quantify the number of adherent cell on coverslips coated with different
concentration of peptides, the images of phase-contrast microscopy were exported in tiff
format, and then using the image J software the threshold values were applied and the

area of signal measure were used.

1.7. Statistical analysis

Statistical analysis was performed by repeated measures one-way ANOVA followed by
Tukey’s multiple comparison test (* p < 0.05, ** p < 0.01 and *** p<0.001 for statistically

significant differences) using the software Graph Pad Prism 4.
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lni.1. Optimization of polyacrylamide hydrogels

The native properties of the cellular microenvironment have been considered as
important conditions for the proliferation and differentiation of cells. The biochemical
and physical aspects of the extracellular matrix have been reported to influence cell

adhesion, motility, cytoskeleton organization, cell fate and function (Saha et al., 2008).

Polyacrylamide hydrogels (PAHs) are the two-dimensional substrates selected in our
approach to study the influence of compliant ECM-like substrates on the adhesion and
differentiation of oligodendrocytes. According to the literature, the brain stiffness ranges
from 0.1 to 10 kPa (Moore et al., 2010). Therefore, in our studies, 6.5kPA hydrogels (10%
Ac/0.3% BAc) previously characterized in our laboratory were used, a degree of stiffness
also reported in the literature to favor oligodendrocyte differentiation (Kippert et al.,
2009). PAHs are non-toxic, stable, have an easily quantifiable elasticity (Tse and Engler,
2010), can be easily functionalized with ECM components and modulated with different

degrees of stiffness by varying the percentages of acrylamide and bis-acrylamide.

Some parameters are important to optimize the conditions for cell culture. To optimize
the cell-adhesion properties of the PAHs and their reproducibility, two steps were
included in the production protocol of the hydrogels: an efficient degassing that
decreased the number of air bubbles inside of the gel (for 30 minutes, before the addition
of APS, NHS and polymerization - as described in Materials and Methods) and the
siliconization of the outside glass used as support to polymerize the hydrogels, which
decrease the rugosity on the surface of the gel (5 minutes with a solution of 0.5% of

dichlorodimethylsilane in toluene).

Due to the instability of the amine-reactive esters of NHS at basic pH (as it is the case of
the hydrogel solution used to produce the substrate, due to the presence of TEMED), an
additional step was added before the degassing. The pH of the solution was adjusted to
the range 7.5-8 to increase the stability of the esters and still allow the efficient covalent
linkages between the hydrogel and the proteins or peptides used to functionalize the

substrate (Polio et al., 2012).
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These optimization steps were essential for the reproducible production of functional

hydrogels used in this study.

ln.2. Human oligodendroglioma cell culture and differentiation

111.2.1.Adhesion study of human oligodendroglial cell line (HOG)
The first objective of this work was to optimize the protein coating conditions of the
different substrates (glass coverslips and hydrogels), to allow for an efficient adhesion of
HOG cells (a human oligodendrocytic cell line) and ensure that the cells were properly

attached to the substrate and could be used in the differentiation experiments.

This was performed using different coating conditions and concentrations of coating
solutions on hydrogels and coverslips (Figure I1.1), as described in Materials and Methods
section. Cells were seeded at 6,000cells/cm? on hydrogels and coverslips. After 24 hours
in culture, cells were visibly attached to the culture surface (coverslips and hydrogels) and

could be readily identified by fluorescence microscopy (DAPI staining — Figure 111.1).
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Hydrogels Coverslips Hydrogels Coverslips

PDL 10pg/mL
PDL 10pg/mL
MN 10pg/mL

PDL 25pg/mL
PDL 25pg/mL
MN 25pg/mL

PDL 40pg/mL
PDL 40pg/mL
MN 40pg/mL

PDL 10pg/mL
FN 10pg/mL
PDL 10pg/mL

FN 10pg/mL
MN 10pg/mL

PDL 25pg/mL
FN 25pg/mL
PDL 25pg/mL

FN 25ug/mL
MN 25ug/mL

PDL 40pg/mL
FN 40pg/mL
PDL 40pg/mL

FN 40pg/mL
MN 40pg/mL

Soum Soum

Figure 1ll.1 — Representative images for nuclear staining of HOG cells. Nuclei of HOG cells were stained
using DAPI (in blue) after 24 hours in culture on glass coverslips or hydrogel. The platforms were
functionalized with PDL alone (as control) or in combination with different ECM proteins [Fibronectin (FN)

and/or Merosin (MN)] at the indicated concentration (10, 25 and 40ug/mL).

In order to count the number of cells that were adherent on the hydrogels and coverslips
using distinct functionalization/coating conditions, cells stained with DAPI present on the
fluorescence microscopy images acquired, as represented in Figure 1ll.1, were counted

and analyzed using Image J software tools (see Materials and methods).
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Figure 11.2 - Quantification of the number of cells/cm’ in all coatings conditions on coverslips and
hydrogels (approximately 6.5kPa). Number of HOG cells/cm’ on coverslips — A and hydrogels (6,5KPa — B;
ratio between the number of ceII/cm2 after 24 hours in proliferation medium and the number of ceIIs/cm2
initially seeded (6000 ceIIs/cmZ) on coverslips — C and hydrogels — D. Hydrogels and coverslips were coated
with different mixtures of ECM proteins (Fibronectin - FN and Merosin - MN) with Poly-D-Lysine (PDL) at
three concentrations (10, 25 and 40ug/mL). Nuclei stained with DAPI were counted using Image J
software. Values represented mean + SEM (n=5). Statistical analysis by one way ANOVA followed by
turkey’s multiple comparison test (**p<0.01 and *p<0.05).

As observed in figure 111.2, after one day in proliferation medium, the samples analyzed on
hydrogels (with approximately 6.5kPa) in most of the cases had doubled the population.
The cells seemed to adhere more on the conditions: poly-D-lysine at 25ug/mL, poly-D-
lysine with fibronectin or laminin double-coated at 25ug/mL (PDLFN25 or PDLMN25) and
poly-D-lysine with fibronectin and laminin triple-coated at 40ug/mL (PDLFNMN40).

However, there were no statistically significant differences between all the coating

conditions.
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In the case of coverslips, the higher number of adherent cells was on poly-D-lysine with
fibronectin and laminin at 25ug/mL (PDLFNMN25) showing statistically significant
differences when compared with PDL conditions, PDLMN40 and PDLFNMN10.

For further differentiation experiments using HOG cells, the coating conditions selected

were PDL25, PDL 40, PDLFN25 and PDLMN25.

111.2.2.HOG differentiation and Fractal dimension analysis
In order to select the most appropriate medium for the differentiation of the HOG cell
line, the cells were plated on PDL-coated coverslips at a density of 6,400 cells/cm? for
proliferation or differentiation conditions (Figure IIl.3). For these experiments, and
according to the previous results, only poly-D-lysine at 25ug/mL was used (for the
simplicity of the experiment), and the possible influence of the coating on the
differentiation of HOG cells will be shown next in the presence of the differentiation

medium selected.

In order to differentiate the OPC cell line, two different media were tested: the medium
described by Bello-Morales et al. (Bello-Morales et al., 2009) and N1 (Louis et al., 1992)
medium supplemented with L-thyronine (T3) and Thyroxin (T4) — N1+T34+T4 (media

formulations are described in the Materials and Methods section 11.1).
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PDL 25pug/mL PDL 40pg/mL

N1+T3+T4
PM

Bello Morales

Figure 111.3 - Morphology of HOG cells cultured on coverslips with different conditions of coatings and
differentiation medium. The coverslips were coated with PDL at 25ug/mL and 40ug/mL and the cells
were cultured for two days in proliferation medium (PM) and then induced to differentiate using the
distinct differentiation media (DM) for further 2 days. Bar corresponds to 50um.

As it can be observed in Figure 1ll.3, the HOG cell line adhered similarly well both in
proliferation and in differentiation conditions using either PDL concentration. It was also
evident that when cells were cultured in the differentiation medium described by Bello-
Morales et al. (Bello-Morales et al., 2011), cells displayed a more branched morphology
(typical of differentiated oligodendrocytes) than cells cultured in proliferation medium

(PM) or N1+T3+T4 differentiation medium.

In order to evaluate the immunophenotypic characteristics of this cell line, namely the

presence of oligodendrocyte differentiation markers, the expression of PLP was assessed
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by immunocytochemistry (cells were stained according the protocol described in the
Materials and Methods section). Proteolipid protein — PLP is the major myelin protein
characteristic in final stages of oligodendrocyte differentiation. Bello Morales and
colleagues showed that PLP is expressed by human oligodendrocyte cell line (HOG) on

differentiated stages (Bello-Morales et al., 2011).

Analysis of PLP expression shows that this marker seems to be already expressed by
undifferentiated cells in low amounts, and seems to have the same profile in cells
cultured in presence of differentiation media (Figure Ill.4). Thus, we were not able to
verify differences regarding the expression of PLP between proliferation and

differentiation conditions.

N1+T3+T4 PM

Bello Morales

20 pm 20 pm

Figure 1ll.4 - Expression of PLP before and after differentiation. Expression of PLP in HOG cells seeded on
coverslips coated with PDL at 25ug/mL in proliferation medium for 2 days (A-B), N1+T3+T4
differentiation medium for more 2 days (C-D) and Bello Morales differentiation medium for more 2 days
(E-F).
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In order to determine if there were differences in the morphology of cells cultured using
distinct media (for proliferation and differentiation), different coatings and different
substrates, the cells cultured in the distinct conditions were stained with Agglutinin and
DAPI and imaged by fluorescence microscopy. The images were analysed by fractal
dimension analysis, a mathematical model which determines the complexity of the cell
morphology, where 1 corresponds to a low complexity and 2 to a high complex

morphology.

In general, there were statistically significant differences between the fractal dimension
of cells cultured in proliferation medium and differentiation medium (using the medium
described by Bello-Morales et al). However, when compared between distinct proteins
coatings (PDL or PDL and merosin) and substrates (glass coverslips or compliant

hydrogels) no significant differences were observed (Figure Il1.5).
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Figure IIl.5 — See legend on the next page.
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Figure IIL.5 - Graphical representation of the fractal dimension analysis of HOG cells. HOG cells were
seeded at 6400 cell/cm’, on hydrogels and coverslips, for two days in proliferation medium (PM) or two
days in proliferation medium and more two days in differentiation medium (DM). Hydrogels and
coverslips were coated with poly-D-lysine (PDL), at 25ug/mL; and the mixture (1:1) of poly-D-lysine (PDL),
at 25ug/mL and a ECM protein - merosin (MN), at 25pug/mL. The fractal dimension was calculated using
the image J software. (Left) Values are mean + SEM of at least 3 independent experiments. Statistical
analysis was performed by repeated measures one-way ANOVA followed by Turkey’s test using the
software GraphPad Prism. (*** p< 0.001 ** p< 0.01). Figures on the right show examples of cells
analyzed and the inserts represent a higher magnification image to highlight the field of the cell
membrane analyzed on the fractal dimension analysis.

These results confirm what had been observed in Figure 1.3, that HOG cells respond to
the ‘Bello-Morales’ differentiation medium by adopting a more branched morphology.
Nevertheless, PLP expression does not seem to be altered between proliferation and
differentiation conditions (Figure II.4). Moreover, the cells do not seem to respond to the
presence of ECM elements, like laminin-2/merosin or to distinct substrate stiffness

(Figure 111.5).

Taken together, these results suggest that HOG cells differentiate to a certain degree, but
lack several features of differentiation, hence do not represent a very good model for

oligodendrocyte differentiation studies.

1.3. CG4- cells differentiation

Since HOG cells did not seem to be very responsive to differentiation stimuli, we decided
to test another oligodendroglial precursor cell line known to be more responsive to
differentiation cues, the rat CG4 cells (Louis et al., 1992). To induce differentiation, CG4
cells were seeded on coverslips coated with PDL at 25ug/mL and PDL/FN (1:1, each at
25ug/mL). The cells were maintained in proliferation medium, for 2 days, and then the

medium was switched to N1+T3+T4 differentiation medium (3days).

In order to address whether CG4 cells differentiated into mature oligodendrocytes, cells
were stained with anti-PLP antibody and DAPI. As expected, after the differentiation

process, cells seeded on coverslips coated with poly-D-lysine or poly-D-lysine with
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fibronectin show higher levels of expression of PLP when compared with the control (2
days in proliferation medium) - Figure Il.6. As expected, lower levels were observed on
the condition of PDL with FN, since fibronectin is known to promote the maintenance and

proliferation of oligodendrocyte precursors (Colognato et al., 2007).

Proliferation medium N1+T3+T4

|
(@)
o
20 pm 20 ym

Figure 111.6 - Expression of PLP before and after differentiation. Preliminary results (n=1) of the expression

of PLP in CG4 cells seeded on coverslips coated with PDL at 25ug/mL and PDL/FN at 25pug/mL (1:1) in

proliferation medium for 2 days (left), N1+T3+T4 differentiation medium for 3 days (right).

Although these were preliminary results (n=1), we decided to test the expression of PLP in
cells differentiated on hydrogels functionalized with PDL/MN. Under such conditions,
were not visible differences on the levels of PLP expression between CG4 cultured on

hydrogels in proliferation medium and differentiation medium (Figure S.1).
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11.4. Adhesion study of CG-4 cell line to laminin-a2 derived peptides

Proteins present in the extracellular matrix are a crucial component to cell adhesion and
fate. Fibronectin and laminin-2 are ECM proteins which play an essential role in
oligodendrocyte proliferation and differentiation, respectively. In these proteins, there
are many binding regions to collagen, proteoglycans and integrins (Lanza and Vacanti,

2007).

A recent study screened and characterized biologically active sequences of the laminin a2
chain G domain (Urushibata et al., 2010). From this study, were selected 4 small chains of
amino acids (15/16 amino acids) which seem to have very interesting characteristics in
terms of cell adhesion, neurite outgrowth and interactions with cell receptors. Another
peptide selected for our study was a peptide (with 7 amino acids) containing the small

sequence Arg-Gly-Asp (RGD) characteristic of fibronectin.

The sequences of the peptides that were synthetized - the peptides were chemically
synthetized with a purity >98 % (Proteogenix) - were based on the peptides described by
Urushibata and colleagues (Urushibata et al., 2010), but were modified to contain a NGG
(Asparagine-Glutamine-Glutamine) sequence on the N-terminus. The addition of this
sequence had two purposes. The first was to enhance the peptide with a 3 aminoacid
spacer, in order to provide a better accessibility of the cells to the biologically active
epitopes. The second purpose was to facilitate the formation of the covalent link between
the NHS group of the hydrogels and the peptides (reaction performed at pH 7.5-8), due to
the nature of the Asparagine, that presents the lowest pKa of all the natural aminoacids
(pKa=8.8) on the N-terminus amine. For intellectual property reasons, the four laminin a2
peptides will be referred to as Peptide 1 - 4, while Peptide 5 is the modified RGD

sequence of fibronectin (specifically, the sequence NGG-RGDS).

In order to assess the influence of these peptides (from fibronectin and laminin) in cell
adherence, each peptide was diluted in PBS and used as coating in coverslips. We tried to
do this experiment using pre-activated coverslips with nitric acid; however, the cells did
not attached. So, we pre-activated with NaOH followed by APTMS and glutaraldehyde

(37°C, 4 hours) to have a spacer between the glass coverslip and the active site of binding.
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Figure IIl.7 shows a screening of the number of adherent CG-4 cells to the coverslips
coated with different concentration of the distinct peptides (described on the graph). The
number of cells was inferred from the mean area of cells from each microscopy field
acquired (Figura S.Il.), using the software Image J The values were normalized to the
condition of coverslips without coating, and the value of approximately 2.15 fold increase
in cell adhesion refers to the condition of coverslips coated with poly-D-lysine at 25ug/mL
(a positive control for CG-4 cell adhesion). Peptide 1, described as an interactor of
heparan sulfate proteoglycans (HSPGs) present on the cell surface (Urushibata et al.,
2010), stands out for the positive because it shows a concentration-dependent increase in
cell adhesion, with the highest level of adherent cells at the concentration of 500ug/mL.
Peptide 2 was diluted at the maximum of 400ug/mL and shows slight activity in cell
attachment. Peptides 3 and 5 do not seem to have a big influence on cell attachment.
Peptide 4 showed a maximum of number of cells attached at the concentration of

100ug/mL.
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Figure lIl.7 — Area of cells adherent to the coverslips coated with different concentrations of peptide. The
number of adherent CG4 cells in each condition was inferred from the average area of each microscopy
field occupied by cells. The values were normalized to the mean area of cells adherent to non-coated
coverslips (treated only with PBS). Peptide 1, 3 and 4 - range of concentrations of 5-500ug/mL; Peptide 2 -
range of concentrations of 5-400ug/mL; Peptide 5 - range of concentrations of 5-50ug/mL. The value of
reference (dashed line) was that of cells plated on coverslips coated with of poly-D-lysine at 25ug/mL

(positive control for CG-4 cells adhesion).
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These preliminary results (n=1) allow to understand that Peptidel (high level of adherent
cells) conjugated with other two peptides (Peptide 2 and 3) could have an important
impact on oligodendrocyte differentiation. Peptide 2 and 3 triggers a big interest because
they show an interaction with a6B1 integrin and B1 integrin, respectively (Urushibata et
al., 2010). The levels of expression of these integrins vary over the course of
oligodendrocyte differentiation (O'Meara et al., 2011), which are interesting to see the

behavior of the cells in the presence of these peptide chains.

11.5. CG-4 cells differentiation

The combination of tunable hydrogels and ECM proteins (or peptides derived from ECM
proteins) can provide an important stimulus to improve cell differentiation. To address
this issue, CG4 cells were cultured on distinct substrates, whose surfaces were

functionalized with distinct proteins or peptides.

In order to differentiate CG4 cells and compare the effect of different coating conditions,
cells were cultured for two days in proliferation medium and then the medium was
switched to differentiation medium for three days, as described in the Materials and
Methods section. The differentiation was performed on 6.5kPa hydrogels and coverslips

(as a control) to address the effect of substrate stiffness.

The hydrogels were coated with PDL and double-coated PDL/MN due the fact that PDL
promotes cell adhesion, increasing the cell density contributing to the cell survival and
posteriorly the differentiation. As previously shown, Peptidel was sufficient to promote
cell adhesion (Section 111.4). So we decided to do a preliminary test using Peptide 1 alone
at 500ug/mL (the best result in terms of adherent cells — Figure 111.7) and in combination
with other two peptides: Peptide 2 and 3, at different concentrations (data not shown).
The best results in terms of MBP positive cells were the double-coating of Peptidel and

Peptide2 at 25 and 93pug/mL and Petidel with Peptide 3 at 100ug/mL. These conditions
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were then used to address the effect of the peptides described in the differentiation of

CG4 cells, as presented in Figure 111.8.

We were able to see the differentiated cells though immunocytochemistry, where the
cells were stained using an anti-MBP antibody (a marker for differentiated
oligodendrocytes). The immunocytochemistry results shows that the cells used as control
(2 days in proliferation medium), show a slight MBP expression with a more diffuse and

surrounding the nuclei, as we can see in the Figure Il1.8.
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Proliferation medium Differentiation medium

Figure 111.8 — See legend on the next page.
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Figure 111.8 — Expression of MBP in CG4 cells before and after differentiation on hydrogels. Expression of
MBP (in red) in CG4 cells cultured on 6.5 kPa hydrogels coated with (A and B) poly-D-lysine (PDL) at
25ug/mL, (C and D) poly-D-lysine at 25ug/mL and merosin (MN) at 25ug/mL, (E and F) Peptidel at
500ug/mL, (G and H) Peptidel at 500ug/mL and Peptide2 at 25ug/mL, (I and J) Peptidel at 500ug/mL and
Peptide2 at 93ug/mL, (K and L) Peptidel at 500ug/mL and Peptide3 at 100ug/mL. Cells were on
proliferation medium for two days (A, C, E, G, |, K) and differentiation medium for further 3 days (B, D, F, H,

J, L). Bar corresponds to 50um.

As expected, after 3 days in differentiation medium on hydrogels several cells expressed
MBP with more intensity and more branched morphology (Figure 111.8) than the cells

cultured in proliferation medium for 2 days (Figure 111.8).
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Figure 111.9 — Percentage of cells expressing MBP after differentiation. CG4 cells differentiated on
hydrogels (A) and coverslips (B) during 2 days in proliferation medium + 3 days in differentiation medium,
coated with poly-D-lysine (PDL) at 25ug/mL, poly-D-lysine at 25ug/mL and merosin (MN) at 25ug/mL,
Peptidel at 500ug/mL, Peptidel at 500ug/mL and Peptide2 at 25ug/mL, Peptidel at 500ug/mL and
Peptide2 at 93ug/mL, Peptidel at 500ug/mL and Peptide3 at 100ug/mL. Values represent mean + SEM of

at least 3 independent experiments.
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With the purpose of comparing the effect of each coating condition, the percentage of
the total number of cells expressing MBP in each condition was calculated (Figure 111.9).
The quantification of the percentage of cells expressing MBP shows a higher number on
the conditions using the coating of peptides (derived from the laminin-alpha2 chain) even
when compared with the condition of the hydrogels double coated with PDL/MN,
although the differences are not statistically significant. Eventually by increasing the
number of independent experiments will clarify whether these differences are truly
significant or not. However we can see a tendency of increased percentage of MBP
positive cells on hydrogels double-coated with Peptidel and Peptide 2 (Figure 111.9-A).
Once Peptide2 was describe to interact with a6B1-integrin (Urushibata et al., 2010) and
this transmembrane receptor is known to be expressed at higher levels in differentiated
oligodendrocytes (Colognato et al., 2004), this result fits well with the literature, since the
activation of a6Bl-integrin is known to promote oligodendrocyte differentiation

(Colognato et al., 2004).

The differentiation assays on the coverslips were performed following the same protocol

used on hydrogels - Figure I11.9-B (Material and Methods section).

The coating protocols were optimized for the hydrogels which might not be the best for
the differentiation assays on coverslips. However, the quantification of the percentage of
cells expressing MBP cultured on coverslips showed a similar pattern as verified on
hydrogels. Although these differences are not statistically significant, the peptides
showed a good capacity to differentiate the cells even at a higher level than in PDL and
PDL/MN, like the Peptide 1 and the Peptidel/Peptide3 conditions, or at least at

approximately the same level (Peptidel/Peptide2) - Figure 111.9-B.

Although these are exploratory results, using an oligodendroglial cell line, to test if these
peptides show capacity to promote oligodendrocyte differentiation, they already suggest
that indeed the peptides might be a promising approach to differentiate bona fide
primary oligodendrocyte precursors into mature cells, using defined substrate conditions,

which will be hopefully tested in the future.
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The aim of this work was to develop compliant hydrogels functionalized with ECM
proteins or peptides, in order to be used for the differentiation of oligodendrocyte
precursors into mature cells. For that purpose, two distinct oligodendroglial cell lines
were used, namely to study changes in the morphology and protein expression that
occurred during the differentiation process in presence of the distinct substrates. This
study focused mainly on the development of fully synthetic substrates that comprised
chemically synthesized peptides which were derived from sequences of the laminin-
alpha2 chain (Urushibata et al., 2010), a subunit of laminin-2 (merosin), known to play a
crucial role in oligodendrocyte differentiation. The development of such platforms
represents an opportunity to further understand the role of distinct epitopes of this ECM
protein and also represents a first approach in the development of synthetic

biocompatible substrates that may be used in future translational studies.

The importance of the CNS as an integrator and conductor for sensory information is
incontestable. Myelination encompasses several extra- and intracellular processes to
insulate axons to allow for a rapid transmission of nerve impulses. Oligodendrocytes, a
type of macroglial cells, are the CNS cells responsible for the insulation the axons of
neurons (O'Meara et al., 2011). The myelin sheath is a lipid-rich membrane, and also
contains proteins like PLP and MBP (Baron and Hoekstra, 2010; Kramer et al., 1997).
Some CNS disorders, such as multiple sclerosis and spinal cord injury, occur because there
is damage of this insulating myelin membranes (Luo et al., 2010). In terms of clinical
purposes, oligodendrocyte precursors are an interesting cell type for future applications

in regenerative medicine, due to their proliferative and migratory capacities.

It is known that the microenvironment of the cells is rich in soluble factors, extracellular
matrix molecules and physical cues. Using tunable materials, it is possible to mimic the
stiffness and topography of the microenvironment. Hence, the utilization of these
materials when associated with soluble factors and extracellular proteins reproduces the

in vivo cell conditions more faithfully than more simplistic cell culture platforms.

In this work, polyacrylamide hydrogels were used as a platform for cell culture. Their

stiffness is variable using different percentages of acrylamide and bis-acrylamide. They
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are very useful to understand the best conditions for cell proliferation and differentiation.
However, for future clinical purposes, it is necessary to use a different biomaterial

because polyacrylamide hydrogels, although not being cytotoxic, are not biocompatible.

In the first part of this work there was optimization of some steps of polyacrylamide
hydrogels production to make them more efficient, homogenous and reproducible. One
of the most significant improvement was regarding the stability and reactivity of the
hydrogel towards functionalization. The half-life of the NHS group of acrylic acid-NHS, a
molecule incorporated in the formulation of the hydrogels to establish covalent bonds
with primary amines of the proteins and peptides used to provide cell attachment, is
dependent on the pH of the solution. The best range for the NHS esters reaction is 7-8. If
the pH is higher, it will occur hydrolysis within hours or minutes. But, if the pH is lower
than 7, protonation of the NHS ester groups occurs, disallowing the reaction with primary
amines (Grabarek and Gergely, 1990). This and other modifications referred in the Results

section had a positive impact on the overall development of this work.

Cells are non-adherent to polyacrylamide hydrogels without a proper coating. In order to
screen for the best adhesion conditions to allow the culture and differentiation of the
HOG cell line, functionalization of the hydrogels was made with PDL alone, or in
combination (1:1 or 1:1:1) with proteins present in the extracellular matrix, such as:
fibronectin, merosin or fibronectin/merosin, at different concentrations. It could be
observed that the adherent population of cells in most cases was higher at the
concentration of 25ug/mL of coating solution (Figure I11.2). It was interesting to observe
that it was the intermediate concentration tested that showed better results in this
aspect, highlighting the importance of the optimization of protein functionalization, in
contrast to the idea that the more protein added to the hydrogel or coverslip, the better

in terms of cell adhesion.

During the optimization of the functionalization of hydrogels with the laminin-a2 derived
peptides for the experiments in Figure IIl.7, l11.8 and 111.9, using the standard protocol, we
observed that the cells were not adherent. So, we hypothesized it might be due to the

step of blocking with heat-inactivated BSA. We reasoned that due to the small length of
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the peptides and the large size of BSA, albumin molecules might block the access of the
cells to the peptides. This problem was solved by eliminating the blocking step, which did
not seem to have implications in terms of unspecific binding of proteins to the hydrogel,
since the cells did not adhere to unblocked hydrogels. This is consistent with the half-life
of NHS (5 hours) at pH7.5-8, and the incubation time of the peptide before the gel is in

contact with any other protein-containing solution (15 to 16 hours).

Mature oligodendrocytes express markers such as PLP and MBP (Baron and Hoekstra,
2010; Bsibsi et al., 2012). Regarding the HOG cell line, it has been described to express
low but similar amounts of MBP in both undifferentiated and differentiated stages
(Buntinx et al., 2003), hence this marker was not tested in this work, since it did not
provide information regarding the differentiation state of the cells. However, these cells
have been described to express PLP after differentiation (Bello-Morales et al., 2011). In
order to test whether we could obtain similar results, aiming to understand if the
expression of this protein could be used later as a differentiation marker of HOG cells
under distinct experimental conditions, we tested two different differentiation media: N1
supplemented with T3 and T4 (N1+T3+T4) and the medium described by Bello-Morales et
al. (Bello-Morales et al., 2011). Through the analysis of phase-contrast images (Figure
[11.3), we could conclude that the medium described by Bello-Morales provided the best
differentiation conditions, due to a more branched morphology of the cells at the end of
the differentiation protocol. For further information about the state of differentiation, the
cells were stained for PLP. However, a difference on the expression of PLP was not visible
in differentiated cells when compared to undifferentiated ones (Figure 1ll.4). This result
was unexpected, since the HOG cells were obtained from the laboratory of the authors
that described the increase of PLP after differentiation, as well as the composition of the
differentiation medium used in our experiment (Bello-Morales et al., 2011). Despite the
similarities of the protocols and reagents used (even the anti-PLP antibody was the same),
there might be small unintended differences between the differentiation protocols or
reagents used that might account for the differences between the results from the two

laboratories.
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Nevertheless, there were significant differences between the morphology of
differentiated compared to undifferentiated cells. To analyze the differences between
differentiated and undifferentiated cells, fractal dimension analysis was performed,
allowing to quantify the complexity of the morphology of individual cells (Figure Ill.5). The
higher complexity of cells that were subjected to the differentiation protocol resulted in
higher fractal dimension than control cells, although no differences were found between
cells differentiated on coverslips and hydrogels, nor in presence of poly-D-lysine and

distinct ECM proteins.

Overall, the phenotypic modifications during the differentiation process in HOG cells are
not very evident. For that reason, in the second part of this work, we decided to test the
impact of distinct substrates and adhesion peptides derived from the laminin-a2 chain in
the CG4 cell line, known to respond better to differentiation cues in terms of phenotype

(Louis et al., 1992).

Laminin and fibronectin are extracellular proteins present in the microenvironment of
oligodendrocytes. The first is important for the differentiation of oligodendrocytes into
myelinating cells, while fibronectin, enhances proliferation and migration of progenitor

cells.

In order to test cell adhesion to the four laminin-a2 and one fibronectin peptides under
study, the density of adherent CG4 cells was tested using the distinct peptides with a
range of concentration varying from 5 to 500ug/mL. The functionalization approach of
the peptides to the hydrogels was similar to that of poly-D-lysine or the ECM proteins
previously tested. Nevertheless, to functionalize the coverslips, the glass was subjected to
a treatment with NaOH, followed by APTMS and glutaraldehyde. This procedure was
performed to better mimic the functionalization approach used on the hydrogels,
allowing the formation of a covalent link between the glass and the peptides, instead of
the typical non-specific coverslip coating. Moreover, this approach allowed for the
presence of a spacer between the coverslip and the epitope recognized by the cells,
which may favor the interaction between cell receptors and the peptide, due to the small

size of the latter (7-16 amino acids).
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The biological influence of the peptide chains derived from laminin-a2 was described by
Urushibata and colleagues (Urushibata et al., 2010), where they show some interesting
characteristics that we identified as potentially useful for oligodendrocyte maintenance
and differentiation. In this study, Peptidel exhibited strong cell attachment activity and
was demonstrated that this peptide interacts with cells through heparin/HSPGs. There
are three different families of heparan sulfate proteoglycans (HSPGs): syndecans,
glypican, and perlecan, which act as co-receptor/receptor in cell-cell interactions, cell-
extracellular matrix components interaction and with a number of molecules including
growth factors (Bansal et al., 1996; Winkler et al., 2002). One type of syndecan —
syndecan-3, is preferentially expressed by oligodendrocyte progenitors, while perlecan
synthesis increases during oligodendrocyte terminal differentiation, and glypican is
expressed in both stages: progenitor and differentiated oligodendrocytes (Winkler et al.,
2002). These receptors can recognize several molecules, such as growth factors (FGF and
PDGF); protease inhibitors and ECM molecules: fibronectin and laminin (Tumova et al.,
2000). Having this in mind, HSPGs acting as co-receptors for these molecules suggests
that they are important during oligodendrocyte differentiation (Bansal et al., 1996). As
described in the literature, Peptidel was described to increase cell adhesion trough the
interaction with HSPGs. Another receptor present on oligodendrocytes is a-dystroglycan,
which recognizes laminin, promoting oligodendrocyte differentiation (Galvin et al., 2010).
In our study, we observed that Peptidel could provide cell adhesion both in proliferation
and differentiation conditions, and allowed the differentiation of oligodendrocytes
(Figures 111.8 and 111.9), which fits with the fact that there seem to be several putative
receptors for this peptide in oligodendrocytes at different stages of differentiation, as

discussed above.

Another two peptides used in this project were shown to interact with subunits of
integrins, namely, a6B1 — (Peptide 2), and subunit-B1 — Peptide 3 (Urushibata et al.,,
2010). It is known that laminin is important for the differentiation of oligodendrocytes
into myelinating cells. a6B1-integrin is a laminin-2 receptor enhancing oligodendrocyte
myelin membrane formation (Relvas et al., 2001). On the other hand B1-integrin plays a

role in oligodendrocyte cell survival (Benninger et al., 2006). In the differentiation assays
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using hydrogels, although without significant differences, Peptide2 showed a higher
percentage of cells expressing MBP (Figure 111.9-A) even when compared with the
conditions of poly-D-lysine/merosin. During differentiation on coverslips, although again
not showing significant differences, there was a trend for higher percentage of MBP+ cells
in the condition using Peptidel (Figure 111.9-B). The concentrations of peptides used were
optimized for hydrogels only and applied to both hydrogels and glass coverslips, which
may account for the slightly different trends in terms of cellular differentiation on both
substrates (Figure I111.9). In the system with the peptides we are promoting the cell
adhesion with a molecule that is in principle recognized directly by the cellular receptors.
However when we use PDL, the local of the cell-matrix adherence is unspecific. The levels
of integrin expression are dependent on the differentiation stage of oligodendrocytes,
namely, integrin a6B1 is known to be absence in more precursor stage which may explain
the fact that undifferentiated cells were non-adherent on the coverslips coated with the

Peptide 2 and 3.

Peptided, another peptide derived from laminin-2, was described as a promoter of cell
adhesion and neurite outgrowth (Urushibata et al., 2010). However, in the adhesion
assays, this molecule did not show high levels of adherent cells (Figure 111.7). Moreover,
since it did not show a significant interaction with any subunit of integrins (Urushibata et
al., 2010), we decided not to proceed with this peptide at this time for the differentiation
assays. Regarding Peptide5, a small peptide (7 amino acids) derived from fibronectin, did
not show higher levels of adherent cells. Moreover, since it is known to promote the

maintenance of progenitor stages, it was also not used in the differentiation assays.

At this moment we are able to evaluate to a certain extent the influence of this
completely synthetic platform on oligodendrocyte differentiation. In future experiments,
we aim to elucidate which receptors and signaling pathways are activated in the distinct
experimental conditions tested in this work. Moreover, the utilization of primary OPCs
might be an appealing option, since typically the differences in response and expression

of differentiation markers are more evident than in cell lines.
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With the necessary modifications and optimizations, this approach could be an advantage

for future in vitro studies and biomedical applications.
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With the present work, we were able to maintain, proliferate and differentiate

oligodendrocytes on tunable hydrogels coated with extracellular proteins and peptides.

As a first approach to this project, we tested different differentiation media to enhance
the phenotypic and morphological modifications during the differentiation process in a
human oligodendrocyte cell line — the HOG cells. By immunocytochemistry, these
differences were not significant. However, by fractal dimension analysis, morphological

changes could be observed.

As an alternative to the HOG cell line, we decided to perform the optimization of the CG4
cell line differentiation using small peptides derived from the laminin-alpha2 chain
comparing to ECM proteins. Although the differences were not statistically significant, the
peptides showed a tendency to be more effective in cell differentiation. These peptides
have a big potential for future research and biomedical applications, to be used on
completely synthetic and biocompatible platforms, substituting the purified merosin

(isolated from human placenta).

67 | Conclusion



Characterization and functionalization of hydrogels for cell culture

Conclusion | 68



VI. Bibliography






Characterization and functionalization of hydrogels for cell culture

Andriezen, W.L. (1893). The Neuroglia Elements in the Human Brain. British Medical Journal 2,
227-230.

Aumailley, M., Bruckner-Tuderman, L., Carter, W.G., Deutzmann, R., Edgar, D., Ekblom, P., Engel,
J., Engvall, E., Hohenester, E., Jones, J.C.,, et al. (2005). A simplified laminin
nomenclature. Matrix biology : journal of the International Society for Matrix Biology 24,
326-332.

Bansal, R., Kumar, M., Murray, K., and Pfeiffer, S.E. (1996). Developmental and FGF-2-mediated
regulation of syndecans (1-4) and glypican in oligodendrocytes. Molecular and Cellular
Neuroscience 7, 276-288.

Baron, W., and Hoekstra, D. (2010). On the biogenesis of myelin membranes: Sorting, trafficking
and cell polarity. FEBS Letters 584, 1760-1770.

Bauer, N.G., Richter-Landsberg, C., and Ffrench-Constant, C. (2009). Role of the Oligodendroglial
Cytoskeleton in Differentiation and Myelination. Glia 57, 1691-1705.

Bello-Morales, R., de Marco, M.C., Aranda, J.F., Matesanz, F., Alcina, A., and Lopez-Guerrero, J.A.
(2009). Characterization of the MAL2-positive compartment in oligodendrocytes.
Experimental Cell Research 315, 3453-3465.

Bello-Morales, R., Perez-Hernandez, M., Teresa Rejas, M., Matesanz, F., Alcina, A., and Antonio
Lopez-Guerrero, J. (2011). Interaction of PLP with GFP-MAL2 in the Human
Oligodendroglial Cell Line HOG. Plos One 6.

Benninger, Y., Colognato, H., Thurnherr, T., Franklin, R.J.M., Leone, D.P., Atanasoski, S., Nave, K.-
A., ffrench-Constant, C., Suter, U., and Relvas, J.B. (2006). beta 1-integrin signaling
mediates premyelinating oligodendrocyte survival but is not required for CNS
myelination and remyelination. Journal of Neuroscience 26, 7665-7673.

Bradl, M., and Lassmann, H. (2010). Oligodendrocytes: biology and pathology. Acta
Neuropathologica 119, 37-53.

Brakebusch, C., and Fassler, R. (2003). The integrin-actin connection, an eternal love affair. EMBO
Journal 22, 2324-2333.

Bsibsi, M., Nomden, A., van Noort, J.M., and Baron, W. (2012). Toll-Like Receptors 2 and 3
Agonists Differentially Affect Oligodendrocyte Survival, Differentiation, and Myelin
Membrane Formation. Journal of Neuroscience Research 90, 388-398.

Buntinx, M., Vanderlocht, J., Hellings, N., Vandenabeele, F., Lambrichts, I., Raus, J., Ameloot, M.,
Stinissen, P., and Steels, P. (2003). Characterization of three human oligodendroglial cell
lines as a model to study oligodendrocyte injury: Morphology and oligodendrocyte-
specific gene expression. Journal of Neurocytology 32, 25-38.

Burgstaller, G., and Gimona, M. (2004). Actin cytoskeleton remodelling via local inhibition of
contractility at discrete microdomains. Journal of Cell Science 117, 223-231.

Buttery, P.C., and ffrench-Constant, C. (1999). Laminin-2/integrin interactions enhance myelin
membrane formation by oligodendrocytes. Molecular and cellular neurosciences 14,
199-212.

Cameron, A.R., Frith, J.E., and Cooper-White, J.J. (2011). The influence of substrate creep on
mesenchymal stem cell behaviour and phenotype. Biomaterials 32, 5979-5993.

71 | Bibliography



Characterization and functionalization of hydrogels for cell culture

Campbell, I.D., and Humpbhries, M.J. (2011). Integrin Structure, Activation, and Interactions. Cold
Spring Harbor Perspectives in Biology 3.

Chung, S.H., and Min, J. (2009). Morphological investigations of cells that adhered to the irregular
patterned polydimethylsiloxane (PDMS) surface without reagents. Ultramicroscopy 109,
861-867.

Colognato, H., Galvin, J., Wang, Z., Relucio, J., Nguyen, T., Harrison, D., Yurchenco, P.D., and
Ffrench-Constant, C. (2007). Identification of dystroglycan as a second laminin receptor
in oligodendrocytes, with a role in myelination. Development 134, 1723-1736.

Colognato, H., Ramachandrappa, S., Olsen, I.M., and ffrench-Constant, C. (2004). Integrins direct
Src family kinases to regulate distinct phases of oligodendrocyte development. Journal
of Cell Biology 167, 365-375.

Cretu, A., Castagnino, P., and Assoian, R. (2010). Studying the effects of matrix stiffness on cellular
function using acrylamide-based hydrogels. Journal of visualized experiments : JoVE.

Danen, E.H.J.,, and Sonnenberg, A. (2003). Integrins in regulation of tissue development and
function (vol 200, pg 471, 2003). Journal of Pathology 201, 632-641.

Discher, D.E., Mooney, D.J., and Zandstra, P.W. (2009). Growth Factors, Matrices, and Forces
Combine and Control Stem Cells. Science 324, 1673-1677.

Engler, AJ., Sen, S., Sweeney, H.L., and Discher, D.E. (2006). Matrix elasticity directs stem cell
lineage specification. Cell 126, 677-689.

Eyckmans, J., Boudou, T, Yu, X., and Chen, C.S. (2011). A Hitchhiker's Guide to Mechanobiology.
Developmental Cell 21, 35-47.

ffrench-Constant, C., and Colognato, H. (2004). Integrins: versatile integrators of extracellular
signals. Trends in Cell Biology 14, 678-686.

Franklin, R.J.M., and ffrench-Constant, C. (2008). Remyelination in the CNS: from biology to
therapy. Nature Reviews Neuroscience 9, 839-855.

Galvin, J., Eyermann, C., and Colognato, H. (2010). Dystroglycan Modulates the Ability of Insulin-
Like Growth Factor-1 To Promote Oligodendrocyte Differentiation. Journal of
Neuroscience Research 88, 3295-3307.

Giannone, G., and Sheetz, M.P. (2006). Substrate rigidity and force define form through tyrosine
phosphatase and kinase pathways. Trends in Cell Biology 16, 213-223.

Gobaa, S., Hoehnel, S., Roccio, M., Negro, A., Kobel, S., and Lutolf, M.P. (2011). Artificial niche
microarrays for probing single stem cell fate in high throughput. Nature Methods 8, 949-
955.

Grabarek, Z., and Gergely, J. (1990). ZERO-LENGTH CROSSLINKING PROCEDURE WITH THE USE OF
ACTIVE ESTERS. Analytical Biochemistry 185, 131-135.

Hart, I.K., Richardson, W.D., Heldin, C.H., Westermark, B., and Raff, M.C. (1989). PDGF receptors
on cells of the oligodendrocyte-type-2-astrocyte (0-2A) cell lineage. Development 105,
595-603.

Heasman, S.J., and Ridley, A.J. (2008). Mammalian Rho GTPases: new insights into their functions
from in vivo studies. Nature Reviews Molecular Cell Biology 9, 690-701.

Hoffecker, I.T., Guo, W.H., and Wang, Y.L. (2011). Assessing the spatial resolution of cellular
rigidity sensing using a micropatterned hydrogel-photoresist composite. Lab on a Chip
11, 3538-3544.

Supplementary data | 72



Characterization and functionalization of hydrogels for cell culture

http://www.crm.ed.ac.uk/research/group/myelination-and-repair-cns (2013). MRC Centre for
Regenerative Medicine - Myelination and Repair in the CNS.

Hutson, C.B., Nichol, J.W., Aubin, H., Bae, H., Yamanlar, S., Al-Haque, S., Koshy, S.T., and
Khademhosseini, A. (2011). Synthesis and Characterization of Tunable Poly(Ethylene
Glycol): Gelatin Methacrylate Composite Hydrogels. Tissue Engineering Part A 17, 1713-
1723.

Huveneers, S., and Danen, E.H.J. (2009). Adhesion signaling - crosstalk between integrins, Src and
Rho. Journal of Cell Science 122, 1059-1069.

Hynes, R.O. (2002). Integrins: Bidirectional, allosteric signaling machines. Cell 110, 673-687.

Jackman, N., Ishii, A., and Bansal, R. (2009). Oligodendrocyte Development and Myelin Biogenesis:
Parsing Out the Roles of Glycosphingolipids. Physiology 24, 290-297.

Jagielska, A., Norman, A.L.,, Whyte, G., Van Vliet, K.J., Guck, J., and Franklin, R.J.M. (2012).
Mechanical Environment Modulates Biological Properties of Oligodendrocyte Progenitor
Cells. Stem Cells and Development 21, 2905-2914.

Ji, S.P., Doucette, J.R., and Nazarali, A.J. (2011). Sirt2 is a novel in vivo downstream target of
Nkx2.2 and enhances oligodendroglial cell differentiation. Journal of Molecular Cell
Biology 3, 351-359.

Kessaris, N., Pringle, N., and Richardson, W.D. (2008). Specification of CNS glia from neural stem
cells in the embryonic neuroepithelium. Philosophical Transactions of the Royal Society
B-Biological Sciences 363, 71-85.

Kippert, A., Fitzner, D., Helenius, J., and Simons, M. (2009). Actomyosin contractility controls cell
surface area of oligodendrocytes. BMC Cell Biology 10.

Kraemer-Albers, E.-M., and White, R. (2011). From axon-glial signalling to myelination: the
integrating role of oligodendroglial Fyn kinase. Cellular and Molecular Life Sciences 68,
2003-2012.

Kramer, E.M., Koch, T., Niehaus, A., and Trotter, J. (1997). Oligodendrocytes direct glycosyl
phosphatidylinositol-anchored proteins to the myelin sheath in glycosphingolipid-rich
complexes. Journal of Biological Chemistry 272, 8937-8945.

Lanza, R.P., and Vacanti, J. (2007). Principles of tissue engineering. Academic Press, 1244,

Leone, D.P., Relvas, J.B., Campos, L.S., Hemmi, S., Brakebusch, C., Fassler, R., ffrench-Constant, C.,
and Suter, U. (2005). Regulation of neural progenitor proliferation and survival by beta 1
integrins. Journal of Cell Science 118, 2589-2599.

Li, B.J., Moshfegh, C., Lin, Z., Albuschies, J., and Vogel, V. (2013). Mesenchymal Stem Cells Exploit
Extracellular Matrix as Mechanotransducer. Scientific Reports 3.

Louis, J.C., Magal, E., Muir, D., Manthorpe, M., and Varon, S. (1992). CG-4, a new bipotencial glial-
cell line from rat-brain, is capable of differentiaitng in vitro into either mature
oligodendrocytes or type-2 astrocytes. Journal of Neuroscience Research 31, 193-204.

Lourencgo, T.M.P. (2012). Regulation of ECM mimetics during oligodendrocytes differentiation in
vitro In Faculdade de Ciéncias e Tecnologia (Universidade de Coimbra).

Luo, Y.C., Zhang, H.T., Cheng, H.Y., Yang, Z.J., Dai, Y.W., and Xu, R.X. (2010). Differentiation of
cryopreserved human umbilical cord blood-derived stromal cells into cells with an
oligodendrocyte phenotype. In Vitro Cellular & Developmental Biology-Animal 46, 585-
589.

73 | Bibliography


http://www.crm.ed.ac.uk/research/group/myelination-and-repair-cns

Characterization and functionalization of hydrogels for cell culture |

Ma, W., Tavakoli, T., Derby, E., Serebryakova, Y., Rao, M.S., and Mattson, M.P. (2008). Cell-
extracellular matrix interactions regulate neural differentiation of human embryonic
stem cells. BMC Developmental Biology 8.

McFarland, H.F., and Martin, R. (2007). Multiple sclerosis: a complicated picture of autoimmunity.
Nature Immunology 8, 913-919.

Montgomery, A.M.P., Becker, J.C., Siu, C.H., Lemmon, V.P., Cheresh, D.A., Pancook, J.D., Zhao,
X.N., and Reisfeld, R.A. (1996). Human neural cell adhesion molecule L1 and rat
homologue NILE are ligands for integrin alpha(v)beta(3). Journal of Cell Biology 132, 475-
485.

Moore, S.W., Roca-Cusachs, P., and Sheetz, M.P. (2010). Stretchy Proteins on Stretchy Substrates:
The Important Elements of Integrin-Mediated Rigidity Sensing. Developmental Cell 19,
194-206.

Morrison, S.J., and Spradling, A.C. (2008). Stem cells and niches: Mechanisms that promote stem
cell maintenance throughout life. Cell 132, 598-611.

Moshayedi, P., Costa, L.d.F., Christ, A., Lacour, S.P., Fawcett, J., Guck, J., and Franze, K. (2010).
Mechanosensitivity of astrocytes on optimized polyacrylamide gels analyzed by
guantitative morphometry. Journal of Physics-Condensed Matter 22.

Nair, A., Frederick, T.J., and Miller, S.D. (2008). Astrocytes in multiple sclerosis: A product of their
environment. Cellular and Molecular Life Sciences 65, 2702-2720.

O'Meara, R.W., Michalski, J.-P., and Kothary, R. (2011). Integrin signaling in oligodendrocytes and
its importance in CNS myelination. Journal of Signal Transduction 2011, 354091-354091.

Polio, S.R., Rothenberg, K.E., Stamenovic, D., and Smith, M.L. (2012). A micropatterning and image
processing approach to simplify measurement of cellular traction forces. Acta
Biomaterialia 8, 82-88.

Post, G.R.,, and Dawson, G. (1992). Characterization of a cell-line derived from a human
oligodendroglioma. Molecular and Chemical Neuropathology 16, 303-317.

Relucio, J., Tzvetanova, I.D., Ao, W., Lindquist, S., and Colognato, H. (2009). Laminin Alters Fyn
Regulatory Mechanisms and Promotes Oligodendrocyte Development. Journal of
Neuroscience 29, 11794-11806.

Relvas, J.B., Setzu, A., Baron, W., Buttery, P.C., LaFlamme, S.E., Franklin, R.J.M., and ffrench-
Constant, C. (2001). Expression of dominant-negative and chimeric subunits reveals an
essential role for beta 1 integrin during myelination. Current Biology 11, 1039-1043.

Rivera, F.J., and Aigner, L. (2012). Adult mesenchymal stem cell therapy for myelin repair in
Multiple Sclerosis. Biological Research 45, 257-268.

Rivera, F.)., Steffenhagen, C., Kremer, D., Kandasamy, M., Sandner, B., Couillard-Despres, S.,
Weidner, N., Kuery, P., and Aigner, L. (2010). Deciphering the Oligodendrogenic Program
of Neural Progenitors: Cell Intrinsic and Extrinsic Regulators. Stem Cells and
Development 19, 595-606.

Ruppert, M., Aigner, S., Hubbe, M., Yagita, H., and Altevogt, P. (1995). The L1 adhesion molecule is
a cellular ligand for VLA-5. Journal of Cell Biology 131, 1881-1891.

Saha, K., Keung, A, Irwin, E.F., Li, Y., Little, L., Schaffer, D.V., and Healy, K.E. (2008). Substrate
Modulus Directs Neural Stem Cell Behavior. Biophysical Journal 95, 4426-4438.

Supplementary data | 74



Characterization and functionalization of hydrogels for cell culture

Schofield, R. (1978). Relathionship between spleen colony-forming cell and hematopoietic stem
cell. Blood Cells 4, 7-25.

Schumacher, M., Hussain, R., Gago, N., Oudinet, J.-P., Mattern, C., and Ghoumari, A.M. (2012).
Progesterone synthesis in the nervous system: implications for myelination and myelin
repair. Frontiers in Neuroscience 6, 10-10.

Scotting, P.J., Walker, D.A., and Perilongo, G. (2005). Opinion - Childhood solid tumours: a
developmental disorder. Nature Reviews Cancer 5, 481-488.

Smith, K.J., Blakemore, W.F., and McDonald, W.l. (1979). Central remyelination restores secure
conduction. Nature 280, 395-396.

Sun, Y., Chen, C.S., and Fu, J. (2012). Forcing Stem Cells to Behave: A Biophysical Perspective of
the Cellular Microenvironment. In Annual Review of Biophysics, Vol 41, D.C. Rees, ed.,
pp. 519-542.

Tamkun, J.W., Desimone, D.W., Fonda, D., Patel, R.S., Buck, C., Horwitz, A.F., and Hynes, R.O.
(1986). Structures of integrin, a glycoprotein involved in the transmembrane linkage
between fibronectin and actin. Cell 46, 271-282.

Tse, J.R., and Engler, A.J. (2010). Preparation of hydrogel substrates with tunable mechanical
properties. Current protocols in cell biology / editorial board, Juan S Bonifacino [et al]
Chapter 10, Unit 10.16-Unit 10.16.

Tse, J.R., and Engler, A.J. (2011). Stiffness Gradients Mimicking In Vivo Tissue Variation Regulate
Mesenchymal Stem Cell Fate. Plos One 6.

Tumova, S., Woods, A., and Couchman, J.R. (2000). Heparan sulfate proteoglycans on the cell
surface: versatile coordinators of cellular functions. International Journal of
Biochemistry & Cell Biology 32, 269-288.

Urushibata, S., Hozumi, K., Ishikawa, M., Katagiri, F., Kikkawa, Y., and Nomizu, M. (2010).
Identification of biologically active sequences in the laminin alpha 2 chain G domain.
Archives of Biochemistry and Biophysics 497, 43-54.

Wang, H., Rusielewicz, T., Tewari, A., Leitman, E.M., Einheber, S., and Melendez-Vasquez, C.V.
(2012). Myosin Il is a negative regulator of oligodendrocyte morphological
differentiation. Journal of Neuroscience Research 90, 1547-1556.

Wang, H., Tewari, A., Einheber, S., Salzer, J.L., and Melendez-Vasquez, C.V. (2008). Myosin Il has
distinct functions in PNS and CNS myelin sheath formation. Journal of Cell Biology 182,
1171-1184.

Wang, N., Butler, J.P., and Ingber, D.E. (1993). Mechanotransduction across the cell surface and
through the cytoskeleton Science 260, 1124-1127.

Wang, P.-S., Wang, J., Xiao, Z.-C., and Pallen, C.J. (2009). Protein-tyrosine Phosphatase alpha Acts
as an Upstream Regulator of Fyn Signaling to Promote Oligodendrocyte Differentiation
and Myelination. Journal of Biological Chemistry 284, 33692-33702.

Wen, S., Li, H., and Liu, J. (2009). Dynamic signaling for neural stem cell fate determination. Cell
Adhesion & Migration 3, 107-117.

Winkler, S., Stahl, R.C.,, Carey, D.J., and Bansal, R. (2002). Syndecan-3 and perlecan are
differentially expressed by progenitors and mature oligodendrocytes and accumulate in
the extracellular matrix. Journal of Neuroscience Research 69, 477-487.

75 | Bibliography



Characterization and functionalization of hydrogels for cell culture

Wipff, P.J.,, Majd, H., Acharya, C., Buscemi, L., Meister, J.J., and Hinz, B. (2009). The covalent
attachment of adhesion molecules to silicone membranes for cell stretching
applications. Biomaterials 30, 1781-1789.

Wolf, R.M., Wilkes, J.J., Chao, M.V., and Resh, M.D. (2001). Tyrosine phosphorylation of p190
RhoGAP by Fyn regulates oligodendrocyte differentiation. Journal of Neurobiology 49,
62-78.

Supplementary data | 76



Characterization and functionalization of hydrogels for cell culture

VIIl. Supplementary data

Proliferation medium Differentiation medium

Figure S.I — Expression of PLP before and after differentiation. Expression of PLP cell cultured on
hydrogels functionalized with poly-D-lysine at 25ug/mL and merosin at 25ug/mL in proliferation

medium (2 days-left) and differentiation medium (3 days-right). Bar corresponds to 20um.
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PDL 25pg/mL". _ '

Figure S.Il = See legend on the next page.
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Figure S.Il — Representative images of phase contrast microscopy images of CG4 cells. CG4 cells were
plated in glass coverslips coated with different peptides at different concentrations, PDL at 25 pg/mL
and PBS. Peptide 1, 3 and 4 - range of concentrations of 5-500ug/mL; Peptide 2 - range of
concentrations of 5-400ug/mL (only represented 400ug/mL); Peptide 5 - range of concentrations of 5-
100pg/mL. The positive and negative control for CG4 cell adhesion was the cells plated on the
condition PDL at 25 pug/mL and PBS, respectively. Bar corresponds to 100um.
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