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PREFACE

Traumatic brain injury (TBI) is an insult to the brain, resulting from the application of external
mechanical forces. TBI can lead to a heterogeneous pathology, starting from a primary insult
that triggers a secondary injury characterized by a complex cascade of metabolic, cellular
and molecular alterations. The post-TBI pathophysiological cascades include glutamate
excitotoxicity, perturbation of calcium homeostasis, increase in free radical generation or
oxidative stress, mitochondrial dysfunction, inflammation, apoptosis and diffuse axonal injury.
Among the secondary events triggered, the oxidative stress has a relevant role in the
aetiology of progressive neuropathology in TBI and oligodendrocytes and myelin sheaths
appear to be particularly sensitive to oxidative stress.

TBI compromises the survival of oligodendrocytes and myelin integrity. The increasing
clinical and experimental evidences suggest that demyelination may play an important role in
the pathophysiology of TBI showing degeneration of white matter, with loss of myelin and
oligodendrocytes. All these studies demonstrated that myelin is early affected after TBI,
however, the pathophysiological mechanisms underlying this loss of myelin are not yet well
known.

The aim of my PhD project was to characterize the response of oligodendrocytes and myelin
sheaths following a traumatic event. To achieve this goal, the development of in vitro and
ex vivo models of traumatic injury was necessary for the analysis and comprehension of this
response. Since strain is known to be an important component of TBI leading to tissue
damage, we focused our attention in the development of a stretch-induced injury. Numerous
studies in the literature were performed on different CNS cell types, but oligodendrocytes
have received less attention. Oligodendrocytes are known to be mechanosensitive, there are
in fact some studies exploring the effect of a mechanical stimulation on these cells;
nevertheless no study has addressed so far the effects of stretch-induced injury in
oligodendrocytes.

This PhD dissertation starts with an introduction in order to elucidate and recall some notions
that were necessary to present the ideas and the choices we made behind this work. | will
start with a presentation of myelin and TBI, followed by a chapter on mechanostimulation
with particular attention to the stretch force, followed by an overview on oxidative stress and
its importance in TBI, and finally a brief chapter on etazolate, a promising compound for the

treatment of TBI. After this introduction | will present my results obtained during three years
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of PhD, starting from the development of in vitro models of stretch-induced injury, the
observed cell response to stretch in three different cell models (158N cell line, the mixed glial
primary culture and the oligodendrocyte-enriched primary culture), the development of the
ex vivo model (cerebellar organotypic culture) of stretch-induced injury and the preliminary
results obtained. The last section of results is dedicated to the study of the antioxidant
potential of etazolate in vitro on the 158N cell line and its protective role in an ex vivo model
of lysolecithin-induced demyelination on cerebellar organotypic slices.

Finally | will conclude this dissertation with a discussion about the interpretation of results,
the conclusions that can be drawn from this work and the future perspectives of this project
that will be continued by other students.

This work has been performed at INSERM Unit 1124 at the Faculty of Basic and Biomedical
Sciences (Paris Descartes University) and part of the data obtained will be submitted to a

peer review for publication (Scientific Reports).



INTRODUCTION

CHAPTER 1

Myelin in the central nervous system

The central nervous system (CNS) is the part of the nervous system that includes brain and
spinal cord. The brain is contained and protected by the skull, while the spinal cord in
continuity with the brain, is protected by the vertebra.

The CNS is composed by grey and white matter. The grey matter consists mainly of neuronal
bodies and dendrites, while the white matter consists mainly of axons that are mostly
myelinated. White matter owes its name to the light appearance resulting from the lipid
content of myelin that gives a white colour. The human brain presents a cortical grey matter
on the outer part of cortex, while the inner part is more composed by white matter. There is
also a subcortical grey matter composed by different nuclei.

Both tissues, but markedly more the white matter, contain the glial cells as astrocytes,
ependymal cells, microglial cells and oligodendrocytes usually referred as supporting cells of
the CNS. Their main functions are to surround and insulate one neuron from another and
hold them in place, to supply nutrients and oxygen to neurons, to remove and clean up dead
cells or debris and in general to maintain an appropriate chemical environment for neuronal
signalling.

The relative quantity of white and grey matter varies in different species of mammals, given
that white matter constitutes around 15% and 50% of the brain weight in rodents and

humans, respectively (Zhang and Sejnowski, 2000).

1.1 Oligodendrocytes

Oligodendrocytes are first discovered in the early 20" century by Pio del Rio Hortega who
gave them the name “oligodendroglia” (Del Rio Hortega, 1922). He foresaw a relation
between this cells and myelination that was then confirmed in 1924 (Penfield, 1924).

Nowadays it is well recognised that myelin, a concentrically laminated membrane structure
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that wraps around axons, is formed by oligodendrocytes in CNS and by Schwann cells in the
peripheral nervous system (PNS). Each Schwann cells can generate a single myelin sheath
around a single axon. By contrast each oligodendrocyte can generate multiple sheaths
around multiple axons and the same axon can have sequential myelin sheaths derived from
different oligodendrocytes.

Oligodendrocytes undergo different developmental stages before becoming mature
myelinating cells. During this differentiation they undergo a morphological transformation,
increasing their ramifications or branching, and also sequentially expressing different cellular
markers and transcription factors. The different developmental stages of the oligodendrocyte
lineage have been well characterized based on the sequential expression of lipid and protein
antigens (Baumann and Pham-Dinh, 2001). Oligodendrocytes are classified in
i) oligodendrocyte precursor cells (OPCs) that are bipolar, migratory and proliferative cells,
expressing Oligl/2, NG2, A2B5, PDGFRa that are subsequently downregulated during
differentiation, ii) Pre-oligodendrocytes that develop more branches and express Nkx2.2,
NG2, PDGFRa, A2B5, iii) Non-myelinating oligodendrocytes expressing 04, O1, GalC and
A2B5 and finally iv) Myelinating mature oligodendrocytes that express MBP, PLP, MAG,
CNP, CC1 (APC), GalC, MOG, GSTpi, NogoA. Mature oligodendrocytes form “myelin-like”
membranes in vitro and myelin sheaths that enwrap axons in vivo (Baumann and Pham-
Dinh, 2001; Jackman et al., 2009; Simons and Nave, 2016) (Fig. 1).
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Figure 1: Representation of different developmental stages of the oligodendrocyte lineage. Schematic
drawing of morphological and antigenic progression from precursor cells to myelinating mature oligodendrocytes,
through pre-oligodendrocytes and non-myelinating oligodendrocytes. The most common markers are shown
(adapted from Baumann and Pham-Dinh, 2001; Jackman et al., 2009).



1.2 Myelin sheaths
1.2.1 Myelination

Myelination is a complex sequence of events that comprises different steps starting from
proliferation and migration of OPCs, recognition of target axons and axon-glia signalling,
differentiation of OPCs into myelinating oligodendrocytes, membrane outgrowth and axonal
wrapping, trafficking of membrane components, myelin compaction, and finally node
formation (Simons and Nave, 2016).

Some OPCs remain in a precursor state and other OPCs differentiate into mature
myelinating oligodendrocytes. During development, myelinating oligodendrocytes derive from
OPCs following different waves of proliferation. In rodents, the first oligodendrocytes
originate in the ventral forebrain at 12.5 days embryonal days (E12.5) and then from the
cortex after birth. The earliest-formed oligodendrocytes, are later eliminated during postnatal
development (Kessaris et al., 2006). Myelination in humans also begins prenatally in
telencephalic ventricular zone at 5 gestational weeks (Jakovcevski et al., 2009). Once the
myelination begins, OPCs must be properly positioned because mature oligodendrocytes
appear to have very little capacity to migrate into new positions or to delay myelin synthesis.
To ensure that all axons will be property myelinated, an excess of oligodendrocytes is
produced and then the excess will be later eliminated by apoptosis (Barres and Raff, 1994;
Raff et al., 1993; Trapp et al., 1997).

Nowadays little is known about the selection of axons for myelination (Simons and Lyons,
2013). One hypothesis is that in the absence of any molecular signals, myelin sheaths are
preferentially made on the axons of largest and intermediate caliber, and not on the smallest
caliber targets (corresponding to <200 nm axons in vivo, or <400 nm nanofibers in vitro).
However it seems that if small-caliber axons express specific signals, oligodendrocytes can
recognize them and initiate the myelination, they appear to be controlled more tightly by local
axon-oligodendrocyte signals (Simons and Nave, 2016). At the same time, there are
evidence showing that the target size alone can determine the initiation of myelination (Lee
et al.,, 2012b). It has been shown that OPCs can initiate myelination on inert polystyrene
fibers that mimic axons, suggesting that oligodendrocytes (unlike Schwann cells) do not
require axonal adhesion molecules and growth factors to initiate the formation of myelin
(Bechler et al., 2015). The authors also showed that oligodendrocytes from different regions
generate myelin sheaths of different lengths meaning that precursor cell populations have
intrinsic properties that affect myelin sheath lengths in function of their anatomic origin
(Bechler et al., 2015).

The formation of myelin sheaths is considered one of the most complex transformations of a

plasma membrane. In fact, it includes timely coordinated cell-cell interaction, the extension
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and wrapping of the plasma membrane around the axon, and the extrusion of cytoplasm
from newly generated multilamellar membrane stacks.

The inner turn, or leading edge, advances underneath of earlier-formed layers and at the
same time each layer extends laterally, resulting in different myelin thickness along the
length of the growing myelin segment (Hughes and Appel, 2016; Salzer and Zalc, 2016).
This implies that the material necessary for the myelin synthesis has to be transported
through the developing myelin to the inner layer facing the axon. There is an elaborated
system of cytoplasmic channels within compacted myelin that allows to the myelin
components to be synthesized at several subcellular localizations and to be transported to
the growing myelin sheath at the leading edge.

Its thickness is tightly regulated and correlates with diameter of the axon surrounded. It is
usually expressed by the “g ratio” (axon diameter / total fiber diameter). In general,
oligodendrocytes generate between 20 and 60 myelinating processes and the final myelin
sheath can be composed of 100 or more lamellae or membrane turns (Hildebrand et al.,
1993; Matthews and Duncan, 1971; Simons and Nave, 2016).

A myelin sheath cross section observed by electron microscopy shows major dense lines,
resulting from the apposition of cytoplasmic leaflets, and light lines called intraperiod lines
formed by the apposition of the outer leaflets of the plasma membranes of adjacent
oligodendrocytic processes. Myelin in the internodal region is separated from the axon by a
gap called periaxonal space (Fig. 2).
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Figure 2: Multilamellar myelin sheath surrounding an axon in CNS. Enlargement shows the major dense line,
the intraperiod line and the periaxonal space. The principal myelin proteins are also shown (MBP, PLP, CNP,
MAG) (adapted from Laule et al., 2007).



Regarding the timeline of myelination, it is a process that begins prenatally and then persists
after birth. It is known that OPCs maintain the capacity of proliferation, migration and
differentiation even in the adult CNS. The density and distribution of OPCs is important in
adulthood, even if their role is not well elucidated. They can generate new oligodendrocytes
under normal condition, in order to replace dying oligodendrocytes and maintain the integrity
of myelin sheath (Yeung et al., 2014; Young et al., 2013), to modulate angiogenesis (Yuen et
al., 2014). Besides, it seems that OPCs are also required for acquiring new motor skills
(Fields, 2015; McKenzie et al., 2014; Xiao et al., 2016). In pathological condition, they can
also respond to demyelinating injuries (Hughes et al., 2013; Tripathi et al., 2010)
(see § 1.3 for demyelination). There are increasing evidences showing that myelination
process continues much later during adulthood than previously thought, up to 8 or 9 months
in rodents (Mengler et al., 2014; Rivers et al., 2008; Young et al., 2013), and =30 years in
humans (Miller et al., 2012; Yeung et al., 2014). The number of mature oligodendrocytes
generated in adulthood is unexpectedly large. In fact, around 30% of the total
oligodendrocytes in the corpus callosum of 8-month-old mice are generated after 7 weeks of
age (Rivers et al., 2008; Zhu et al., 2011).

In the adult, myelin proteins exhibit very little turnover, indicating that the mature myelin
sheath is normally quite stable. In humans, myelin is exchanged at high rate but the number
of oligodendrocytes in white matter is quite stable. Yeung and collaborators showed, thanks
to an analysis of the integration of nuclear bomb test-derived **C, that the oligodendrocyte
generation rate in humans is 0.32% per year, meaning an exchange of 1/300
oligodendrocytes per year, constant from 5 years of age. In mice, it is 100-fold higher from
36.5% to 182% per year, during adolescent and adult stages. These results suggest that in
humans, oligodendrocyte turnover contributes only in minimal part to myelin modulation and
probably the mature oligodendrocytes are able to carry out and facilitate the neural plasticity
(Yeung et al., 2014). In adults, OPCs differentiate and generate a myelin sheath that is
slightly different compared to early-born myelin. In fact, the newly generated internodal
segment presents a shorter length. This characteristic is also an indicator of post-injury
remyelination (Young et al., 2013) (see § 1.3 for remyelination).

The process of myelination has similarities in all species and it occurs in an orderly and
region-dependent pattern. Generally for the CNS, it begins in the spinal cord and proceeds
rostrally. Within the cerebral lobes, it involves first primary motor and sensory area of the
cerebral cortex and corpus callosum (Downes and Mullins, 2013). In humans, the myelin
synthesis begins in the peripheral nervous system, brain stem and spinal cord (Inder and
Huppi, 2000). Myelination advances at differing rates in different regions of the brain and
generally it proceeds from inferior to superior and posterior to anterior, commencing in the

occipital lobe followed by the temporal and frontal lobes (Semple et al., 2013; Volpe, 2000).
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In the case of cerebellum, a highly myelinated tissue, it has been shown in rat that at 10
days post-natal, the cerebellum is myelinated in all area at some extent, with the 8"
cerebellar lobule that is myelinated first (Downes and Mullins, 2013).

Myelinated axons present periodic interruptions in the myelin sheaths. The myelinated
regions called internodes are separated by short portions of the axon that are left uncovered,
called nodes of Ranvier (Fig. 3). Usually internodes present a length of 20 ym —200 pm,
while nodes of Ranvier present a length of ~1 uym, corresponding to <1% of the territory of
the myelinated axon. Node of Ranvier are critical for neuronal conduction. They are flanked
by paranodal junctions, sites of closest apposition between axons and myelinating glia, that
in turn are flanked by juxtaparanodal regions. Once the myelin sheaths are synthetized, they
go through a process of compaction except at the end of the internodes, at the paranodal
loops. The myelin membrane forms septate junctions with the axonal surface due to different
adhesion proteins, in particular Caspr and contactin on the axonal side and Neurofascin-155

on the glial surface (Salzer et al., 2008) (Fig. 3).
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Figure 3: Longitudinal section of a myelinated axon through the node of Ranvier. The nodal (N), paranodal
(PN), juxtaparanodal (JPX) and internodal (INT) axon regions are shown. Na* channels are located in the nodal
region while K™ channels are in the juxtaparanodal region. Paranodal (Caspr, Contactin-1) and juxtaparanodal
(Caspr-2, Contactin-2) proteins are shown tighter with the principal myelin proteins (MBP, PLP, CNP, MAG,
MOG). Additional abbreviations: Nogo A: Neurite outgrowth inhibitor A; NgR1: Nogo-receptor 1; Nf-186:
Neurofascin 186 (adapted from Podbielska et al., 2013).

The paranodal junctions promote accumulation of voltage-gated sodium channels at the
node and separates them from potassium channels in the juxtaparanodes (Salzer and Zalc,

2016). Voltage-gated sodium channels are in fact concentrated at nodes of Ranvier and they



are downregulated along the axon plasma membrane between the nodes; in this way the
current flow is spatially restricted to the nodal region assuring a saltatory conduction down
the axon. Paranodal junctions function as an electrical seal that limits current leakage
underneath the sheath. All these characteristic result in dramatic increases in conduction
velocity in myelinated fibers compared to unmyelinated ones. Nevertheless in the CNS,
some fiber tracts remain unmyelinated as the dopaminergic axons in the medial forebrain

bundle and part of the parallel fibers in the cerebellum.

1.2.2 Structure

Myelin is unigue among plasma membrane equivalents because of its high lipid content. In
fact, it is composed of ~70% lipids and 30% proteins (Norton and Cammer, 1984; Quarles et
al.,, 2006), while other membranes have typically 30-50% lipids. The different myelin
components are synthetized and then transported through the developing myelin to the inner
layer facing the axon.

A peculiar characteristic of myelin is the stability; the myelin components have a half-life on
the order of several weeks to months. In fact, a study using the pulse chase technique and
mass spectrometry to analyse protein synthesis, showed that myelin proteins are among the
most long-lived proteins in mouse together with histones, nucleoporins, and lamins (Toyama
et al., 2013).

1.2.2.1 Lipids

Various classes of lipids are present in oligodendrocytes and myelin sheaths. They include
glycosphingolipids, galactosphingolipids, phospholipids (predominantly sphingomyelin but
also phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine and
phosphatidylinositol), saturated long-chain fatty acids and cholesterol. The latter is required
for myelin sheath assembly. Among glycolipids, the most represented is the
galactocerebroside (GalC). Myelin also comprises a high proportion of plasmalogens, an
ether phospholipids, with saturated long-chain fatty acids (Chrast et al., 2011). Cholesterol
and glycosphingolipids are the principal lipid components of myelin representing the ~27%
and 31% of total myelin lipids, respectively (Jackman et al., 2009). Myelin presents ~20% of
the fatty acids with hydrocarbon chains longer than 18 carbon atoms (compared with 1% in
grey matter) and only 6% polyunsaturated fatty acids (compared with 20% in grey matter)
(Simons and Nave, 2016).

Lipids are disposed asymmetrically on the two sides of the plasma membrane with
glycolipids, GalC and sulphatide, clustering on the external side and phospholipids clustering

on the internal side (Greer, 2013)



1.2.2.2 Proteins

Proteins found in myelin sheaths and oligodendrocytes are typical of this structure and cell
type. There are two main proteins that constitute ~80% of myelin proteins: PLP and MBP
(Greer, 2013; Nave and Werner, 2014) (Fig. 4).

Myelin sheath

Axon

Oligodendrocyte

Figure 4: Schematic representation of the distribution of myelin proteins synthesized by
oligodendrocytes. The main proteins MBP, PLP, MAG, MOG and CNP are represented in the plasma
membrane of a myelin sheath (adapted from Hemmer et al., 2002).

- PLP (Proteolipid Protein) — 26 kDa: PLP and its alternatively spliced isoform DM20,

identical to PLP apart from deletion of a 35 amino acids, constitute over 50% of the

total protein of CNS myelin. PLP is an integral membrane protein, and it is highly
conserved during evolution as human and rodent PLP being identical (Greer, 2013).
PLP is a highly hydrophobic protein and it has an affinity for phospholipids and
cholesterol. For this reason it is thought to have an important role in myelin
compaction and stabilisation, by promoting membrane cohesion at the extracellular
side, the intraperiod line (Greer, 2013; Hobson et al., 2002; Simons et al., 2000).

- MBP_ (Myelin Basic Protein) — from 14 to 21.5 kDa: MBP is the second most

abundant proteins in CNS myelin, representing about 30% of the total myelin protein
content. There are several MBP isoforms ranging in molecular weight from 14 to
21.5 kDa. The full-length, early-developmental 21.5 kDa splice isoform has a role to
promote oligodendrocyte proliferation and differentiation. In fact, its transcript is
increased in early myelination in human and mouse and it is present in OPCs in
culture. The 18.5-kDa isoform is the most predominant in the adult CNS and it has a

role on membrane adhesion (Harauz and Boggs, 2013). MBP is localized at the
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cytoplasmic surface in the major dense line and it adheres the cytosolic surfaces of
oligodendrocyte membranes together, it is believed to act as a “glue” between the
cytoplasmic faces of the myelin membrane leaflets (Aggarwal et al., 2013; Greer,
2013; Quarles et al., 2006). MBP is positively charged, so it can interact with
negatively charged phospholipids and also with cytoskeletal components, as actin
filaments and microtubules. MBP is thought to have a role in the stabilization of actin
fibres in compact myelin (Harauz et al., 2009). Myelin compaction is mediated by
MBP progresses from the outside to the inside of the myelin sheath, in fact
compaction begins first in the outermost layers of myelin, suggesting that the addition
of new layers by the growth of the inner tongue occurs faster than the MBP-mediated

compaction (Snaidero et al., 2014).

CNP or CNPase (2', 3'-Cyclic-Nucleotide 3'-Phosphodiesterase) — 46 and 48 kDa:
CNP is a membrane-associated enzyme located at the cytoplasmic side of the myelin

sheath. Its amount varies in an age-dependant (immature myelin has more) and
species-dependant manner. However, CNP remains a minor protein with ~ 4% of
total myelin protein content. CNP at 46/48 kDa is present in the CNS myelin (Greer,
2013; Quarles et al., 2006), and it is commonly used as biochemical myelin marker.
However very low levels of CNP are also present in other cell types. CNP is localized
in specific regions of myelin sheaths, i.e. oligodendroglial processes, inner and outer
tongue processes and lateral loops, and in general in non compact cytoplasm-
containing regions of the myelin sheath (Braun et al., 1988; Lee et al., 2005).The
precise role of CNP is not clear. It seems to regulate cytoskeletal dynamics. In fact, it
can bind cytoskeletal elements such as F-actin and tubulin (Lee et al.,, 2005;
Myllykoski et al., 2012). It seems also to play a role in branching and process
formation of oligodendrocytes (Lee et al., 2005). An enzymatic activity has also been
reported, the enzyme is active on 2', 3"-byclic nucleotides (as 2', 3'-cAMP, cGMP and
analogues) which are all hydrolysed to the corresponding 2'-isomer (Lee et al., 2001,
Myllykoski et al., 2012; Quarles et al., 2006). CNP appears to be a factor that delays
myelin compaction, in fact mouse lacking CNP1 present a faster and extended
compaction, while overexpression of CNP1 results in areas of myelin that lack
compaction. The equilibrium between CNP and MBP levels seems to regulate the

speed of compaction in early development (Gravel et al., 1996; Snaidero et al., 2014).

MAG (myelin associated glycoprotein) — 100 kDa: MAG is a glycoprotein located at

the innermost layer of myelin sheets and it remains in contact with the axonal
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membrane. It is a minor protein representing less than 1% of the total myelin protein
content (Quarles, 2002). MAG has a single transmembrane domain with glycosylated
extracellular part of the molecule, composed of five Ig-like domains and eight or nine
sites for N-linked glycosylation, and an intracellular carboxy-terminal domain. In
rodents MAG presents two isoforms generated by alternative splicing, which differ in
their cytoplasmic domains. The longer isoform (L-MAG) predominates early in
development, while the shorter isoform (S-MAG) increases during development to
become prominent in adult rodents. MAG is located in the periaxonal membrane of
myelin sheath and not in the multilamellar compact myelin. This suggests a role in
adhesion and signalling between oligodendrocytes and axon in both directions. MAG
is not essential for myelination, since MAG null mice is able to myelinate.
Nevertheless, these mice present delayed myelination, abnormalities of myelin
sheath as well as degeneration of periaxonal oligodendroglial processes (Lopez,
2014; Quarles et al., 2006).

- MOG (myelin-oligodendrocyte glycoprotein) — 26kDa: MOG is another minor

transmembrane glycoprotein (<1% of total proteins), containing a single Ig-like
domain and one site for N-linked glycosylation. It is located on the outermost turn of
the myelin membrane (Quarles et al., 2006). Its function remains unclear, the surface
location suggests a role in signal transduction from the extracellular matrix to
oligodendrocytes. MOG null mice develop an apparently normal phenotype. MOG
has been extensively studied as a target antigen in autoimmune aspects of
demyelinating diseases of the CNS as multiple sclerosis (Correale and Tenembaum,
2006; Greer, 2013)

1.2.2.3 Enzymes associated with myelin

A large number of enzymes have been discovered in myelin (Leeden, 1992), suggesting that
myelin is metabolically active in synthesis, processing and metabolic turnover of some of its
own components. They have a role in maintaining the structure of myelin sheaths and also in
exchanging molecules with the adjacent axon (Morell and Quarles, 1999).

Few enzymes, as the mentioned CNP, are specific to myelin and oligodendrocytes. The
other enzymes are not myelin-specific, but they are intrinsic to myelin as different kinases
(cAMP-stimulated kinase, calcium/calmodulin-dependent Kkinase, protein kinase C),
proteases and phosphoprotein phosphatases. Myelin enzymes are also involved in the
synthesis and transformation of lipids, as steroid-modifying enzymes and cholesterol-

esterifying enzymes, and in the phosphoinositide metabolism (Quarles et al., 2006).
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Moreover some of these enzymes present in the myelin sheaths are thought to play a role in

ion transport as carbonic anhydrase and Na*/ K*-ATPase (Quarles et al., 2006).

1.2.3 Function

Myelination of axons is a key vertebrate acquisition to increase conduction velocity, within
reasonable space constraints. In fact, the velocity conduction of an unmyelinated axon range
from 0.5 to 10 m/s, while in a myelinated axons is up to 150 m/s. This marked increase is
due to the fact that the generation of axonal potential is time consuming and in myelinated
axons it occurs only at specific points, the node of Ranvier, where the myelin is absent.
When an axon potential is generated at one node of Ranvier, the current elicited flows
passively thought the myelinated segment, the internode, until the next node is reached. This
process is repeated all along the length of the axon and because the current flows across the
neuronal membrane only at the nodes this propagation is called saltatory, the action potential
“jumps” from node to node (Purves et al., 2001). Then variation in conduction velocity can be
found within myelinated axons depending on individual parameters, as the axon diameter,
myelin thickness, internodes length (increasing the length increases the speed until a
maximum is achieved) and node length (increasing the length results in delayed action
potential propagation) (Fields, 2014; Salzer and Zalc, 2016).

Myelin acts as a biological insulator, but it is now clear that it also has other roles, providing
trophic support to axon as well as maintaining axonal integrity. It is also required for the
maintenance of normal axon transport and long-term survival (Nave, 2010a). Moreover it
facilitates the communication between neurons, the myelinating cells and the environment
(Nave, 2010a; Nave and Trapp, 2008). Myelination also reduces the energy consumption
due to action potential propagation, because action potentials and ion currents are restricted
to less than 0.5% of the axon’s surface (Nave, 2010b). Because the myelin sheaths cover
almost the entirely surface of axons, their access to nutrients in the extracellular milieu is
limited to short gaps, the nodes of Ranvier. Astrocytes contact the axons at nodes and they
can provide glucose to neurons, but the surface of contact with axon is much greater for
oligodendrocytes (Butt et al., 1994a, 1994b).

The myelinating oligodendrocytes can compensate this physical insulation providing
themselves a metabolic support for the axon, in fact oligodendrocytes and axons are
metabolically coupled (Nave, 2010a). For the maintenance of axon function, the condition of
no myelin instead of defective myelin seems to be better, if associated with loss of axon-glia
metabolic coupling. Myelin and its wrapped axon can be regarded as a one functional unit
not only morphological, but also metabolically coupled. Mature oligodendrocytes use aerobic

glycolysis which generates lactate and pyruvate. This glycolysis is sufficient to maintain
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oligodendrocytes themselves and the myelinated axons (Bercury and Macklin, 2015;
Funfschilling et al., 2012). It has been proved that they can transfer energy metabolites, as
indeed lactate and pyruvate, to axons thought monocarboxylate transporters 1 (MCT1)
present on the inner membrane of the glial sheath and on the axon. Lactate can in fact
replace glucose as source of energy in neurons. MTCL1 disruption leads to impaired supply of
the local energy and consequent axonal dysfunction and ultimately to neuron degeneration
(Lee et al., 2012c; Morrison et al., 2013).

Furthermore, different myelin proteins such as PLP, MBP, MAG or CNP, also perform a
trophic function for axons (Griffiths et al., 1998; Lappe-Siefke et al., 2003; Nave, 2010a;
Nguyen et al., 2009). In fact, disruption of these oligodendroglial proteins with different
functions, leads to a disruption of axonal transport and axonal integrity without affecting
myelination (Morrison et al., 2013). Oligodendrocytes may also influence neuronal survival
via the production of neurotrophic factors, such as the BDNF, neurotrophin-3, GDNF and
IGF1.

To mention Simons and Nave “whereas the myelin sheath has been regarded for a long time
as an inert insulating structure, it has now become clear that myelin is “alive” and
metabolically active with cytoplasmic-rich pathways, myelinic channels, for movement of

macromolecules into the periaxonal space” (Simons and Nave, 2016).

1.3 Demyelination and Remyelination

Demyelination is defined as damage and loss of the myelin sheath that surrounds axons. It is
a pathological process that can be caused by traumatic events or diseases which induce
damage in myelin and oligodendrocytes. Demyelination can be distinguished in primary, if
consequence of a direct insult to oligodendrocytes, or secondary, if myelin degenerates as
consequence of primary axonal loss (Franklin and Ffrench-Constant, 2008).

In normal conditions, the voltage-gated Na® channels are concentrated at the node of
Ranvier while voltage-gated K* channels are located in the juxtaparanodes allowing a
saltatory conduction, as reported above. As a consequence, demyelination leads to a
blockade of conduction due to the disruption of the nodes and internodes organisation
(Fig. 5). The disruption of the node structure leads to a reorganisation of Na* channels
together with paranodal (Caspr / paranodine) and juxtaparanodal proteins (Caspr2 protein /
K" channels) that are diffusely distributed on denuded axons (Coman et al., 2006).

Over time, this blockade can be resolved due to an adaptive response that increases and
redistributes sodium channels along the axolemma allowing a continuous conduction along

the demyelinated segment (Felts et al., 1997) (Fig. 5, “late demyelination”).
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Figure 5: Schematic representation of demyelination and myelination processes in a myelinated axon.
Demyelination is a myelin loss that provokes a disruption of the nodal structure with a dispersion of sodium and
potassium channels all along the uncovered axon. Remyelination, on the other side, is a regenerative process
that restores the nodal structure and the saltatory conduction relocating the sodium and potassium channels in
the nodal and paranodal region, respectively. The new myelin presents thinner myelin and shorter internodes
compared to the original myelin sheath (Plemel et al., 2014)

However this increase in sodium channels induces a greater sodium influx into the axon with
increased metabolic cost for conduction. The elimination of Na* excess requires in fact the
activity of the Na'/K* ATPase at the expense of ATP. Mitochondria increased in size in
demyelinated axons probably to compensate this increased energy demand. If ATP falls
below a certain threshold, together with the increase of Na®, there is a reversal of Na‘/Ca**
exchanger and release of glutamate and other transmitters. This results in Ca®" overload that
in turn leads to protease activation, mitochondrial dysfunction, free radical formation and
finally axonal loss (Plemel et al., 2014). Demyelination leaves the axon in a vulnerable state,
they are in fact more susceptible to damage and prone to axonal degeneration (Irvine and
Blakemore, 2008).

Remyelination is a spontaneous regenerative process in which the myelin sheath is restored
together with its functions. It is a process naturally regulated in the body and it is very
efficient in a healthy CNS, while it can be defective or absent in particular pathological
conditions, as multiple sclerosis. Remyelination re-establishes the nodal structure, sodium

and potassium channels are relocated in nodes and internodes respectively, restoring the

15



axonal salutatory transmission (Franklin and Ffrench-Constant, 2008). This process requires
the generation of new mature oligodendrocytes derived from adult OPCs. The main sources
are the subventricular zone (SVZ) and the subgranular zone (SGZ) in the CNS (Maki et al.,
2013; Ortega et al., 2013). Progenitor cells receive and respond to numerous extrinsic and
epigenetic factors and they switch from a quiescent state to a regenerative phenotype
(Franklin and Ffrench-Constant, 2008). The tissue reconstruction is complete but
remyelinated axons present some differences compared to original myelin sheath. In fact,
remyelination results in thinner myelin and in shorter internodes with a higher density of
mitochondria than normal (Blakemore and Murray, 1981; Gledhill and McDonald, 1977;
Zambonin et al., 2011). This can be due to the fact that the new myelin sheaths derived from
adult OPCs that, as reported above, elaborate shorter but many more internodes than
oligodendrocytes generated during early postnatal life (Young et al., 2013). However a study
reported that at late time points of recovery, newly remyelinated axons have comparable

internode thickness and length to developmentally myelinated axons (Powers et al., 2013).
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CHAPTER 2

Traumatic brain injury

Traumatic brain injury (TBI) is defined as “alteration of brain function, or other evidence of
brain pathology, caused by external forces” (Menon et al., 2010). This external assault leads
to a complex cascade of events that can results in "visible” disabilities as motor dysfunction
or “invisible” disabilities as cognitive problems. In particular, TBI can lead to neurocognitive
deficits, as inability to form visuospatial association, poor executive function, impaired
attention, and also psychological issues, as depression that is diagnosed in more than 30%
of TBI survivors. TBI can also have consequences on the personality, as impulsivity,
aggressive behaviour, and on the decision-making capacity (Roozenbeek et al., 2013). The
causes of TBI are diverse, given the age of the patients and the geographic zone, including
vehicle-related accidents, falls, firearms, sport-related injuries in civilians and explosive

blasts and other combat injuries among military population.

2.1 Epidemiology

TBI constitutes a serious public health and socioeconomic problem worldwide given the fact
that TBI is a major cause of death and lifelong disability in young population. TBI is
considered as a heterogeneous pathology in term of aetiology and gravity. In fact different
factors, including diverse comorbidities, age, sex and the genetic predisposition
(as for example polymorphisms for the genes coding for apolipoprotein E, different cytokines
and the microtubule-associated protein tau) play a role in the TBI outcome (Bennett et al.,
2016; Kabadi and Faden, 2014; Maas et al., 2015; Roozenbeek et al., 2013). It is estimated
that around 5.3 million people in USA (Langlois and Sattin, 2005) and 7.7 million people in
Europe (Tagliaferri et al., 2006) are living with a TBI-related disability. TBI, with an average
incidence of 243 per 100 000 people, is among the most frequent neurological disorder
worldwide (Rutland-Brown et al., 2006; Tagliaferri et al., 2006). Moreover this raise in the
incidence of TBI, principally due to the increasing use of motor vehicles in middle- and low-
income countries, shows substantial variation between countries (see review Roozenbeek et
al., 2013 for TBI epidemiology). The CDC (Centers for Disease Control and Prevention)
reported that in USA 1.7 million people sustain a TBI each year (Faul et al. 2010), while in

Europe this number raises up to 2.5 million people (Maas et al., 2015). In high-income
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countries, the population affected by TBI shifted towards elderly, given an increase in both
the median age and the number of patients over 50 years (Roozenbeek et al., 2013). This
can be explained by an improved traffic safety and consequent reduction of traffic accidents
which primarily occur in younger individuals, and also by the increased life expectancy and

greater mobility in the elderly (Faul et al. 2010).

2.2. Classification

In head-injured patients, TBI is classified as mild, moderate, or severe based on the Glasgow
Coma Scale (GCS). The GCS was published in 1974 and measures level of consciousness
at the trauma scene or at the emergency department admission considering eye, verbal and
motor responses. Patients receive a score between 3, indicating deep unconsciousness, and
either 14 (original scale) or 15 (modified or revised scale) indicating a fully awake person
(Teasdale and Jennett, 1974). In addition, the duration of loss of consciousness and post-
traumatic amnesia (PTA), which comprises the period of time between the incident and the
moment when the patient retrieves the memory, represent important parameters that, with
the GCS, can help for a better understanding of TBI severity (Key et al., 1993; Saatman et
al., 2008).

- Mild TBI: GCS = 13, PTA < 24h, loss of consciousness < 30 min.
-  Moderate TBI: 9< GCS <12, 24h < PTA < one week, 30 min < loss of consciousness
< 24h

- Severe TBIl: GCS < 8, PTA > one week, loss of consciousness > 24h.

In terms of patient survival, the GCS score, especially the GCS motor score, remains one of
the strongest predictors of TBI outcome (Steyerberg et al., 2008).

There is also another parameter for TBI classification and it is based on the severity of
axonal injury. The external forces in TBI result in damage of white matter tracts that is
characterized by the presence of diffuse axonal injury (DAI). The severity of DAI is classified
based on the areas of white matter with traumatic axonal injury (TAIl), determined from
neuropathological evidence of axon damage (Adams et al., 1989) or neurocimaging (Kim and
Gean, 2011) (see § 2.4.1 for DAI and TAIl). The location and extent of axonal damage can
diffuse, increasing the injury severity, which has led to clinical classification as grades of DAI.
Grade | DAI involves lesions in areas of grey matter-white matter junctions in the corona
radiata. Grade Il DAI includes the Grade | area as well as the corpus callosum, with
extension from the splenium toward the genu with increasing severity. Grade 11l DAI involves

all the precedent lesion sites with the addition of brainstem tracts (Armstrong et al., 2016a).
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2.3 Post-traumatic injuries

Once TBI occurs, a number of short- and long-term detrimental processes begin to affect the
brain. The initial insult first leads to a primary injury caused by the mechanical damage from
shearing, tearing and/or stretching of neurons, axons, glia and blood vessels. The primary
injury includes skull fractures, brain contusions, damage to blood vessels (haemorrhage) and
axonal injuries. The primary injury can roughly be defined as focal or diffused. Focal injury
occurs in a specific location, while diffuse injury occurs over a more widespread area. It
should be noticed that focal and diffuse injuries may both arise following a single TBI and
often their diverse combination makes the damage heterogeneous (Andriessen et al., 2010)
(Fig. 6). Focal brain damage, produced by mechanical forces directly acting on the skulls,
can be due to a penetrating head injury in which the skull is perforated, or due to contusion
that results in compression of the tissue underneath the cranium at the site of impact (coup)
or on the opposite site (contre coup) (Pudenz and Shelden, 1946). The location and severity
of impact determine the consequent cerebral pathology and deficits. Focal injury includes
cortical or subcortical contusion or laceration as well as intracranial bleeding that lead to the
formation of different haematomas as subdural, epidural and intraventricular haematomas
(Blennow et al., 2012). Diffuse injuries are caused by stretching and tearing of the brain
tissue even without skull fracture or direct impact to the brain surface. They can result from
acceleration/deceleration forces common in concussion, high speed motor vehicle accidents
and shaken baby syndrome (Andriessen et al., 2010; Gennarelli, 1983; Gennarelli et al.,
1982). Diffuse injury includes distributed damage to axons, diffuse vascular injury, ischemic
and hypoxic brain injury, and brain swelling. The main form of diffuse injury is called diffuse

axonal injury (DAI) (Blennow et al., 2012).
Diffuse | Concussion I Contusion |

axonal
injury

Subarachnoid

Subdural
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Figure 6: Traumatic brain injury subtypes. There are several different variants of TBI that can be broadly
divided into focal and diffuse injuries (Hill et al., 2016).

Brain tissue is heterogeneous in terms of tissue consistency. As a consequence, certain

segments of the brain move at a higher rate than others causing shear, tensile and
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compressive forces within the brain tissue (Gentry et al., 1988). Studies in biomechanics
showed that three principal characteristics are critical for the post-traumatic sequelae: the
direction of acceleration, its duration and finally the type of acceleration, as rotational and/or
translational. In general, brief acceleration of the brain affects cortical region while sustained

acceleration causes the damage at the deeper brain structure (Meaney and Smith, 2015).

2.3.1 Primary injury

Primary injury is the initial injury that occurs at the moment of impact. It involves the physical
destruction of intracranial structure and direct damage to brain parenchyma. At the
macroscopic level, it includes contusions, hematomas and lacerations, and at the cellular

level, depending on the injury severity, it may cause cell death and primary axotomy.

Laceration

Laceration is the most severe form of primary brain injury. It is usually associated with skull
fractures in penetrating and perforating head trauma but it may also occur in the absence of
skull fracture (Sande and West, 2010). It takes place when the brain tissue is mechanically

cut or torn.

Contusion

Contusion is the result of a vascular and tissue injury. It is localised at the surface of the
brain involving the superficial grey matter and generally appears as a haemorrhagic lesion. It
is distinguished from a laceration since the pia mater remains intact, and from an hematoma,
since the blood is intermixed with brain tissue in the case of contusion (Kurland et al., 2012).

It is possible that in addition to blood extravasation from the primary contusion, an additional
extravasated blood derives from explicit or latent coagulopathy that provokes delayed
bleeding of microvessels ruptured following the primary injury. These lead to a progression of
contusion and blood accumulation, producing a mass effect, compressing the adjacent

tissues and eventually leading to further ischemia (Kurland et al., 2012).

Haemorrhage

Haemorrhage is by definition a spilling of blood out of the circulatory system. It can be
associated with contusion and hematoma, defined as a localised collection of blood.
Intracranial bleeding can be intra-axial, inside of the brain, or extra-axial, outside of the brain.
There are three types of extra-axial haemorrhages: epidural haematoma, subdural

haematoma, and subarachnoid haemorrhage (Sande and West, 2010). In mammals, the
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meninges are diverse membranes enveloping the brain, from the skull to brain tissue, as the
dura mater, the arachnoid mater, and the pia mater. Epidural haematomas occur between
the inner table of the skull and the outer layer of the dura, while subdural haematomas occur
between the inner layer of dura and the arachnoid. Finally, subarachnoid haemorrhages are
bleeding into the subarachnoid space, located between the arachnoid membrane and the pia
mater.

The collection of blood in the subarachnoid, subdural, and epidural spaces may result in
brain compression and severe neurologic dysfunction. In particular subarachnoid and
intraventricular haemorrhages are typical of severe TBI and they are predictive of bad
outcome (Dawodu, 2016; Wardlaw et al., 2002).

Primary axotomy

High-velocity translational and rotational forces act at cellular level provoking a shear and
stretch of axons to braking point. Primary axotomy is a mechanical transaction of the axon
that occurs immediately after the impact. It can directly induce cell death or partially damage
the axon triggering molecular pathways that result in secondary axotomy / axon degeneration
(Hill et al., 2016).

2.3.2 Secondary injury

The primary injury triggers a secondary wave characterized by a complex cascade of
metabolic, cellular and molecular alterations such as glutamate excitotoxicity, perturbation of
cellular calcium homeostasis, increased free radical generation and lipid peroxidation,
mitochondrial dysfunction, inflammation, apoptosis and diffuse axonal injury (Xiong et al.,
2013). The secondary injury occurs within seconds to minutes after the traumatic insult and
can last for days, months, or even years. It can lead to elevated intracranial pressure,
blood-brain barrier (BBB) disruption, brain edema, cerebral hypoxia, myelin lesions, ischemia
and delayed neurodegeneration (Abdul-Muneer et al., 2015; Lozano et al., 2015; Xiong et al.,
2013) (Fig. 7).

21



Structural axonal injury

Secondary axotomy
Cell autonomous death pathways Neurofilament compaction Excitotoxicity and calcium flux
Acute axonal degeneration Microtubule fracture Calpain/caspase activation
Wallerian degeneration Axonal transport impairment Lipid peroxidation
Dying back pathology Reactive oxygen and nitrogen species

: : g Toxic proteinopathies
Neurglnﬂammahon » Secondary bram Amiiokt B
Cytokine and chemokine release . = YO
Phagocytosis and phagoptosis njury o
TDP 43

Mitochondrial dysfunction Functional impairment
Reactive oxygen species ;mt\er:rocesses Network dysfunction
Mitochondrial permeability pore utoptiegy Impaired brain region connectivity

Apoptosis

Necrosis

Pyroptosis

Cerebral blood flow dysregulation
Cerebral edema

Epigenetic changes

Cerebral infarction/stroke

Figure 7: Cellular and molecular changes resulting in secondary brain injury. Following a traumatic brain
injury different cellular processes are initiated leading to further cellular dysfunction and death (Hill et al., 2016).

Brain edema

Brain edema is defined as an increase in liquid content in the brain tissue (Pappius, 1974).
Two types of edema have been identified as vasogenic or cytotoxic. The vasogenic edema is
due to the breakdown of the endothelial tight junctions in the blood-brain barrier (BBB), as a
consequence of the primary injury. This provokes BBB dysfunction, allowing an influx of
peripheral immune cells and circulating factors within brain parenchyma (Chodobski et al.,
2011). The increased BBB permeability leads to an increase in water content and
consequent brain edema and higher intracranial pressure, which are directly related to
ischemia and further cell death (EIAli et al., 2011; Yang et al., 2013). In the case of cytotoxic
edema, an alteration of cellular metabolism occurs that impairs the functioning of the sodium
and potassium pumps in the glial cell membrane. This leads to an intracellular accumulation
of sodium and by consequence an increase in water content resulting in cell swelling
(Unterberg et al., 2004). Edema appears within hours after injury and usually it is located

close to the point of impact.

Intracranial hypertension

Intracranial hypertension (IH) is due to the limited space of the intracranial cavity. The
constituents of the skull, blood, cerebrospinal fluid and brain tissue, are incompressible and
this implies that the total volume must remain constant. Changes in volume of one
compartment is accompanied by reciprocal changes of the others, following a relationship
known as the Monro-Kellie hypothesis (Mokri, 2001). Modest changes in the brain tissue do

not produce a compromising rise in intracranial pressure because the volumes of blood and
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cerebrospinal fluid are decreased. However it is not the case when a large extra-cerebral
mass appears, as in case of edema or hematoma (DOczi, 1993). Normal values of
intracranial pressure (ICP) are comprised between 5 and 15 mmHg and can vary with age.
Values of ICP superior to 20 mmHg are considered pathological and results in IH (Rangel-
Castilla et al., 2008). TBI-induced hematomas, haemorrhagic contusions and edema provoke
a mass effect, compressing the adjacent tissues and leading to an increase of ICP (Kurland
et al., 2012; Marmarou et al., 2000; Rangel-Castilla et al., 2008). In some cases, a surgical

decompression is required in order to decrease ICP and prevent death (Kurland et al., 2012).

Cerebral Ischemia

Cerebral ischemia is an insufficient supply of blood to the brain causing a shortage of oxygen
and glucose needed for cellular metabolism. This results in cerebral hypoxia and eventually
death of brain tissue. It occurs within hours after the primary impact and is one of the major
consequences of TBI, present in 91% of cases (Graham et al., 1989). Ischemia usually is
considered a focal lesion but it can also involve the whole brain. Under physiological
condition, the cerebral blood flow (CBF) is around 52-55 mL/100g/min and in case of
ischemia it can decrease to 22 mL/100g/min after 6 hours post-TBI. CBF below the threshold
for infarction (CBF < 18 ml/100g/min) is found in one-third of the subject studies (Bouma et
al., 1991).

2.4 White matter injury

Previous studies were heavily focused on the effects of TBI on grey matter due to neuronal
impairment. However, more recent research shows an equivalent importance of white matter
in brain damage following a TBI. White matter atrophy demonstrates significant involvement
of white matter in moderate-severe forms of TBI in the acute phase (72h) post-TBI (Herrera
et al., 2016) and in patients who survive to a chronic post-injury stage (Bendlin et al., 2008;
Green et al., 2014; Herweh et al., 2016; Kim et al., 2008; Sidaros et al., 2009; Tomaiuolo et
al., 2012). White matter injury after TBI includes both traumatic axonal injury and myelin

pathology that are described below (Fig. 8).
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Figure 8: Progression of axon and myelin injury after TBI. A: Normal myelinated and unmyelinated fibers are
presented (axons in blue and myelin sheaths in green). Oligodendrocytes and microglial cells are presented in
green and rose, respectively. Enlargement shows normal cytoskeletal elements (microtubules transporting
vesicles and neurofilaments) and mitochondria. B-D: Progression of axon and myelin pathology after TBI with
axon degeneration and disruption of associated myelin accompanied by neuroinflammation (microglial activation).
Axon damage can lead to irreversible fragmentation and disconnection. Enlargement shows breakdown of
cytoskeletal elements and mitochondrial swelling. Myelinated axons can recover from the initial reversible phase
of axon damage (showed in B’) or also undergo remyelination after myelin loss (showed in C’) with shorter myelin
internodes typical of this process (Armstrong et al., 2016b).

2.4.1 Traumatic or diffuse axonal injury

One of the most common and severe consequences of TBI is the traumatic or diffuse axonal
injury (TAI or DAI, respectively). Axons can grow up to ten thousand times the volume of
their cellular body. They have an elongated structure that makes them vulnerable to
mechanical injury. The term “diffuse axonal injury” was first introduced by Adams and
colleagues to describe a clinical and pathological syndrome (Adams et al., 1989). But this
term is itself a misnomer because technically the distribution of this injury is not “diffuse” but

“multifocal” (Johnson et al., 2013), so it is more appropriate to refer this pathology as TAI
(Fig. 9).
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Figure 9: Molecular mechanisms in traumatic axonal injury (TAI). Mechanical stretch gives an ondulated
aspect to stretched axons and different injury pathways are activated. Membrane mechanoporation and opening
of exchange channels lead to an increase of intracellular calcium that activates calpains that, in turn, degrades
structural proteins. Microglial cells are also activated producing pro-inflammatory cytokines. Calcium increase also
induces generation of mitochondrial permeability pore (MPTP), with consequent solute influx and mitochondrial
swelling and dysfunction. Reactive oxygen species are also generated resulting in oxidative damage.
Neurofilaments tend to compact and microtubules are fractured leading to impairment of axonal transport with
failure to deliver nicotinamide mononucleotide adenylyl transferase 2 (NMNAT2) and subsequent Wallerian
degeneration. “Eat-me” signals as phosphatidyl serine are externalized and may initiate phagoptosis of damaged
neurons by microglia. Abbreviations: NMDA receptor, a glutamate ionotropic receptor (adapted from Hill et al.,
2016).

This injury reflects the selective vulnerability of white matter axons to damage induced by
mechanical forces at the moment of the impact, it preferentially involves the corpus callosum,
internal capsules, brainstem and cerebellar peduncles (Adams et al.,, 1982, 1989). White
matter axons are vulnerable to injury under certain circumstances. During normal head
movement, strain deformation is not detrimental for the brain tissue. In fact, axons are
compliant and ductile under stretch, they come back to their original length and shape when
stretch is removed (Dennerll et al., 1989). However during a trauma, they behave differently
becoming vulnerable (Di Pietro et al., 2013; Smith and Meaney, 2000; Smith et al., 1999).
The threshold of maximum elasticity is in fact exceeded resulting in damage. The degree of
the force applied and the duration influence the magnitude of axonal damage. It has been

estimated that brain injury occurs at strain between 10% and 65% at strain rates of
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approximately 10-50 s (LaPlaca and Thibault, 1997; Morrison et al., 1998; Morrison Ill et al.,
1998). Nonetheless the primary axotomy remains relatively rare, in the majority of cases it is
observed as a “secondary axotomy” (Christman et al., 1994).

After TBI, axonal degeneration is due to different subsequently events starting from alteration
of axonal transport, axonal swelling followed by secondary disconnection and finally
Wallerian degeneration. Wallerian degeneration is a process consequent to a nervous fiber
cut or crushed, in which the distal part of the axon separated from the neuron's cell body
degenerates (Kanamori et al., 2012). Interruption of axonal transport results in accumulation
of transported materials and axonal swellings within hours following the trauma. These zones
of axonal swelling, called “axonal viscosity” appear isolated or periodically along the length of
an intact axon (Tang-Schomer et al., 2012). Instead, a large single swelling is an “axonal
bulb” or “retraction bulb”, which represents a complete axonal disconnection. It is widely
recognised as hallmark of TAIl (Johnson et al.,, 2013; Oppenheimer, 1968). Several
immunohistological analyses were performed to identify the material accumulated in these
regions and the amyloid precursor protein (APP) has been identified in damaged axons
within 2h following injury (Grady et al., 1993; Gultekin and Smith, 1994; Sherriff et al., 1994).
APP accumulation is recognised as the gold-standard for the identification of axonal
pathology (Gentleman et al., 1993; Sherriff et al., 1994).

The regions of axonal swelling give to the axons an ‘undulated’ morphology that is typical of
a stretch injury (Hanell et al., 2015; Tang-Schomer et al., 2012). These undulations have
been linked to microtubule dysfunction. In fact, microtubules have a micro elasticity nature
and they are susceptible to breakage because, if rapidly stretched, they become the stiffest
portion of the axon. These fractured microtubules lead to the axonal swelling and axonal
transport impairment (Tang-Schomer et al., 2010, 2012). Moreover, calcium homeostasis
disruption triggers microtubule disassembly and calpain-mediated proteolytic degradation of
cytoskeletal proteins as neurofilament proteins (Barkhoudarian et al., 2011; Giza and Hovda,
2001; Tang-Schomer et al., 2010). TAl is also reported in the case of mild TBI (Bazarian et
al., 2007; Mayer et al., 2010; Miles et al., 2008; Oppenheimer, 1968) and the severity of TAI

is proportional to the deceleration forces (Elson and Ward, 1994).

2.4.2 Myelin injury

Myelin is a major component of white matter. However the implication of myelin and its
integrity after TBI remain poorly understood. Depending on the injury severity, TBI exhibits
heterogeneous damage with different implications for the survival of oligodendrocytes and for
myelin repair (Armstrong et al., 2016a). It is proved that myelin plays an important role in

axon vulnerability following white matter injury. Unmyelinated fibers are more susceptible to
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damage than myelinated ones (Reeves et al., 2005, 2012; Staal and Vickers, 2011). This is
confirmed by the fact that along myelinated fibers, the axon initial segment, which is not
myelinated, is the primary site of axotomy. Moreover mechanical stretch appears to initially
damage axons at the nodes of Ranvier between myelin sheaths and in the adjacent
paranodal regions (Maxwell, 1996; Maxwell et al., 1991; Reeves et al.,, 2012; Sun et al.,
2012a).

Myelinated axons that are subjected to primary or secondary axotomy undergo Wallerian
degeneration as described above. The myelin sheaths of the distal part collapse but this
process of myelin degradation is relatively slow because the BBB limits myelin opsonisation
and the oligodendrocytes contribute in a very small part to myelin clearance (Vargas and
Barres, 2007). This slow clearance can impair the repair, since myelin debris contain myelin
associated molecules that inhibit axonal regeneration (Geoffroy and Zheng, 2014) and also
can inhibit the differentiation of precursor cells that are necessary for myelin repair and
remyelination (Baer et al., 2009; Kotter et al., 2006). Moreover, myelin debris can stimulate
the microglia activation in the white matter promoting neuroinflammation (Clarner et al.,
2012).

Demyelinating insults contribute to axonal degeneration and functional impairments.
However, demyelination may be followed by a spontaneous regenerative remyelination that
is critical to restore electrical impulse conduction and protect axons from degeneration or
further injury (Miron et al., 2010; Redford et al., 1997) (Fig. 8). Experimental animal models
of CNS demyelination indicate that remyelination is mediated by newly generated
oligodendrocytes derived from OPCs (Gensert and Goldman, 1997). Astrocytes and
microglia are critical for this process: microglia contribute to the clearance of debris and both
cell types participate in creating a permissive environment for remyelination (Alizadeh et al.,
2015; Kotter et al., 2001; Loughlin et al., 1997; Zhang et al., 2006). Following a TBI, the
biosynthesis of new myelin sheaths can also result in abnormal structures designed as
excessive myelin figures. This excess of myelin can be the consequence of a dysregulation
of myelin-axon signalling leading to an aberrant production of new myelin sheaths necessary
for the remyelination (Armstrong et al., 2016a; Mierzwa et al., 2015; Sullivan et al., 2013).
Mierzwa and collaborators found that excessive myelin figures are increased from 3 days to
2 weeks post-TBI and that they are positively correlated with axon degeneration (Mierzwa et
al., 2015).

Controversies are described in the literature in the context of demyelination following TBI. A
study reported that a moderate axonal strain does not induce an immediate or progressive
demyelination. In fact, axons are still myelinated at 48 h post-injury, in spite of significant
increase in the proportion of degenerated MBP over time (Staal and Vickers, 2011). This is in

accordance with another study reporting only minimal alteration of myelin, with no loss of it,
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after mild fluid percussion injury in mice, despite the presence of injured axons, which were
subsequently progressing to secondary degeneration (Spain et al., 2010). However, there
are increasing clinical and experimental evidences suggesting that demyelination may play
an important role in the pathophysiology of TBI. A degeneration of white matter with a
persistence of neuroinflammation has been observed years after a single TBI in humans, in
particular a reduction in the corpus callosum thickness with survival >1 year post-injury was
reported (Johnson et al., 2013). This is in agreement with another study where a clear
reduction in the volume of the corpus callosum is observed after ~1 year after TBI and this
reduction becomes more pronounced after ~8 years indicating that the neural degeneration
after TBI continues long after the head trauma (Tomaiuolo et al., 2012). Histochemical
analysis of rat brains following fluid percussion injury showed a loss of myelin staining in
association with white matter atrophy up to 1 year post-injury (Bramlett and Dietrich, 2002).
Furthermore, apoptotic oligodendrocytes have been observed acutely and chronically
following TBI in humans. Such loss of oligodendrocytes is known to be a significant factor
underlying demyelination after injury (Caprariello et al., 2012). Studies in human and rats
demonstrated also that TBI induces widespread myelin loss and oligodendrocyte apoptosis
that are accompanied by an increase in the number of OPCs (Flygt et al., 2013, 2016). A
study revealed that degenerating axons are distributed among intact fibers in the corpus
callosum from 3 days to 6 weeks post-TBI in mice. The intact axons exhibit significant
demyelination at 3 days post-injury and evidence of remyelination at 1 week. Persistent
neuroinflammation and astrogliosis are also reported in the area of axon and myelin
pathology (Mierzwa et al., 2015).

Works in demyelinating diseases as multiple sclerosis have shown that demyelination leaves
intact axons more vulnerable to subsequent damage whereas remyelination protects axons
and leads to recovery of function (Bruce et al., 2010; Irvine and Blakemore, 2008).

All these data demonstrated that myelin is early affected after TBI, however, the
pathophysiological mechanisms underlying this loss of myelin are not yet well known. Some
clinical magnetic resonance imaging studies have shown a direct relationship between white
matter injury and reduced functional connectivity within important brain networks and
impaired cognitive function following TBI (Kinnunen et al., 2011; Sharp and Ham, 2011). A
recent study based on multimodal neuroimaging, revealed that patients within 7 days
following moderate TBI and presenting higher levels of complaints show a concomitant
reduction of structural connectivity and cortical surface area. Alterations of white and grey
matter are localised in similar brain regions and they are correlated to each other (Dall’Acqua
et al., 2016). Overall, the preservation of the myelin sheaths, either reducing demyelination
or accelerating remyelination is considered a new therapeutic approach in the context of TBI

(Shi et al., 2015). Imaging studies demonstrate that the cerebellum, rich in myelinated fibers,
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is often affected after TBI, although this region has received little attention in evaluating the
mechanisms of TBI (Park et al., 2007). Parallel clinical and experimental studies have
confirmed that the mechanisms of injury extend to cerebellum (Biran et al., 2012; Mouzon et
al., 2012; Staffa et al., 2012). A recent study analysed the cerebellar white matter in the
acute-phase in moderate TBI patients and they found that the white matter integrity is altered

in the middle cerebellar peduncle and the pontine crossing (Wang et al., 2016).

2.5 Pathophysiological mechanisms following TBI

As discussed above, the primary injury triggers a secondary wave of biochemical cascades
and metabolic changes that can leads to progressive neurodegeneration and delayed cell
death, exacerbating the damage from the primary injury (Kabadi and Faden, 2014; Sullivan
et al., 1999). The secondary injury is characterized by pathophysiological mechanisms as

excitotoxicity, mitochondrial dysfunction, oxidative stress and inflammation (Fig. 10).
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Figure 10: Simplified pathophysiological molecular and cellular processes after focal TBI. A traumatic brain
injury results in increased extracellular glutamate with subsequent Ca®' influx that, in turn, initiates several
intracellular cascades (four are shown here). Left upper corner: The activity of NOS enzymes (eNOS and nNOS)
is increased resulting in nitric oxide production, consequent lipid peroxidation and eventually cellular necrosis. Left
middle part: following calcium increase calpain activity is augmented resulting in lysosomal membrane rupture,
cathepsin release and cellular necrosis. Right upper corner: Intracellular calcium increase causes mitochondrial
calcium overload and alteration of mitochondrial membrane permeability. Mitochondrial dysfunctions lead to ROS
production, release of cytochrome-c into the cytoplasm thus provoking cellular damage and death. Glu:
Glutamate; [Glu]e: extracellular glutamate concentration; NMDA: N-methyl-D-aspartate aspartic acid; E.R.:
endoplasmatic reticulum; [Ca2+]i: intracellular Ca® concentration; NNOS: neuronal NOS; eNOS: endothelial NOS;
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reactive oxygen species; apaf-1: apoptosis activating protein-1; ‘O,: oxygen radical (Andriessen et al., 2010).
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All these processes contribute to neurological deficits separately but, at the same time, they
are simultaneous worsening the progressive outcome of TBI (Lozano et al., 2015; Schmidt et
al., 2005).

2.5.1 Excitotoxicity

As a consequence of TBI, a depolarization of nerve cells takes place resulting in uncontrolled
and excessive release of excitatory neurotransmitter glutamate. This cascade of pathological
events is called excitotoxicity. It has been shown that extracellular levels of glutamate are
elevated in both experimental and human TBI. In particular, glutamate can raise up to 50-fold
following focal parenchymal contusion in patients (Bullock et al., 1995, 1998). It has been
shown that raised levels of glutamate are toxic and are associated with worse outcome in
head injured patients (Bullock et al., 1998; Chamoun et al., 2010; Koura et al., 1998).
Glutamate is released by pre-synaptic vesicles after depolarisation, but it can also leak
through damaged cell membrane. The normal system of glutamate re-uptake by astrocytes
can be compromised or even abolished aggravating the situation.

Excitotoxic cell death is deeply linked to the downstream calcium ion influx modulation and
dysregulation. In fact, excessive extracellular glutamate initiates a massive influx of Ca** and
Na" into neurons and glial cells (Choi, 1987). Glutamate is able to bind different ionotropic
receptors as the N-methyl-D-aspartate aspartic acid (NMDA) receptors, the a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and the kainate receptors
(KARs) and the metabotropic glutamate receptors (mGIuRs) over activating the ion channels
responsible for Na* and Ca?" influxes (Faden et al., 1989; Park et al., 2008).

Moreover, it has been shown that there is an acute increase of intracellular calcium primary
derived from internal stores, as endoplasmatic reticulum. This results in depolarization of the
neuronal membrane activating voltage-dependent Ca?* channels (VGCC) which also results
in an additional increase of Ca?* influx (Choi, 1987). As a consequence, a passive movement
of water across the membrane produces axonal swelling, a typical hallmark of axonal injury.
High cytosolic Ca** alters different cellular processes as protein phosphorylation, microtubule
construction and protease activation resulting in loss of neuronal function. Calcium-
dependent enzymes are activated, especially calpain-1 and -2 that are non-lysosomal
cysteine proteases (Pike et al., 2000). In normal condition, their basal activity is low, and they
are involved in cell signalling and plasticity (Saatman et al., 2010). In response to calcium
influx, consequent to axonal injury, calpains move from the cytosol to the plasma membrane
where they cause widespread proteolysis of different molecules, as those located in the
membrane, adhesion and structural proteins including cytoskeletal proteins (Yang et al.,
2013). Calpains (Kampfl et al., 1996; Saatman et al., 1996), and to a lesser extent caspase-3

(Pike et al.,, 2000), irreversibly cleave all spectrin, a neuronal membrane-associated
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scaffolding protein, into fragments of various molecular weights which are used as
biomolecular markers of this process. It has been suggested that calpain activation is also
associated with lysosomal membrane disruption leading to leakage of hydrolytic lysosomal
enzymes, like cathepsin, that will cause severe damage to the cytoplasm and eventually cell
death by necrosis (De Duve and Wattiaux, 1966; Yamashima, 2004; Yamashima et al.,
2003). Calpains can cause long-term deficiencies in axonal transport and plasticity resulting
in persistent dysfunctions.

Calcium alterations can also induce the generation of nitric oxide, a free radical with
detrimental effects, by nitric oxide synthase (NOS), the isoforms that are calcium-dependent
enzymes (Cherian et al., 2004; Griffith and Stuehr, 1995).

In addition, the alteration in calcium and other ions increases the activity of membrane
pumps in order to restore ionic balance, but this leads to increased glucose consumption,
depletion of energy stores, impaired oxidative metabolism with consequent anaerobic
glycolysis and lactate production which provoke acidosis and edema (Barkhoudarian et al.,
2011; Giza and Hovda, 2001).

2.5.2 Mitochondrial dysfunction

To counteract the increase of intracellular Ca®* concentration, mitochondria work as calcium
buffer, they absorb the ions to maintain homeostasis (Nicholls, 1985; Sullivan et al., 1999).
However after TBI the calcium load becomes too large from excitotoxicity and the function of
mitochondria, as oxidative phosphorylation processes, becomes impaired (Xiong et al.,
1997). The mitochondrial membrane permeability transition (MPT) pores, associated with the
inner membrane, are calcium-dependent and are activated with an excess in calcium ions
resulting in membrane depolarization (Bernardi, 1992; Kristal and Dubinsky, 1997; Mbye et
al., 2008; Scorrano et al., 1997). Without a membrane potential the mitochondria are not able
to produce ATP and the energy production of the cell is compromised (Lifshitz et al., 2003),
as it has been demonstrated in human mitochondria after focal TBI (Verweij et al., 2000).
The decrease of ATP production is even more dangerous if considering that energy demand
becomes higher shortly after TBI (Marklund et al., 2006). Moreover, the increased calcium
concentration in mitochondria leads to passive water entry resulting in osmotic swelling
(Lifshitz et al., 2003; Singh et al., 2006), that exacerbate the already compromised
mitochondrial functions (Singh et al., 2006; Xiong et al., 1997).

It has been reported that, in patients with severe TBI, the severity of mitochondrial
impairment assessed by high-resolution proton magnetic resonance spectroscopy, correlates
with TBI outcome (Signoretti et al., 2008).
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Compromised mitochondria become one of the principal sources of ROS, leading to
oxidative stress and lipid and protein damage (Maciel et al., 2001; Singh et al., 2006).
Moreover, the pro-apoptotic protein cytochrome-c, located between the inner and outer
membranes of the mitochondria, is released into the cytoplasm resulting in cell apoptosis
(Buki et al., 2000; Krajewski et al., 1999; Robertson et al., 2007).

With mitochondrial breakdown, toxins and apoptotic factors are released into the cell,
activating the caspase-dependent apoptosis (Cheng et al., 2012). Mitochondrial dysfunctions
are involved in both necrosis and apoptosis (Kruman and Mattson, 1999) (see below § 2.5.5

for details on cell death).

2.5.3 Inflammation

A complex cascade of inflammatory response is initiated following TBI, with release of
cytokines, chemokines and growth factors by different cell types (Wang et al., 2013). In
particular, a rapid activation of microglia/macrophages, cells responsible of the immune
defence in CNS, is reported (Loane and Byrnes, 2010; Venkatesan et al., 2010). Resident
microglia are rapidly activated and peripheral macrophages are mobilized to the site of injury
initiating the release of effector molecules and recruitment of other immune cells (Amor et al.,
2010; Jin et al., 2012; Lozano et al., 2015). Microglia present two different phenotypes, M1
and M2, depending on the microenvironment in which they are activated. The M1 phenotype
is promoted in presence of lipopolysaccharide and interferon y and it is characterized by the
synthesis of pro-inflammatory cytokines and low levels of anti-inflammatory cytokines
(Hernandez-Ontiveros et al., 2013; Kumar and Loane, 2012). In contrast, some cytokines as
IL-4 or IL-13 are able to induce the M2 phenotype (Chhor et al., 2013) that reduces the
inflammatory response decreasing the synthesis of pro-inflammatory cytokines and
increasing the production of anti-inflammatory cytokines as IL-10 and the transforming
growth factor 1B (Hernandez-Ontiveros et al., 2013; Kumar and Loane, 2012).

Wang and collaborators found that microglia appears as M2 phenotype early after a TBI
(peak at 5 days after injury), but it decreases rapidly thereafter in favour of a shift to M1
phenotype. The number of M1 microglia increases in cortex, striatum and corpus callosum
during the first week and remains elevated until at least 14 days after TBI. They also reported
that the severity of white matter injury is correlated with activation of M1 phenotype (Wang et
al., 2013). Another study in humans reported persistent inflammation, assessed by the
presence of reactive microglia, and white matter degeneration for many years after a single
TBI (Johnson et al., 2013).

The inflammatory response is also accompanied by the infiltration of neutrophils, monocytes,

and lymphocytes across the BBB (Fluiter et al., 2014). These inflammatory cells secrete
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prostaglandins, free radicals, pro-inflammatory cytokines, and other inflammatory mediators
that, in turn, up-regulate the expression of other pro-inflammatory chemokines and cell
adhesion molecules in the endothelial cells of the BBB (Bellander et al., 2001; Fluiter et al.,
2014). This leads to an increase of the permeability of the BBB resulting in an amplification
of the inflammatory response (Chodobski et al., 2011). Sustained microglial activation and
inflammation also produce neurotoxic molecules and free radicals, promoting other
mechanisms of secondary cell death (Hernandez-Ontiveros et al., 2013; Kabadi and Faden,
2014).

2.5.4 Oxidative stress

There are abundant evidences showing a considerable increase in the production of ROS
following TBI, resulting in oxidative stress that has a significant role in the aetiology of
secondary injury after TBI (Abdul-Muneer et al., 2015; Cornelius et al., 2013; Mendes Arent
et al., 2014). Free radicals, collectively called as reactive oxygen species (ROS) and reactive
nitrogen species (RNS), are generated during normal physiological processes. Under
physiological conditions, the endogenous defence system is able to prevent the formation or
to scavenge free radicals, protecting tissues from oxidative damage (Mendes Arent et al.,
2014). Under pathological conditions, as trauma, the excessive production of free radicals
can oxidize macromolecules, such as DNA, proteins, carbohydrates, and lipids (Valko et al.,
2006). Mitochondrial dysfunction, excitotoxicity mediated by glutamate, alteration of blood
flow, ischemia are only some reasons contributing to this oxidative stress (Rodriguez-

Rodriguez et al., 2014) (see § 4.7 for details on oxidative stress and TBI).

2.5.5 Cell death

TBI can induce a “primary” or “secondary” cell death, where the former refers to immediate
cell death due to physical trauma and disruption of cellular membrane and the latter refers to
a delayed cell death in surrounding and/or distant region from the point of impact (Stoica and
Faden, 2010). There are numerous pathways and pathophysiological processes involved in
cell degeneration and death. These processes can differ depending on the injury type and
the time course of the injury and they may also converge. To give some examples, cell death
mechanisms include caspases and pro-apoptotic members of Bcl-2 family (apoptosis), JNK
and ATG orthologs (autophagy), ERK2 (paraptosis, a type of programmed cell death),
PARP/AIF (PARP/AIF-dependent death), calpains/cathepsis (calcium-dependent death) and
JNK (oncosis, a type of accidentally cell death caused by failure of ionic pumps) among
others (Stoica and Faden, 2010). Most of these mechanisms take place simultaneously, they

are redundantly activated. Cell death can occur via different mechanisms. Below the
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principals are described as necrosis, apoptosis and autophagy. Necrosis is considered as a
passive process, energy independent, associated with loss of membrane integrity and
organelle and cell swelling. Apoptosis is, on the contrary, an energy dependent process
characterized by cytoplasmic and nuclear condensation and fragmentation. It only occurs in
presence of ATP, and it requires functional mitochondria (Ankarcrona et al., 1995; Liu et al.,
1996). In tissue with extensive mitochondrial dysfunction and disruption more necrosis will be
found. During apoptosis there is no membrane rupture and no inflammatory response as
compared to necrosis. Autophagy literally means "self-devouring”, it is a process that
involves lysosomal degradation of proteins and organelles that are unnecessary or
dysfunctional. Under physiological conditions, autophagy increases during nutrient
deprivation, playing a protective role via generation of amino acids and energy (Bredesen,
2008).

Calpains are the key enzymes as regulators in the process of calcium-dependent cell death.
They can be involved in both necrosis and apoptosis (Ashkenazi and Dixit, 1998; Wang,
2000). It has been suggested that the type of cell death is associated with intracellular
calcium levels. In fact, low Ca®" levels seem to favour apoptosis, while high Ca®* would
promote necrosis (Choi, 1995; Zipfel et al., 2000).

Caspases are cysteine aspartic acid-proteases activated by proteolytic cleavage and they
play a central role in the apoptotic cell death. The morphological changes typical of apoptosis
(membrane budding, chromatin condensation and fragmentation) requires caspase-
dependent cleavage of specific substrate. Caspase can be activated through two different
pathways, intrinsic and extrinsic. The intrinsic pathway involves the mitochondrial outer
membrane permeabilization and consequent release of cytochrome c in the cytosol. There
the cytochrome c¢ forms a complex with the apoptosis-inducing factor (Apaf-1) to activate in
turn caspase-9 and caspase-3 (Yakovlev and Faden, 2001). The extrinsic pathway is
mediated by cell surface death receptors, involving TNF and FAS receptors (Ashkenazi and
Dixit, 1998; Wang, 2000). All necrosis, apoptosis and autophagy have been described
following TBI (Andriessen et al., 2010; Ankarcrona et al., 1995; Clark et al., 2008; Rink et al.,
1995; Stoica and Faden, 2010). Necrosis is found in the early post-traumatic period, while
apoptosis is observed in a later period, within hours and days after injury (Wong et al., 2005).
Autophagy is observed between 2 and 48 h after TBI with a peak at 24 h post-TBI (Clark et
al., 2008; Lai et al., 2008).

All the pathophysiological mechanisms described above are interconnected and create a
vicious circle. In fact, excitotoxicity results in activation of necrotic and apoptotic processes,
that lead to an increase of inflammation and of oxidative stress that, in turn, elicit additional

cell death and so forth worsening the situation. Damage associated with primary brain injury
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can only be prevented. Therefore clinical efforts are focusing on the prevention, recognition
and treatment of secondary brain injury. The slow progression of secondary cascades can be

in fact targeted for therapeutic interventions (Xiong et al., 2013).

2.6 In vitro and ex vivo experimental models of TBI

Many in vivo, ex vivo and in vitro models of brain injury have been previously reported. The
in vivo TBI models imitate the natural process of injury and the most well known are the
controlled cortical impact (CCIl), the weight drop/impact acceleration and the fluid percussion
models (Cernak, 2005). The in vivo models have the advantage of mimicking the actual
event of head injury but, due to the complexity of the in vivo situation, accessibility to the
tissue of interest becomes limited (Morrison et al., 1998). In order to understand the
response of individual cells as a result of the injury inflicted, it is important that the cells are
isolated from the systemic effects which may inhibit or alter their individual response (Cargill
and Thibault, 1996).

As we already saw the brain is encapsulated into a rigid skull and the mechanical response
to an injury would be a combination of stretch, compression and shear, with no presence of
change of volume (Morrison et al., 2006). All the in vivo models combine and consider the
holistic effect of TBI to the brain, but not specific effects of stretch, compression and strain.
Thus, not all observations are possibly done on in vivo models, more focused and repeatable
models are necessary. In vitro / ex vivo models can be used in order to evaluate the
response of specific cell types in well-controlled and environmentally isolated experiments
(Geddes-Klein et al., 2006). Moreover these models are considered an alternative to animal
testing, so they raise less ethical issues.

The in vivo, ex vivo and in vitro models have to be considered complementary, since they

provide different information and they allow the analysis of different aspects of TBI.

The principal in vitro / ex vivo models are described as follows:

Transection

The transection models re-create in vitro the primary axotomy that can be found for example
following penetrating injuries. The axotomy can be reproduced at the level of a single-cell
(Chuckowree and Vickers, 2003) or on a cell monolayer using a plastic stylet or blades
(Mukhin et al., 1997, 1998; Tecoma et al., 1989). The model of cell monolayer exposes the
surrounding cells to secondary effects such as excitotoxicity and glial activation. These

models of transection can be useful to perform high-throughput therapeutic discovery and
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testing. However it has to be considered that primary axotomy is relevant only for a small

percentage of brain injuries.

Compression

This model reproduces a focal injury using weight-drop and impactor methods (Sieg et al.,
1999). The severity of the injury can be controlled modifying different parameters as the
shape of the impactor and force, depth, duration of the impact. In slices of tissue the impact
generate a region of primary injury directly below the impactor and a secondary injury in the

surrounding tissue (Church and Andrew, 2005).

Hydrostatic pressure

These models are based on a cell injury chamber where a static or transient pressure is
applied in order to induce an injury (Murphy and Horrocks, 1993; Shepard et al., 1991). Brain
tissue is nearly incompressible so, under hydrostatic conditions, the brain deformation is very
small. Therefore concerning the static models, extreme values of pressure are needed to
achieve a cellular response. Dropping a weight onto a sealed chamber produces instead
transient pressure waves that reproduce the time curse of pressure changes during a closed
head TBI. The waves pass through the tissue, inducing a deformation which results in

cellular injury (Panickar et al., 2002).

Fluid shear stress

The application of fluid shear forces provokes a cellular deformation that reproduces the fluid
shear stress of brain during impact. Any fluids, liquids or gases, moving along solid boundary
will produce a shear stress on that boundary. These models can reproduce a fluid shear on a
monolayer, using a rotating disk positioned above cells (LaPlaca and Thibault, 1997) or also

on single cell discharging air or media on individual axons (Chung et al., 2005) (Fig. 11a).

Shear strain

Shear deformation is one of the major initiator of closed-head TBI. Shear strain can be
applied on brain slices (Bottlang et al., 2007) and on hydrogel construct containing brain cells
in 3D cultures (LaPlaca et al., 2005). The magnitude and deformation rate are controlled and

can be adjusted to obtain different grade of injury severity (Fig.11b).
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Stretch injury models

Stretch is known to be an important component of TBI. In fact a major force causing injury of
nervous tissue is rapid tissue deformation and strain, or, more simply stretch (Ellis et al.,
1995). Different stretch devices have been developed for both cells and organotypic slices
cultured on stretchable substrates. The idea is to deform the substrate to indirectly deform
the adherent sample (Fig.11c). As for shear strain, the magnitude and deformation rate can
be adjusted to obtain different grade of injury severity (see chapter 3 on mechanostimulation,
§ 3.1).

a
Axon bundle Micropipette
Undeformed Deformed
b
DVRT Extension plate

Linear actuator 3D cell cultures

Undeformed Deformed

Indenter

Undeformed Deformed

Figure 11: Schematic illustrations of in vitro / ex vivo models of TBI. (a) Axonal bundles are deformed by a
pulse of fluid directed by a micropipette. (b) A simple shear is applied to a hydrogel construct containing brain
cells in 3D culture. The magnitude and rate of deformation are under feedback control. (c) Equibiaxial stretch of
cultures is achieved through deformation of the culture substrate by pulling the clamped membrane over a hollow
cylinder. The magnitude and rate of the applied strain are under feedback control. F: force; P: pressure (Morrison
et al., 2011).

The in vitro models can be performed on immortalized cell lines or dissociated primary
cultures (Morrison et al., 1998, 2011). The immortalized cell lines are easy to procure and

manipulate, well characterized and generally not expensive. However the disadvantage is
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that the process of immortalization can modify some intracellular cascades thus altering the
normal cellular response to injury. Primary cultures are derived from mechanical or
enzymatic dissociation from brain tissue. It is possible to analyse the effect of injury on single
cell type or even the interaction between different cell types in case of mixed culture. One
disadvantage is that cells are harvested from embryonic or postnatal tissue and the age at
the harvest can significantly affect the cellular response. Moreover, cells are cultivated on
monolayer which is different from the in vivo construct.

The ex vivo models are realized on brain slices in acute preparations or organotypic culture
(Morrison et al., 1998, 2011). These models have the advantage of maintaining the three-
dimensional architecture of the in vivo structure with heterogeneous cell populations as well
as the local connectivity between them. Acute preparations are fresh explant of brain tissue.
Injury models have been performed on acute preparation for rat cortex and hippocampus and
guinea pig cerebellum. There are no restrictions on the age of the harvested tissue but the
slices cannot be conserved more than 8 h. The organotypic culture instead can be
maintained in culture for extended period, more than 7 days, allowing a recovery from the
trauma of excision but the slices usually derived from animals younger than 11 days
postnatal.

The utility of an in vitro / ex vivo model is evaluated on the ability to reproduce the in vivo
process following a TBI. The main goal in TBI research is to identify new therapeutic
strategies. In general, if a compound provides benefit both in vitro / ex vivo and in vivo, there
is a high chance that the same cascades are activated and the model can be considered

relevant (Morrison et al., 2011).
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CHAPTER 3

Mechanostimulation in

the central nervous system

Mechanostimulation can be defined as a stimulation induced by a mechanical force and
mechanosensitivity is the capacity of responding to a mechanical stimulation which is
common to a wide variety of cells in many different organisms, ranging from bacteria to
mammals. Mechanical stress can modulate physiological or pathological processes at the
molecular, cellular, and systemic level (Kamkin and Kiseleva, 2005).

Various form of force application transmitted either directly to the cell membrane or via the
surface receptors elicit a biological response. Some responses can be observed in a matter
of second, for example mechanically gated channels could be activated within milliseconds
latencies (Hamill and Martinac, 2001). Other responses need more time to be observed but
can last for hours after the initial event such as gene expression, protein synthesis or
morphological changes (Goldmann, 2014).

Movement can be defined by the basic physical components (mass x acceleration) of a
segment or body. The mass x acceleration of a body segment is defined as force
(force=mass x acceleration, Newton's second law of motion). The application of force over a
given area of tissue during movement results in stress to the tissue “stress=force/area”,
where force may be applied in any direction such as tension, shear, and compression (Tipler,
1982). Although movement is a major source of physical stress on tissues, other forces
generated inside (e.g., isometric muscle contractions) and outside (e.g., gravity) of the body
may also contribute to tissue stress. The range of stresses to which different tissues are
physiologically exposed varies a lot. Cytoskeletal structures are involved in the sensing and
transmitting of external forces. How cells respond to mechanical stress depends not only on
specific molecular sensors and signalling pathways but also on their internal mechanical
properties that determine how the cell deforms when subjected to forces (Goldmann, 2014).
In order to use force as a signal and coordinate cell behaviour in tissues, cells must sense
different types of stress or strain (Davidson et al., 2009). The transduction of a mechanical
signal, or mechanotransduction, resembles classical biochemical signal transduction. A

specific mechanical force, which can be distinguished by its magnitude, orientation, and/or
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frequency, must be recognized by specific mechanosensing machinery (Chanet and Martin,
2014). Several molecules or molecular complexes can directly respond to physical stress or
strain by changing conformation or macromolecular assemblies. Classic examples are the
unfolding or stretching of molecules or the opening of ion channels under mechanical forces
that would transduce a signal to downstream-signalling pathways (Hoffman et al., 2011)
(Fig 12).

lon-channel opening FA maturation
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Figure 12: Switch-like models of mechanotransduction. Cells are mechanically integrated structures, in which
the extra cellular matrix (ECM) and actin cytoskeleton are connected by integrins and focal adhesion (FA)
proteins. Forces can be applied directly through the ECM and transmitted through the cytoskeleton to
mechanosensitive components, such as FAs, to mediate cellular response to a given force. Many ion channels
are integrated within this network. An applied force induces conformational change of an ion channel, a common
mechanism of mechanotransduction, and membrane tension can cause ion-channel opening. Talin connects the
integrin cytoplasmic tail to F-actin; tension on talin exposes vinculin-binding sites, and the subsequent binding of
vinculin (green) reinforces the linkage (Hoffman et al., 2011).

The primary target for mechanical stimulation is the plasma membrane of the cell, which can
respond to different physical stress changing the open state probability of mechanosensitive
ion channels. These mechanosensitive channels include stretch-activated channels (SAC)
(Bass et al.,, 2003; Franco-Obregén and Lansman, 2002; Martinac and Hamill, 2002;
Yamaguchi, 2004), stretch-inactivated channels (SIC) (Chakfe and Bourque, 2001; Franco-
Obregén and Lansman, 2002; Martinac and Hamill, 2002; Schumacher et al., 2000) and
pressure-activated channels (PAC) (Kohler et al., 2001a, 2001b; Martinac et al., 1987).
Besides the channels described above there are stretch-activated K*-channels (SAKC), that
can be Ca?" sensitive (Filipovic and Sackin, 1992; Kawahara, 1990; Sackin, 1987) or ca®
insensitive (Kirber et al., 1992; Pacha et al., 1991). Thus, by acting on ion channels in the

plasma membrane, mechanical stress can elicit a multitude of biochemical processes, both
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transient and long-lasting, inside a cell (Kamkin and Kiseleva, 2005). In addition, mechanical
constraints that alter cell geometry can lead to rearrangements of the cytoskeleton, as stress

fiber formation and orientation (Vignaud et al., 2012) (see § 3.2).

3.1 Factors that influence the cellular response to applied strains

Nearly all cells in the human body are subjected to mechanical forces due to tensile stress
and strain imposed at the tissue level. The stretch of cell cultures is usually expressed in
terms of strain, named the Lagrangian strain, and the calculation is defined as
“Strain = (I-L)/L”, where I= final length and L= initial length. In another word, the strain is
defined as the ratio of the total deformation of a given body to its original form or
configuration (i.e. membrane strain of 20% denotes that membrane has been
deformed 20% relative to its original conformation). Cells respond to applied strain in a
way that is dependent to different parameters as the contractile state of the cell, the spatial
and temporal pattern of applied strain and the dimensionality and mechanical properties of
the substrate (Fig. 13). The responses range from morphological changes, and signal
transduction to further affect cell functions such as cell proliferation, apoptosis, migration and

differentiation (Sears and Kaunas, 2016).
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Figure 13: Parameters that influence the cellular response to applied strains. Cell response to an applied

strain is dependent on the spatial and temporal pattern of applied strain (€) and on the dimensionality and rigidity
of the substrate (Sears and Kaunas, 2016).
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An overview of parameters that influence cell response to an applied stretch is given below:

Spatial strain patterns

The most studied deformations are the “uniaxial’, “biaxial” and “equiaxial” stretching
(Fig. 14). For the “uniaxial” strain the substrate is stretched along one axis, for the “biaxial”
strain the substrate is stretched in two perpendicular directions within the same plane, and
for the “equiaxial” strain (also called “equibiaxial” or “radial”), stretch is applied in all
directions. Each cell type in vivo is submitted to different kind of stretch. To be more relevant,
the spatial strain pattern, more adapted to the cell type and the biological process studied,
has to be chosen. For example, the uniaxial stretch is physiologically relevant in vascular
cells. In fact, inflation of the vessel due to the blood pressure will produce an uniaxial
circumferential strain (Gerstmair et al., 2009; Kurpinski et al., 2006). In the case of
equibiaxial stretch, it provides a more realistic environment for tissues that experience stretch
in more than one direction in vivo, such as connective tissues (Bell et al., 2012). The spatial
strain pattern influences the cellular response. In fact, early studies on fibroblasts, arterial
smooth muscle cells and endothelial cells showed that cyclic uniaxial strain resulted in either
perpendicular or obliqgue alignment of the cells and stress fibers relative to the strain axis
(Buck, 1980; Dartsch and Betz, 1989; Dartsch et al., 1986), while cyclic equibiaxial stretch
results in no cell or stress fiber alignment in endothelial cells (Kaunas et al., 2006; Wang et
al., 2001). Stress fibers are the major tensor-bearing structure in non-muscle cells, they are
composed of actin bundles and non-muscle myosin Il plus various crosslinking proteins
(see § 3.2).

Biaxial Equiaxial

Uniaxial

Figure 14: lllustration of three types of strain which can be applied to cells cultured on a flexible
membrane. “Uniaxial” strain (on the left): the substrate is deformed along one axis; “biaxial” strain: the force is
applied in two perpendicular axes (in the middle); “equiaxial” strain: stretch is applied equally in all directions (on
the right) (adapted from Davis et al., 2015).

Temporal Strain Patterns

Stretch can be “static” or “cyclic / dynamic”. For the static stretch, the substrate is elongated
and then held in the lengthened position over a period of time. The cyclic stretch consists in

multiple repetitions, cycles, of stretch when the stretch force is repeatedly applied and
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released over a period of time. The duration of stretch as well as the strain rate can vary.
The strain rate is the change in strain of a material with respect to time, it is a specified strain
which is delivered to something, for example cells, over time (i.e. 20% strain at 1s™ strain
rate means that 20% change in substrate length is reached in 1 second).

It is known that cell alignment depends not only on strain magnitude but also on strain
frequency. In particular the alignment increases with increasing strain frequency up to ~1 Hz,
a saturation value above which there is no increase in alignment (Jungbauer et al., 2008).
Different cell types (as fibroblast, endothelial cells, osteoblasts and myocytes) respond
differently when the substrate is subjected to a static or cyclic strain. In fact, following a static
strain cells tend to align themselves parallel to the direction of stretch (Collinsworth et al.,
2000; Eastwood et al., 1998), while following a cyclic stretch they tend to reorient themselves
perpendicular to the direction of stretch (Dartsch et al., 1986; Moretti et al., 2004; Neidlinger-
Wilke et al.,, 1994, 2002; Wang et al., 2001; Zahn et al., 2011). Moreover, if cells are
subjected to stretch at very low frequencies, (0.0001 s™ and 0.001 s™), they do not reorient at
all, they remain randomly oriented (Hsu et al., 2009; Jungbauer et al., 2008). Cyclic uniaxial
stretch in endothelial cells induces stress fiber alignment in a strain rate-dependent manner,
while cyclic equibiaxial stretch does not, and instead it decreases cell spreading in a strain
rate-dependent manner (Hsu et al., 2010). A rapidly applied static strain transiently activates
JNK, ERK and p38 pathways, while no activation is observed when the rate of strain is
decreased by 100-fold (Hsu et al., 2010). Similarly, in endothelial cells and vascular smooth
muscle cells, the activation of these kinases is present in response to cyclic stretching at
1Hz, reduced at lower frequencies and absent upon stretching at 0.01Hz (Hosokawa et al.,
2002; Hsu et al., 2010).

Matrix Rigidity /Substrate stiffness

It is now largely demonstrated that cells respond to the local extra-cellular matrix stiffness to
regulate cellular processes ranging from cell-cell and cell-substrate adhesions (Reinhart-King
et al., 2008; Reinhart-King, 2008; Wang et al., 2002), motility (Engler et al., 2004; Lo et al.,
2000; Palecek et al., 1997; Pelham and Wang, 1997), cell spreading (Giannone et al., 2004)
and differentiation (Engler et al., 2006). By pulling on the surrounding matrix through cell-
matrix adhesions and sensing the mechanical resistance of the matrix, cells respond through
modulation of cytoskeletal dynamics and organization (Engler et al., 2004; Pelham and
Wang, 1997; Saez et al., 2005). Cells are only sensitive to differences in rigidity within a
narrow range comparable to the rigidity of the cell (Zemel et al., 2010). In different cell types
(as fibroblasts, endothelial cells, mesenchymal cells), the extent of cell spreading and stress

fiber formation are proportional to matrix rigidity (Fu et al., 2010; Mih et al., 2012; Yeung et
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al., 2005). In U20S osteosarcoma cells, the reorientation can be different on rigid and soft
substrates. In fact, cells and their actin stress fibers are oriented perpendicular to the
direction of cyclic stretch on stiff substrate and parallel to the stretch direction on soft
substrate (Tondon and Kaunas, 2014).

It's noteworthy that much of what is known about the biology of myelination has been
discovered from cell culture studies performed on in vitro substrata that are orders of
magnitude stiffer than the CNS tissue in vivo. Stiffness is expressed by Young's elastic
moduli (E) and the elasticity range of the human brain tissue is E ~ 0.1-1 kPa (Christ et al.,
2010; Levental et al., 2007; Lu et al., 2006; Miller et al., 2000). Some properties of cells
cultured on polystyrene or glass surfaces, which are orders of magnitude stiffer than brain
tissue, may differ from those occurring in vivo. In fact, the stiffness of the formers are ~ 3 and
70 GPa, respectively, while brain tissue is markedly softer (Fig. 15). Regarding
oligodendrocytes, they are mechanosensitives and respond to substrate / matrix stiffness; in
general survival, proliferation and maturation were found to be optimal on intermediate range
of physiological brain tissue stiffness (Jagielska et al., 2012; Urbanski et al.,, 2016)
(see 8 3.7.4 for details on oligodendrocytes and mechanostimulation).

The Bioflex® Plates, containing silicone membrane and used for this work, presented a
stiffness of 930 kPa that is far from the in vivo condition, but still closer to the physiological

conditions than the substrata that are ordinarily used for cell culture (Fig. 15).
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Figure 15: Comparison of stiffness range (Young’s modulus, Pa) between brain tissue, Bioflex® Plates
containing silicone membrane used in this work, polystyrene and glass (adapted from Jagielska et al.,
2012).

Recently Cui and co-workers reported that in fibroblasts, the lack of substrate stiffness-
induced cell stress can be compensated by simultaneous cyclic stretching at low magnitude
(1-5%) and low frequency (optimum 0.1 Hz) applied on soft substrates. Strain at the higher
magnitude of 15% reduces the cell spreading, reflected by the total cell area, even at low
frequency (Cui et al., 2015). These findings are in agreement with the previous study that
cyclic strain can compensate for experimentally induced loss of intracellular tension in aortic
endothelial cells (Kaunas et al., 2005) and with another study where two mechanical cues,

the stiffness of culture substrate and dynamic stretch, were combined. In fact, valvular
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interstitial cells grown on soft substrate exhibit a rounded morphology but, upon application
of 10% cyclic equibiaxial stretch, they spread to the same extent as those cultured on stiff
substrate. Besides, cells grown on stiffer substrate are bigger but they reduce their cell area

when the same 10% equibiaxial stretch is applied (Throm Quinlan et al., 2011).

Matrix Dimensionality

Our knowledge of many biological processes is largely based on studies using cell cultures
performed on flat, two-dimensional (2D) substrates, as plastic or glass coverslips. However
cells grow physiologically in a complex three-dimensional (3D) environment. This awareness
and the development of new technologies over the past years have encouraged scientists to
develop 3D culture. Micro environmental cues are known to impact cell function. Lots of
efforts were made in order to understand how these cues act in a 3D matrix and what are the
differences compared to a 2D culture. Cells grown on a 2D monolayer are flat, they can
spread and adhere in the horizontal plane but they have no support for growing in the vertical
dimension, so it means that they have a forced apical-basal polarity (Baker and Chen, 2012).
The 3D culture elicits a more physiological state, with changes in cell geometry and
organization that directly impact cell functions. It's also important to underline that the
dimensionality is strictly linked to the matrix stiffness. In fact, traditional 2D cultures are
performed on glass or plastic which are supraphysiological in terms of stiffness. The matrix
used for 3D culture is not necessarily at the physiological range of stiffness, but to date most

of the 3D systems offer a matrix with low stiffness (Fig. 16).
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Figure 16: Adhesive, topographical, mechanical, and soluble cues in 2D and 3D cultures. The cues
encountered by a cell are strikingly different between an extra cellular matrix (ECM) coated glass or plastic
surface (2D) and a typical 3D ECM, such as collagen (Baker and Chen, 2012).

There are growing evidences showing that cell behaviour is different when cultivated on 2D

or 3D environment. Cukierman and colleagues studied the adhesions between fibroblastic
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cells and extracellular matrix in 3D cultures and they found that 3D-adhesions differ from
focal adhesions characterized on 2D substrates, in terms of cytoskeletal components,
content of integrins and paxillin, and phosphorylation of focal adhesion kinase (FAK)
(Cukierman, 2001) (see paragraph 3.2). Chiron et al. characterized the interaction between
muscle cells and a 3D matrix. They reported that adhesion sites in 3D culture are smaller in
size than in rigid 2D culture whereas expression of adhesion site proteins is higher in 3D
versus 2D culture. Moreover the cell differentiation was shown to be faster in 3D culture
(Chiron et al., 2012). Another study has been performed on normal and LMNA-mutated
myoblasts (LMNA gene encodes for A-type lamins, mutations of this gene cause
laminopathies). The authors reported that the use of 2D hard substrates (GPa value)
minimizes the differences between control and mutated myoblasts. By contrast when cells
are grown in soft 3D matrix (4-12 kPa), the differences in cytoskeletal rearrangement and
transcriptional changes are undeniable between normal and mutant myoblasts (Bertrand et
al., 2014).

In addition, 3D culture impacts cell response to a stretch stimulus. Cells subjected to a static-
stress or cyclic uniaxial strain in a 3D matrix underwent morphological changes and their
differentiation is improved. These responses appeared to be increased under cyclic stretch
versus static-stress (Nieponice et al., 2007). The same group found that bone marrow
derived progenitor cell (BMPC) aligns perpendicular to the direction of applied stretch in 2D
culture (Hamilton et al., 2004), while in 3D culture the long axis of the BMPCs aligns parallel
to the direction of applied stress (Nieponice et al., 2007). It has to be considered that in 2D
experiments, the effect of mechanical strain is studied on cells that are adherent to a flat
silicone membrane. Therefore the resulting strain is uniform and homogeneous as a
consequence of 2D cell deformation compared to 3D cultures. Since the most of 3D tissues
are fibrous and heterogeneous, the force is not necessarily transmitted in the same way in all
directions. It depends on cell orientation and how the cell is bound to the matrix fibers (Baker
and Chen, 2012).

3.2 Effect of stretch on cell cytoskeleton

Cell cytoskeleton is a complex network consisting in actin microfilaments, microtubules, and
intermediate filaments (Fig. 17). It forms the dynamic architecture of the cell. Cytoskeletal

structures are involved in the sensing of external forces and transmitting those forces.
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Cell membran
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Figure 17: The components of the cytoskeleton. The cytoskeleton is composed of three types of protein fibers:
intermediate filaments, microtubules and actin filaments (Johnson, 2006).

Several methods have been developed to investigate the influence of tensile strain on cells
cultured on elastomeric sheets. In many different cell types, cells tend to align themselves
perpendicular to the direction of stretch, such as endothelial cells (Dartsch and Betz, 1989;
Moretti et al., 2004), smooth muscle cells (Kanda et al., 1992), fibroblasts (Jungbauer et al.,
2008; Neidlinger-Wilke et al., 2002; Wang et al., 2001), tumor cells and mesenchymal stem
cells (Tondon and Kaunas, 2014). Sears and Kaunas recently reviewed the remodelling of
cytoskeletal structure during alignment and in general how adherent cells respond to applied

stretch (Sears and Kaunas, 2016).

Microtubules

Uniaxial tensile stress is known to induce microtubule growth in the direction of force
application (Kaverina et al., 2002), while equibiaxial strain promotes an increase in the total
polymerized microtubule mass (Putnam et al., 2001). A study demonstrated that a functional
microtubule network is not required for cell alignment following cyclic stretch. In fact, focal
adhesions and the actin cytoskeleton undergo dramatic reorganization perpendicular to the
direction of stretching forces even without microtubules (Goldyn et al., 2009). However, the
same group showed that microtubule stability, with acto-myosin, regulates the kinetics of cell
reorientation, even if microtubules do not play significant role in reorientation itself (Goldyn et
al., 2010).

Intermediate filaments

It is proved that intermediate filaments contribute to the mechanical integrity and organization

of cells (Kim and Coulombe, 2007), but their role in stretch-induced morphological changes
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seems to be minor. For example, myoblasts expressing mutated desmin (p.D399Y desmin
mutation disorganizes the desmin intermediate filaments network in muscle cells) show
altered dynamics of perpendicular alignment in response to cyclic stretching, yet still aligned

to a comparable extent as myoblasts expressing wild-type desmin (Leccia et al., 2013).

Actin microfilaments

It is well demonstrated that actin microfilaments are the cytoskeleton component the most
involved in alignment process. In fact, disruption of the actin cytoskeleton completely blocks
stretch-induced cell alignment (Goldyn et al., 2009; Kaunas et al., 2005). Actin filaments are
organized via actin-associated proteins into higher order structures, including lamellipodia
and filopodia. In particular cofilin, profilin, and the Arp2/3 proteins act together to promote the
rapid turnover of actin filaments. Cofilin binds to actin filaments and enhances the rate of
dissociation of actin monomers, while profilin, can reverse the effect of cofilin and stimulates
the incorporation of actin monomers into filament. Finally, Arp2/3 proteins serve as
nucleation sites to initiate the assembly of new filaments. Actin microfilaments can also form
contractile bundles of parallel microfilaments, termed stress fibers, through interactions with

non-muscle myosin Il (Blanchoin et al., 2000).

Stress fibers are the major tension-bearing structures in adherent, non-muscle cells
(Burridge, 1981) and are critical to cell functions involving cell alignment (Goldyn et al., 2009;
Hsu et al.,, 2009), cell adhesion (Tojkander et al., 2012) and contractility (Chrzanowska-
Wodnicka and Burridge, 1996). Stress fibers are anchored to focal adhesions, which consist
of integrins and many other so-called focal adhesion proteins, as vinculin, that serve to
physically connect the extracellular matrix to the actin cytoskeleton and sense mechanical
forces (Cramer et al.,, 1997; Naumanen et al., 2008) (Fig. 18). It is known that stretch-
induced cell alignment is generally preceded by alignment of stress fibers (Faust et al., 2011;
Goldyn et al., 2010). Moreover, high level of biaxial strain increases actin depolymerization in

tendon cells (Lavagnino et al., 2015) and chondrocytes (Campbell et al., 2007).
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Figure 18: Stress fibers and focal adhesion organization. A mature focal adhesion contains hundreds of
proteins that are grouped based on their contribution to four basic processes: receptor/matrix binding, linkage to
actin cytoskeleton, intracellular signal transduction, and actin polymerization. The combined activity of the
mechanosensitive components forms the mechanoresponsive network.
(https://lwww.mechanobio.info/topics/mechanosignaling/cell-matrix-adhesion/focal-adhesion/focal-adhesion-
assembly/)

3.3 Signalling pathways activated by stretch

Mechanotransduction is viewed as a force-induced process initiating biochemical responses
(e.g., changing binding affinity, altering phosphorylation state, and/or conformation change)
and initiating the activation of signalling pathways leading to gene expression, protein
synthesis, and cellular phenotype change (Goldmann, 2014). A mechanical stretch can
induce different responses according to different spatial and temporal pattern of strain.
However, some pathways can be altered in all conditions of stretch, regardless of strain
magnitude, strain rate and duration of stretch. A particularly stretch-responsive pathway
involves the mitogen-activated protein kinases (MAPKSs). The MAP kinases comprise a family
of ubiquitous proline-directed, protein-serine/threonine kinases, which take part to different
signal transduction pathways. They are known to regulate different cellular processes as cell
survival, proliferation, differentiation, migration, mitosis and apoptosis (Pearson et al., 2001)
and they are also known to be involved in mechanically-induced signalling in various cell
types, being implicated in the signal transduction from the cell membrane to the nucleus.
MAP kinases are regulated by phosphorylation cascades, with two upstream protein kinases
activated in series (called MAPKKK and MAPKK/MEK) leading to activation of a MAPK
(Fig. 19). A characteristic of this cascade is the amplification of the signal, and it can occur if

each successive protein in the cascade is more abundant than its regulator.
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The family of MAPK consists of three principal subgroups, extracellular signal-regulated
kinase (ERK), c-Jun NH2- terminal kinase (JNK), and p38. Cell division, migration, and
survival generally involve ERK signalling, while cellular and environmental stresses activate
the p38 MAPK and JNK pathways, and for this reason JNKs are also known as SAPKSs,
stress-activated protein kinases (Hoefen and Berk, 2002; Kyriakis and Avruch, 2012; Owens
and Keyse, 2007; Vezza et al., 2016).
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Figure 19: MAP Kinase pathways. The mitogen-activated protein kinase (MAPK) cascades are signal
transduction pathways that involve a chain of three kinases activating each other in a series (MAPKKK, MAPKK,
and MAPK). The result of phosphorylation of various MAP kinase isoforms is the activation of the three main MAP
kinases pathways: ERK (extracellular signal-related kinase), JNK (c-Jun NH2-terminal kinase) and p38 MAPK
(Vezza et al., 2016).

As MAPK activation is controlled through phosphorylation, its assessment should adequately
reflect the kinase activity. MAPK phosphorylation was analysed by immunoblotting in bovine
pulmonary arterial endothelial cells submitted to a 10% cyclic stretch showing an activation of
ERK1/2, JNK1/2, and p38 following stretch. Their activation plays a role in transcriptional
activation of AP-1/TRE, showing an increase of the binding activity of the transcriptional
factor AP-1 (Kito et al., 2000). It has been demonstrated that isoforms of JNK and ERK
MAPKs were phosphorylated in a tension-dependent manner in rat skeletal muscle
preparations, in particular a strong relationship between peak tension and p54 JNK MAPK
was observed (Martineau and Gardiner, 2001).

Some differences in pathway activation have been also reported due to different spatial and
temporal patterns of strain. For example, when myotubes are subjected to uniaxial and
multiaxial stretch, both resulted in an increase in ERK (ERK1/2) and protein kinase B

(PKB/AKt) phosphorylation, but only multiaxial stretch induced ribosomal S6 kinase
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phosphorylation (Hornberger et al., 2005). Another study in vascular endothelial cells showed
that a cyclic equibiaxial stretch, with no stress fiber orientation, results in JNK (JNK1)
activation for up to 6 h, while an uniaxial stretch results in transient JNK activation. In fact, in
the latter case it is followed by a return to basal level as the actin stress fibers become
oriented perpendicular to the direction of stretch. Moreover, if the direction of stretch is
changed by 90°, JNK is reactivated as stress fibers become re-oriented perpendicular to the
new direction of stretch (Kaunas et al., 2006). In bovine aortic endothelial cells, cyclic stretch
transiently activates JNK (T183/Y185 JNK), ERK (T202/Y204 ERK) and p38 (T180/Y182 p38)
in a strain rate-dependent manner, accompanied by stress fibers alignment for uniaxial strain
and cell retraction for equibiaxial strain. No sign of activation has been observed when the
rate of strain is decreased by 100-fold (Hsu et al., 2010). Similarly, the activation of these
kinases observed in response to cyclic stretching at 1Hz is reduced at lower frequencies and

absent upon stretching at 0.01Hz (Hosokawa et al., 2002; Hsu et al., 2010).

Some evidences highlight other pathways activated by stretch. A study showed that a
mechanical stretch is able to induce the activation of JAK/STAT pathway in rat
cardiomyocytes (Pan et al., 1999). Mechanical activation of the mTOR/p70S6K signalling
pathway has also been reported in muscle cells in vitro (Hornberger, 2004; Hornberger and
Chien, 2006; Nakai et al., 2015; Sasai et al., 2010).

Moreover physical stimuli in general are known to modulate the activity of transcription
factors as, for example, armadillo/B-catenin, serum response factor (SRF), yes-associated
protein (YAP) and nuclear factor kB (NF-kB) (Mendez and Janmey, 2012).

YAP signalling has emerged as a particularly important regulator of the mechano-response
(Dupont et al., 2011). YAP is a crucial member of the Hippo pathway, and is expressed in
almost all cell types (Mendez and Janmey, 2012). YAP is inactivated by phosphorylation that
provokes its exclusion from the nucleus. When YAP is nuclear, it interacts with a number of
coactivators, including its paralog TAZ (transcriptional coactivator with PDZ-binding motif)
(Lei et al., 2008). YAP’s involvement in mechanotransduction was studied in different human
cell types plated on soft versus stiff substrates, cells grown on stiff substrates show an
increase in the YAP transcription and the nuclear localization of YAP protein (Dupont et al.,
2011).

Other studies showed that shear stress causes nuclear NF-kB translocation inducing gene
expression in both endothelial cells (Khachigian et al., 1995) and preosteoblastic cell line
(Chen et al.,, 2003). NF-kB is also activated in chondrocytes in response to dynamic
compressive strain (Nam et al., 2009) and in osteoblasts following oscillatory, but not

continuous, fluid flow (Young et al., 2010).
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Focus on pathways activated by stretch-induced injury

As reported above, a mechanical stretch-induced injury has been used to study the effects of
traumatic injury in vitro that replicates many of the post-traumatic responses observed
in vivo, including mitochondrial abnormalities, increase in cell permeability (Ellis et al., 1995),
and in calcium concentration (Rzigalinski et al., 1998), and depletion and release of
intracellular ATP (Ahmed et al., 2000). Mechanical injury also activates ERK (Neary et al.,
2003), and p38 (Zhou et al., 2011) in astrocytes. Astrocytes cultured on deformable
membranes and subjected to a rapid, reversible stretch-induced injury show an activation of
ERK within a min after injury up to 3h, and a peak between 10 to 30 min. Activation of ERK is
dependent on the rate and magnitude of injury. ATP released by mechanical injury is one of
the signals that trigger ERK activation (Neary et al., 2003). NF-kB is also activated in a
context of injury and repair and it is central to innate immunity. Pulmonary epithelial high
cyclic stretch (22 % equibiaxial strain) activated NF-kB, enhanced interleukin-8 (IL-8)
production, caused cell injury, and reduced cell survival. In contrast, physiologic stretch
(10 % strain) did not activate inflammation or cause cell injury (Horie et al., 2016).

Another consequence of a traumatic event is an increase in calcium level that has been
reported within seconds of trauma induced by fluid shear stress (LaPlaca and Thibault,
1997), biaxial stretch (Geddes and Cargill, 2001; Weber et al., 1999), and uniaxial stretch
(Lusardi et al., 2004a). Long-lasting calcium increase has been observed in various animal
models of trauma (Fineman et al., 1993; Nilsson et al., 1996; Xiong et al., 1997). The
magnitude of calcium increase is directly related to the applied strain magnitude and rate
(Geddes and Cargill, 2001; LaPlaca and Thibault, 1997; Lusardi et al., 2004a; Weber et al.,
1999). Therefore, it is generally considered as one of the initiating factors in transducing a
mechanical insult into a cellular response.

Probably the best known mechanism leading to calcium influx in mechanically injured
neurons is the activation of NMDA receptor, that has been demonstrated after fluid shear
stress (LaPlaca and Thibault, 1997), mild to moderate biaxial stretch (Ahmed et al., 2002)
and uniaxial stretch (Lusardi et al., 2004b). Post-injury changes in intracellular calcium
signalling can lead to altered neuronal function under agonist stimulation (Weber et al., 1999,
2001). There are also several studies reporting a link between the activation of purinergic
receptors after mechanical stimuli and the subsequent activation of intracellular signalling
cascades (Neary and Kang, 2006; Neary et al., 2003, 2005). Activation of cysteine
proteases, calpain, and caspase-3 also occurs hours following injury. Calpain activation
(1-6 h) is associated with nuclear morphological alterations, typical of necrotic
(hyperchromatism) or apoptotic death (condensed, shrunken nuclei), while caspase-3

activation is associated mainly with apoptotic bodies, suggesting in general that the injury
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includes both apoptotic and necrotic forms of cell death (Pike et al., 2000). It has been
observed in vitro that there is a damage progression in injured neurons over the days
following the initial trauma that should be taken into account for the evaluation of short and
long-term treatment options.

It is important to point out that different mechanical insults, in particular different strain fields
(uniaxial or biaxial) induce the activation of different cascades and so different responses to
potential secondary excitotoxic injury mechanisms (Geddes-Klein et al., 2006). Moving from
in vitro findings to in vivo models, with their associated complex strain fields, is delicate and
emphasizes the need to further study how all these mechanical conditions can separately

affect cell fate following mechanical injury.

3.4 Mechanostimulation in physiological condition

Nearly all cells in the body are subjected physiologically to mechanostimulation at a different
degree according to their function and the belonging tissue. For example cells from
cardiovascular system are permanently subjected to mechanical forces due to pulsatile
nature of blood flow and shear stress. In particular, endothelial cells and smooth muscle cells
are the major cells that face mechanical forces (Jufri et al., 2015; Shyu, 2009). Besides,
skeletal muscle cells (Morita et al., 2013), chondrocytes (Lee et al., 2000) and osteoblasts
(Xu et al., 2012) are also physiologically subjected to mechanical stresses. Another example
of physiological mechanical stimuli is during development, when mechanical tension may
impact cell fate decisions during embryogenesis and control morphogenetic movements
during convergent extension. During development and homeostasis, tissue growth is tightly
regulated to generate, repair, or renew organs with precise size, structure, and function
(Lecuit and Le Goff, 2007; Schwank and Basler, 2010). Thus, individual cells in a tissue must
somehow sense the overall size or growth state of a tissue to prevent over proliferation that
would lead to inappropriate tissue size or tumor formation. Much effort has focused on
secreted signals that regulate tissue growth, but tissues also experience mechanical stress
during growth that could, in principle, serve to globally coordinate cell growth across a tissue.
Tissues can grow either by increasing their cell volume or by increasing cell number through
cell division/proliferation. In both cases, cell growth might engender local stress in the context
of a tissue where cells exhibit intercellular adhesion and are thus not free to immediately
rearrange in a manner that would relieve stress (Chanet and Martin, 2014). Therefore the
development of organisms and organ systems would not proceed without applied forces and

mechanics.
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3.5 Mechanostimulation in pathological condition

Physical forces regulate a large number of physiological processes. However mechanical
stimuli can also lead to pathological conditions, since a dysregulation of mechanical
responses contributes to major human diseases (Orr et al., 2006). For example stretch can
promote hypertrophy of cardiomyocytes (MacKenna, 2000; Sadoshima et al., 1992;
Yamazaki et al., 1995) and hyperplasia in cardiac fibroblasts (Sadoshima et al., 1992).
Fibroblasts are numerically the most abundant cells in the myocardium and they are
responsible for the deposition of the extracellular matrix (ECM). These cells modulate the
ECM synthesis according to the type and extent of mechanical stimuli applied, switching from
a normal to a pathological deposition (Villarreal and Kim, 1998).

The ECM of tendons and ligaments is also modified in response to mechanical loading. In
fact, fibrocartilage appears in sites where tendons and ligaments are subjected to
compression. Fibrocartilage is a dynamic tissue and degenerative changes can lead to some
common pathologies known as enthesopathies, e.g. tennis elbow, golfer's elbow and
jumper's knee (Benjamin and Ralphs, 1998). The development and pathobiology of bone is
also strictly dependent on mechanical forces, and gravity. The locomotion stimulates local
bone remodelling to maintain optimal performance. Reduced mechanical stimulation due for
example to a sedentary life or limb paralysis results in bone loss (reduced bone formation
and increased bone reabsorption). Osteoporosis is known to be affected by diet and
endocrine status, but mechanical stimulation remains the major cause (Burger and Klein-
Nulend, 1999; Raisz, 1999).

Mechanical forces, in particular shear stresses, playing on the endothelium of the vascular
wall, are associated with blood flow and they play important roles in the control of vascular
tone, the regulation of arterial structure and remodelling. The response to these mechanical
stimuli is part of normal vascular physiology, but hemodynamic forces can also play a role in
vascular pathologies, particularly in relation to the localization of atherosclerotic lesions.
Atherosclerosis in fact occurs preferentially in region when the flow is disturbed as branch
points and areas of high curvature (Davies, 1995; Nerem, 1992).

Then last but not least, changes in mechanical environment are also shown to be
responsible for tumor progression. For example in breast cancer, tumorigenesis is
accompanied by collagen crosslinking and ECM stiffening. This lead to a promotion of focal
adhesions and invasion of oncogenically initiated mammary tissue, so the increase of tissue

stiffness promotes tumor progression in vivo (Levental et al., 2009).
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3.6 Mechanostimulation in the nervous system

Contrary to general thoughts, the nervous system is subjected to motor forces, in fact body
movements stress the nerves in multiple ways. Considerable mechanical forces
(movements, deformation) act upon the spinal cord, and the peripheral nerves, despite the
changing condition, continue to conduct stimulation and impulses (Barral and Croibier, 2007).
Considering the brain, the situation is different because usually cells are not subjected to
mechanical forces. The brain is in fact considered a “mechanically protected” organ and do
not have a clear constant level of mechanical stimulation. An excess of mechanostimulation
can lead to a trauma.

Thanks to biomechanics, it is possible to study and understand how a dynamic loading in the
CNS can result in an injury. The transition from physiology to pathophysiology is very
important and should be considered. Early pathophysiological changes can influence
important cellular processes as cell survival, proliferation, reintegration and repair of the
injured tissue in long-term. This long-term response, initiated when forces are transferred to
the cellular/molecular scale at the time of injury, is a key contributor to the outcome of head-
injured and spinal cord-injured patients (Meaney and Smith, 2015).

Mechanosensivity was studied by various methods in different components of the nervous
system, with a particular attention to the mechanosensitive ion channels (Calabrese et al.,
1999; Cho et al., 2002; McCarter et al., 1999; Menconi et al., 2001; Mutai and Heller, 2003;
Schumacher et al., 2000; Su et al., 2000; Takahashi and Gotoh, 2000). The main question to
be answered is how the mechanical forces affecting the membrane are transformed into
biochemical responses at cellular level, which regulate the growth and differentiation of cells.
Meaney and Smith recently reviewed the possible mechanosensors present in the CNS,
using the term mechanosensors to describe receptors and channels in the CNS that respond
directly to the mechanical stimulation (Meaney and Smith, 2015). They conceive these
receptors to express a dose-response to an applied mechanical force that is similar to a
dose-response curve that describe the property of a ligand-receptor binding interaction. So,
in the same way, this dose-response curve should change when the rate of applied force is
modified. In addition, it has to be considered that mechanosensors may respond differently to
different mechanical input, for example, some receptors may be sensitive only to the
pressure applied, while other receptors may respond to other types of deformation, as
tension and compression (Meaney and Smith, 2015). At present, despite their potential
importance, the knowledge of the mechanoactivation profiles for most receptors, expressed

in the brain, is very limited.
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There are in particular two mechanosensors that are known to respond to mechanical forces

in the brain:

- NMDA receptor, a glutamate receptor and ion channel protein. Some studies show
that this receptor can “sense” the forces that are applied during a traumatic injury
(Kloda et al., 2007; Paoletti and Ascher, 1994; Zhang et al., 1996). In condition of
normal resting membrane potentials, magnesium can bind to specific sites on the
receptor, limiting the passage of other cations across the receptor. As a consequence
of mechanical loading, the magnesium block is removed and the channel becomes
activated. It is known that the NMDA receptor mediates stretch-induced calcium influx
leading to neuronal excitotoxicity and it is considered one of the common mediators
for the acute and progressive events that occur following TBI (DeRidder et al., 2006;
Faden et al., 1989; Geddes-Klein et al., 2006; Singh et al., 2012).

Important for the mechanosensing property is the molecular tethering of the receptor
to the cytoskeleton and in particular a single serine residue of the NR2B subunit of

the receptor seems to control this mechanosensitivity (Singh et al., 2012).

- a-subunit of the voltage-gated sodium channel (NaCh). The a subunit forms the core
of the channel and it is functional on its own (Marban et al., 1998). The initial
response to mechanical forces induces changes in calcium homeostasis, and calcium
elevation leads to calpain (a calcium-dependent protease)-dependent proteolysis of
NaCh channel. A prolonged activation of calpains results in proteolysis of numerous
cellular substrates including cytoskeletal components and membrane receptors
contributing to the evolution of different neurodegenerative diseases (Camins et al.,
2006; Schoch et al., 2013). It is reported that proteolysis of NaCh a-subunits appears
after ischemic injury to the isolated spinal cord, after elevation of intracellular Na* in
cultured neurons, and also after mechanical injury to cultured axons (lwata et al.,
2004; Jette et al., 2006; Paillart et al., 1996; von Reyn et al., 2009; Wolf et al., 2001).
Stretch provokes Ca?' entry into cells and some studies demonstrated that two
prominent candidates for channel-mediated influx are NMDA receptors and NaChs,
since stretch activates both of them (Geddes-Klein et al., 2006; Wolf et al., 2001).
Von Reyn and collaborators studied the effect of calpain-mediated proteolysis
following a stretch induced injury in vitro and they found that direct activation of either
NMDA receptors or NaChs results in NaCh proteolysis. There is an initial phase with
rapid changes (<15 minutes) in channel integrity followed by a degradation phase
(4-6 hours) that precedes any evidence of neuronal death (von Reyn et al., 2012). It

is not clear if the later degradation phase can be blocked to rescue neurons in the
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network or if it is irreversible leading to the removal of the neuron from the injured

network.

There are other receptors that are known to activate and/or change their properties after

mechanical injury but it is not clear whether if they directly respond to the mechanical force:

- AMPA receptors, a class of non-NMDA-type ionotropic transmembrane receptors for
glutamate. It is demonstrated that there is loss of desensitization property of this
receptor (Goforth et al., 1999). It can be due to the upstream activation of NMDA
receptor and not to the molecular structure of the receptor itself (Goforth et al., 2004).
To date, there are no evidences that AMPA receptors are direct mechanosensors.

- GABA receptors, a class of receptors that respond to the neurotransmitter gamma-
aminobutyric acid (GABA). It is proved that a mild stretch-induced injury altered the
GABA, currents in rat cortical neurons. In particular there is a potentiation of GABAA
current but this is directly dependent on NMDA receptor activation following neural
injury (Kao et al., 2004).

In glial cells, it is known that a focal mechanical stimulation can induce intracellular Ca*
waves that are mediated by release of ATP and glutamate (Charles et al., 1991) but, so far,
no mechanoactivated receptors are described for this phenomenon.

Despite their importance, the knowledge of sensors, both in neurons and glial cells, is limited.
All the mechanosensors described so far, once activated, can have broad implications in the
function of neuroglial circuitry and it is important to elucidate their function in order to protect

the networks in ensuing hours to days after the initial injury.

3.7 Stretch-induced injury on different brain-derived cell types

We are particularly interested in cell strain because it is known to be an important component
of TBI. In fact, a major force causing injury of nervous tissue is rapid tissue deformation and
strain, or, more simply stretch (Ellis et al., 1995).

Mechanical loading of tissues can occur by static or dynamic processes. Most biologically
significant injury is produced by impulsive (acceleration, deceleration) forces or by impact of
the brain with moving or stationary objects, causing tissue strain. The tissue strain can be
compressive, shear, or tensile, and all three may occur after TBI. Linear tensile strain occurs
when forces act to increase the length of an object. As already reported in the paragraph 3.1,

“Iu

if the initial length is “L” and the final length is “I”, then the fractional increase in length (I -L)/L
is known as the linear tensile strain. More simply the linear tensile strain may be called

stretch (Ellis et al., 1995).
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Since the 90’s, investigators have developed, or tried to develop, models to reproduce a
traumatic injury on different cell types derived from brain. The most widely used approach to
reproduce an injury is to deform cell monolayers or organotypic tissue slices cultured onto
flexible substrates. As substrate, flat elastomeric sheets are used, with polydimethylsiloxane
(PDMS) as the elastomer of choice, which are coated with extracellular matrix molecules
before the cell or tissue culture. The strain applied to the sheet is then transmitted to the cells
via matrix-integrin bonds. The idea is to deform the substrate to indirectly deform the
culture/slice sample (Cargill and Thibault, 1996; Lusardi et al., 2004b; McKinney et al., 1996;
Morrison Il et al., 1998; Smith et al., 1999). Below is reported an overview of the studies on
the different types of brain-derived cells (Fig. 20), neurons and glial cells, alone or combined

in mixed culture and organotypic cultures (see Table 1, 2 and 3).
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Figure 20: Representation of neurons and neuroglial cells. Glial cells are non-neuronal cells in the brain,
including oligodendrocyte, microglia, and astrocytes (http://www.shutterstock.com/pic-235015666/stock-vector-
neurons-and-neuroglial-cells-glial-cells-are-non-neuronal-cells-in-brain-there-are different.html).
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3.7.1 Neurons

As expected, neurons are by far the most studied cells in the area. Several in vitro models of
neuronal injury were developed to directly assess the effects of biomechanical parameters
(as strain, strain rate, pressure) on the immediate and long-term cellular responses. All these
models use primary cell culture of neurons isolated from rodent or immortal cell lines, to
study biomolecular and electrophysiological effects of mechanical loading on neurons
(Geddes and Cargill, 2001; Geddes-Klein et al., 2006; LaPlaca and Thibault, 1997; LaPlaca
et al., 2005; Lusardi et al., 2004a). Lots of devices are available for studying the neuronal
response to both biaxial stretch (Ellis et al., 1995; Geddes and Cargill, 2001; Morrison Il et
al., 1998) and uniaxial stretch (Lusardi et al., 2004b; Pfister et al., 2003). Slemmer and
collaborators used an in vitro model of stretch injury on primary cerebellar neurons and they
found an increase in cell damage and neuronal loss following equibiaxial stretch (Slemmer et
al., 2004).

Some studies associate the mechanical stretch with a secondary insult, as L-glutamate,
NMDA or hypoxia. Arundine and colleagues exposed cultured cortical neurons to sublethal
mechanical stretch and cells maintained cell membrane integrity, viability, and
electrophysiological function. However, neurons that survive primary insults remain
vulnerable to secondary injuries. In fact, stretch as an initial insult induces in the cells a
heightened vulnerability to subsequent challenges with L-glutamate or NMDA (Arundine et
al., 2003). The increased vulnerability of stretched neurons to secondary insults seems to be
associated with mitochondrial dysfunction, and an unexpectedly high production of reactive
oxygen species (ROS). ROS scavengers and NO synthase (NOS) inhibitors prevented cell
death and DNA degradation (Arundine, 2004). Another in vitro model combining mechanical
stress with a secondary insult showed that stretch injury alone causes significant neuronal
loss and membrane damage, and a combination of stretch and ischemia is able to provoke
greater neuronal loss compared to stretch injury alone (Engel et al., 2005).

Several studies used the Flexcell® Tension System to reproduce a stretch-induced injury,
notably on cortical neurons (Arundine, 2004; Arundine et al., 2003; Lau et al., 2006) and
dorsal root ganglion neurons (Gladman et al., 2010, 2012; Lim et al., 2013) (Table 1).

3.7.2 Astrocytes

One of the earliest cell stretching systems was developed on astrocytes in order to study
both single-cell response alone or in a cellular monolayer. To reproduce an injury in single
cell, an astrocyte was mechanically poked with the blunt end of a glass pipette tip (Charles et
al., 1991). Ellis and collaborators developed in 1995 a model of stretch-induced injury on

astrocyte monolayer cultured on elastomeric sheets for examining cell morphology,
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electrophysiology and also biochemical consequences of stretch. They found a correlation
between the level of mechanical deformation and cellular injury. In fact, injured cells have
shown cytoskeletal alterations, organelle disruption and also changes in intracellular calcium
ion influx proportional to the level of mechanical deformation (Ellis et al., 1995). They found a
significant cellular death within 24h from the initial mechanical insult. However, it did not
propagate from the initial site of mechanical failure meaning that cells did not lyse inducing
secondary death in neighbouring cells at the studied time point. Cell death was therefore
driven by the mechanically-initiated intracellular events. The same group in following studies
showed that, injury induces a rapid influx of extracellular Ca*" into the astrocyte (Rzigalinski
et al., 1997) and this is released from IP3-sensitive intracellular calcium stores (Chen et al.,
2004; Rzigalinski et al., 1998). Injured astrocytes were also used as a cellular model of
choice to study the role of membrane repair (Lamb et al., 1997), mitochondria and ATP
regulation (Ahmed et al., 2000) and also the cascades regulating free radical generation and
IP3 signalling (Floyd et al.,, 2001; Hoffman et al.,, 2011). Other studies showed that
mechanical injury leads to alterations in volume-activated ion channels, in particular
stretched astrocytes express a dysfunctional cation current instead of an osmoregulatory
anion current and this can exacerbate cell swelling in injured astrocytes (Di et al., 2000).
Stretch induced-injury also leads to an increase in intracellular sodium with reversing of
Na*/Ca®" exchange (Floyd et al., 2005) and production of endothelin-1 to influence vascular
tone (Ostrow et al., 2000) (Table 1).

3.7.3 Microglia

The CNS is composed of 5-20 % microglial cells (Lawson et al.,, 1990), which are
responsible for the brain’s innate immune response (Amor and Woodroofe, 2014; Colton,
2009; Delpech et al., 2015).

Few studies are available on mechanostimulation induced by stretching on microglia alone.
Eder and colleagues induced a stretch on cell membrane by a movement of few micrometers
of the recording patch pipette in order to study the effect of stretch-activated CI" channels on
microglia ramification (Eder et al., 1998). Ellis and collaborators performed a stretch-induced
injury on three different cell types each alone, neurons, astrocytes and microglia, and they
showed that all three released S100B, a biomarker of TBI. Astrocytes and microglia were
examined at 15 min and 1 h post-injury showing an immediate post-injury release, while
neurons were examined at 24h and 48h after injury and S100B has been found to be
increased at both time, with a concentration inferior to that in astrocytes and microglia (Ellis
et al., 2007). A biaxial stretch device was also used to simulate electrode-induced strain and

brain micromotion on astrocytes, microglia and neurons separately. In this study, glial cells
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were submitted to a cyclic low magnitude strain as ~3% strain with a frequency of ~0.2 Hz,
for a duration of 18 h for astrocytes, 4 h for microglia and 2 h for dissociated cortical neurons.
In stretched astrocytes and microglia, the authors fond an upregulation of pro-inflammatory
factors, reactive gliosis markers but also IL-36Ra that is believed to possess anti-
inflammatory properties. The cyclic stretch of cortical neurons in presence of IL-36Ra
significantly upregulate a number of pro-apoptotic factors resulting in neurons more
vulnerable to apoptosis (Karumbaiah et al., 2012).

Microglial cells are highly active and mobile cells. They are exposed to different chemical and
mechanical signals during their way to the site of damage. While the chemical signalling on
microglia has been studied in detail, the understanding of mechanical signalling is still very
limited. Nowadays, there are increasing studies exploring these mechanical signals, by
measuring traction forces exerted by microglia as a function of substrate stiffness.
Morphology of microglial cells becomes more complex on stiffer substrates, with
lamellipodia-like structures at the tips of long processes (Bollmann et al., 2015; Moshayedi et
al., 2014), their spread area increases on stiffer substrate and it is also shown that microglia

preferentially migrate toward stiffer regions (Bollmann et al., 2015) (Table 1).

3.7.4 Oligodendrocytes

Despite all studies performed on different CNS cell types, oligodendrocytes have received
less attention. None of the studies has addressed so far the effects of stretch-induced injury
in oligodendrocytes. There are few studies exploring the effect of a mechanical stimulation,
not necessarily stretching, on OPCs and oligodendrocytes.

Jagielska and collaborators showed that OPCs are mechanosensitive. While OPCs adhesion
is independent of substrate stiffness, their survival and proliferation are optimal within the
intermediate range of physiological brain tissue stiffness (E ~ 0.1-1 kPa). The assessment of
the cell migration, in terms of velocity and distance, has shown that cells grown on
polystyrene exhibited larger velocity of migration compared to those grown on soft
substrates. The OPC differentiation, assessed by cell morphology, spread area and
percentage of cell expressing MBP, has increased with increasing substrate stiffness
(Jagielska et al., 2012). Lourenco and collaborators also evaluated the influence of
substrate’s stiffness on the differentiation and maturation of OPCs in vitro, showing that 6.5
kPa is the most appropriate stiffness (Lourenco et al., 2016). Moreover, OPCs respond to
mechanical signals. In particular, cell density affects the differentiation of oligodendrocytes. It
seems that OPCs must reach a critical density in order to start the differentiation. In fact, in
OPC-DRG co-cultures, OPCs differentiate faster at high density (around 2 millions) as

confirmed by immunostaining and Western blot analysis for MBP and PDGFR-a (Rosenberg
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et al., 2008). According to the above study, another group reported that high-density plating
results in increased myelination assessed by the staining of three myelin markers: MBP,
CNP and MAG. They also studied the effect of compression generated by microsphere
cultured with OPCs or by a mechanical device. They found that this mechanical stimulus
induces a reorganization of nuclear structures, in particular formation of heterochromatin, as
the presence of H3K9me3 positive heterochromatin and higher number of chromocenters, as
hallmark of differentiation and increased myelination (Hernandez et al., 2016). A very recent
study by Urbanski and collaborators has addressed the effect of different matrix stiffness on
oligodendrocytes and Schwann cells by testing a soft matrix that reproduces a native
environment (~ 1.3 kPa) and a rigid matrix that reproduces an injured tissue (~ 30 kPa).
OPCs grown on rigid lesion-like matrix present less complex branching morphology and
express lower levels of maturation markers suggesting that rigidity impairs branching and
differentiation of oligodendrocytes. In contrast, Schwann cells develop normally in both soft
and stiffer matrices (Urbanski et al., 2016). Mechanical forces, as stretching, also play a role
during development. One study addressed the effect of equibiaxial static strain on the
differentiation of neural stem progenitor cells (NSPC). Stretch is able to induce NSPC
differentiation into oligodendrocytes but not neurons or astrocytes (Arulmoli et al., 2015)

Overall, the above studies analysed only the effect of mechanical forces on oligodendrocytes
(see Table 2) but not in a context of mechanical injury. Therefore, the interest in developing
a cellular model for studying stretch-induced injury in oligodendrocytes became more and
more evident. It is noteworthy that treatment strategies in the context of TBI should consider
the injury severity and aim to protect all CNS cell type populations, including astrocytes and

oligodendrocytes, that are also affected along neurons during injury (DeRidder et al., 2006).

3.7.5 Mixed cell culture and organotypic slice cultures

All the information about mechanotransduction within CNS came from the studies performed
on astrocytes and neurons, as well as studies on microglia, endothelial cells and also
investigations on cross-talk among cell types (Ellis et al., 2007; McKinney et al., 1996). The
model of stretch-induced mechanical injury developed by Ellis et al. in 1995 on astrocytes
achieved a widespread use. It was adapted to design further studies using other cell types
as rat cortical neurons and glia (Ellis et al., 1995; McKinney et al., 1996; Weber et al., 1999,
2001), as well as rat septo-hippocampal cultures (Pike et al., 2000), and mouse hippocampal
(Slemmer et al., 2002) and cerebellar cultures (Slemmer et al., 2004) (Table 1).

Mc Kinney et al. examined the response of mixed neuronal plus glial cells, astrocytes, and
aortic endothelial cells to stretch-induced injury. Stretch was able to cause damage with an

increase of cell permeability, proportional to the degree of strain. Astrocytes and neuronal
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plus glial cultures are similarly responsive to injury, whereas endothelial cells are more
resistant. All the cell types analysed are capable of repair, however in endothelial cells the
process of repair is more rapid (McKinney et al., 1996). Another study showed that cells from
hippocampus may be susceptible to cumulative damage following repeated mild traumatic
insults, since both glial cells and neurons appear to exhibit increased signs of damage after
repetitive injury (Slemmer et al., 2002).The same group showed that the relative amount of
S-1008, a marker of cell damage, released by cerebellar cells was several-fold higher than
what reported for injured hippocampal cells, showing that cerebellar cultures were more
sensitive to injury. This suggests that different brain regions respond differently to

mechanical stress (Slemmer et al., 2004).

Quite recently, models of stretch-induced mechanical injury were developed on organotypic
brain slice culture, literally a living slice of brain cultured over time, which maintains many
aspects of in vivo biology preserving the 3D architecture with heterogeneous cell populations
as well as the local connectivity between them. These models complete and integrate
information obtained from studies using mixed neuronal glial cultures that are not designed to
mimic the in situ architecture of the brain (Chen et al., 2009). Over years, slice culture
systems have been successfully established from a variety of brain regions including
hippocampus (Newell et al., 1995), striatum (Ostergaard et al., 1995), cortex (Plenz et al.,
2011), spinal cord (Krassioukov et al., 2002) and cerebellum (Birgbauer et al., 2004). The
difficult part in order to perform a stretch-induced mechanical injury is to cultivate these slices
on elastomeric sheets. In fact, for a classical organotypic culture, slices are cultivated on
particular supports, a semipermeable membrane, and the tissue is not covered by culture
medium allowing a gas exchange with air (Stoppini et al., 1991), an important condition for
the survival of slices. Morrison and collaborators first developed in 2000 an hippocampal
organotypic culture on silicone membrane where slices, upon several days of culture, were
submitted to a mechanical stretch (Morrison et al., 2000a, 2000b). Injured slices showed the
presence of traumatic axonal injury assessed by accumulation of amyloid precursor protein
(APP) and cell death was dependent on both cell magnitude and rate (Morrison Il et al.,
2003). The same team tested 30 combinations of strain (0.05-0.50) and strain rate
(0.1-50 s™) and they found that cell death depend on time post-injury (max 4 days) and on
strain magnitude (Cater et al., 2006). The expression of some genes related to cell death and
survival was analysed concluding that injured organotypic tissue has some level of
correspondence with activated genes reported for TBI in vivo (Morrison et al., 2000a, 2000b).
The same group found that stretch leads to morphological changes in neuronal cell bodies
and processes, and loss of synaptic function accompanied by dendritic damage identified by

both fragmented pattern of BllI-tubulin immunoreactivity and a loss of MAP-2 immunostaining
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(Cater et al., 2007). They also showed that hippocampus and cortex don’t respond in the
same way to a stretch-induced injury, in particular cortex is less vulnerable with a threshold
for injury above 10% and below 20% Lagrangian strain. Cell death begins earlier in cortex
(1 day post-injury versus 3 days) and is less sustained than in hippocampus (Elkin and
Morrison lll, 2007) (Table 3).
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CHAPTER 4

Oxidative stress

In chemistry, every compound that can accept electrons is called oxidant or oxidizing agent,
while a compound that donates electrons is called reductant or reducing agent (Cao and
Prior, 1998; Prior and Cao, 1999). Reduction is a chemical reaction in which a substance
gains electrons, while an oxidation is when a substance loose electrons. When a reductant
donates its electrons, it causes another substance to be reduced, and, when an oxidant
accepts electrons, it causes another substance to be oxidized (Hrbac and Kohen, 2000;
Schafer and Buettner, 2001).

In biology, in an oxidation process there is usually a gain of oxygen, whereas a reduction
leads to an oxygen removal. An oxidation process is always accompanied by a reduction
process and the full reaction is known as redox reaction. These are the basis for numerous
biochemical pathways and cellular chemistry, biosynthesis, and regulation (Shapiro, 1972).
In biology, the terms reductant and oxidant can be better replaced by antioxidant and pro-
oxidant, respectively (Cao and Prior, 1998; Prior and Cao, 1999). The organism must face
both pro-oxidants and antioxidants continuously, the balance between these two species is
tightly regulated and the maintenance of the homeostasis is crucial for different vital cellular
functions (Kohen and Nyska, 2002).

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are pro-oxidants
compounds often referred as ROS/RNS together. The harmful effect of free ROS and RNS
radicals causing potential biological damage is termed oxidative stress and nitrosative stress,

respectively. Here, | focus my dissertation on oxidative stress.

The term “ROS” includes all unstable metabolites of molecular oxygen that are classified into
two groups, radicals and non-radicals (Table 4).

The radical group counts nitric oxide radical (-NO), superoxide ion radical (O,-), hydroxyl
radical (-OH), peroxyl (ROO-) and alkoxyl radicals (RO-) (Kohen et al., 2004). These radical
species, also called free radicals, contain at least one unpaired electron in the shells around

the atomic nucleus and are capable of independent existence (Halliwell and Gutteridge,
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1985; Rice-Evans and Burdon, 1994). This unpaired electron results in high reactivity of
these species because they have affinity to donate or obtain another electron to attain
stability. The oxygen molecule itself, O,, is also a radical because it contains two unpaired
electrons on two different orbits (Halliwell and Gutteridge, 1985), but it is not reactive due to
the so-called spin restriction, which does not allow the donation or acceptance of another
electron before rearrangement of the spin directions around the atom. The primary free
radicals that are generated in cells are superoxide and nitric oxide. Superoxide is generated
through either incomplete reduction of oxygen in electron transport systems or as a specific
product of enzymatic systems, while -NO is generated by nitric oxide synthases. Both are
reactive and can readily react to form a series of other ROS and RNS (Rahal et al., 2014).

The non-radical group contains a lot of compounds, such as hypochlorous acid (HOCI),
hydrogen peroxide (H.O,), organic peroxides, aldehydes, ozone (O3), and singlet oxygen
(*0,). Some of these substances are extremely reactive although not radical by definition.
H,O, in particular is able to cross the cellular membranes, through specific aguaporin
channel, and it can reach sites distant from its source to modify DNA and protein. Moreover,
in presence of transition metals, H,O, can generate the hydroxyl radical (-OH) that is highly

reactive.

Reactive Oxygen Species (ROS)

Radicals: Non-Radicals:

0y Superoxide :(2306 :ydroitlen peroxi%e
A ypochlorous aci

OH Hydroxyl 0, Ozone

ROy Peroxyl 1O2 Singlet oxygen

RO Alkoxyl ONOO"  Peroxynitrite

HOy Hydroperoxyl

Reactive Nitrogen Species (RNS)

Radicals: Non-Radicals:
ONOO"  Peroxynitrite

NO thnc Ox'd? . ROONO  Alkyl peroxynitrites
NO, Nitrogen dioxide N,0, Dinitrogen trioxide
N;O4 Dinitrogen tetroxide
HNO; Nitrous acid
NO,* Nitronium anion
NO° Nitroxyl anion
NO* Nitrosyl cation

NO,CI Nitryl chloride

Table 4: Different types of ROS and RNS produced in the cell. Common reactive oxygen and nitrogen species
are reported divided into radicals and non-radicals species (Dhawan, 2014).

ROS are produced as a normal product of aerobic metabolism, and they are maintained
within physiological, non-toxic levels, thanks to multiple enzymatic and non-enzymatic
systems that have been developed in living cells during evolution (Poli et al.,, 2004).
Oxidative stress occurs when the homeostatic processes fail and free radical generation is

much beyond the capacity of the body’s defences. In biological systems, oxidative stress can
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be due to an excessive production of ROS/RNS and/or a deficiency of enzymatic and non-

enzymatic antioxidants.

4.1 Origin of reactive oxygen species

Although the exposure of the organism to exogenous ROS is extremely high, the exposure to
endogenous sources is much more important and extensive, since it is a continuous process

during the life span of every cell in the organism (Kohen, 1999).

Mitochondria

Generally the most important source of cellular ROS are mitochondria (Dayem et al., 2010;
Inoue et al., 2003; Liu et al., 2002). They are responsible of a continuous production of ROS
due to the electron transport chain located in the mitochondrial inner membrane, which is
essential for the energy production inside the cell (Inoue et al., 2003; Valko et al., 2006).
Mitochondria generate ATP through a series of oxidative phosphorylation reactions. The
reduction of oxygen to water in the mitochondria for ATP production occurs through the
donation of 4 electrons to oxygen to produce water (Fleury et al., 2002). During this process,
one- or two-electron reductions instead of four electron reductions of O, can occur, leading to

the formation of O,-" or H,O,, and these species can be converted to other ROS (Fig. 21).
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DNA damage
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Figure 21: Diagram illustrating the basics of ROS. Intracellular superoxide (O2-) can be produced by electron
leak from aerobic respiration in mitochondria or by the oxidation of NADPH by NAPH oxidase enzymes (NOXs).
Superoxide is rapidly converted into hydrogen peroxide (H.O,) by compartment-specific superoxide dismutases
(SODs). H,0; is capable of oxidizing cysteine residues on proteins to initiate redox biology. Alternatively, H,O,
may be converted to H,O by cellular antioxidant proteins, such as peroxiredoxins (PRXx), glutathione peroxidase
(GPx), and catalase (CAT). When H,0; levels increase uncontrollably, hydroxyl radicals (-OH) form via reactions
with metal cations (Fe2+) and irreversibly damage cellular macromolecules (Schieber and Chandel, 2014).
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In many cases, there is a leakage of ROS from the mitochondria into the intracellular
environment (Ames et al., 1995). The massive production of mitochondrial ROS is increased
further in the aging cell, where the function of the mitochondrion is impaired and its

membrane integrity damaged (Brunk and Terman, 2002).

Peroxisomes

Peroxisomes are ubiquitous subcellular organelles which play an important role in the
metabolism of plasmalogens, long chain fatty acids, cholesterol, bile acids, docosahexaenoic
acid, eicosanoids and hydrogen peroxide (van den Bosch et al., 1992; Kovacs et al., 2002;
Lazo et al., 1990; Verhoeven and Jakobs, 2001). Peroxisomes contain at least 50 different
enzymes, which are involved in a variety of biochemical pathways as fatty acid oxidation.
The oxidation of a fatty acid is accompanied by the production of hydrogen peroxide (H,0,)
from oxygen, which is then decomposed by the enzymatic activity of catalase. A number of
myelin lipids are metabolized in peroxisomes and many peroxisomal diseases are associated
with white matter abnormalities, highlighting the role of peroxisomal metabolism in the
nervous system and in particular in white matter (Kassmann, 2014; Powers and Moser,
1998; Singh et al., 2004).

NADPH oxidases

Enzymes are another source of endogenous ROS. Some enzymes produce ROS as
by-product of their activity but there are also some enzymes designed to produce ROS. In
particular, in the last years, NADPH oxidase family members have emerged as the major
contributors to O, generation (Angeloni et al., 2015; Brennan et al., 2009). Superoxide anion
can, in fact, be generated both enzymatically, e.g. during the NADPH oxidase reaction, and
non-enzymatically in the mitochondrial respiratory chain (Fig. 21). The NADPH oxidases
(NOXs) and dual oxidases (DUOXs) are multi-subunit enzymes localized in the plasma
membrane, and in the membranes of phagosomes (in neutrophils). This family of enzymes
generates ROS in a regulated manner, in response to growth factors, cytokines and calcium
signals. They use NADPH as a source of electrons to reduce molecular oxygen.

The first enzyme to be discovered to “intentionally” produce ROS in mammalian cell is the
NOX expressed in phagocytes, now known as NOX2. This enzyme generates a large
amount of ROS, in particular superoxide and hydrogen peroxide, during the “respiratory
burst” in order to kill phagocytised microbes. Then, other isoforms have been identified and
in total the human NOX family consists of seven isoforms (NOX1, NOX2, NOX3, NOX4,
NOX5, DUOX1, and DUOX2) (Lambeth and Neish, 2014). These isoforms are distributed in
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various tissues and cells with high expression of certain isoform only in specific organs and
cells (Table 5).
In the first step, one electron is added to the molecular oxygen in a univalent reduction to

generate superoxide anion (O,-") using NADPH or NADH as the electron donor:

202+ NAD(P)H — 2 O, + NAD(P)* + H"

Enzyme Highest level of expression
gp91phox (NOX2) Phagocytes

NOX1 Inducible: colon and vascular smooth muscle
NOX3 Fetal kidney

NOX4 Kidney, osteoclasts, ovary and eye; widespread
NOX5 Spleen, sperm, mammary glands and cerebrum
DUOX1 Thyroid, cerebellum and lungs

DUOX2 Thyroid, colon, pancreatic islets and prostate

Table 5: Human NOX/DUOX enzymes and principal sites of expression (Lambeth, 2004).

The NOX1, NOX2, NOX3, NOX4, NOX5 isoforms have found to be expressed in the brain
(Lambeth, 2004; Sorce and Krause, 2009). It seems that NOX isoforms are often co-
expressed in various regions of the CNS and that NOX expression, in certain regions,
appears to be inducible and not constitutive. The expression of NOX has also been
investigated in different CNS cell type using in vitro primary cultures. Studies investigating
the role of NADPH oxidase within the nervous system have focused primarily on microglia,
neurons, astrocytes, endothelial cells, and infiltrating leukocytes (Brennan et al., 2009; Lipton
and Rosenberg, 1994; Trotti et al., 1998). It is known that NOX1, NOX2 and NOX4 are
present in neurons, astrocytes and microglia, but the peculiar function in these different cells
is not fully understood (Cooney et al., 2013; Sorce and Krause, 2009). Regarding NOX3, it is
found to be expressed in the inner ear (Banfi et al., 2004). In oligodendrocytes, the NADPH
oxidase expression has been investigated and confirmed only in the past few years
(Cavaliere et al., 2012; Johnstone et al.,, 2013). Recently, Accetta and collaborators
measured the expression of NOX enzymes by semi-quantitative and real-time PCR in
MO3-13 cells (human oligodendrocyte cell line) and demonstrated that NOX3 and NOX5
isoforms are expressed (Accetta et al., 2016). Another study reported for the first time that
DUOX-1 and 2 are expressed in the rat brain as well as in human neuroblastoma cells and in
MO3-13 cells (Damiano et al., 2012).
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Other enzymes

Other enzymes designed to produce reactive species are the nitric oxide synthases (NOS), a
family of enzymes that produce -NO from L-arginine (Cafias, 1999). There are three isoforms
of NO synthases: neuronal NOS (nNOS), endothelial NOS (eNOS) and the inducible NOS
(INOS). The latter is activated in stress condition and it produces -NO at high concentration
that can induce damage to different cellular components as lipids, proteins and DNA directly
or lead to the formation of the very reactive peroxynitrite anion (nitroperoxide) ONOO™ (Akyol
et al., 2004; Halliwell and Whiteman, 2004).

All the three isoforms utilize L-arginine and molecular oxygen as substrates and require the
cofactor NADPH. NOS isoforms produce -NO but they can also catalyse other leak and side
reactions, such as superoxide production at the expense of NADPH (Forstermann and
Sessa, 2012).

Other sources of ROS may involve peroxisomal oxidases, cytochrome P-450 enzymes,
cyclooxygenases (COX), monoamine oxydases (MAO), xanthine oxidases, lipoxygenases,
myeloperoxidases, aldehyde oxidases, dehydrogenases, tryptophan dioxygenases, and
flavoprotein dehydrogenases. In these cases, the production of ROS is a side reaction of

normal enzymatic function (Angeloni et al., 2015; Dhawan, 2014).

The compartmentalization of ROS production within the cell is very important to determine
whether if damage process or redox signalling is occurring (Schieber and Chandel, 2014).
For an effective redox signalling, H,O,-dependent oxidation of target proteins occurs close to
the source of H,O,. For example a protein target of H,O, that has been generated by NADPH
oxidases, that are membrane proteins, are also located at the plasma membrane.
Mitochondria are known to move dynamically towards their targets, allowing H,O, generated
by these organelles to activate signalling pathways (Al-Mehdi et al., 2012). In the same way,
superoxide accumulation in mitochondria has different outcomes from superoxide
accumulation in the cytosol, in part due to a high content of iron-sulfur cluster proteins in the
mitochondrial matrix. In fact, SOD2 (mitochondrial superoxide dismutase) knockout mice
have a more severe pathological phenotype compared with SOD1 (cytoplasmic superoxide
dismutase) knockout mice (Schieber and Chandel, 2014) (see paragraph 4.4.1 for details on
SOD).

Therefore, the type of ROS produced and their localization determine whether, and at which
extent, the signalling or oxidative damage occurs. To summarize, ROS have two faces: a
small increase in ROS levels activates signalling pathways to initiate biological processes,
while high levels of ROS result in damage to DNA, protein or lipids (Schieber and Chandel,
2014).
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4.2 Physiological context: ROS signalling

ROS are appreciated as signalling molecules, since they regulate different physiological
processes as cell differentiation, tissue regeneration, and prevention of aging. An example of
beneficial role of free radical is the molecule of nitric oxide (-NO). -NO is formed from arginine
by the action of the enzyme NO-synthase (NOS) (Pryor, 2006). -NO physiologically is
produced by two constitutive isoforms of NOS, in particular during vasodilating processes by
the endothelial NOS (eNOS) or during transmission of nerve impulses by the neuronal NOS
(nNOS). In a condition of stress, -NO is instead produced at high concentration by a third
NOS isoform that is inducible (iNOS) (Miyamoto et al., 2002; Olszanecki et al., 2002;
Pavanato et al., 2003) and, in this context, -NO can cause damage to different cellular
constituents (Akyol et al., 2004; Halliwell and Whiteman, 2004).

In general ROS act as signalling molecules when present in low concentration, they can for
example promote cell proliferation and cell survival. Redox system regulates ROS-mediated
signalling via direct oxidative modification of redox-sensitive signalling proteins. Their actions
are mediated through oxidative / nitrosative reactions. These molecules may attack cysteine
residues on proteins via oxidative / nitrosative modifications and alter many proteins, e.g.
transcription factors, kinases, and phosphatases, which in turn may affect downstream

signalling cascades and alter cell fate (Dhawan, 2014).

Nrf-2/Keapl/ARE pathway

The transcription factor NF-erythroid 2 (E2)-related factor 2 (Nrf2) is known as a member of
the NF-E2 basic leucine zipper family of proteins. Under physiological condition, Nrf2 is
constitutively bound to cytoplasmic regulatory protein Kelch-like ECH-associated protein
1(Keapl) which serves to prevent its nuclear translocation, and targets Nrf2 for ubiquitin-
proteasome degradation. Under condition of oxidative or xenobiotic stress, Nrf2 is
translocated from the cytoplasm to the nucleus, where it binds antioxidant response element
(ARE) in the regulatory region of many genes.

When drugs or xenobiotics enter in a cell, they are metabolized by a group of enzymes,
known as drug metabolizing enzymes, divided into three groups: the phase I, II, and Il
enzymes. Each group has distinct role, phase | enzymes oxidize drugs or xenobiotics, while
phase Il enzymes conjugate products of phase | reactions making them more hydrophilic.
Finally, phase Il enzymes transport or extrude the final metabolites out of cells (Zhang et al.,
2013). The major regulator of phase Il genes is Nrf2, and these genes are not only implicated
in the detoxification of xenobiotics but also in the antioxidant defence. Over two hundred
Nrf2/ARE driven genes are exploited for detoxification and antioxidant defence, among these

some of the major phase-Il antioxidant enzymes such as NAD(P)H: quinone oxidoreductase-
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1 (NQO1), heme oxygenase-1 (HO-1), and glutathione S-transferase (GST) (Jain, 2005;
Owuor and Kong, 2002) (Fig. 22).
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Figure 22: Overview of ROS-mediated NRF2 activities. Fine balance between free circulating cytoplasmic
NRF2 bound to the regulatory protein KEAP-1 and the phosphorylated nuclear NRF2. AhR: aryl hydrocarbon
receptor; Cul3: Cullin 3; ERK: extracellular signal-regulated kinase; GSH: glutathione; HO-1: Heme oxygenase 1;
JNK: c-Jun NH2- terminal kinase; KEAP1: Kelch-like ECH-associated protein 1; NADPH: Nicotinamide adenine
dinucleotide phosphate; NOTCH: Notch receptor; NQO1: NAD(P)H: quinone oxidoreductase 1; NRF2:
transcription factor NF-erythroid 2 (E2)-related factor 2; PI3K: Phosphoinositide 3-kinase; PKC: Protein kinase C;
p38: p38 kinase; SOD: Superoxide dismutase; TXN: Thioredoxin (adapted from Ayers et al., 2015).

NQOL is one of the major phase-Il antioxidant enzymes. It is localized in the cytoplasm and
uses either NADPH or NADH as the hydride donor. It catalyses the two electron reduction of
quinone to the redox-stable hydroquinone, preventing free radical formation from quinone
derivatives (Talalay et al., 1995; Zhu and Li, 2012).

Heme oxygenases catalyse the first and rate-limiting step of heme catabolism, the
breakdown of heme to carbon monoxide, biliverdin and iron. Biliverdin, is then degraded to
bilirubin, both biliverdin and bilirubin have antioxidant properties (Yoshida and Kikuchi, 1974).
There are two isoforms of active HO, HO-1 and HO-2. Whereas HO-2 is expressed
constitutively, HO-1 is only expressed in an inducible manner and belongs to the phase I
enzymes (Ferrandiz and Devesa, 2008).

Thus, Nrf2—ARE signalling has been shown to play an important neuroprotective role against
oxidative damage and maintain the homeostasis of oxidative/anti-oxidative status.

The Nrf2 transcription factor is also known for being involved in a cross talk with other

cellular signalling pathways (Fig. 22), as the aryl hydrocarbon receptor (AhR, involved in

80



minimizing xenobiotic toxic activities), the p53 pathway (involved in over 50% of human

cancers), the NF-kB pathway and the NOTCH signalling pathway.

MAPK and SAPKs pathways

Mitogen-activated protein kinases (MAPKs) include ERK1/2, JNKs and p38. The JNK
kinases are also known as SAPKs, stress-activated protein kinases. Both experimental and
human studies have provided sufficient evidence to show that oxidative stress can activate
MAP kinase via Ras pathway. MAPKs are shown to regulate AP-1, a transcription factor
involved in control of cell growth and apoptosis (Knebel et al., 1996). AP-1 redox-mediated
regulation has been demonstrated both at transcription and translation levels. Oxidative
stress is shown to promote AP-1 activity by inhibition of histone deacetylases (HDAC), by
activating MAPK pathways (Yu et al., 2007). -NO is also shown to modulate AP-1 through S-

glutathionylation.

NF-«B signalling

The nuclear factor k-light-chain-enhancer of activated B cells (NF-kB) is part of a family of
transcription factors of central importance in inflammation and immunity. Several studies
demonstrate that NF-kB proteins are redox-sensitive transcriptional factors, since they can
be activated or inhibited in response to oxidative stress and they are regulated via redox-
mediated mechanism at multiple levels of activation pathways (Kabe et al., 2005; Morgan
and Liu, 2011; Pantano et al., 2006). NF-kB activity influences ROS levels via increasing
expression of antioxidant proteins (for example SOD, CAT, thioredoxin, NQO1 and HO1) and
also pro-oxidant proteins (for example NOX2, xanthine oxidase and inducible NOS).
Moreover, in turn, ROS have an effect on NF-kB pathway, in general they stimulate it in the

cytoplasm, but inhibit NF-kB activity in the nucleus (see review Morgan and Liu, 2011).

Phosphatidylinositol - 3 - kinase (PI3K / Akt pathway)

Signal transduction via PI3 kinase plays an important role in the regulation of cell growth,
proliferation, survival, and motility. Depending on the type and duration of ROS, PI3K
signalling is activated or inhibited, thus modulating cell survival pathways. Activation of
PI3K/ Akt pathways is tightly kept in check by phosphatases. ROS are shown to modulate
this pathway mainly through oxidative modification of cysteine-dependent phosphatases
(CDPs), which results in sustained activation of PI3K/Akt signalling, whereas redox
modification of kinases results in down-regulation of PI3K/Akt signalling (Pelicano et al.,
2006; Salmeen and Barford, 2005).
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4.3 Pathological context: oxidative stress

Oxidative stress can be viewed as an imbalance between the pro-oxidant and antioxidant
systems in the body in favour of the pro-oxidants (Fig. 23). Pro-oxidant is any endobiotic or
xenobiotic that induces oxidative stress either by generation of ROS or by inhibiting
antioxidant systems. It can include all reactive molecules present in cells or tissues that can
cause damage to biological targets such as lipids, DNA, and proteins, and on the defending
systems of the cell (Rahal et al.,, 2014). The ROS-induced damage of different cellular
components is detailed in the paragraph 4.5. During pathophysiological conditions ROS are
produced at an elevated rate, thus promoting oxidative damage with cellular and tissue
injury. At extremely high levels or persistent cellular ROS, these are shown to promote cell
death (Filomeni et al., 2015; Kamata et al., 2005; Valencia and Moran, 2004).
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Figure 23: Imbalance between oxidant and antioxidant systems. The shift in the balance between oxidants
and antioxidants systems in favour of oxidants is termed “oxidative stress” (adapted from Adly, 2010).

4.4 Antioxidant defence

All organisms possess inherent cellular defences to overcome oxidative stress that are
collectively termed as antioxidants. An antioxidant (reductant or reducing agent) can be
classified as a compound capable of preventing the pro-oxidation process, or biological

oxidative damage (Cao and Prior, 1998; Prior and Cao, 1999).
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To counteract the oxidative stress taking place, the cell has different strategies available
including repair mechanism, physical mechanisms of protection against damage, and finally,
the most important, the different antioxidant defence mechanisms. Endogenous antioxidant
can be classified in two groups, the antioxidant enzymes and the low-molecular-weight
antioxidants (LMWA) (Kohen and Nyska, 2002). These molecules are usually distributed
within the cytoplasm and various cell organelles. The primary antioxidant enzymes, such as
superoxide dismutase, catalase, and several peroxidases catalyse a complex cascade of
reactions to convert ROS to more stable molecules, such as water and O,. Besides the
primary antioxidant enzymes, a large number of secondary enzymes act in close association
with small molecular-weight antioxidants to form redox cycles that provide necessary
cofactors for primary antioxidant enzyme functions. These enzymatic and non-enzymatic
antioxidant systems are necessary for sustaining life by maintaining a delicate intracellular
redox balance and minimizing undesirable cellular damage caused by ROS (Durackova,
2010).

4.4.1 Antioxidant enzymes

Superoxide dismutase

Superoxide dismutases (SOD) are enzymes that, as discovered by McCord and Fridovich in
1969, catalyse the dismutation of superoxide (O,-") into oxygen and hydrogen peroxide
(Fig. 24) (McCord and Fridovich, 1969). In humans, there are three SOD isoenzymes: the
dimeric copper or zinc coordinated SOD1 (Cu/ZnSOD) located in the cytoplasm, the
tetrameric manganese-coordinated SOD2 (MnSOD) located in mitochondria and the
tetrameric extracellular copper or zinc co-ordinated SOD3 (Fridovich, 1997).

SODs prevent the accumulation of superoxide, which can damage and inactivate proteins
containing iron-sulfur clusters. Accumulation of superoxide is therefore more associated with

oxidative stress than redox signalling.

20;
<>

2H,0, 2H,0+0,

4H+

Figure 24: Enzymatic reaction catalysed by superoxide dismutase (SOD) and catalase (CAT). SOD
catalyses the detoxification of superoxide to hydrogen peroxide which decomposes to water and oxygen, by
peroxidases, in particular, by catalase (Ibitoye et al., 2016).
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Catalase

The final product on the dismutation reaction (H,O,) can be removed by the catalase (CAT)
enzyme or by members of the peroxidase family including glutathione peroxidase (Chance et
al., 1979).The catalase neutralizes hydrogen peroxide in water and oxygen (Fig. 24).

The catalase is a tetramer, each subunit contains ferric ions (Fe®*") of the heme group that
undergo oxidation following interaction with the first molecule of H,O, to produce Fe* in a
structure called compound 1 (Lardinois, 1995). A second molecule of H,O, serves as an
electron donor and results in the destruction of the two H,O, molecules involved to produce

an oxygen molecule.

Peroxidases

Peroxidases are a large family of enzymes that typically converts hydrogen peroxide to
water. Peroxidase has a high affinity for H,O, and can remove H,O, even at low
concentration (Chance et al., 1979; Halliwell and Gutteridge, 1985). For this reaction they
need two hydrogen atoms that they take from a “donor” molecule. The electron donors in
these reactions are small molecules, such as glutathione. The removal of H,O; is expensive
since it consumes valuable molecules in the cellular environment. In fact, two molecules of
glutathione are consumed for a removal of one molecule of H,O, (Kohen and Nyska, 2002).
This reaction is catalysed by glutathione peroxidase (GPx) (Fig. 25).

NO
H,0, + 2NADPH + H i
Fe' GSH reductase =

‘ GSSG 2 GSH
) o,
v GSH peroxidase
Fe' | +2H.0 + H,0,
OH + OH ONOO

Figure 25: The enzymatic antioxidative mechanisms. The principal antioxidant enzymes and their mechanism
of actions are reported. SOD: superoxide dismutase, CAT: catalase, GSH: gluthathione, GSSG: glutathione
disulphide (Ljubisavljevic, 2016).
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Other enzymes

There are other enzymes that support the activity of primary antioxidant enzymes. For
example glucose-6-phosphate dehydrogenase supplies reducing equivalents (NADPH) that
are necessary for cellular function and important for the regeneration of oxidized antioxidants
(Chance et al., 1979). The reduction of glutathione disulphide (GSSG) to glutathione (GSH)
is catalysed by glutathione reductase (GR), that is crucial for the regulation of intracellular

oxidative stress (Fig. 25).

4.4.2 Low-molecular-weight antioxidants (LMWA) or scavengers

Low-molecular-weight antioxidants or scavengers have many advantages compared to
enzymatic antioxidants, since they are small molecules that can penetrate the cell membrane
and reach their biological target. They can be regenerated within the cell and they possess a
wide spectrum of activities toward a large variety of ROS. These molecules share all a
common mechanism. They react directly with a radical to neutralize it by donating an
electron(s). In this way the scavenger itself is converted to a radical but not in a reactive
form. This mechanism works well if the concentration of scavengers is high enough to
compete with the biological target on the deleterious species (Kohen and Gati, 2000).

Glutathione is a classic example of a scavenging antioxidant. It forms the first line of defence
and efficiently scavenges reactive species (Haenen and Bast, 2014). It is a low-molecular
mass, thiol-containing tripeptide. Glutamic acid-cysteine-glycine (GSH) in its reduced form
and GSSG in its oxidized form, in which 2 GSH molecules join via the oxidation of the SH
groups of the cysteine residue to form a disulphide bridge (Halliwell and Gutteridge, 1985).
GSH is present in high concentrations (mM range) in humans, animals, plants and aerobic
bacteria. It is a cofactor for the enzyme glutathione peroxidase, acting as antioxidant
donating the electrons necessary for the decomposition of H,O,. This compound is not only a
scavenger, it is also involved in many biochemical pathways and cellular functions such as
metabolism, maintenance of communication between cells (Barhoumi et al., 1993),
prevention of oxidation in SH protein groups, and copper transport (Chance et al., 1979; Gul
et al., 2000). Glutathione can also act as a chelating agent for copper ions and prevent them
from participating in the Haber-Weiss reaction (reaction that generates -OH from H,O, and
O, it is catalysed by iron). It serves as a cofactor for several enzymes and plays a role in
protein folding, degradation, and cross-linking. In addition to these biochemical functions, it
can scavenge ROS directly since GSH can interact with -OH, ROO-, and RO- radicals as well
as with HOCI and O,-". After the reaction with ROS, it becomes a glutathione radical, which

can be regenerated to its reduced form (Gul et al., 2000; Halliwell and Gutteridge, 1985).
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The low-molecular-weight antioxidants category also includes uric acid, vitamin A (retinoids)
and carotenoids, in particular beta carotene that has a high-antioxidant activity as it
quenches free radicals. The a-tocopherol (vitamin E) is an effective hydrogen donor and so
antioxidant. It is a fat-soluble and free radical chain breaking antioxidant due to the presence
of hydroxyl (-OH) group in its structure. Ascorbic acid (vitamin C) acts as a hydrogen donor
and reverses oxidation, and can act both as an antioxidant and as a pro-oxidant. Fruits and
vegetables in the diet are main source of vitamin C and other non-enzymatic antioxidants,
e.g., flavonoids and related polyphenols. The concentration of these antioxidants is low and
varies depending on their location. Bilirubin, melatonin, ubiquinol, lipoic acid, albumin, ferritin,
ceruloplasmin, and transferrin also show antioxidant properties and can indirectly reduce or
inhibit generation of reactive species (Dhawan, 2014; Kohen and Nyska, 2002). A summary

of enzymatic and non-enzymatic antioxidants is given below (Table 6).

Enzymatic antioxidants Nonenzymatic antioxidants
Thioredoxin (Trx) Vitamins C, E, A
Peroxiredoxins (Prx) Thiols
Glutaredoxin (Grx) p-Carotene
Glutathione peroxidase (Gpx) Polyphenols
Reduced glutathione (GSH) NAC
Oxidized glutathione (GSSG) Zinc, selenium
Glutathione reductase (GR) Glutathione
Extracellular glutathione Uric acid
peroxidase (eGPx)
Catalase Lycopene
Peroxidase Allyl sulfide
Superoxide dismutase Indoles
Gallic acid
Hesperitin
Catechin
Chrysin

12-(6)1?1'1(; 6: Enzymatic and non-enzymatic antioxidants that protect against ROS/ RNS generation (Dhawan,
It has to be considered that as the free radicals share a physiological as well as pathological
role in the body, the same antioxidant molecule can have a double effect. Due to its free
radical scavenging activity, it may act as disease promoter, by neutralizing the physiologically
desired ROS molecules, or as disease alleviator by removing the excessive levels of ROS
species (Rahal et al., 2014). This can explain why pharmacological strategies to overcome
the deleterious effects of the ROS and RNS have not been always successful in clinical trials

for different diseases (Dhawan, 2014; Steinhubl, 2008). Redox-based therapeutic/preventive
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strategies should be evolved maintaining redox homeostasis to modulate redox-sensitive

factors which govern cell fate (Dhawan, 2014).

4.5 Biological targets of ROS

ROS produced in tissues, under a condition of oxidative stress, can damage cellular
components and macromolecules, as lipid, nucleic acids, and proteins (Kohen and Nyska,
2002; Rahal et al., 2014; Schieber and Chandel, 2014) (Fig. 26). ROS can affect different
cellular processes inducing an alteration in calcium influx, mitochondrial swelling and lysis
(Bhatti et al., 2005).
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Figure 26: Major routes of ROS actions in cells. ROS can damage cellular components and macromolecules
inducing lipid peroxidation, nucleic acids oxidation and proteins oxidation. This last process can leads to an
alteration of protein functionality, with loss or gain of function and possibly resulting in protein aggregation and
apoptosis (adapted from Avery, 2011)

Lipids

The polyunsaturated fatty acids are one of the favoured oxidation targets for ROS and all
cellular membranes are vulnerable to oxidation due to their high concentrations of
unsaturated fatty acid. The damage to lipids, usually called lipid peroxidation, occurs in 3
stages: initiation, propagation and termination. Oxygen-free radicals, particularly superoxide
anion radical (O,"), hydroxyl radical (-OH), and alkylperoxyl radical (-OOCR), are potent
initiators of lipid peroxidation. During the first stage, the radical abstract a hydrogen atom
from a methylene group in the lipid. This process affects polyunsaturated fatty acids,

because of their multiple double bonds in between which lie methylene bridges (-CH,-). The
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presence of a double bond adjacent the methylene group weakens the bond between the
hydrogen and carbon atoms so that it can easily be removed from the molecule.

As a consequence of hydrogen abstraction, the remaining fatty acid radical retains one
electron and it is not very stable. It reacts with molecular oxygen to form a peroxyl-fatty acid
radical ROO- during the propagation stage. These radicals are capable of abstracting
another hydrogen atom from a neighbouring fatty acid molecule, which leads again to the
production of fatty acid radicals that undergo the same reactions and interaction with oxygen,
allowing a propagation of the reaction. The last stage, chain termination, occurs when one
ROO:- interacts with another radical or antioxidants (Kohen and Nyska, 2002). A single
initiation can lead to a chain reaction resulting in peroxidation of all the unsaturated lipids in
the membrane.

The end products of lipid peroxidation, such as malondialdehyde (MDA), 4-hydroxy- 2-
nonenol (4-HNE), and F2-isoprostanes, are accumulated in biological systems and can be
used as marker of oxidative stress (Rahal et al., 2014).

It is noteworthy that the brain is highly susceptible to lipid peroxidation because of its
elevated oxygen consumption and richness in polyunsaturated fatty acids (Hall and
Braughler, 1993) and iron (Zaleska and Floyd, 1985). Lipid peroxidation causes alterations in
cell membrane fluidity, increases permeability of membranes, and decreases membrane

activity, leading to cell injury.

DNA

Even though DNA is a stable, well protected molecule, ROS can interact with it and cause
several damages as modifications of bases, single- and double-DNA breaks, loss of purines,
DNA-protein cross linkage, damage to deoxyribose sugar and also damage to the DNA
repair system (Poulsen et al., 2000). Not all ROS cause damage to DNA, the principal
responsible is hydroxyl radical. The predominant detectable oxidation product of DNA bases
in vivo is 8-hydroxy-2- deoxyguanosine (8-OHdG) due to -OH radical attack to guanine at its
C-8 position. The interaction with other less reactive ROS, as O, and H,0,, does not lead
directly to damage but these species serve as sources for other reactive intermediates as
-OH via the Haber-Weiss reaction. NO and O, might lead to the formation of ONOO" that
can easily cause DNA damage similar to that obtained when hydroxyl radicals are involved
(Ames, 2001; Halliwell, 1999; Kohen and Nyska, 2002). Oxidation of DNA bases can occur in
both nuclear and mitochondrial DNA. Mitochondrial DNA is particularly sensible to oxidative
damage because of his proximity to a primary source of ROS and its deficient repair capacity

compared with nuclear DNA. Moreover the redox modulation of transcription factors can
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produce an increase or decrease in their specific DNA binding activities, thus modifying the

gene expression (Rahal et al., 2014).

Proteins

Proteins are also a target for ROS attack. In particular, -OH, RO-, and nitrogen-reactive
radicals predominantly cause protein damage. Hydrogen peroxide and superoxide in
physiological concentration exert a weak effect on proteins but those containing -SH group
can undergo oxidation following interaction with H,O,. A first-degree oxidation of cysteine
residues within proteins is not pathological, since it serves as a reversible signal transduction
mechanism. It is estimated that thiolate oxidation in living cells occurs in the nanomolar
range of H,O,, whereas higher levels of H,O, further oxidize thiolate anions to sulfinic
(SO2H) or sulfonic (SO3H) species. These sulfinic and sulfonic modifications can be
irreversible and result in permanent protein damage (Schieber and Chandel, 2014).

Proteins can be subjected to different ROS modification as peroxidation, damage to specific
amino-acid residues, degradation, and fragmentation having as consequences loss of
enzymatic activity, changes in the type and level of cellular proteins and altered cellular
functions (Davies, 1987; Grune et al., 1997; Stadtman et al., 1988).

The products of protein oxidation are usually aldehydes, keto compounds, and carbonyls.

4.6 Assessment of oxidative stress

Reactive oxygen species

Most radicals are short-lived species (seconds). They quickly react with other molecules,
making it difficult to directly assess the presence of ROS. Electron spin resonance (ESR)
spectroscopy, or electron paramagnetic resonance (EPR) spectroscopy, is the only analytical
approach that enables direct detection of free radicals, such as -NO, superoxide, and
hydroxyl radical (Jiang et al., 1996; Rice-Evans and Burdon, 1994).

‘NO, produced by NO-synthases, is used for example as marker of multiple sclerosis. -NO,
nitrate (NO*) and nitrite (NO?), often as a total value (tNOx) are measured in plasma or
serum (Ibragic et al., 2012; Tavazzi et al., 2011).

Different probes were also developed in order to detect different ROS as reviewed by Gomes
and collaborators (Gomes et al., 2005). One of the probes is carboxy-dichloro-dihydro-
fluorescein diacetate (CM-H2DCFDA), a general oxidative stress indicator. Since 1965, a
method employing dichlorofluorescin diacetate (DCFH-DA) is used to measure hydrogen
peroxide in aqueous solution (Brandt and Keston, 1965; Paul and Sbarra, 1968). DCFH-DA

is a stable non-fluorescent compound that can be “activated” by alkaline hydrolysis to non-
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fluorescent 2‘7”dichlorofluorescin (DCFH). DCFH is then rapidly oxidized to highly
fluorescent 2’,7’dichlorofluorescein (DCF) in the presence of hydrogen peroxide (Bass et al.,
1983).

Transcriptional regulators of ROS

Nrf-2 is an important transcriptional factor that regulates the expression of multiple anti-
oxidant genes (see paragraph 4.2). Nrf-2 protein expression is thus used to evaluate the
redox status of cells. Elevated ROS results in Nrf-2 translocation to the nucleus and
activation of the antioxidant defence (Mota et al., 2015; Tasset et al.,, 2013). Usually the
expression of HO-1 and NQOL1 is also evaluated, two antioxidant genes regulated by Nrf2
(Cheng et al., 2013; Hong et al., 2010).

Enzyme involved in the antioxidant deference

The activity of several anti-oxidant enzymes is often used as marker of oxidative stress, such
as superoxide dismutase, catalase, NO-synthase, glutathione peroxidase and glutathione
reductase (Mota et al., 2015; Tasset et al., 2013; Tunez et al., 2011).

End products of oxidation

Ongoing oxidative damage is also analysed by measurement of secondary products
including derivatives of amino acids, nucleic acids, and lipid peroxidation.

Determination of lipid damage is assessed by the measurement of the end products of lipid
peroxidation, such as malondialdehyde (MDA), 4-hydroxy- 2-nonenol (4-HNE) (Chen et al.,
2007; Dexter et al., 1994; Yoritaka et al., 1996), 2-propenal (acrolein) (Carini et al., 2004;
Uchida, 2003a) and isoprostanes (Cracowski et al., 2002; Montuschi et al., 2004). Compared
with free radicals, the aldehydes are relatively stable and can diffuse within or even escape
from the cell and attack targets far from the site of the original event (Uchida, 2003b). Some
of these aldehydes have been shown to exhibit an easy reactivity with various biomolecules,
including proteins, DNA, and phospholipids, generating stable products at the end of a series
of reactions that are thought to contribute to the pathogenesis of many diseases.

Cellular DNA damage can be caused by ROS generated under different conditions, and
several techniques have been developed to measure the oxidatively modified nucleobases in
DNA (Dizdaroglu et al.,, 2002; Halliwell, 2002; Halliwell and Gutteridge, 1985). DNA
subjected to hydroxyl radical attack generates a wide range of base and sugar modification
products (Dizdaroglu et al., 2002) but the predominant detectable oxidation product of DNA
bases is 8-hydroxy-2-deoxyguanosine (8-OHdG), the most utilized marker of DNA damage
(Tasset et al., 2013; Tunez et al., 2011).
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Proteins are major targets for ROS/RNS because of their high overall abundance in
biological systems. Proteins are also primarily responsible for most functional processes
within cells. It has been estimated that proteins can scavenge the majority (50%—75%) of
generated ROS/RNS (Davies et al., 1999). Protein damage is evaluated by products of
protein oxidation as aldehydes, keto compounds, and carbonyls. Advanced oxidation protein
products (AOPP) are final cross-linking products of protein oxidation that can be used as
marker of oxidative stress (Santulli et al., 2015; Tunez et al., 2011; Witko-Sarsat et al., 1996,
1998). Carbonyl (CO) groups, aldehydes and ketones, are produced on protein side chains
(especially on Proline, Arginine, Lysine, and Threonine) when they are oxidized. Carbonyls
are chemically stable, which is useful for both their detection and storage (Dalle-Donne et al.,
2003). Carbonyl derivatives are also generated during the oxidative cleavage of proteins by
the a-amidation or by oxidation of glutamyl side chains, leading to formation of a peptide in
which the N-terminal amino acid is blocked by an a-ketoacyl derivative (Berlett and
Stadtman, 1997). CO group can also be introduced into proteins by secondary reaction of
the nucleophilic side chains of Cysteine, Histidine, and Lysine residues, with aldehydes
(4-HNE, MDA) produced during lipid peroxidation. Moreover reactive carbonyl derivatives
(ketoamines, ketoaldehydes, deoxyosones) can be generated as a consequence of the
reaction of reducing sugars, or their oxidation products with lysine residues of proteins
(glycation and glycoxidation reactions). Hence, the presence of carbonyls is not necessarily
indicative of oxidation of amino acid residues in proteins, and it is advisable to establish
whether the CO groups come from direct or indirect modification of the amino acid side chain
with additional assay, for example the detection of lipid peroxidation adducts. In any case,
protein carbonyl content is the most commonly used marker of protein oxidation (Chevion et
al., 2000; Dalle-Donne et al., 2006; Hensley et al., 1995; Pamplona et al., 2005; Sorolla et
al., 2008, 2010).

Thiols are organosulfur compound that contain a carbon-bonded sulfhydryl or sulphydryl
(—C-SH or R-SH) group. It is known that electrophiles, organic free radicals, and ROS act to
damage proteins through mechanisms that involve the direct oxidation of cysteine thiol
groups or the formation of mixed thiol disulfides. Under conditions of moderate oxidative
stress, oxidation of Cysteine residues can lead to the reversible formation of mixed disulfides
between protein thiol groups and low-molecular-mass thiols (S-thiolation), particularly with
GSH (S-glutathionylation) (Dalle-Donne et al., 2006). Sulfur switches are shown as sensors
in redox signalling pathways, the detection of thiols is commonly used as marker of oxidative
stress (Harris and Hansen, 2012; Himmelfarb et al., 2000; Santulli et al., 2015).
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Ratio of GSH/GSSG

Glutathione is the first line of defence and efficiently scavenges reactive species, the
measurement of both reduced glutathione (GSH) and glutathione disulfide (GSSG) is often
used as an indicator of oxidative stress. A decrease of the ratio GSH/GSSG indicates a shift
to an oxidized form of GSH, suggesting the presence of oxidative stress at the cellular or

tissue level (Dalle-Donne et al., 2006; Durackova, 2010; Tunez et al., 2011).

Ratio NADPH/NADP*

The three major antioxidant components in cells are the glutathione system, catalase, and
superoxide dismutase. The reduced glutathione is regenerated by glutathione reductase
depending on NADPH. Catalase does not need NADPH to convert hydrogen peroxide to
water but has an allosteric binding site for NADPH that maintains catalase in its active
conformation. Superoxide dismutase does not use NADPH to convert superoxide to
hydrogen peroxide. However, if this is not adequately reduced chemically by catalase or
glutathione, the increased hydrogen peroxide levels will quantitatively increase and inhibit the
superoxide dismutase. Hence, the entire antioxidant system depends on NADPH. A
decrease of the ratio NADPH/NADP" indicates a shift to oxidized form, NADP", suggesting
the presence of oxidative stress (de Arruda Grossklaus et al., 2013; Galea et al., 2012).
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Figure 27: Classification of methods used to determine and quantify oxidative stress. The principal
methods are indicated divided in three group, based on quantification of i) radicals, ii) oxidative damage markers,
ii) antioxidant defence system (Kohen and Nyska, 2002).
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4.7 Oxidative stress and TBI

The CNS is extremely sensitive to free radical damage because of a relatively small total
antioxidant capacity. The brain is unusually rich in ascorbate, which has a relatively high
antioxidant potential (Halliwell, 1992; Harrison and May, 2009), however this is not enough to
protect this organ against oxidative stress. On the contrary, the brain is highly sensitive to
oxidative stress because it consumes about 20-30% of inspired oxygen and contains high
levels of both polyunsaturated fatty acids and redox transition metals, making it an ideal
target for a free radical attack (Sultana et al., 2013). Oxidative modifications affect the
physiological functions of cell components and oxidative stress has been reported in different
neurodegenerative diseases as Parkinson's disease, Alzheimer's disease, amyotrophic
lateral sclerosis, and Huntington disease (for review see Gan and Johnson, 2014; Zhang et
al.,, 2013). There are also abundant evidences showing a considerable increase in the
production of ROS following TBI and this increase has a significant role in the aetiology of
progressive neuropathology of TBI (Abdul-Muneer et al., 2015; Cornelius et al., 2013;
Mendes Arent et al., 2014). Abundant evidences show that after a traumatic, hypertensive, or
ischemic injury, oxygen radicals contribute to observed changes in cerebrovascular reactivity
(DeWitt and Prough, 2009; Rubattu et al., 2014; Truelove et al., 1994), blood-brain barrier
permeability (Obermeier et al., 2013; Schleien et al., 1994), infarct size (He et al., 1993), and
brain edema (Himadri et al., 2010).

Following TBI, the blood flow is compromised triggering a cerebral hypoxia or ischemia with
the consequent reduction of oxygen and glucose supply to the brain. Some studies reported
that the most common free radical generated almost immediately following TBI is superoxide
(Kontos and Povlishock, 1986; Kontos and Wei, 1986). Within the injured nervous system,
different possible sources contribute to the production of superoxide radical.

There is a transition from an aerobic to an anaerobic metabolism that generates a state of
acidosis responsible of the activation of pH-dependent calcium channels (Xiong et al., 2004).
In aqueous environments, as in the cytoplasm, O, exists in equilibrium with the
hydroperoxyl radical (HO;-) which is more lipid soluble and a more powerful oxidizing agent
(Gutteridge, 1995). Under the acidic condition, characteristic of TBI, there is a shift of the
equilibrium in favour of HO,- increasing lipid peroxidation that can induce brain tissue
damage by different mechanism. The increased Ca*" influx, often secondary to glutamatergic
excitotoxicity and/or the activation of the calcium dependent proteases and phospholipases,
lead to structural alteration of the inner mitochondrial membrane with consequent impairment
of the mitochondrial electron transport chain and increase in ROS/RNS production
(Kowaltowski et al., 1995; Xiong et al., 2004). A severe increase of Ca®" can lead to the

opening of the mitochondrial permeability transition pore resulting in extrusion of
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mitochondrial Ca?* and other components. This event discharges and uncouples the electron
transport chain, preventing ATP production, and it can result in necrotic or apoptotic cell
death (Sullivan et al., 2005). Moreover during blood flow restoration or reperfusion, enzyme
involved in ROS production can find enough oxygen to generate large quantity of ROS/RNS,

strongly contributing to oxidative stress in TBI (Ikonomidou and Turski, 2002).

In addition to mitochondrial dysfunction and excitotoxicity mediated by glutamate, there are
also other sources of ROS in TBI as the formation of bradykinin. Bradykinin is an
inflammatory mediator able to activate the phospholipase A2 with consequent release of
arachidonic acid that can serve as source of free radicals (Abbott, 2000; Moochhala et al.,
2005). Arachidonic acid may also facilitate NADPH oxidase activity, further increasing ROS
production (Rubinek and Levy, 1993). NADPH oxidases merit to be mentioned, because it
has been widely demonstrated that these enzymes play a crucial role in the development of
secondary injury after TBI (Choi et al., 2012; Cooney et al., 2013; Dohi et al., 2010; Ferreira
et al., 2013; Loane et al., 2013; Zhang et al., 2012). NOX upregulation occurs immediately
after TBI and lasts for several days significantly contributing to oxidative stress damage and
neuronal cell death. Moreover, some evidences suggest that NOX family may be a causative
factor in the onset of neurodegenerative disease related to TBI. Considering the involvement
of the different isoforms, NOX2 is the most responsive to injury. The expression of NOX
isoforms depends on injury status and cell type, NOX2 is especially expressed by neurons

and microglia, NOX3 by neurons and NOX4 by all three cell types (Angeloni et al., 2015).

At later time, TBI triggers a series of inflammatory processes that contribute to neuronal
damage and failure of functional recovery. These processes are mediated by infiltrating
inflammatory cells, as activated microglia, neutrophils, and macrophages that produce
multiple pro-inflammatory mediators and can be additional sources of ROS (Lewén et al.,
2000; Pun et al., 2009). Red blood cell lysis, due to mechanical trauma, is another important
source of oxidative stress in TBl. The main consequence of red blood cells lysis is the
release of free hemoglobin (Ascenzi et al., 2005) whose oxidation to oxyhemoglobin and
methemoglobin contributes to ROS generation (Asano, 1999; Marzatico et al., 1993). In
conclusion, many different ROS sources synergistically contribute to the onset of an

extensive and profound condition of oxidative stress in TBI (Fig. 28).
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Figure 28: Oxidative stress and related mechanisms during brain ischemia and traumatic brain injury.
Free radicals produced following TBI generate an oxidative stress that can result in neuronal death due to
different mechanisms, as macromolecules oxidation. TBI: traumatic brain injury; FR: free radicals; OS: oxidative
stress (Luca et al., 2015).

There are increasing evidences showing that Nrf2/ARE pathway plays an important
neuroprotective role through inhibiting inflammatory cytokines, inducing the expression of
detoxifying enzyme and maintaining the homeostasis of calcium ion in the secondary brain
injury after TBI (Cheng et al., 2013; Hatic et al., 2012; Hong et al., 2010; Jin et al., 2009; Lu
et al., 2015; Zhao et al., 2007).

It is known that after TBI, an assembly of oxidative stress markers (carbonylated proteins,
lipid peroxides, ROS, RNS) are produced in the brain, while the activity of the most studied
antioxidant defence enzymes varies (Rodriguez-Rodriguez et al., 2014). Oxidative stress
occurs simultaneously in various conditions during and after TBI, but its correlation with the
severity and outcome is not very well understood. The activity of some antioxidant enzymes
(GPx, GR, SOD, CAT) change randomly in animal models of TBI sometimes increasing
(DeKosky et al., 2004; Schwarzbold et al., 2010), sometimes decreasing (Dehghan et al.,
2013; Silva et al., 2013) or even presenting no changes (Oztirk et al., 2008; Potts et al.,
2009). Glutathione has been shown to decrease in rats (Dehghan et al., 2013; Kochanek et
al., 2013), but not in mice (Blasiole et al., 2013; Dehghan et al., 2013; Homsi et al., 2009;
Kochanek et al., 2013; Lomnitski et al.,, 1999), demonstrating a species-specific
characteristic. High levels of lipid peroxidation markers, MDA, 4-HNE and acrolein, were
found to be increased after TBI, indicating that lipid peroxidation is an important contributor to
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this disorder (Ansari et al., 2008; Hall et al., 2004; Inci et al., 1998). Lipid peroxidation was
evaluated in injured brain tissue subjected to mild and severe trauma in guinea pig. For the
mild injury, a significant increase of lipid peroxidation is observed immediately after trauma
with a gradually decrease, to attain by 36 hours the normal levels, showing a clearance of
peroxides from the tissues. After severe trauma, the lipid peroxidation levels are increased
rapidly and maintain elevated over 36 hours (Inci et al., 1998). In addition, 4-HNE and
acrolein are evaluated in the ipsilateral and contralateral hippocampus following cortical
contusion. 4-HNE is found to be increased at 3h post-trauma with peak values at 24-48h and
is sustained up to 96 h (Ansari et al., 2008).

Oxidative damage to DNA also occurs early in TBI as demonstrated by 8-OHdG, that is
increased within the first 15 minutes after trauma (Mendez et al., 2004). Proteins are also
affected. Increased level of protein carbonyls are assessed after mild TBI and these
alterations were reversed by administration of the antioxidant vitamin E, showing that
oxidative damage to proteins may have an important role in neuronal death (Aiguo Wu et al.,
2010). Protein carbonyl and lipid peroxidation are also increased after a mild injury while no
changes, or even a decrease, are observed in severe TBI (Schwarzbold et al., 2010). It’s
undeniable that there is an induction of oxidative stress following a TBI. However, no
correlation has been found between the level of oxidative stress and the severity of trauma
(Petronilho et al., 2010; Schwarzbold et al., 2010).

4.8 Oxidative stress, oligodendrocytes and demyelination

Myelination requires that oligodendrocytes first construct and then maintain an extensive
plasma membrane, and for this a vast supply of both precursor molecules and oxidative
substrates is required (Roth and Nufiez, 2016). Oligodendrocytes are one of the cells with
the highest metabolism in the brain, since proper myelination requires large amounts of
oxygen and ATP. A high metabolism, with high-energy consumption, means also large
amounts of toxic by-products, such as hydrogen peroxide and ROS. Oligodendrocytes are
also highly sensitive to oxidative stress because of their lipid-rich membranes where
unsaturated long-chain fatty acids are unusually concentrated (French et al., 2009). In other
cell types, the production of ROS is contrasted by GSH and other antioxidant mechanisms,
while in oligodendrocytes the antioxidant defence is less robust. For example, astrocytes are
relatively resistant to oxidative stress, astrocytes from primary culture have an intracellular
concentration of approximately 5 mM glutathione and they are rich in cytochrome-P450
(Juurlink et al., 1996; Wilson, 1997). Oligodendrocytes only have less than 1 mM glutathione
(Juurlink, 1997), making them 5 times more vulnerable to oxidative stress than astrocytes.

This is a consequence of the lower activity of glutathione synthetase. GSH reductase activity
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and GSH peroxidase activity in oligodendrocytes are at 50% and 15% of enzyme activity
compared to astrocytes, respectively (Ljubisavljevic, 2016; Thorburne and Juurlink, 1996).
Lower activity of SOD has also been shown in oligodendrocyte culture compared to
microglial cells and astrocytes (Arend et al., 2013; Fernandez-Fernandez et al.,, 2012;
Ljubisavljevic and Stojanovic, 2015). In oligodendrocytes, peroxisomes are also an important
ROS source since they are present in large numbers in the process of active myelination
(Ljubisavljevic and Stojanovic, 2015). In addition to their relatively poor antioxidant
production, oligodendrocytes are even more susceptible to oxidative stress due to the need
of iron as a cofactor for myelin production (Cheepsunthorn et al., 1998; Thorburne and
Juurlink, 1996). They are the most iron-loaded cells of the CNS and intracellular
accumulation of iron can stimulate the conversion of hydrogen peroxide to a hydroxyl radical,
resulting in production of free radicals (Braughler et al., 1986; Juurlink, 1997). Therefore,
oligodendrocytes can be easily damaged and they are particularly sensitive to both hypoxia
and oxidative stress, especially during their terminal differentiation phase and while
generating myelin sheaths. Oligodendrocyte precursor cells (OPCs) are more sensitive to
oxidative stress than mature oligodendrocytes (Ljubisavljevic, 2016; Roth and Nufez, 2016).
OPCs are poor in antioxidant defences and it is proved that their maturation is inhibited by
reactive species (French et al., 2009; Volpe et al., 2011). Mature forms are better protected
from oxidative stress by higher level of glutathione (Back et al., 1998) and by the switch from
an oxidative to a glycolytic metabolism (Funfschilling et al., 2012). Nonetheless, mature
oligodendrocytes are still vulnerable to oxidative stress. If anti-oxidant systems are not
properly regulated, oligodendrocytes are left vulnerable to oxidative and free radical damage
(Li et al., 2005). Since oligodendrocytes lack the appropriate antioxidant defence, their fate in
the presence of free radical insult is largely dependent upon antioxidant support from other
cells (Johnstone et al., 2013).

CNS in general has a relatively limited potential for anaerobic metabolism which makes it
especially sensitive to hypoxia and oxidative stress (Yokoyama et al., 2008). In particular, it
has been shown that the brain tissue is more sensitive to oxidative stress, in comparison to
the spinal cord or the peripheral nervous system (Macco et al., 2013; Schnell et al., 1999).
This could be due to the lower content of thiol redox system in the spinal cord and peripheral
nerves in comparison to the brain tissue (Schnell et al., 1999). The most important effect of
ROS damage is reported to be in oligodendrocytes, which are the key cells in the process of
myelin creation in the CNS. Some studies have shown that oligodendrocytes are sensitive to
ROS at the concentrations much lower than toxic concentrations for other glial cells,
astrocytes, and microglia. ROS have in general short half-life (seconds) so they realize their

effects in their immediate environment in relation to the place of their production. During the
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process of myelin production and remyelination, the peroxisomal fraction of oligodendrocytes
increases the volume and density, in accordance with metabolic requirements, thus
representing an important independent ROS source (Singh et al., 2004; Sullivan et al., 2013;
Zeis et al., 2008). Therefore, oligodendrocytes are particularly predisposed to damage by
means of oxidative stress during the process of remyelination which is parallel to the
process of active demyelination (Fancy et al., 2010). Moreover proteins are oxidized in
condition of oxidative stress, including the myelin proteins MBP and PLP that are altered
and, as a consequence, more susceptible to trypsin degradation. Under in vitro conditions,
myelin, being altered by oxidative stress, is easily subjected to degradation by the effects of
extracellular proteases (Chaitanya et al., 2013). Moreover, delamination of myelin sheath
makes new amounts of myelin components prone to being damaged by ROS.

Overall, oxidative stress seems to be a critical player in the pathophysiology of demyelination
as reported in different studies (Haider, 2015; Hamilton et al., 2013; Lee et al., 2012a;
Ljubisavljevic, 2016; Ljubisavljevic and Stojanovic, 2015; di Penta et al., 2013; Shi et al.,
2015; Vladimirova et al., 1998) (Fig. 29).
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Figure 29: Mechanisms of oxidative injury and cytoprotection in a demyelinating CNS lesion. ROS and
RNS lead to damage of neurons, axons, myelin and oliogdendrocytes (indicated by arrows). This process may
also involve mitochondrial damage. Black squares indicate mitochondria accumulating in injured axons. The
cytoptrotective transcription factor Nrf2 is present in neurons, oligodendrocytes and astrocytes as part of the
cellular anti-oxidative response. Abbreviations: OL, oligodendrocyte; MP, myeloperoxidase (Lee et al., 2012a).

There are different in vitro models for reproducing an oxidative stress, a fundamental
condition is that the redox balance has to be pushed in favour of the pro-oxidant systems.

The ROS production can be stimulated by different methods, for example exposing cells to
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y-irradiation, to elevated oxygen tension (hyperoxia), to extracellular O,-~ and H,O,, or by
using free radical-generating drugs, such as paraquat, menadione and tert-butyl
hydroperoxide (tBHP).

4.9 An in vitro model of oxidative stress induced by tert-butyl hydroperoxide (tBHP) in

oligodendrocytes

We are particularly interested in tert-butyl hydroperoxide (tBHP), a membrane-permeant
oxidant compound that generates tert-butoxyl radicals resulting in lipid peroxidation and
depletion of intracellular glutathione (Adams et al., 1993, 1996). For this reason, tBHP has
been extensively used as oxidative stress-inducing agent to study the effect of free radicals
in different cell types and regions of the brain (He et al., 2015; Hughes et al., 2014; Pan et
al., 2011; Peterson et al., 2008). Low doses of tBHP cause mostly apoptosis, while higher
concentrations lead to both necrosis and apoptosis in the brain (Mukherjee and Adams,
1997; Mukherjee et al., 1995).

French and collaborators used an in vitro model of oxidative stress induced by tBHP in
oligodendrocytes. They used a concentration of 5uM with an incubation time from 24h to 72h
and they showed that oxidative stress arrested maturation of oligodendrocytes without an
increase in cell death (French et al.,, 2009). These results suggested that oxidative stress
may directly interfere with the program of oligodendrocyte differentiation leading to the

demyelination associated with brain injury.
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CHAPTER 5

Therapeutical strategies

Despite the progress made for the care of TBI patients, the current treatment is still
symptomatic. The vast majority of clinical trials testing neuroprotective strategies validated in
pre-clinical experiments are revealed ineffective. A Neurotrauma Pharmacology Workgroup
was established in 2014 by the U.S. Army Medical Research and Materiel Command in order
to establish a strategic research plan for developing pharmacological treatments that improve
clinical outcomes after TBI. The pharmacological compounds of most interest for the
treatment of TBI, nowadays in clinical trial of phase Il and lll, are acetylcholinesterase
inhibitors, amantadine, cyclosporine A, erythropoietin, glyburide, growth hormone, lithium,
methylphenidate and atomoxetine, minocycline, N-acetylcysteine (NAC), progesterone,
simvastatin/other statins (see for review Diaz-Arrastia et al., 2014).

As reported in the paragraph 4.7 oxidative stress is responsible of different aspects of the
secondary injury following TBI, raising a considerable interest in the development of
antioxidant therapies for neuroprotection. Despite the promising results in preclinical studies,
evidence of successful antioxidant therapy in clinical practice is limited (Rigg et al., 2005).
There are in fact several drawbacks to the use of exogenous antioxidants, as the limited
penetrability through the BBB, the rapid metabolism and instability of these compounds,
short therapeutic windows, and a very narrow therapeutic dosage range, resulting in toxicity
at higher doses (Gilgun-Sherki et al.,, 2002; Rigg et al.,, 2005). Nevertheless, natural
antioxidants and modified antioxidants are promising candidates for future drugs to treat TBI
(Mendes Arent et al., 2014).

Below a description of a promising pharmacological compound for TBI, the etazolate, is
given. This compound already used by our group, shows a neuroprotective effect in in vivo
and ex vivo models of TBI (Siopi et al., 2013; Llufriu-Dabén et al. 2016a,b under revision).
Etazolate has also shown an antioxidant effect in vivo (see below) but this has never been
confirmed as a direct effect in vitro. In the present work etazolate has been compared with a
known powerful antioxidant, the N-acetylcysteine (NAC) (see § 5.2 below), in order to study

its potential anti-oxidant effect in an in vitro model of tBHP-induced oxidative stress in the
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oligodendrocyte 158N cell line. The success of the antioxidant therapy in TBI is limited
probably because reducing the oxidative stress alone is not enough to have a positive
outcome. Our interest in etazolate is based on its pleiotropic effect since etazolate is also

known to have other properties as anti-inflammatory, and pro-cognitive.

5.1 Etazolate

Etazolate (SQ20009, EHT0202) is a pyrazolopyridine derivative compound (Fig. 30). It is
known for different pharmacological properties and different mechanism of action. It is a
i) positive allosteric modulator of the GABA4 receptor, ii) antagonist of the adenosine receptor
iii) phosphodiesterase inhibitor selective for the type 4 phosphodiesterase (PDE4) isoform
iv) a-secretase activator (Barnes et al., 1983; Chasin et al., 1972; Daly et al., 1988; Marcade
et al., 2008).

Figure 30: Chemical structure of etazolate or 1-Ethyl-4-[(1-methylethylidene)hydrazino]-1H-pyrazolo-[3,4-
b]-pyridine-5-carboxylic acid, ethyl ester hydrochloride.

i) positive allosteric modulator of the GABAA receptor

Different studies have demonstrated the effect of etazolate as a modulator of GABA4
receptor (Thompson et al., 2002). It has been shown that etazolate in low concentration
reinforce the benzodiazepines binding to their specific site on GABA, receptors (Leeb-
Lundberg et al., 1981; Supavilai and Karobath, 1979; Williams and Risley, 1979). The
synergy between etazolate and benzodiazepines suggests that their action is due to different
binding sites. It seems that the etazolate acts via the binding sites of picrotoxin and / or
barbiturates on the GABAA receptor (Barnes et al.,, 1983; Ticku and Davis, 1982). The
y-aminobutyric acid (GABA) is the principal inhibitory neurotransmitter in the CNS and it can
bind two different receptors, the ionotropic GABA, and the metabotropic GABAg.

The GABA, -R is a ligand-gated ion channel expressed in neurons, astrocytes, microglia and

oligodendrocytes in the CNS. Different studies showed that GABA has a role in the
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development of oligodendrocytes, interstitial neurons and white matter in the developing
CNS (Wu and Sun, 2015). Developing oligodendrocytes express GABA4 receptor and GABA
is able to induce a cell depolarization by acting on this receptor and increasing the
intracellular CI' levels (Lin and Bergles, 2004). GABA, receptor activity also exhibits a
protective effect on oligodendrocyte survival and Na-K-2Cl cotransporter isoform1l (NKCC1)
is required for GABAergic trophic effects (Wang et al. 2003). In addition, a study
demonstrated that a progesterone metabolite (3a,5a-tetrahydroprogesterone) is able to
stimulate the MBP expression ex vivo and this effect could be inhibited by a selective GABAA
receptor antagonist (bicuculline) suggesting a role of GABA, receptors in myelination
(Ghoumari et al., 2003).

The GABAAs-R can also bind other endogen ligands, like neurosteroids, as well as
pharmacological compounds as benzodiazepines, barbiturates, alcohols and the
pyrazolopyridines as etazolate modulating the receptor activity. An important number of
neurodegenerative pathologies are associated with a dysregulation of the GABAergic
pathway, e.g. Parkinson disease, Huntington disease, schizophrenia, autism and epilepsy.
There are evidences showing that after TBI there is dysregulation of GABA homeostasis and
signalling (Guerriero et al., 2015; Imbrosci and Mittmann, 2011). The pharmacological
activation of the GABAergic signalling has been proposed as therapeutic strategy.
Nevertheless the use of benzodiazepines in TBI patients is discouraged, in fact the use of
these compounds for the treatment of sleep disorders in traumatized patients seems to limit

the functional recovery (Talsky et al., 2010).

i) antagonist of the adenosine receptor

Etazolate is an antagonist of adenosine receptors with a particular selectivity for the types A;
and A, (Daly et al., 1988). The type A; is the most abundant, widely express in the SNC and
other tissues as adipose tissue, cardiac muscle ad neutrophils. It induces the adenylate
cyclase inhibition with consequent reduction of cyclic adenosine monophosphate (CAMP)
levels. The type A,, on the other side, induces the adenylate cyclase activation increasing
CAMP levels. The subtype A4 is expressed in neurons and can modulate the transmission of
GABA, acetylcholine as well as glutamate (Sachdeva and Gupta, 2013). Antagonist of Aja
receptor has been proposed as anti-parkinsonian treatment (Sachdeva and Gupta, 2013).
The activation of this Az receptor has a role in the inhibition of pro-inflammatory cytokines in
multiple sclerosis (Vincenzi et al., 2013). Moreover activation of A, receptor results in the
inhibition of oligodendrocytes maturation in vitro (Coppi et al., 2013, 2015), while the
activation of A; receptor induces OPCs differentiation, and promotes myelination (Stevens et

al., 2002). In the CNS, adenosine dysregulation has been demonstrated following TBI but,
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due to heterogeneity of post-traumatic consequences and the multiple role of adenosine, the

adenosine receptors are not considered as a target for TBI treatment (Lusardi, 2009).

i) phosphodiesterase inhibitor selective for the PDE4 isoform

Etazolate is a selective inhibitor of type 4 phosphodiesterase (PDE4) enzyme, in particular
the variants PDE4C and PDE4D (Wang et al.,, 1997). PDE4 is the primary enzyme for
metabolizing cAMP and it is expressed in different cell type including oligodendrocytes
(Maurice et al., 2014; Whitaker et al., 2008). The second messenger, cAMP plays a key role
in biochemical processes that regulate the cognitive process of memory consolidation. The
activation of the cAMP/CREB is associated with consolidation and retention of long-term
memory but not short-term (Menniti et al., 2006; Rose et al., 2005). PDE4 inhibitors may
represent a way to regulate neuronal protection and plasticity by increasing cAMP levels and
influencing cAMP/CREB/ BDNF signalling (Manji and Duman, 2001).

Another PDE4 inhibitor, the rolipram, showed beneficial effect blocking the detrimental
AR’s effect on dendritic spine (Shrestha et al., 2006), reversing AB-induced cognitive
impairment and improving synaptic and cognitive functions by increasing cCAMP levels via the
PDE-CREB pathway (Gong et al., 2004; Wang et al., 2012). A recent study also
demonstrated that raising cAMP with rolipram is accompanied by reduced levels of Tau
protein aggregates and improved cognitive performance in a mouse model of tauopathy
(Myeku et al., 2016). Other studies also showed that rolipram is able to reduce acute
oligodendrocyte death after spinal cord injury in rat (Whitaker et al., 2008), to promote
remyelination after cuprizone- or lysolecithin-induced demyelination in rat and mice (Sun et
al., 2012b) and also to promote myelination and neurite outgrowth in a rat in vitro spinal cord
injury model (Boomkamp et al., 2014). Moreover the administration of different PDE4
inhibitors (rolipram, milrinone, irsogladine, zaprinast and rottlerin) was also shown to
enhance OPC differentiation increasing intracellular cAMP and MAPK kinases activity in
primary OPC cultures. Rolipram also results in enhanced differentiation of OPCs in vivo
within focal areas of toxin-induced demyelination and promotes remyelination (Syed et al.,
2013). In the context of TBI, the cAMP levels are reduced and the pre-treatment with
rolipram is able to restore cAMP levels, contrasting inflammation and traumatic axonal injury
(TAI) (Atkins et al., 2007). Nevertheless, when the treatment is realised immediately after the
trauma, the rolipram results in worsening the pathology (Atkins et al., 2012, 2013). Rolipram
was developed as antidepressant and was used for this purpose in clinical trials phase I/l
but this trial was stopped because of its side effects of hausea and emesis seen in some
patients, it was poorly tolerated (Bielekova et al., 2009).

Considering etazolate, different studies have shown an antidepressant effect in different

depression models. The inhibition of the activity of the hypothalamic-pituitary-adrenal axis,
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responsible of the antidepressant effect, is associated with the restauration of the
PDE-CREB pathway (Guo et al., 2014; Jindal et al., 2013a, 2015; Wang et al., 2014).

iv) a-secretase activator

The effects of etazolate as an a-secretase stimulator have been described for the first time
by Marcade et al. (Marcade et al., 2008). They observed an increase in production of sAPPa
after the treatment with etazolate in cortical neurons. These observations were also
confirmed in vivo, in fact the oral administration of etazolate (10 mg / kg / day for 15 days)
increases the release of sAPPa in guinea pig brains (Marcade et al., 2008).

Amyloid precursor protein (APP) is the precursor of B-amyloid peptide (AB) that is involved in
Alzheimer disease. APP can be processed via two alternative, the non-amyloidogenic and
the amyloidogenic, pathways. The non-amyloidogenic secretory pathway includes cleavage
of APP to soluble APP (sAPPa) by a-secretases, member of a disintegrin and
metaloprotease (ADAM) family, within the AB peptide sequence precluding the formation of
AB. In contrast, the amyloidogenic pathway includes cleavage of APP by B- and y-secretases
resulting in the production of the toxic AB peptide (Checler, 1995; Nunan and Small, 2000).
The presence of AB plaques is typical of the Alzheimer disease but it is also reported after
acute severe brain trauma (lkonomovic et al.,, 2004; Roberts et al., 1994). Moreover, in
addition to the AB peptides accumulated, the enzymes responsible for its production, - and
y-secretases, are also accumulated in the acute phases of TBI in rodents and in humans
(Blasko et al., 2004; Loane et al., 2009; Uryu et al., 2007).

Regarding sAPPa, obtained via the non-amyloidogenic pathway, it has been shown to have
a neuroprotective effect. Brain administrations of sAPPa increase the synaptic density, and
improve memory and learning in mice (Meziane et al., 1998). In addition, sAPPa is also able
to protect neurons in vitro from excitotoxicity and ROS produced by glutamate and AR
peptide (Goodman and Mattson, 1994; Mattson et al., 1993). Moreover, studies showed that
sAPPa levels are significantly reduced after experimental TBI in vivo (Lesné et al., 2005;
Siopi et al., 2011) and intracerebral administration of SAPPa can restore cognitive and motor
functions post-TBI, and is able to reduce diffuse axonal injury (DAI) and apoptotic cells in the
cortex and hippocampus (Corrigan et al., 2012; Thornton et al., 2006).

Marcade and collaborators showed that etazolate neuroprotective mechanism is associated
with sAPPa release, because first, etazolate is able to release sAPPa in a dose dependent
way, second, sAPPa mimics the neuroprotective effect of etazolate and third, sAPPa
neutralization or the prevention of its production using ADAM inhibitors prevents etazolate
effects on AB-induced neuronal death. This study also showed that the neuroprotective

effects of etazolate are in the same way blocked by GABA4 receptor antagonists suggesting

105



a link between GABA, signalling, the a-secretase pathway and neuroprotection (Marcade et
al., 2008).

Etazolate belongs to a family of molecules with anxiolytic properties (Patel et al., 1985), it
was first employed in different pre-clinical studies as antidepressant and anxiolytic (Ankur et
al., 2013; Guo et al., 2014; Jindal et al., 2012, 2013a, 2013b, 2015; Wang et al., 2014) and
then it was discovered to implement other beneficial effects as anti-inflammatory,
neuroprotective, antioxidant and pro-cognitive effect. Etazolate exerts an anti-inflammatory
effect by reducing the production of pro-inflammatory cytokines in a model LPS-induced
depression. The antidepressant and anti-inflammatory effects seem to depend on the
inhibition of PDE4 and the activation of the cAMP/pCREB/BDNF signalling (Guo et al., 2014).
Our group confirmed that etazolate reduces neuroinflammation and showed for the first time
that a single post-traumatic administration of etazolate offers persistent neuroprotection
following TBI in mice. Etazolate attenuates microglial/macrophage activation, and IL-13
production and is able to restore sAPPa levels after TBI (Siopi et al., 2013). Moreover, this
study investigated the acute and long-term effects of the etazolate on TBI-induced cerebral
oedema, histological alteration and neurological deficits showing that the therapeutic efficacy
of etazolate on all three parameters examined are sustained when the compound was
delivered up to at least 2h post-TBI (Siopi et al., 2013). The neuroprotective effect of
etazolate was first affirmed by Marcade and collaborators in an in vitro model of AB-induced
toxicity (Marcade et al., 2008) and then confirmed in a model of olfactory bulbectomy-
induced depression where it contrasted the behavioural alterations, morphological changes
and neuronal loss in the hippocampus (Jindal et al., 2015).

Etazolate was also shown to have antioxidant effect in an in vivo model of chronic
unpredictable stress depression in mice attenuating the increase of oxidative markers in the
brain. In particular it is able to counteract the lipid peroxidation and the nitrosative level and it
normalizes the reduced GSH level in brain and the activity of the anti-oxidant enzymes SOD
and CAT that are found to be reduced in depressed animals (Jindal et al., 2013b). The same
group confirmed this antioxidant effect in a model of olfactory bulbectomy-induced
depression in mice where the etazolate contrasted the oxidative and nitrosative stress (Jindal
et al., 2015).

Etazolate has also pro-cognitive effects, reducing foraging and memory deficits in normally
aged rats (Drott et al., 2010), and improving recognition memory as well as reducing
locomotor hyperactivity in a mouse model of TBI by mechanical percussion (Siopi et al.,
2013). Recently our team also showed that etazolate is able to reduce myelin loss in an ex

vivo weight-drop model of trauma (Llufriu-Dabén et al., 2016a under revision) and also to
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induce oligodendrocytes differentiation and remyelination in an ex vivo model of lysolecithin-
induced demyelination (Llufriu-Dabén et al., 2016b under revision).

Etazolate also entered a phase | and Il clinical trial for the treatment of Alzheimer disease
(AD), with the appellation EHT-0202. The phase | trial was performed on 156 healthy
volunteers (60-75 years old) and showed that etazolate is well tolerated even if some
CNS-related adverse events of mild intensity are observed as headache, hypersomnia,
disturbance in attention and balance disorder in a total of 6 volunteers (Vellas et al., 2011).
The phase Il trial was performed in France between 2008 and 2009 on 159 patients affected
by AD (60-75 years old). The principal objective of this study was to assess the clinical safety
and tolerability of EHT0202 that was administered in combination with one
acetycholinesterase inhibitor over a 3-month period at 40 mg or 80 mg, twice a day. In
general EHT0202 is shown to be safe and well tolerated despite some psychiatric and
neurologic adverse events reported mostly for the highest dose, suggesting a potential dose-
related effect. Due to the limited number of patients and limited duration, this trial was not
powered to show efficacy, even if some signs of amelioration were observed in some
patients (Vellas et al., 2011).

5.2 N-acetylcysteine (NAC)

NAC is the N-acetyl derivative of the amino acid L-cysteine, it is a synthetic precursor of
glutathione, one of principal molecule in the anti-oxidant defence (Zafarullah et al., 2003).
The thiol (sulfhydryl) group confers in addition antioxidant properties to this molecule that
acts as a potent ROS scavenger (Fig. 31). Moreover, NAC possess reducing properties,
thanks to its thiol-disulfide exchange activity. For example, it can induce the cell cycle arrest
in hepatic stellate cells modulating the MAPK pathway, through direct interaction with target
proteins containing cysteine residue or thiol group such as Raf-1, MEK and ERK (Kim et al.,
2001; Sun, 2010). For all these reasons, NAC is known to be a potent antioxidant (Aruoma et
al., 1989; Samuni et al., 2013).

Figure 31: Chemical structure of N-acetylcysteine (NAC).
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NAC is on the World Health Organization's List of Essential Medicines (WHO Model List
2015) and actually used as an antidote for paracetamol (acetaminophen) poisoning as well

as mucolytic.

Neurological and psychiatric disorders have a multifactorial ethology involving inflammatory
pathways, glutamatergic transmission, oxidative stress, mitochondrial function, apoptosis,
and intracellular calcium modulation (Dean et al., 2011). NAC plays a role in most of these
pathways, and for this reason it has been employed in more than 20 clinical trials in various
psychiatric disorders and circa 10 clinical trials in neurological disorders as spinocerebellar
disease, myoclonus epilepsy, Alzheimer's disease, Parkinson’s disease and Down’s
syndrome (see for review Arakawa and Ito, 2007; Bavarsad Shahripour et al., 2014). In most
of these studies, NAC had positive effects on clinical outcomes, it is generally safe and well
tolerated even at high doses, and the most frequently reported side effects are of mild entity
as nausea, vomiting, and diarrhoea (Bavarsad Shahripour et al., 2014). NAC has well-
documented neuroprotective effects in the CNS but despite the many promising prospects,
some clinical trials in several diseases have failed (Aitio, 2006). This can be due to its low
(6-10%) bioavailability (Gunther et al., 2015; Sunitha et al., 2013).

Below we will focus our attention on NAC treatment for cerebral trauma. Several pre-clinical
studies reported beneficial effects against TBI-mediated oxidative stress. NAC reduces
oxidative stress following lateral fluid-percussion injury in rat by counteracting the induction of
HO-1, and it also results in decreased volume of injury (Yi and Hazell, 2005). If administered
1h after TBI, it can restore mitochondrial respiratory functions and calcium transport and it is
able to restore brain GSH levels from 1h to 14 days and mitochondrial GSH levels from 12 h
to 14 days post-TBI. This effect disappears if given 2h post injury (Xiong et al., 1999). A
study reported an anti-inflammatory effect in a rat model of cortical contusion trauma. In fact,
NAC decreases several inflammatory cytokines and the activation of NF-kB resulting in
reduced brain oedema, BBB permeability, and apoptotic index in the injured brain (Chen et
al.,, 2008). Other studies reported that NAC inhibits the activation of NF-kB and TNF-a
production by LPS suggesting that post-TBI NAC administration may decrease inflammatory
response in the injured brain moreover oxidative stress (Hoffer et al. 2002; Akca et al. 2005;
Hsu et al. 2006). NAC exerts neuroprotective effects reducing oxidative stress, apoptosis,
and calcium entry in models of open and closed head trauma in rat (Hicdonmez et al., 2006;
Naziroglu et al., 2014). Studies also reported a pro-cognitive effect of NAC. In fact, NAC is
shown to significantly reduce behavioural deficits in two models of experimental TBI in two
different species (weight drop in mice and fluid percussion injury in rats) when administered
within 30-60 minutes after injury (Eakin et al., 2014). NAC and monocline co-administration

improves cognition and memory after a controlled cortical impact in rat. In particular, the
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histological analysis performed 2 weeks after TBI revealed that the white matter, but not the
grey matter, is preserved since the lesion volume is unaffected and the myelin loss is
attenuated (Abdel Baki et al., 2010). Another study reported a protective effect of NAC in
vitro on human OPCs treated with potassium cyanide suppressing apoptosis, and in vivo in
rat, with hypoxic-ischemic encephalopathy, NAC induces a recovery of motor functions and
an attenuation of demyelination in the corpus callosum (Park et al., 2015). NAC efficacy was
also tested in a model of traumatic stretch-induced injury (50% membrane deformation,
10s™ strain rate) on rat primary cortical neurons, alone and combined with probenecid. NAC
is able to reduce GSH depletion, oxidative stress and cell death and the combined effect is
found to be superior to NAC alone (Du et al., 2016).

Finally NAC was also employed in a clinical study in war veterans and beneficial effects were
reported in the NAC group compared to placebo on the severity and resolution of sequelae
due to a blast-induced mild TBI, as dizziness, memory loss and sleep disorders (Hoffer et al.,
2013).

109



110



AIM OF THE WORK

TBI initiates a cascade of secondary pathophysiological events, as excitotoxicity,
inflammation and oxidative stress. There are increasing experimental evidences suggesting
that demyelination may play an important role in the pathophysiology of TBI. To date, the
knowledge in the field of TBI highlights that a major force causing the injury of nervous tissue
is due to a rapid tissue deformation, called strain, or, more simply, stretch. Thus, our
hypothesis was to test whether the stretch-induced traumatic injury is able to initiate
demyelination.

When | started my PhD, there were no models available to reproduce this kind of injury in
oligodendrocytes. Therefore, in order to test our hypothesis, | had first to develop an in vitro
model of stretch-induced injury in oligodendrocytes. | used three different cell models: i) the
mouse oligodendrocyte 158N cell line, ii) the mixed glial primary culture and, iii) the
oligodendrocyte-enriched primary culture. Cells were subjected to an equibiaxial static
stretch using Flexcell® Tension system device in order to reproduce two models of stretch-
induced injury: “mild” (20% strain for 20h) versus “moderate” (30% strain for 30 min) injury.

| developed both models based on the cell response to a stretch-induced injury i) at the
cellular level by assessing cell morphology, myelin protein components, cell death, ROS
production and cellular oxidative stress status and ii) at the molecular level by looking at the
expression of different pro-/antioxidant genes and myelin genes together with the expression
of the corresponding proteins when possible as well as the signaling pathways activated
following stretch as MAPKs (ERK, JNK).

Later, to be more closer to the in vivo situation, we decided to move to an ex vivo model of
stretch-induced injury using the organotypic culture of cerebellar slices, based on the
cerebellum being a structure very rich in myelinated fibers. The organotypic culture provides
a well-preserved architecture of brain tissue including all implicated cell populations. Here
again, there were no models available for studying a stretch induced-injury in cerebellar
slices, thus the first step was to perform a successful culture of cerebellar slices on the
silicone membrane, since this type of culture has never been reported for the cerebellum.
Once | have reached this important step, cerebellar slices were subjected to a “moderate”
stretch, and the axonal and myelin injury was assessed. First the accumulation of amyloid
precursor protein (APP), a marker of axonal injury, was measured at different time points

after stretch. The expression of pro- /antioxidant genes and oxidative stress markers were
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also assessed. The MAPKs pathway was also examined, as a particularly stretch-responsive
pathway already shown in other cell types. Finally myelin genes and proteins were evaluated
together with the morphology of the paranodal junctions in order to analyse the effect of

stretch on myelin sheaths.

The second part of my PhD project was focused on the evaluation of the antioxidant potential
of etazolate, a pyrazolopyridine derivative compound,that has been already shown, in part by
our group, to be neuroprotective, anti-inflammatory and antioxidant in vivo. Our hypothesis
was that etazolate has an antioxidant potential and it may be able to protect
oligodendrocytes against oxidative stress. Thus, we first developed a tert-butyl
hydroperoxide (tBHP)-induced oxidative stress in vitro. Then a study on cell viability and
ROS production was conducted following NAC treatment, a known powerful antioxidant, in
order to validate our model. Afterward, we tested the hypothesis of an antioxidant potential of

etazolate and its protective effect on oligodendrocytes.

Finally the third part of my project was focused on the evaluation of the protective effect of
etazolate on myelin sheaths in a model of lysolecithin-induced demyelination ex vivo on
cerebellar organotypic slices and the data from this work were at the origin of PhD thesis of
Gemma Llufriu-Dabén (defended on January 2016), where she showed the remyelinating

activity of etazolate.

Overall, this work initiates for the first time the study of a stretch-induced injury in

oligodendrocytes and organotypic cerebellar slices.
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MATERIALS AND METHODS

1. Animals

Mixed glial primary cultures were performed on 1-3 day postnatal (P1-P3)-old mice obtained
from wild-type C57BIl/6 mice (Janvier, Le Genest St Isle, France) or transgenic PLP-eGFP
mice (generated by Dr. W.B. Macklin, Cleveland Clinic Foundation, Ohio, USA). In PLP-
eGFP mice, the enhanced green fluorescent protein (eGFP) is expressed in the
oligodendrocyte lineage under the control of the proteolipid protein (PLP) promoter.
Organotypic cerebellar slice cultures were performed on 9-10 day postnatal (P9-P10)-old
mice obtained from wild-type C57BI/6 mice (Janvier, Le Genest St Isle, France). The animals
were housed in a controlled temperature environment (22 + 2 °C), under a 12h light/dark
cycle, with access to food and water ad libitum. Animal care and experiments were approved
by the Paris Descartes University (CEEA34.MJT.075.12) respecting the French regulations
and the European Communities Council Directive of September 2010/63/UE, on the

protection of animals used for scientific purposes.

2. Oligodendrocyte cell line culture

The oligodendrocyte 158N cell line, which preserves oligodendrocyte characteristics and
expresses myelin proteins (Feutz et al., 1995; Ghandour et al., 2002), was kindly provided by
Dr. S.M. Ghandour (Strasbourg, France). It was obtained by immortalization of
oligodendrocytes from mice with the Simian Virus 40 (SV-40) large T antigen. Cells were
seeded at the 6x10° density in uncoated Petri dishes (100 mm of diameter), in Dulbecco’s
minimal essential medium (DMEM) supplemented with 5% heat inactivated fetal bovine
serum (HI-FCS, Gibco, NYC, NY, USA), L-glutamine 2 mM, sodium pyruvate 1 mM, penicillin
(0.1 U/mL)/streptomycin (0.1 pg/mL) and 0.5 pg/mL fungizone. Cells were grown at 37°C in a
humidified atmosphere of 5% CO, and split, with cell dissociation buffer (Sigma C5914),
twice a week.

For the preparation of the cells subjected to mechanical stretch, cells were trypsinized, with a
solution of 0.05% trypsin in 50mL of EDTA 0.1M — pH 8, from the cell stock in Petri dishes
and plated at the density of 3x10° cells/1.5 mL per well on laminin-coated Bioflex® Plates
(Dunn Labortechnik GmbH, BF-3001L). Cells were maintained in 5% CO,, in a humidified

atmosphere (90%) at 37°C for 72h before being submitted to a mechanical stretch
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(Fig. 33a and 34a). After 48h of culture (the day before stretching), the medium was
changed with 3 mL of fresh medium with 1% fetal bovine serum (HI-FCS, Gibco, NY, USA).
Control (non-stretched) plates were prepared and underwent the same conditions, except

that they did not receive the mechanical stretch.

3. Mixed glial primary culture

Mixed glial primary culture was prepared as previously described (Feutz et al., 2001; Meffre
et al., 2015a) from brain hemispheres of newborn WT or PLP-eGFP mice (PO-P3). Briefly
pups were decapitated and the hemispheres were collected in cold-PBS containing 5 mg/mL
glucose. After removing meninges, the hemispheres were mechanically dissociated into
DMEM (Invitrogen, France) and the solution obtained was filtered (100 um, BD Biosciences).
The cell suspension was plated on Petri dishes (100 mm of diameter) or on Bioflex® Plates
(Dunn Labortechnik GmbH, BF-3001U) coated beforehand with 25 pg/mL poly-L-lysine
(Sigma, St Louis, Missouris, USA), in DMEM supplemented with 10% heat inactivated fetal
bovine serum (HI-FCS, Gibco, NY, USA), L-glutamine 2 mM, sodium pyruvate 1 mM,
penicillin (0.1 U/mL)/streptomycin (0.1 ug/mL) and 0.5 pg/mL fungizone (Gibco, NY, USA).
Cells were maintained in 5% CO,, in a humidified atmosphere (90%) at 37°C for 14 days in
vitro (DIV) before being submitted to a mechanical stretch (Fig. 33b) or before preparing the
oligodendrocyte-enriched primary culture. The medium was replaced 5 days after the culture
and then every 3-4 days. The day before stretching the medium was replaced with 3 mL of
fresh medium with 2% fetal bovine serum. Uninjured (non-stretched) control plates were
prepared and underwent the same conditions, except that they did not receive the

mechanical stretch.

4. Oligodendrocyte-enriched primary culture

To prepare the oligodendrocyte-enriched primary culture, oligodendrocytes were collected
from primary mixed glial cell culture (protocol mentioned above) plated in Petri dishes. We
prepared these cultures as previously described (Feutz et al., 2001), with slight
modifications. Oligodendrocytes growing on the astrocytes layer were detached by syringing
the medium over the cells using an 18G syringe needle. The cell suspension was pre-plated
in Greiner dishes for 7 min in the incubator in order to eliminate microglia and then
centrifuged at 900 rpm for 8 min. The pellet containing oligodendrocytes was resuspended in
DMEM supplemented with Insulin (5 pg/mL)—Transferrin (5 pg/L)-Selenium (5 pg/ml) cocktail
(BD biosciences), 2% heat inactivated fetal bovine serum, penicillin (0.1 U/mL)/streptomycin
(0.1 yg/mL) and 0.5 ug/mL fungizone. Cells were seeded at the 4-5x10° density on untreated
Bioflex® Plates (Dunn Labortechnik GmbH, BF-3001U) coated beforehand with 25 ug/mL
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poly-L-lysine. Cells were maintained in 5% CO,, in a humidified atmosphere (90%) at 37°C
for 2 DIV before being submitted to a mechanical stretch (Fig. 33c and 34b). Uninjured
(non-stretched) control plates were prepared and underwent the same conditions, except

that they did not receive the mechanical stretch.

5. Organotypic cerebellar slice culture
5.1 On Millipore culture inserts

The cerebellar slice culture protocol was used as described previously (Birgbauer et al.,
2004). After decapitation of P10-old mice, the cerebellum was dissected out in phosphate-
buffered saline (PBS) containing 5 mg/ml glucose and meninges were removed. Parasagittal
slices (350 um) were cut using a Macllwain Tissue Chopper. Isolated slices were transferred
onto membranes of 30 mm diameter with 0.4 um pore size (Millipore, Bedford, MA). The
inserts were placed in 6-well tissue culture plates with 1 mL of medium containing 50% basal
medium with Earle’s salts (Life Technologies, 41010-026), 2.5% Hanks' balanced salt
solution (Life Technologies, 14060-040), 25% horse serum (Life Technologies, 16050-122),
glutaMAX® 1% (Thermo Fisher scientific, 35050061), 5 mg/mL D-glucose (Sigma, G8769),
penicillin (0.1 U/mL)/streptomycin (0.1 pg/mL) and 0.5 ug/mL fungizone (Life Technologies).
Slices were maintained at 35°C in an atmosphere of humidified 5% CO, and the medium was
changed every 3-4 days. Cultures were maintained 7 DIV before being submitted to a

lysolecithin-induced demyelination and the analysis were performed 72h after the treatment.

5.2 On Bioflex® Plates

Cerebellar slices were obtained as mentioned in the protocol above and four slices taken in
the vermis of cerebellum were transferred on Bioflex® Plates (Dunn Labortechnik GmbH,
BF-3001U) coated beforehand with a 320 pg/ml poly-L-lysine (Sigma, P9404) and laminine
80 pg/ml (Thermo Fisher scientific, 23017-015). The Bioflex® Plates were previously treated
with an Ozone Cleaner (15 min) or Plasma Cleaner (2 min) in order to render the silicone
surface hydrophilic and allow a better adhesion of the proteins contained in the coating
solution. Cultures were initially fed with 800 pl of Neurobasal medium (Thermo Fisher
scientific, 10888-022) supplemented with 1% B-27® (Thermo Fisher scientific, 17504-044),
1% GlutaMAX™ (Thermo Fisher scientific, 35050061) and 5 ml/mL glucose. The day after
the culture, 50% of the medium was changed with fresh medium containing 50% basal
medium with Earle’s salts (Life Technologies, 41010-026), 2.5% Hanks' balanced salt
solution (Life Technologies, 14060-040), 25% horse serum (Life Technologies, 16050-122),
glutaMAX® 1% (Thermo Fisher scientific, 35050061), 5 mg/mL D-glucose (Sigma, G8769),
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penicillin (0.1 U/mL)/streptomycin (0.1 pg/mL) and 0.5 pg/mL fungizone (Life Technologies).
Then every 2-3 days, 50% of culture medium was changed. Cerebellar slices were cultured
at 35 °C in a humidified atmosphere of 5 % CO, and maintained on a rocker (2D movement,
inclination angle 14°, rocking rate 1cycle/min) to aid gas exchange and diffusion. To avoid an
excessive evaporation of medium a humidifier was inserted in the incubator and turned on
during 3 cycles of 10 minutes per day, equally distributed within 24h. Cultures were
maintained 7 DIV before being submitted to a mechanical stretch (Fig. 34c¢) and the analysis
were performed immediately (t Oh), 24h (t 24h) or 72h (t 72h) after the stretch.

6. In vitro models of mechanical stretch

Cells and cerebellar slices grown on BioFlex® six-well plates were submitted to a mechanical
stretch using a Flexcell® FX 5000™ Tension System (Flexcell International corporation, NC,
USA), a computer-regulated bioreactor that uses vacuum pressure to apply a strain to cells
cultured on elastic silicone membranes. In brief, the vacuum pressure deforms the silastic
membranes of the Bioflex® Plates and adherent cells to varying degrees controlled by the
pulse pressure (Vande Geest et al., 2004). The extent of cell response, produced by
deforming the silicone membrane on which the cells are grown, is dependent on the degree
of stretch that depends on the percentage of substrate elongation and on the duration of
stretch. These two parameters can be modified in accordance to the limits of this instrument,

the substrate elongation (%) can vary from 0.8% to 33%.

Figure 32: lllustration of Flexcell® FX 5000TM Tension System

Two models of equibiaxial static stretch were developed, in order to reproduce two different

injuries, here called mild and moderate.
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6.1 Model of stretch-induced mild injury

Cells were exposed to an equibiaxial static stretch of 20% strain for 20h. The
oligodendrocyte response was evaluated at time Oh or 24h post-stretch through different

tests in order to study cellular, biochemical and molecular changes.

a) Stretch 20%
| 72h i 200 |
seed 158N
cells
b) Stretch 20%
l—l—\
I 140wV I 20n |
seed mixed
glial cells
Stretch 20%
I 14 DIV I 2ov I 200 |
seed mixed oligodendrocyte-
glial cells enriched culture

Figure 33: Schematic illustration of the protocols used to perform stretch-induced mild injury. (a) 158N
cells were plated on laminin-coated Bioflex®Plates and maintained for 72h in culture before being subjected to a
20% static stretch for 20h. (b) Mixed glial primary culture was prepared from P0-P3 C57BI/6 or PLP-eGFP mice,
plated on Bioflex® Plates (coated with 25 pg/mL poly-L-lysine) and maintained for 14DIV before being subjected
to a 20% static stretch for 20h. (¢) Pure oligodendrocytes were collected from the astrocyte layer of mixed glial
primary culture and plated on Bioflex® Plates (coated with 25 pg/mL poly-L-lysine). The oligodendrocyte-enriched
primary culture was maintained in culture for 2 DIV before being submitted to a 20% static stretch for 20h. The
response of oligodendrocytes was evaluated at time Oh or 24h post-stretch. DIV: days in vitro.

6.2 Model of stretch-induced moderate injury

Cells and cerebellar slices were exposed to an equibiaxial static stretch of 30% strain for 30
minutes. The response was evaluated through different tests in order to study cellular,
biochemical and molecular changes at time Oh and 24h post-stretch for cells and Oh, 24h and

72h post-stretch for slices.
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Figure 34: Schematic illustration of the protocols used to perform stretch-induced moderate injury. (a)
158N cells were plated on laminin-coated Bioflex® Plates and maintained for 72h before being subjected to a
30% static stretch for 30min. (b) Pure oligodendrocytes were collected from the astrocyte layer of mixed glial
primary culture and plated on Bioflex® Plates (coated with 25 pg/mL poly-L-lysine). The oligodendrocyte-enriched
primary culture was maintained in culture for 2 DIV before being submitted to a 30% static stretch for 30min. (c)
Cerebellar slices were plated on Bioflex® Plates (coated with 320 pg/ml poly-L-lysine and 80 pg/ml laminin) and
maintained for 7DIV before being subjected to a 30% static stretch for 30min. The response was evaluated at
time Oh and 24h post stretch (a, b) and Oh, 24h and 72h post-stretch (c). DIV: days in vitro.

Models of injury using gel-filled human skulls have indicated that this range of stretch is
relevant to the kind that occurs in humans after rotational acceleration-deceleration injury
(Margulies et al., 1990; Meaney et al., 1995).

7. In vitro model of lysolecithin-induced demyelination in organotypic cerebellar slice

culture

At 7 DIV (days in vitro), slices grown on Millipore culture inserts were treated with lysolecithin
(0.5 mg/mL) (PubChem CID: 24798682; Sigma-Aldrich) or its vehicle (0.5%
methanol:chloroform, 1:1) for 16h, as previously described (Birgbauer et al., 2004; Meffre et
al., 2015a, 2015b). The slices were then treated either by vehicle (PBS 0.1M and DMSO
0.025% mixture) or etazolate (Tocris 0438) at the neuroprotective concentrations of 0.2 or 2
UM (Marcade et al., 2008). After 72h of treatment, cerebellar slices were fixed with 4%

paraformaldehyde solution (PFA) for subsequent immunolabelling.

8. In vitro model of tBHP-induced oxidative stress

An in vitro model of tert-butyl hydroperoxide (tBHP)-induced oxidative stress was developed,
using the oligodendrocyte 158N cell line. tBHP (Sigma 458139), an organic hydroperoxide,
is extensively used as oxidative stress-inducing agent to study the effect of free radicals in

different cell types (Adams et al., 1993, 1996). In order to validate the model, the cell viability
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and ROS production were evaluated following N-acetylcysteine (NAC) treatment (Sigma
A7250), a known powerful antioxidant. Once the model was validated we tested the potential
antioxidant effect of etazolate (Tocris 0438). Cell viability and ROS production were

assessed by two different techniques, flow cytometry and WST-1.

For FACS analysis:

Oligodendrocytes from 158N cell line were seeded in Petri dishes at the density of
8x10° cells/well in a final volume of 10 ml medium with 5% fetal bovine serum, in a humidified
atmosphere (37°C, 5% CO,). The medium was changed after 48h of culture with fresh
medium containing 1% fetal bovine serum. After 24h from the medium change (72h of culture
in total), cells were trypsinized and they underwent the FACS protocol described below
(see M&M, 8§ 9). Once in suspension, cells were treated with 100 uM tBHP and incubated for

30 minutes at 35°C in an atmosphere of humidified 5% CO,.

For Cell viability (WST-1) analysis:

Oligodendrocytes from 158N cell line were seeded in 96-well microplates at the density of
5x10° cells/well in a final volume of 100 pL /well in medium with 5% fetal bovine serum, in a
humidified atmosphere (37°C, 5% CO,). After 72h of culture, tBHP was added to the cells in
a final volume of 100 pL/well in medium with 1% fetal bovine serum, and the plate was
incubated for 2h in a humidified atmosphere (37°C, 5% CO,). To evaluate tBHP cytotoxicity,
a dose-effect study (10, 20, 50 and 100 pM) has been performed. Cell viability was

measured by WST-1 colorimetric assay as described below (see M&M, § 11).

9. Flow cytometric analysis

Cells from oligodendrocyte 158N cell line were trypsinized and collected in order to be
analysed with the fluorescence-activated cell sorting (FACS) technique. Cells were
centrifuged at 1 500 rpm for 3 min and, after being washed twice with PBS, 1 x 10° cells
were suspended in 1 ml of PBS 0.1 M (Ca* and Mg®* free). We used the BD FACSCanto™
Il flow cytometer and for each analysis, 10.000 cells were counted on the gate R1 drawn on
the FSC (Forward scatter)/SSC (Side scatter) biparametric histogram. We considered only
the population of cells devoid of aggregates and debris. In order to evaluate the cell viability
and ROS production, a double staining with propidium iodide (PI) and the carboxy-dichloro-
dihydro-fluorescein diacetate (CM-H2DCFDA) was performed (Bass et al., 1983; Rothe and
Valet, 1990). Cells were incubated with 1.25 uM of CM-H2DCFDA probe (Molecular Probes
C6827) for 30 min at 37°C in the dark. The excess of probe was washed out with PBS and
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cells were suspended in 1 ml of PBS (Ca®* and Mg?* free) and incubated 10 min with 1 pg/mL
of PI (Sigma P4170) at room temperature. The cell-permeant CM-H2DCFDA probe passively
diffuses into cells and is retained at intracellular level after cleavage by intracellular
esterases. Upon oxidation by ROS, the nonfluorescent H2DCFDA is converted to the highly
fluorescent 2',7'-dichlorofluorescein (DCF). The DCF fluorescence was recorded in FL-1
(530/30 nm) channel together with the PI fluorescence in FL-2 (585/42 nm). For stretching
experiments we used the antioxidant compound N-acetylcysteine (NAC) at 5 mM, to serve as
a ROS scavenger, and the oxidant tert-butyl hydroperoxide (tBHP) 100 uM, to serve as a

positive control for ROS production.

10. Biochemical assays

All biochemical assays described below have been performed in collaboration with Pr. Didier
Borderie (INSERM U1124) at Cochin Hospital. Cells from oligodendrocyte 158N cell line
were washed with PBS, trypsinized and centrifuged at 600g for 10 min. After surfactant
elimination, cells were suspended in 1 ml of Cell Lysis Reagent (Sigma C2978)
complemented with protease inhibitor (cOmplete, Mini, EDTA-free, Roche). Cell lysates were

then frozen at -80° until utilisation.
10.1 Determination of carbonyl level

Protein carbonyl groups were detected and quantified using 2,4-dinitrophenylhydrazine
(DNPH) (Reznick and Packer, 1994). Briefly, 0.5 ml of cell lysates, (1 mg protein/ml) were
treated with 0.5 ml of 10 mM DNPH in 2 M HCI, or with 0.5 ml of 2 M HCI alone for the blank.
Samples were incubated for 1h at room temperature in the dark, and then treated with 10%
trichloroacetic acid and centrifuged. The pellet was washed three times in ethanol/ethyl
acetate and solubilized in 1 ml 6 M guanidine in 20 mM potassium phosphate, adjusted to pH
2.3 with trifluoroacetic acid (W/V); the resulting solution was incubated at 37°C for 15 min.
Carbonyl concentrations were determined from the difference in absorbance at 370 nm
between DNPH-treated and HCI treated samples, with £370=22,000 M™* cm™. Carbonyl levels

were expressed as nmoles of carbonyl/mg of proteins.
10.2 Thiol determinations

Thiol determinations were based on the thiol/disulphide reaction of thiol and Ellman's
reagent, 5,5"-dithiobis(2-nitrobenzoic acid) DTNB (Hu, 1994). Fifty microliters of cell lysates,
mixed with 1 ml 0.1 M Tris, 10 mM EDTA pH 8.2, constituting the blank reaction, was
assessed at 412 nm (UVIKON spectrophotometer). The addition of 40 pl of 20 mM DTNB in

methanol triggered the reaction and absorption at 412 nm was measured after stable colour
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formation (20 min). The concentrations of thiol groups were calculated using a molar

extinction coefficient of 13,600 M™ cm™. Thiols were expressed as pmol/L.
10.3 Determination of advanced oxidation protein products (AOPP)

Advanced oxidation protein products (AOPP) were quantified as described previously (Witko-
Sarsat et al., 1996). We placed 200 pl of cell lysates diluted 1:5 in phosphate-buffered saline
into each well of a 96-well microtitre plate and added 20 pl of acetic acid to each well. For the
standards, we added 10 pl of 1.16 M potassium iodide (Sigma, St Louis, MO, USA) to 200 pl
of chloramine-T solution (0—100 mmol/l) (Sigma) in a well and then added 20 pl of acetic
acid. The absorbance of the reaction mixture was immediately read at 340 nm against a
blank consisting of 200 pl of phosphate-buffered saline, 10 pl of 1.16 M potassium iodide and
20 pl of acetic acid. AOPP concentrations are expressed as umoles/L of chloramine-T

equivalents.
10.4 Determination of superoxide dismutase (SOD) activity

The superoxide dismutase activity was evaluated using the nitroblue tetrazolium reduction
technique previously described by Beauchamp and Fridovich (Beauchamp and Fridovich,
1971). Superoxide anion can be the substrate for the enzyme or act as oxidant for the
tetrazolium salt. The diminution of oxidant properties of O, is proportional to SOD activity.
The measures are done on cell lysates. The generation of superoxide anion is realized by
the addiction of 7 mg KO, in 10 ml of dicyclohexyl-18-crown-16. This preparation is placed 1h
in the dark. Put into a microplate 50 ul of sample diluted % in bicarbonate buffer, 100 ul of
anion superoxide preparation and 50 pl of tetrazolium salt diluted 1/50 in bicarbonate buffer.
The lecture at 550nm is done after 2 minutes of incubation. In parallel a SOD standard curve
is prepared (6.25 to 100 unit/ml). The results obtained are normalized to the protein content

and expressed as units per mg of protein.

10.5 Determination of glutathione peroxidase (GPx) activity

The glutathione reductase activity was quantified using the Cayman’s Glutathione
Peroxidase Assay on cell lysates. GPx catalyzes the reduction of hydroperoxides, including
H,0,, using reduced glutathione and thereby functions to protect the cell from oxidative
damage. Cayman’s Glutathione Peroxidase Assay measures GPx activity indirectly by a
coupled reaction with GR. Oxidized GSSG, produced upon reduction of an organic
hydroperoxide by GPx, is recycled to its reduced state by GR and NADPH. The oxidation of
NADPH to NADP+ is accompanied by a decrease in absorbance at 340 nm. The rate of

decrease in the absorbance at 340 nm is directly proportional to the GPx activity in the
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sample. The results obtained are normalized to the protein content and expressed as units

per mg of protein.
10.6 Determination of glutathione reductase (GR) activity

The glutathione reductase activity was quantified using the Cayman Chemical Glutathione
Reductase Assay Kit on cell lysates. Glutathione reductase is a flavoprotein that catalyses
the NADPH-dependent reduction of oxidized glutathione (GSSG) to glutathione (GSH). The
Cayman Chemical Glutathione Reductase Assay Kit measures GR activity by measuring the
rate of NADPH oxidation. The oxidation of NADPH to NADP+ is accompanied by a decrease
in absorbance at 340 nm. Since GR is present at rate limiting concentrations, the rate of
decrease in the A340 is directly proportional to the GR activity in the sample. The results

obtained are normalized to the protein content and expressed as units per mg of protein.
10.7 Determination of reduced glutathione (GSH)

Levels of intracellular GSH were assessed spectrofluorimetrically by monochlorobimane
staining (Bellomo et al., 1997). Cell lysates were incubated with 50 uM monochlorobimane
diluted in PBS. The fluorescence intensities were measured after 15 min at 37°C using
excitation and emission wavelengths of 380 and 485 nm, respectively. The intracellular GSH

level was expressed as arbitrary units of fluorescence intensity.
10.8 Determination of lactate dehydrogenase (LDH) level

The lactate dehydrogenase is an intracellular enzyme, its increase indicates cellular damage
with its consequent release into the medium. The LDH level was evaluated on supernatant,
the medium culture of cells or slices. They were tested on a Roche Cobas 8000 analyser,
with an ultraviolet spectrophotometric method. Lactate dehydrogenase catalyses the
conversion of L-lactate to pyruvate; NAD" is reduced to NADH in the process. The initial rate
of the NADH formation is directly proportional to the catalytic LDH activity. It is determined by

measuring the increase in absorbance at 340 nm.
11. Cell viability assay: WST-1

WST-1 assay (Roche 11644807001) is based on the enzymatic cleavage of the tetrazolium
salt WST-1 to formazan by cellular dehydrogenases present in viable cells. The generation of
the dark yellow coloured formazan is directly correlated to viable cell number. After
incubation, medium including tBHP was removed and cell viability evaluation was performed
by adding 10 uL/well of Cell Proliferation Reagent WST-1 in a volume of 100 pL/well of

medium with 1% fetal bovine serum. After 2h of incubation, the plate was shaken for 1 min
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on a shaker and the absorbance of the reaction mixture was read at 440 nm against a blank
consisting of medium with 1% fetal bovine serum, using a microplate reader (PowerWavex,
Bio-Tek Instruments, INC.). The reference absorbance of 690 nm was used to correct for

nonspecific background values.

12. Quantitative RT-PCR

Total RNA from cultured cells was obtained using Trizol reagent (Invitrogen, France) and 1
Mg was reverse transcribed with random primers from Biolabs (Beverly MA, USA) and
Reverse Transcriptase MLV-RT from Fisher Scientific (Hampton, New Hampshire, USA),
according to the manufacturers’ instructions. Quantitative PCR was performed with standard
protocols using SYBRGreen (ABgene, France) as fluorescent detection dye in ABI PRISM
7000 in a final volume of 7 pl, which also contained 300 nM of primers (except for PLP and
MAG with 100nM of primers) (Eurofins Genomics Operon, Orsay, France) and 50 ng of
reverse transcribed RNA in 384-well plates. Melting curve analysis was applied to
characterize the generated amplicons and to control the contamination by unspecific
by-products. Each reaction was performed in triplicate and the mean of at least three
independent experiments was calculated. Results were normalized to 26S mRNA level and
calculated using the DDCt method. The results are expressed as 2 [AACt = ACt gene of
interest— ACt reference gene]. The primer sequences used in real-time PCR are listed below
in the Table 7.

Forward 5- AGG AGA AAC AAC GGT CGT GCC AAA A -3
REFERENCE GENE 26S
Reverse 5'- GCG CAA GCA GGT CTG AAT CGT G-3'
Forward 5-GGT GGT TGA GTC TAT GTT CC -3’
PRO-OXIDANT GENE | Duox-1
Reverse 5.CTT CTC CTG GCT GAT GTA G -3’
codq | Forward 5-GCC AAT GTG TCC ATT GAA GA-3'
Reverse 5.GTT TAC TGC GCA ATC CCA AT-3'
codo | Forward 5-GAG CTG CCT TAC GAC TAT GG-3’
ANTIOXIDANT Reverse 5-TGA AGA GCG ACC TGA GTT G-3'
GENES toy | Forward 5-CAC GCA TAT ACC CGC TAC CT-3’
Reverse 5'.CCA GAG TGT TCA TTC GAG CA-3’
\ao.1 | Forward 5-GCG AGA AGA GCC CTG ATT GTA CTG-3'
q Reverse 5.TCT CAA ACC AGC CTT TCA GAA TGG-3'
TRANSCRIPTION NFf-2 Forward 5-TCT CCT CGC TGG AAA AAG AA-3
FACTOR Reverse 5-AAT GTG CTG GCT GTG CTT TA-3’
o Forward 5-AGC AAA GTC AGC CGC AAA AC-3’
P Reverse 5'-CCA GGG AAG CAA AGG GGG-3'
g Forward 5-ACT GGT GTG TGG CTG AGA AC-3'
MYELIN GENES Reverse 5-GGA TTA TGG GGG CAA ACT C-3'
o Forward 5- GAC AGC GTG GCG ACT AGA CT -3’
Reverse 5. CAC CTG GAG GTC TCT TTC CA -3’
b Forward 5-GGG AAG GGA GGA CAA CAC-3’
P | Reverse 5.CCG ATG GAG TCA AGG ATG-3’

Table 7: Primers used
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13. Western blot

Proteins were extracted in cold RIPA buffer containing 50 mM Tris HCI, pH 7.5; 150 mM
NaCl; 0.1% SDS; 0.5% sodium deoxycholate; 1% NP-40; 10 mM sodium pyrophosphatase;
0.1 mM sodium fluorate; ETDA 5 mM; protease inhibitor (cOmplete, Mini, EDTA-free, Roche)
and phosphatase inhibitor (Protease Inhibitor Cocktail 2, P5726, Sigma). Protein content was
determined using the reducing agent and detergent compatible protein assay kit (“RC DC”
protein assay, BioRad, Hercules, California, USA) with Bovine Serum Albumin (BSA) as
standard. Aliquots of 30 ug of total extracts were used for each sample. Proteins (30 ug)
were separated on 10% SDS-polyacrylamide gels by electrophoresis and blotted onto PVDF
(polyvinylidene difluoride) membranes. Non-specific binding sites in the transblots were
blocked at room temperature during 1h with 5% BSA diluted in Tris Buffered Saline with
0.1% Tween20 (TBST). Membranes were washed with TBST and then incubated overnight
with the following primary antibodies diluted in 5% BSA-TBST: rabbit polyclonal PLP
antibody (1:1000, Novus Biologicals NB10074503), mouse monoclonal MBP antibody
(2:500, Millipore MAB381), rabbit polyclonal Nrf-2 (1:100, Abcam ab31163), rabbit
monoclonal P-Nrf2 (1:100, Abcam ab76026), rabbit polyclonal ERK1/2 (1:500, Millipore 06-
182), rabbit monoclonal P-ERK1/2 (1:500, Millipore 05-797R), rabbit polyclonal JNK
(2:500, Cell Signaling 9252), rabbit polyclonal P-JNK (1:500, Cell Signaling 9251S), and
rabbit polyclonal B-actin antibody (1:10000, Abcam ab8227). After three washes with TBST,
membranes were then incubated at room temperature for 1h30 with the appropriate
horseradish peroxidase coupled secondary antibody diluted in 5% BSA-TBST (anti-rabbit or
anti-mouse: 1:20,000). Following three washes with TBST the specific bands were detected
with the kit Pierce®ECL 2 Western Blotting substrate (Thermo Scientific, PI80196), using
ImageQuant LAS4000 (GE Healthcare Life Sciences). Relative protein amounts were

quantified with ImageJ 1.48v software, and normalized to B-actin.

14. Immunocytochemistry

At time Oh or 24h after stretching, cells were fixed with 4% paraformaldehyde at room
temperature (25 min) for subsequent immunocytochemistry (ICC). The membranes with
adherent cells were gently cut from the Bioflex® Plates. Samples were washed with PBS and
permeabilized with 0.1% TritonX-100-PBS for 15 min. Then they were washed again with
PBS and incubated with primary antibodies overnight at 4°C in BSA 5%-PBS. Primary
antibodies, as anti-MAG (1:250; Millipore, Chemicon, MAB1567), anti-PDGFR-a
(1:500; Santa Cruz sc-338), anti-vinculin (1:500; Sigma V91131), anti a-tubulin
(1:4000; Sigma T6074) were used. Then the samples were washed with PBS and incubated
with the secondary antibody in BSA 5%-PBS for 1h at RT. Secondary antibodies as Alexa
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488 goat anti-mouse I1gG (1:200; Invitrogen A21121), and Cy3 goat anti-rabbit
(1:200; Jackson ImmunoResearch 111-165-003) were used. TRITC-phalloidin
(1:2000; Sigma P1951) and Hoechst (1:50000; Sigma H2261) were used to label F-actin and
cell nuclei, respectively. The samples were mounted with Permafluor (Thermo Scientific FM
150202) or Fluoromount (Southern Biotech, Birmingham, USA).

15. Immunohistochemistry

At time Oh, 24h or 72h after stretching, slices were fixed with 4% paraformaldehyde at room
temperature for 40 min for subsequent immunohistochemistry (IHC). The IHC is done directly
into the Bioflex® Plate, the membrane is cut only at the end for the mounting on the
microscope slide.

Samples were washed with PBS and incubated with a blocking solution with 0.1M L-lysine
for 1h. Then they were washed again with PBS and incubated with primary antibodies
overnight on a rocker at room temperature in PBS-GTA (PBS containing 0.2% gelatin, 0.25%
Triton-X, 0.1% sodium azide). Primary antibodies anti-MAG (1:1000; Millipore, Chemicon,
MAB1567), anti-Calbindin (1:10000; Swant CB38a), anti-APP (1:700; Invitrogen 51-2700),
anti-SMI312 (1:1000, Biolegend 837904), anti-Caspr (1:1000, Abcam ab34151) were used.
Then the samples were washed with PBS and incubated with the secondary antibody in
PBS-GTA for 2h on a rocker at room temperature. Secondary antibodies Alexa 488 goat anti-
mouse IgG (1:1000; Invitrogen A21121), and Cy3 goat anti-rabbit (1:500; Jackson
ImmunoResearch 111-165-003) were used. Finally the membranes were cut from the
Bioflex® Plate and the samples were mounted with Permafluor (Thermo Scientific FM
150202) or Fluoromount (Southern Biotech, Birmingham, USA).

16. Immunofluorescence analysis

For the mixed glial primary culture, the GFP-fluorescence from PLP-eGFP cells was

captured with a fluorescence microscope Olympus BX51 equipped with a QImaging Retiga
camera (2000R). Images were obtained using a 20x lens (20x/NA 0.3; Zeiss
EC-Plan-NEOFLUO) and processed with ImageJ 1.48v software. The number of eGFP* cells
per field (0.26 nm?), representing oligodendrocytes in the mixed culture, was counted in
control and stretch conditions. Each field was randomly selected avoiding the edge of
membrane, 10 fields per condition were analysed from three independent experiments.

For the oligodendrocyte-enriched primary culture, images were acquired using a

fluorescence microscope Olympus BX51 equipped with a Qlmaging Retiga camera (2000R)
using a 20x lens (20x/NA 0.3; Zeiss EC-Plan-NEOFLUO) or a confocal microscope LSM 710

(Carl Zeiss Inc., Germany) with a 20x objective (Plan-Neofluar 20x/0.5) or a 63x objective
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(Plan-Neofluar 63x/1.3 OilDic). Confocal configurations were adapted for 346, 488 and 543
nm excitations corresponding to Hoechst, Alexa-488 and Cy3 fluorochromes, respectively.
Images were then processed with LSM Image Browser (version 4.2). The number of
Hoechst" cells per field (0.26 nm?), the percentage of MAG" and PDGFR-a * cells, the area of
MAG" and PDGFR-a" cells and the counting of ramifications of PDGFR-a * cells were
determined on images acquired with the fluorescence microscope in control and stretch
conditions using ImageJ 1.48v software. For the ramifications counting of PDGFR-a + cells,
cells were divided into three group on the basis of the number of ramifications: less than
5 (<5), from 5 to 10 (5-10) and more than 10 (>10) ramifications using ImageJ 1.48v
software. All the analyses were performed in 10-30 different fields (randomly selected
avoiding the edge of the membrane) per condition, from at least three independent
experiments. The analysis of cytoskeleton was performed on cells co-immunostained with
actin and vinculin or actin and a-tubulin on images acquired with the confocal microscope
with 63x objective.

For the organotypic cerebellar slice culture, images were acquired using a confocal

microscope LSM 510 (Carl Zeiss Inc., Germany) with a 20x objective (Plan-Neofluar 20x/0.5)
or 40x objective (Plan-Neofluar 40x/1.3 OilDic). Confocal configurations were adapted for
488 and 543 nm excitations corresponding to Alexa-488 and Cy3 fluorochromes,
respectively. Images were then processed with LSM Image Browser (version 4.2).

For the slices subjected to a mechanical stretch, the intensities were determined on slices
co-immunostained with MAG and CaBP using ImageJ 1.48v software in control and stretch
conditions on images acquired with the 20x objective. The analysis was performed in
3 different fields per slice, localized in a region of interest around the apical ends of each
lobule, for a total of 4-8 slices per condition. The analysis of APP accumulation was
performed on slices co-immunostained with APP and SMI-312. The number of APP
spheroids was quantified per slice, for a total of 4-8 slices per condition, with the 20x
objective. The analysis of paranodal junctions was performed on slices co-immunostained
with Caspr and MAG on images acquired with the 40x objective for a total of 4-6 slices per
condition.

For the slices subjected to lysolecithin-induced demyelination, MAG and CaBP staining were
quantified in a field of 500 pm? area in order to evaluate the percentage of myelinated axons.
Quantification of intact myelin segments (MAG" fibers) per field was performed by counting
the myelin segments crossing a line of 500 um length traced randomly over the area field.
The same procedure was used to quantify the axon segments (CaBP” fibers) crossing the
same line used to count the myelin fibers. The ratio between MAG" fibers and CaBP" fibers

was calculated in order to obtain the percentage of myelinated axons ((MAG*/CaBP™) x 100).
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The quantification was performed on 3 different zones (0.2 mm? per zone) for each slice,

localized at the apical extremities of cerebellar lobules, for a total of 4-6 slices per condition.

17. Pharmacological treatments

17.1 N-acetylcysteine (NAC) treatment against tBHP-induced oxidative stress in

158N cell line

Evaluation of cell viability by WST-1 analysis:

Oligodendrocytes 158N were seeded in 96-well microplates at the density of 5x10° cells/well
in a final volume of 100 pL /well in medium with 5% fetal bovine serum, in a humidified
atmosphere (37°C, 5% CO,). After 72h of culture, NAC 5 mM and tBHP 50 uM were added
at the same time in a final volume of 100 pL/well in medium with 1% fetal bovine serum, and

the plate was incubated for 2h in a humidified atmosphere (Fig. 35).

tBHP
50 uM
\4
| 72h | 2h |
Seed 158N cells
+ NAC 5mM o

Figure 35: Time line for N-acetylcysteine (NAC) treatment against tBHP-induced oxidative stress in 158N
cell line for WST-1 analysis: NAC and tBHP were incubated at the same time for 2h and cell viability was

evaluated by WST-1 addition.
Evaluation of ROS production by FACS analysis:

Oligodendrocytes 158N were trypsinized and NAC 5 mM was added on cells in suspension
in PBS 0.1 M (Ca?* and Mg*" free) and incubated for 1h in total in the incubator. After 30 min
following cell suspension, tBHP at 100 uM was added in the same tube for further incubation
of 30 min at 37°C, 5% CO, (Fig. 36). Then the probe CM-H2DCFDA (1.25 uM) was added

and the FACS analysis was performed as previously described (see M&M, § 9).

tBHP
100 pM
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Seed 158N cells 30min 30 min
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Figure 36: Time line for N-acetylcysteine (NAC) treatment against tBHP-induced oxidative stress in 158N
cell line for FACS analysis: NAC 5 mM was added on cells and incubated for 1h in the incubator. After 30 min
tBHP was added in the same tube and this was incubated for further 30 min in the incubator.
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17.2 Etazolate treatment against tBHP-induced oxidative stress in 158N cell line
Evaluation of cell viability by WST-1 analysis:

Oligodendrocytes 158N were seeded in 96-well microplates at the density of 5x10° cells/well
in a final volume of 100 pyL /well in medium with 5% fetal bovine serum, in a humidified
atmosphere (37°C, 5% CO,). After 72h of culture, tBHP 50 uM was added to the cells in a
final volume of 100 upL/well in medium with 1% fetal bovine serum, and the plate was
incubated for 2h in a humidified atmosphere. To evaluate the etazolate ability against tBHP-
induced cytotoxicity a dose-effect study of etazolate was performed including the range of
concentration of 0.02, 0.2, 2, 20 and 200 pM. Etazolate treatment started 24 hours before the
2h incubation of tBHP 50 pM, allowing the pre-treatment of cells with the compound
(Fig. 37).

tBHP
50 uM
N4
| 72h | 2h |
Seeding 158N
+ Etaz 2uM (pre) ~ 24h+2h

Figure 37: Time line for etazolate treatment against tBHP-induced oxidative stress in 158N cell line for
WST-1 analysis: Etazolate 0.02, 0.2, 2, 20 and 200 pM was added 24h before the 2h incubation of tBHP and cell
viability was evaluated by WST-1 addition. Etaz: etazolate.

Evaluation of ROS production by FACS analysis:

In order to evaluate the etazolate ability against tBHP-induced oxidative stress, etazolate

2 UM was tested using three different protocols.

a. Protocol with 1h etazolate incubation:
Oligodendrocytes 158N were trypsinized and etazolate 2 pyM was added on cells in
suspension in PBS 0.1 M (Ca*" and Mg®" free) and incubated for 1h in the incubator. After 30
min tBHP 100 uM was added in the same tube and this was incubated for further 30 min in
the incubator. Then the probe CM-H2DCFDA (1.25 uM) was added and the FACS analysis
was performed as previously described (see M&M, § 9) (Fig. 38a).

b. Protocol with 24h of etazolate pre-treatment:
Etazolate pre-treatment started on adherent cells, 24 hours before the trypsinization of cells.

Then, cells were trypsinized and tBHP 100 pM was added on cells in suspension in PBS
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0.1 M (Ca** and Mg* free) and incubated for 30 min in the incubator. Then the FACS
analysis was performed as previously described (see M&M, 8§ 9) (Fig. 38b).

c. Protocol with 24h of pre-treatment and 1h of etazolate incubation:
Etazolate pre-treatment started on adherent cells, 24 hours before the trypsinization of cells.
Then, cells were trypsinized and fresh etazolate was added on cells in suspension in PBS
0.1 M (Ca** and Mg?* free) and incubated for 1h in the incubator. After 30 min tBHP 100 uM
was added in the same tube and this was incubated for further 30 min in the incubator. Then

the FACS analysis was performed as previously described (see M&M, § 9) (Fig. 38c).

tBHP
100 pM
N
I 72h R
Seeding 158N <30 min 30 mm>

Cells in suspension

a) + Etaz 2uM (1h)
b) + Etaz 2uM (pre)

1
. 24h
c) + Etaz 2uM (pre + 1h) ~ 24h+1h

Figure 38: Time line for etazolate treatment against tBHP-induced oxidative stress in 158N cell line for
FACS analysis: Etazolate 2 uM was tested on 158N cell line using three different protocols: (a) Protocol with 1h
etazolate incubation, (b) Protocol with 24h of etazolate pre-treatment, (c) Protocol with 24h of etazolate pre-
treatment and 1h of etazolate incubation. Etaz: etazolate.

17.3 Etazolate treatment against lysolecithin-induced demyelination in

organotypic cerebellar slice culture

Slices were treated with lysolecithin (0.5 mg/mL) or its vehicle (0.5% methanol:chloroform,
1:1) for 16h, as described above and then they were treated either by vehicle (PBS 0.1M and
DMSO 0.025% mixture) or etazolate at the neuroprotective concentrations of 0.2 or 2 uM for

72h (Fig. 39).
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Figure 39: Schematic illustration of etazolate treatment against lysolecithin-induced demyelination in
organotypic cerebellar slice cultures. Slices were treated with vehicle, methanol:chloroforme (1:1) or
lysolecithin for 16h and then were subjected to PBS or etazolate treatment, at 0.2 or 2 pM, for 72h. Slices were
fixed with PFA and processed for immunohistochemical studies. DIV: days in vitro; Lyso : lysolecithin; Veh:
vehicle (methanol:chloroforme); Etaz: etazolate.

18. Statistical analysis

Unpaired student t-test was performed for two sets of data points, and one-way analysis of
variance (ANOVA) with Bonferroni post-hoc test was used for comparison among multiple
groups. The criterion for statistical significance was p<0.05 (*:p<0.05; **; p<0.01; ***:
p<0.001). Data are expressed as mean values of n experiments + SEM. All statistical

analyses were performed with the software GraphPad Prismb5.
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RESULTS

FIRST PART

1. Development of a model of stretch-induced injury in oligodendrocyte 158N cell line

The first part of this work consisted in the development of an innovative model of
stretch-induced injury in oligodendrocytes. As described in the introduction (see introduction,
§ 3.7.4), despite of numerous studies of stretch-induced injury performed on different CNS
cell types, oligodendrocytes have received less attention. In fact, no study has assessed so
far the effects of stretch-induced injury in oligodendrocytes. To set up the model, we decided
to use first an oligodendroglial cell line, i.e. the 158N. Being a new model with no data
reported in the literature, we had to test different parameters, summarized in the Table 8.
This first part of the work has been performed with the participation of Francesca Castoldi,

Erasmus student in our team.

Tested parameters Conditions
. 200 000
Cell density (nb of cell/well) 300 000
Days in culture before stretch 48h
72h
Coating Bioflex® Plates Laminin
Collagen |
5%
. 10%
Percentage of strain 20%
30 %
30min
Stretch duration 1h
2h
20h
Percentage of serum from 1%
24h before stretch till the end 0
. 5%
of the experiment

Table 8: Table summarizing the different conditions tested during the development of the stretch-induced
injury model in 158N cell line. The parameters that have been chosen for the following experiments are
highlighted in bold pink.
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Cell density and days in culture before stretch

First, the optimal cell density had to be assessed and the better results (in term of cell
adherence, and cell confluence) were obtained with seeding of 300 000 cells per well in a
6-well Bioflex® Plate. Different assays were also performed in order to choose the proper
timing of culture before stretch and, in our condition, it was found to be 72h. In this
experimental design, cells were found to be well distributed in a homogeneous monolayer at

80% confluence before stretch, that was optimal for our experiment.

Coating Bioflex® Plates

Different coating were tested and the best results, considering cell adherence and cell

viability, were obtained with laminin pre-coated Bioflex® Plates.
Percentage of serum during the experiment

Another important parameter to define was the percentage of serum in the culture medium
during the time of stretching till the end of the experiment. In the literature some studies have
reduced, or completely removed, the serum because it can mask the effect of the injury. Our
cells are normally grown in medium containing 5% of fetal bovine serum and we tried to
maintain the same percentage of 5% during the stretch time (more precisely from 24h before
stretch till the end of the experiment) or to reduce it to 1%. The better results were obtained
with the reduced percentage of serum, in fact the effects of stretch observed were more

pronounced (in term of ROS production).
Stretching parameters (percentage of strain and duration)

For this work, | used the Flexcell® FX 5000TM Tension System in order to reproduce our
model of mechanical stretch. The vacuum pressure deforms the silicone membrane of the
Bioflex® Plate, and by consequence the adherent cells, to varying degrees controlled by the
pulse pressure. The substrate elongation and the duration of stretch can be maodified in
accordance to the limits of this instrument, the substrate elongation (%) can vary from
0.8% to 33%.

We first tested a static equibaxial strain at 20% for 30min, 1h, 2h and 20h. For all these
conditions cells were found to be adherent to the silicone membrane (assessed by Hoechst”
nuclei count of cells adherent to the membrane, data not shown) with no induction of cell
death (assessed by PI staining, data not shown). Oligodendrocytes are particularly
vulnerable to oxidative stress, as described above (see introduction). We decided therefore

to look at the redox status of our cells to see if it was altered even without sign of cell death.
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To verify our hypothesis we decided to check the expression of different pro-/antioxidant
genes to see if they were modified following stretch. The superoxide dismutase (SOD) is an
important enzyme in the antioxidant defence with a cytoplasmatic (SOD-1) and a
mitochondrial (SOD-2) isoform. Nrf2 is a transcription factor that regulates the expression of
many phase |l detoxifying and antioxidant enzymes, such as heme oxygenase 1 (HO-1) and
NAD(P)H:quinone oxidoreductase 1 (NQO1), which protect cells against oxidative stress. So
as antioxidant genes, Sod-1, Sod-2, Nrf-2, Ho-1 and Ngo-1 were analyzed. As pro-oxidant
gene the dual oxidase 1 (Duox-1), member of the NOX/DUOX family of NADPH oxidases,
was analyzed. These enzymes transfer electrons across the biological membrane and they
generate ROS. The expression of other members of NADPH oxidases family was also tested
(Nox-1, Nox-2, Nox-3, Nox-4) but they were not detectable in our system. Finally, myelin
genes were also analyzed, in particular Plp, Mag, and Cnp coding for the corresponding
myelin proteins. In the Table 9 the effect of stretch on the expression of these different genes
is summarized for stretch duration of 30 min, 1h, 2h and 20h (see also Fig. 40). The major

modifications were found for 20h, the time point chosen for the following experiments.

Stretch-induced mild injury (20%) versus control

Genes 30 min 1h 2h 20h
Sod-1 ™90% (*) | L30% (**) = TN20% (*)
Sod-2 = = = T30%(*)
Nrf-2 = $30%(***) | 1N60%(*) =
Ho-1 = = = T100%(***)
Ngo-1 | 155%(***) = = N50% (*)
Duox-1 | 140% (**) = = T70% (**)

= L 25% (**) = =

= = = N400%(*)

N75%(**) = = T95%(**)

Table 9: Table summarizing the stretch effect on pro-oxidant, antioxidant and myelin gene expression in
158N cell line subjected to stretch (20% strain) for 30 min, 1h, 2h and 20h. RNA was extracted and RT-gPCR
was performed in control and stretched conditions for the antioxidant genes Sod-1, Sod-2, Nrf-2, Ho-1, Ngo-1, the
pro-oxidant gene Duox-1 and the myelin genes Plp, Mag and Cnp. The percentage indicated is the percentage of
induction (1) or inhibition ({/) compared to the control condition. Sign of “=” is reported when no significant
differences were observed compared to the control condition. Student’s unpaired t-test was performed and
significant differences are reported in brackets. *: p<0.05; **: p<0.01; ***p < 0.001. See Figure 40 for histograms
corresponding to time 30 min, 1h and 2h and Figures 2 and 3 from Articlel, for histograms corresponding to 20h.
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A strain of 20% deformation is in the range of stretch relevant to the kind that occurs in
humans after rotational acceleration-deceleration injury. It has been estimated that brain
injury occurs at strain between 10% and 65% at strain rates of approximately 10-50 s™
(LaPlaca and Thibault, 1997; Morrison et al., 1998; Morrison Il et al., 1998). In our case we
did not want to study the consequences of a rapid initial impact of TBI but instead to study
the impact of the events that intervene secondary in the hours following TBI. That is why we
chose a prolonged stretch, for 20h, at 20%. Our objective was also to reproduce another
model of injury with a shorter period of stretch to see the initial response after a TBI in a
range of minutes and not hours. We chose a stretch duration of 30 minutes, and the effects
of stretch with strain rate of 20% and 30% were compared, considering the same genes
described above (Table 10 and Fig. 40). The major alteration was assessed at 30% strain
for 30 minutes, where the expression of three antioxidant genes (Sod-1, Sod-2, Nrf-2) were
decreased together with the myelin gene Plp. This stretch was more “aggressive”, since
within 30 minutes it was able to affect the anti-oxidant system and myelin genes. Therefore,

we chose the more severe strain at 30% for 30 minutes.

Stretch-induced injury for 30 min
versus control

Genes | Mild (20%) | Moderate (30%)
Sod-1 1T90% (*) $55% (*)

Sod-2 = 440% (*)
Nrf-2 = 430%(*)
HO'1 = =

Nqo-1 $55%(***) | =

Duox-1 | 1 40% (**) =
= J 50% (**)

T75%(**) =

Table 10: Table summarizing the stretch effect on pro-oxidant, antioxidant and myelin gene expression in
158N subjected to stretch (20% or 30% strain) during 30 minutes. RNA was extracted and RT-qPCR was
performed in control and stretched conditions for the antioxidant genes Sod-1, Sod-2, Nrf-2, Ho-1, Nqo-1, the pro-
oxidant gene Duox-1 and the myelin genes Plp, Mag and Cnp. The percentage indicated is the percentage of
induction (1) or inhibition (/) compared to the control condition. Sign of “=” is reported when no significant
differences were observed compared to the control condition. Student's unpaired t-test was performed and
significant differences are reported in brackets. *: p<0.05; **: p<0.01; ***p < 0.001. See Figure 40 for the
histograms corresponding to 20% strain and see the Figure 2 and 3 from Article 1, for the histograms
corresponding to 30% strain.
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Based on our findings and other results presented in the article 1, two different stretch

conditions reproducing stretch-induced mild or moderate injury were defined:

- Mild injury: equibiaxial static stretch of 20% strain for 20h

- Moderate injury: equibiaxial static stretch of 30% strain for 30 minutes

20% strain & different stretching periods

30 min 1h 2h
2 2m0q * 1507 1807
2004
. 1001 * 100
1:0.
Sod-1 =
100
o) - =0
g 0 0
5
o)
Yy o T 0 T 0 r
)
S 1307 2007 1507
% 1801
7 104 100
Sod-2 = -
®
= 7 l 1
i
o)
0. g 0 )
)
S 1 150 200 *
g 10
100 100 ek
Nrf-2 £ 100
@
2 5 0
= 2
©
X , . 0 . 0 :
£ 1 1801 007
% 180
100 100
(1
Ngo-1 & e 100
ORI 0
> o
= 2
Q i
o)
[I 0 T 0 T 0 T
ISR 1501 2001
1801
100 1001
Ho-1 = 100
0 g =0
= 0
o
o)
Y o 0
o
S 13- 4007 1801
g m-
100 100
[= *k
Duox-1 200
)
= 04
= 1001
©
14 o T 0 0 T

Ctrl Stretch Ctrl Stretch Ctrl Stretch

135



30 min

§ 180
®
£

Ma

g [

= 9
S
i N -
B’é‘ 2007

Pip £ 1
()]
2z ¥
kS,
& 0 T
gé‘:sc- i
v:oc

Cnp [= l
()
= o
©
& 0 T

Ctrl Stretch

150

100

1h

1507

100

* %

2507

10

100

Ctrl

Stretch

10

2h

1507

Ctrl Stretch

Figure 40: Evaluation of the stretch effect on pro-oxidant, antioxidant and myelin gene expression in 158N
cell line subjected to stretch (20% strain) for 30 min, 1h and 2h. RNA was extracted and RT-qPCR was
performed in control (Ctrl) and stretched (Stretch) conditions for the antioxidant genes Sod-1, Sod-2, Nrf-2, Ho-1,
Ngo-1, the pro-oxidant gene Duox-1 and the myelin genes Plp, Mag and Cnp. Results represent the mean+SEM
of three independent experiments performed in friplicate. Student’'s unpaired t-test. *: p<0.05; **: p<0.01;

4 < 0.001.
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2. Cellular and molecular responses of oligodendrocytes to stretch-induced mild and

moderate injury (see article 1)

Once developed our two models of stretch-induced injury, the aim of our study was to
decipher the cellular and molecular responses of oligodendrocytes to mild and moderate
injury. Two in vitro cellular models were used: the mouse 158N cell line and the
oligodendrocyte-enriched primary culture. Cells were subjected to an equibiaxial static
stretch in order to reproduce two models of stretch-induced injury: mild (20% strain for 20h)
versus moderate (30% strain for 30 min) injury. Our results showed that the mild stretch
decreased the cell adherence and affected the cell morphology with a decrease of surface
area in both mature and immature oligodendrocytes in the oligodendrocyte-enriched primary
culture. The mild stretch in 158N cell line i) induced an increase in ROS production
accompanied by protein oxidation (AOPP), alteration of GSH redox cycle and alteration of
the anti-oxidant systems (Sod-1, Sod-2, Ho-1, Ngo-1, Nrf-2), and ii) induced an inhibition of
ERK and an activation of JNK, two proteins belonging to the family of MAPKs kinases.
However, mild stretch did not modify the expression and the amount of the myelin protein
PLP whereas moderate stretch did markedly reduce the level of PLP, accompanied by an
inhibition of ERK. The moderate stretch in oligodendrocyte-enriched culture induced
i) a more pronounced alteration in cell morphology with cell ramification damage, and ii) a

marked increase in ROS production accompanied by an increase of AOPP and carbonyls.

In conclusion, two in vitro models of stretch-induced injury were developed for the first time in
oligodendrocytes and our data suggest that mechanical stretch causes loss of

oligodendrocytes and demyelination after injury.

Article 1:

Chierto E, Castoldi F, Meffre D, Cristinziano G, Sapone F, Carreté A, Borderie D, Etienne F,
Rannou F, Massaad C, Jafarian-Tehrani M “Significant oligodendroglial alterations in

response to stretch-induced injury” (submitted to Scientific Reports)
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Significant oligodendroglial alterations in response
to stretch-induced injury

Elena Chierto, Francesca Castoldi, Delphine Meffre, Giulia Cristinziano, Francesca Sapone,
Alex Carreté, Didier Borderie, Frangois Etienne, Francois Rannou, Charbel Massaad,
Mehrnaz Jafarian-Tehrani*

INSERM UMR 1124, Paris Descartes University, Sorbonne Paris Cité, Faculté des Sciences Fondamentales et
Biomédicales, 45 rue des Saints-Péres, 75006 Paris, FRANCE. *Corresponding author

Abstract

Traumatic brain injury (TBI) is caused by rapid deformation, stretching and tearing of the
brain tissue. After the initial mechanical trauma, a cascade of pathophysiological events is
initiated. Understanding how the mechanical forces lead to tissue damage and particularly to
myelin breakdown remains a considerable challenge. Clinical and experimental evidences
suggest that demyelination may play an important role in the pathophysiology of TBI. The
aim of our study was to develop an innovative model of brain injury induced by mechanical
stretch in order to decipher the cellular and molecular responses of oligodendrocytes to
stretch-induced injury. Two in vitro models were developed using the mouse 158N cell line
and the oligodendrocyte-enriched primary culture. Cells were subjected to an equibiaxial
static stretch using Flexcell® Tension system device in order to reproduce mild (20% strain)
and moderate (30% strain) injury. Our results showed that the mild injury decreased the cell
adherence and affected the cell morphology with a decrease of surface area in both mature
and immature oligodendrocytes in the oligodendrocyte-enriched primary culture. In 158N cell
line it i) induced an increase in reactive oxygen species (ROS) production accompanied by
protein oxidation (AOPP), alteration of glutathione redox cycle and alteration of the anti-
oxidant systems (Sod-1, Sod-2, Ho-1, Ngo-1, Nrf-2), and ii) induced an inhibition of ERK and
an activation of JNK, two proteins belonging to the family of MAP kinases. The mild injury did
not modify the expression and the amount of the myelin protein PLP, whereas the moderate
injury did markedly reduce the level of PLP. The moderate injury also resulted in ERK
inhibition. The moderate injury, in oligodendrocyte-enriched culture, induced a more
pronounced alteration in cell morphology with cell ramification damage, and, in 158N cell
line, a marked increase in ROS production accompanied by an increase of AOPP and
carbonyls. In conclusion, two in vitro models of stretch-induced injury were developed for the
first time in oligodendrocytes and our data suggest that mechanical stretch can induce loss of
oligodendrocytes after injury.

Keywords: oligodendrocytes; traumatic brain injury; mechanostimulation; stretch-induced injury;
demyelination; oxidative stress, oligodendrocyte-enriched primary culture; 158N cell line

INTRODUCTION

Traumatic  brain  injury  (TBI)
constitutes a serious public health and
socioeconomic problem worldwide and is
a major cause of death and disability, in
particular among young population. Once
TBI occurs, a number of short- and long-
term detrimental processes begin to affect
the brain. The initial insult first leads to a

primary injury caused by the mechanical
damage from shearing, stretching and/or
tearing of neurons, axons, glia and blood
vessels (Lozano et al., 2015). The primary
impact triggers a secondary injury
characterized by a complex cascade of
metabolic, cellular and  molecular
alterations such as glutamate
excitotoxicity, perturbation of cellular
calcium homeostasis, increased free
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radical generation, mitochondrial
dysfunction, inflammation, apoptosis and
diffuse axonal injury (Xiong et al., 2013).
Previous studies have focused more on
the effects of injuries on grey matter due to
neuronal impairment. However, more
recent findings show an equivalent
importance of white matter in the brain
damage following traumatic insult (Kim et
al., 2008; Sidaros et al., 2009; Tomaiuolo
et al., 2012).

Myelin, the concentrically laminated
membrane structure that wraps around
axons and works as biological insulator, is
a major component of white matter. It is
made up by oligodendrocytes in the
central nervous system (CNS).
Oligodendrocytes express several myelin-
associated proteins sequentially
expressed along the development, with
progressive morphological maturation of
cells. Oligodendrocyte precursor cells
(OPCs) and pre-oligodendrocytes express
different proteins such as platelet-derived
growth factor receptor alpha (PDGFR-a),
while mature oligodendrocytes express
myelin basic protein (MBP), proteolipid
protein (PLP), 2', 3'-cyclic-nucleotide 3'-
phosphodiesterase (CNP), and myelin
associated glycoprotein (MAG) (Baumann

and Pham-Dinh, 2001; Greer, 2013;
Simons and Nave, 2016). Mature
oligodendrocytes form “‘myelin-like”

membranes in vitro and myelin sheaths
that enwrap axons in vivo (Jackman et al.,
2009).

There are increasing clinical and
experimental evidences suggesting that
demyelination may play an important role
in the pathophysiology of TBI (Armstrong
et al.,, 2016a, 2016b). A marked white
matter atrophy and degeneration has been
observed in patients who survived from
moderate to severe forms of TBI to a
chronic post-injury stage (Herrera et al.,
2016; Kim et al., 2008; Sidaros et al.,
2009; Tomaiuolo et al., 2012; Wang et al.,
2016). The white matter degeneration can
be accompanied by a persistent
neuroinflammation, even years after a
single TBI in humans (Johnson et al.,
2013). Studies in humans and in rats
demonstrated also that TBI induces
oligodendrocyte apoptosis and widespread
myelin loss, followed by a concomitant
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increase in the number of OPCs
(Caprariello et al., 2012; Flygt et al., 2013,
2016).

There are abundant evidences
showing a considerable increase in the
production of reactive oxygen species
(ROS) following TBI, resulting in oxidative
stress which has a significant role in the
aetiology of progressive neuropathology in
TBI (Abdul-Muneer et al., 2015). Free
radicals are generated during normal
physiological processes and, under these
conditions, the endogenous defence
system is able to prevent the formation or
to scavenge these molecules, protecting
tissues from oxidative damage (Mendes
Arent et al, 2014). However, under
pathological conditions, as TBI, ROS can
damage and oxidize macromolecules,
such as DNA, proteins, carbohydrates,
and lipids (Rodriguez-Rodriguez et al.,
2014; Valko et al., 2006). It is noteworthy
that the CNS is extremely sensitive to free
radical damage, because of its relatively
small total antioxidant capacity (Cornelius
et al., 2013; Sultana et al., 2013). In
particular oligodendrocytes are highly
sensitive to oxidative stress, because of
their lipid-rich membranes, low glutathione
reductase enzyme activity and low
glutathione (GSH) amount (French et al.,
2009; Thorburne and Juurlink, 1996).

Taken together, all these data
suggest that myelin is early affected after
TBI. However, the pathophysiological
mechanisms underlying this loss of myelin
are not yet well known. The development
of an in vitro model of traumatic injury is a
step forward in the comprehension of the
response of oligodendrocytes to the injury
and the myelination process post-injury.

Since brain is composed of
incompressible  tissue and it s
encapsulated into a rigid skull, the
mechanical forces applied to the brain
tissue are a combination of stretch,
compression and shear (Darvish and
Crandall, 2001; Morrison et al., 2006). The
major force causing injury of nervous
tissue is not merely compression but rapid
tissue deformation and strain, or more
simply stretch (Ellis et al., 1995). The
development of stretch-induced injury
models is therefore motivated by a
rigorous understanding of TBI
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biomechanics to reproduce in vivo brain
deformation. Many in vivo models of TBI
have been developed (reviewed by Xiong
et al., 2013), and they mimic different
events following head injury but, due to the

complexity of the in vivo situation,
accessibility to the tissue of interest
becomes limited. Thus, in order to

understand the physiological response of
individual cells as a result of the injury
inflicted, it is important to isolate cells from
the systemic effects, which may inhibit or
alter their individual response (Cargill and
Thibault, 1996). Considering the in vitro
models of trauma, they allow the
evaluation of the response of specific cell
types in well-controlled and
environmentally  isolated experiments
(Geddes-Klein et al., 2006) and they are,
for this reason, complementary to in vivo
models (Morrison et al., 2011; Salvador et
al., 2013).

Among in vitro models of TBI,
several reports adressed the effect of
stretch-induced injury on different CNS cell
types. They have cultured neurons,
astrocytes and microglia, on deformable
elastomeric  substrates, where the
mechanical stimuli is transmitted to the
substrate and indirectly transferred to the
adherent cells. Stretch injury results in
structural changes to both glia and
neurons (Arundine, 2004; Arundine et al.,
2003; Ellis et al.,, 1995; Gladman et al.,
2010, 2012) and generally the damage is
proportional to the degree of strain in
astrocytes, neuronal plus glial cultures,
microglia and endothelial cells (Ellis et al.,
2007; McKinney et al., 1996).

Despite all these studies on
different CNS cell types, no models of
stretch-induced injury in oligodendrocytes
have been described so far. Therefore, in
this study we developed two innovative
models of stretch-induced injury in
oligodendrocytes, comparing mild versus
moderate injury, using two different
cellular models, oligodendrocyte 158N cell
line and oligodendrocyte-enriched primary
culture. The effect of a static stretch has
been evaluated on different cellular and
molecular aspects, i.e. cell death, cellular
oxidative status, expression of myelin
genes and corresponding proteins, as well
as aspect of cytoskeleton, cell
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morphology, cell adherence and degree of
maturation/differentiation of
oligodendrocytes.

MATERIALS AND METHODS

Animals

Experiments were performed on 1-3 day
postnatal (P1-P3)-old mice obtained from wild-
type C57BI/6 mice (Janvier, Le Genest St Isle,
France). The animals were housed in a
controlled temperature environment (22 * 2
°C), under a 12h light/dark cycle, with access
to food and water ad libitum. Animal care and
experiments were approved by the Paris
Descartes University (CEEA34.MJT.075.12)
respecting the French regulations and the
European Communities Council Directive of
September 2010/63/UE, on the protection of
animals used for scientific purposes.
Oligodendrocyte cell line culture

The oligodendrocyte 158N cell line, which
preserves oligodendrocyte characteristics and
expresses myelin proteins (Feutz et al., 1995;
Ghandour et al., 2002), was kindly provided by
Dr. S.M. Ghandour (Strasbourg, France). Cells
were maintained in Dulbecco’'s minimal
essential medium (DMEM) supplemented with
5% heat inactivated fetal bovine serum (HI-
FBS, Gibco, NYC, NY, USA), L-glutamine 2
mM, sodium pyruvate 1 mM, penicillin (0.1
U/mL)/streptomycin (0.1 ug/mL) and 0.5 pg/mL
fungizone. Cells were grown at 37°C in a
humidified atmosphere of 5% CO..

For the preparation of the cells subjected to
mechanical stretch, cells were trypsinized and
plated at the density of 3x10° cells/1.5 mL per
well on laminin-coated Bioflex® Plates (Dunn
Labortechnik GmbH, BF-3001L). Cells were
maintained in 5% CO2, in a humidified
atmosphere (90%) at 37°C for 72h before
being submitted to a mechanical stretch. After
48h of culture (the day before stretching), the
medium was changed with 3 mL of fresh
medium with 1% HI-FBS (Gibco, NY, USA).
Control (non-stretched) plates were prepared
and underwent the same conditions, except
that they did not receive the mechanical
stretch.

Oligodendrocyte-enriched primary culture
Mixed glial primary culture was prepared as
previously described (Feutz et al., 2001; Meffre
et al.,, 2015) from brain hemispheres of new-
born mice (P0-P3). Cells were maintained in
culture for 14 days in vitro (DIV) before
preparing the oligodendrocyte-enriched
primary culture. To prepare the
oligodendrocyte-enriched  primary  culture,
oligodendrocytes were collected from primary
mixed glial cell culture as previously described
(Feutz et al., 2001), with slight modifications.



Oligodendrocytes and stretch-induced injury

Oligodendrocytes growing on the astrocyte
layer were detached mechanically and the
microglia were eliminated with a pre-plating
step. The pellet containing oligodendrocytes
was suspended in DMEM supplemented with
Insulin (5 pg/mL)-Transferrin (5 pg/L)-
Selenium (5 pg/ml) cocktail (BD biosciences),
2% HI-FBS, penicillin (0.1 U/mL)/streptomycin
(0.1 pg/mL) and 0.5 pg/mL fungizone. Cells
were seeded at the 4-5x10° density in
untreated Bioflex® Plates (Dunn Labortechnik
GmbH, BF-3001U) coated beforehand with 25
ug/mL poly-L-lysine. Cells were maintained in
5% CO,, in a humidified atmosphere (90%) at
37°C for 2 DIV before being submitted to a
mechanical stretch. Uninjured (non-stretched)
control plates were prepared and underwent
the same conditions, except that they did not
receive the mechanical stretch.

In vitro model of mechanical stretch

Cells grown on BioFlex® six-well plates were
submitted to a mechanical stretch using a
Flexcell® FX 5000™ Tension System (Flexcell
International corporation, NC, USA), a
computer-regulated  bioreactor that uses
vacuum pressure to apply a strain to cells
cultured on elastic silicone membranes. In
brief, the vacuum pressure deforms the silastic
membranes of the Bioflex® Plates and the
adherent cells to varying degrees controlled by
the pulse pressure (Vande Geest et al., 2004).
Two models of stretch were developed, in
order to reproduce two different injuries, here
called mild and moderate injury. In the model
of stretch-induced mild injury, cells were
exposed to an equibiaxial static stretch of 20%
strain for 20h and the output analyses were
performed at time Oh post-stretch. In the model
of stretch-induced moderate injury, cells were
exposed to an equibiaxial static stretch of 30%
strain for 30 minutes and the output analyses
were performed at time Oh post-stretch.
Models of injury using gel-filled human skulls
have indicated that this range of stretch is
relevant to the kind that occurs in humans after
rotational  acceleration-deceleration  injury
(Margulies et al., 1990; Meaney et al., 1995).
Flow cytometric analysis

Cells from oligodendrocyte 158N cell line were
trypsinized and collected in order to be
analysed with the Fluorescence-activated cell
sorting (FACS) technique. Cells were
centrifuged at 1.500 rpm for 3 min and, after
being washed twice with PBS, 1 x 10° cells
were suspended in 1 ml of PBS 0.1 M (Ca2+
and Mgz+ free). We used the BD FACSCanto™
Il flow cytometer and for each analysis, 10.000
cells were counted on the gate R1 drawn on
the FSC (Forward scatter)/SSC (Side scatter)
biparametric histogram. We considered only
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the population of cells devoid of aggregates
and debris.

In order to evaluate the cell viability and ROS
production, a double staining with propidium
iodide (PI) and the carboxy-dichloro-dihydro-
fluorescein diacetate (CM-H2DCFDA) was
performed (Bass et al., 1983; Rothe and Valet,
1990). Cells were incubated with 1.25 uM of
CM-H2DCFDA probe (Molecular Probes
C6827) for 30 min at 37°C in the dark. The
excess of probe was washed out and cells
were suspended in PBS (Ca®* and Mg** free)
and incubated 10 min with 1pg/mL of PI
(Sigma P4170) at room temperature.

The cell-permeant CM-H2DCFDA probe
passively diffuses into cells and is retained at
intracellular level after cleavage by intracellular
esterases. Upon oxidation by ROS, the
nonfluorescent H2DCFDA is converted to the
highly  fluorescent 2',7'-dichlorofluorescein
(DCF). The DCF fluorescence was recorded in
FL-1 (530/30 nm) channel together with the PI
fluorescence in FL-2 (585/42 nm). We used N-
acetylcysteine (NAC) at 5mM, to serve as a
positive control for the antioxidant activity, and
tert-butyl hydroperoxide (tBHP) 100uM, to
serve as a positive control for ROS production.
Biochemical analysis

Cells from oligodendrocyte 158N cell line were
washed with PBS, trypsinized and centrifuged
at 600g for 10 min. After surfactant elimination,
cells were suspended in 1 ml of Cell Lysis
Reagent (Sigma C2978) complemented with
protease inhibitor (cOmplete, Mini, EDTA-free,
Roche). Cell lysates were then analysed for all
the following biochemical assays.

Determination of carbonyl levels -
Protein carbonyl groups were detected and
quantified using 2,4-dinitrophenylhydrazine
(DNPH) as previously described (Reznick and
Packer, 1994). Carbonyl levels were
expressed as nmoles of carbonyl/mg of
proteins.

Determination of advanced oxidation
protein products (AOPP) - Advanced oxidation
protein products (AOPP) were also assessed
as described previously (Witko-Sarsat et al.,
1996). AOPP concentrations are expressed as
pmoles/L of chloramine-T equivalents.

Thiols  determinations -  Thiols
determinations  were based on the
thiol/disulphide reaction of thiol and Ellman's
reagent, 5,5'-dithiobis(2-nitrobenzoic  acid)
DTNB (Hu, 1994). Thiols were expressed as
umol/L.

Determination of Glutathione
peroxidase (GPx) and Glutathione reductase
(GR) activity - The GPx and GRx activities
were quantified using the Cayman’s
Glutathione Peroxidase Assay Kit and
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Reductase Assay Kit , respectively. The results
obtained are normalized to the protein content
and expressed as units per mg of protein.

Determination of reduced Glutathione
(GSH) - Levels of intracellular GSH were
assessed spectrofluorimetrically by
monochlorobimane staining (Bellomo et al.,
1997). The intracellular GSH level was
expressed as arbitrary units (AU) of
fluorescence intensity.

Determination of superoxide dismutase
(SOD) activity - The superoxide dismutase
activity was evaluated using the nitroblue
tetrazolium reduction technique previously
described by Beauchamp and Fridovich
(Beauchamp and Fridovich, 1971). The results
obtained are normalized to the protein content
and expressed as units per mg of protein.
Quantitative RT-PCR
Total RNA from cultured cells was obtained
using Trizol reagent (Invitrogen, France) and 1
Mg was reverse transcribed with random
primers from Biolabs (Beverly MA, USA) and
Reverse Transcriptase MLV-RT from Fisher
Scientific (Hampton, New Hampshire, USA),
according to the manufacturers’ instructions.
Quantitative PCR was performed with standard
protocols using SYBRGreen (ABgene, France)
as fluorescent detection dye in ABI PRISM
7000 in a final volume of 7 pl, which also
contained 300 nM of primers (except for PLP
and MAG with 100nM of primers) (Eurofins
Genomics Operon, Orsay, France) and 50 ng
of reverse transcribed RNA in 384-well plates.
Melting curve analysis was applied to
characterize the generated amplicons and to
control the contamination by unspecific by-
products. Each reaction was performed in
triplicate and the mean of at least three
independent experiments was calculated.
Results were normalized to 26S mRNA level
and calculated using the DDCt method. The
results are expressed as 2" [AACt = ACt
gene of interest— ACt reference gene]. The
primer sequences used in real-time PCR are
listed as following:
Sod1 forward: GCCAATGTGTCCATTGAAGA
Sod1 reverse: GTTTACTGCGCAATCCCAAT
Sod?2 forward: GAGCTGCCTTACGACTATGG
Sod?2 reverse: TGAAGAGCGACCTGAGTTG
Ho-1 forward: CACGCATATACCCGCTACCT
Ho-1 reverse: CCAGAGTGTTCATTCGAGCA
Ngo1l forward:
GCGAGAAGAGCCCTGATTGTACTG
Nqol reverse:
TCTCAAACCAGCCTTTCAGAATGG
Nrf-2 forward: TCTCCTCGCTGGAAAAAGAA
Nrf-2 reverse: AATGTGCTGGCTGTGCTTTA
Plp forward: AGCAAAGTCAGCCGCAAAAC
Plp reverse: CCAGGGAAGCAAAGGGGG
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Mag forward: ACTGGTGTGTGGCTGAGAAC
Mag reverse: GGATTATGGGGGCAAACTC
Cnp forward: GACAGCGTGGCGACTAGACT
Cnp reverse: CACCTGGAGGTCTCTTTCCA
26S forward:
AGGAGAAACAACGGTCGTGCCAAAA

26S reverse:
GCGCAAGCAGGTCTGAATCGTG

Western blot assay

Proteins were extracted in cold RIPA buffer
containing 50 mM Tris HCI, pH 7.5; 150 mM
NaCl; 0.1% SDS; 0.5% sodium deoxycholate;
1% NP-40; 10 mM sodium pyrophosphatase;
0.1 mM sodium fluorate; 5 mM ETDA, protease
inhibitor (cOmplete, Mini, EDTA-free, Roche)
and phosphatase inhibitor (Protease Inhibitor
Cocktall 2, P5726, Sigma). Protein content was
determined using the reducing agent and
detergent compatible protein assay kit (“RC
DC” protein assay, BioRad, Hercules,
California, USA) with Bovine Serum Albumin
(BSA) as standard. Aliquots of 30 ug of total
extracts were used for each sample. Proteins
(30pg) were separated on 10% SDS-
polyacrylamide gels by electrophoresis and
blotted onto PVDF (polyvinylidene difluoride)
membranes. Non-specific binding sites were
blocked at room temperature during 1h with
5% BSA diluted in Tris Buffered Saline with
0.1% Tween20 (TBST). Membranes were then
incubated overnight with the following primary
antibodies diluted in 5% BSA-TBST: rabbit
polyclonal PLP (1:1000, Novus Biologicals
NB10074503), rabbit polyclonal Nrf-2 (1:100,
Abcam ab31163), rabbit monoclonal P-Nrf2
(1:200, Abcam ab76026), rabbit polyclonal
ERK1/2 (1:500, Millipore 06-182), rabbit
monoclonal P-ERK (1:500, Millipore 05-797R),
rabbit polyclonal JNK (1:500, Cell Signaling
9252), rabbit polyclonal P-JNK (1:500, Cell
Signaling 9251S), and rabbit polyclonal 3-actin
(1:10000, Abcam ab8227). Membranes were
then incubated at room temperature for 1h30
with the appropriate horseradish peroxidase
coupled secondary antibody diluted in 5%BSA-
TBST (anti-rabbit: 1:20,000) and the specific
bands were detected with the kit Pierce®ECL
2 Western Blotting substrate (Thermo
Scientific, PI80196), using ImageQuant
LAS4000 (GE Healthcare Life Sciences).
Relative protein amounts were quantified with
ImageJ 1.48v software, and normalized to (-
actin.

Immunocytochemistry

At time Oh after stretching, cells were fixed with
4% paraformaldehyde at room temperature (25
min) for subsequent immunocytochemistry.
The membranes with adherent cells were
gently cut from the Bioflex® Plates. Samples
were permeabilized with 0.1% TritonX-100-
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PBS for 15 min and then incubated with
primary antibodies overnight at 4°C in BSA
5%-PBS. Primary antibodies anti-MAG (1:250;
Millipore, Chemicon, MAB1567), anti-PDGFR-
a (1:500; Santa Cruz sc-338), anti a-tubulin
(1:4000; Sigma T6074) were used. Then the
samples were incubated with the secondary
antibody, Alexa 488 goat anti-mouse IgG
(2:200; Invitrogen A21121) and Cy3 goat anti-
rabbit (1:100; Jackson ImmunoResearch 111-
165-003) in BSA 5%-PBS for 1h at RT. TRITC-
phalloidin (1:2000; Sigma P1951) and Hoechst
(1:50000; Sigma H2261) were used to label F-
actin and cell nuclei, respectively. The samples
were mounted with Permafluor (Thermo
Scientific  FM  150202) or Fluoromount
(Southern Biotech, Birmingham, USA).
Immunofluorescence analysis

Images were acquired using a confocal
microscope LSM 710 (Carl Zeiss Inc.,
Germany) with a 20x objective (Plan-Neofluar
20x/0.5) or a 63x objective (Plan-Neofluar
40x/1.3 QilDic). Confocal configurations were
adapted for 346, 488 and 543 nm excitations
corresponding to Hoechst, Alexa-488 and Cy3
fluorochromes, respectively. Images were then
processed with LSM Image Browser (version
4.2).

The number of Hoechst" cells, the percentage
of MAG" and PDGFR-a" cells and also the
area of MAG® and PDGFR-a" cells were
determined using ImageJ 1.48v software. All
the analyses were performed in 10-30 different
fields (0.26 nmz), randomly selected avoiding
the edge of the membrane, per condition, from
at least three independent experiments.
Statistical analysis

Unpaired student t-test was performed for two
sets of data points, and one-way analysis of
variance (ANOVA) with Bonferroni post-hoc
test was used for comparison among multiple
groups. The criterion for statistical significance
was p<0.05 (*:p<0.05; **: p<0.01; ***:
p<0.001). Data are expressed as mean values
of n experiments = SEM. All statistical
analyses were performed with the software
GraphPad Prism5.

RESULTS

Cellular and molecular response of
oligodendrocyte 158N cell line to
stretch-induced mild and moderate
injury

Cells from the oligodendrocyte
158N cell line were exposed to mild injury
(static stretch of 20% strain) or moderate
injury (static stretch of 30% strain) and all
output analyses were performed

Vi
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immediately after the end of stretching
period (Fig. 1-4).

Stretch increased the level of
intracellular ROS in 158N cell line in both
mild and moderate injury
We used FACS to assess cell death and
ROS production. In control and stretched
cells, the number of PI* cells was less than
7% regardless of group condition and of
stretch severity (Fig. 1a, 1f). Instead, the
ROS production, evaluated by assessing
redox sensitive intracellular conversion of
H2DCFDA to DCF, was significantly
increased in stretched cells compared to
control. Stretch induced an increase in the
number of DCF" / PI' cells after mild
(+15%, p<0.05) and moderate injury
(+20%, p<0.05) (Fig. 1b-c, 1g-h). We next
investigated whether if the amount of ROS
produced during the stretch period was
able to induce an alteration of cellular
constituents, such as oxidation of proteins,
evaluated by the amount of advanced
oxidation protein products (AOPP) and
carbonyls. The amount of AOPP in
stretched cells was significantly increased
compared to control group after mild (326
+ 19.05 versus 239 + 18.62 pmol/mg;
p<0.05) and moderate (338 + 6.57 versus
287 + 5.04 pmol/mg; p<0.01) injury (Fig.
1d, 1i). The amount of carbonyls groups
was not different after mild injury (Fig. 1e),
while it increased after moderate injury
(2040 + 1.06 versus 15.63 = 0.90
mmol/mg; p<0.05) (Fig. 1j).

Stretch altered glutathione levels
and the enzymes involved in glutathione
redox cycle in both mild and moderate
injury
Stretch-induced mild injury provoked a
decrease in the level of reduced GSH
(p<0.05), one of the major antioxidant
molecules, accompanied by a decrease of
glutathione peroxidase (GPx) (p<0.01), the
enzyme that detoxify H,O, in water using
2GSH (Tab. 1). Regarding the moderate
injury, the levels of GSH and GPx were
also decreased after stretch and they were
very close to significance (p= 0.055 and
p=0.058, respectively). The oxidized
glutathione (GSSG) was also assessed
but it was not detectable in our system
analysis. Glutathione reductase (GRx) and
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thiols were not affected regardless of
group condition and stretch severity
(Tab. 1).

Stretch altered the antioxidant
systems in both mild and moderate injury
Stretch applied to 158N cell line was able

to induce ROS production leading to
protein oxidation and alteration of
glutathione redox cycle. Hence, we

decided to analyse the status of the
antioxidant systems in our cells (Fig. 2).
The activity of superoxide dismutase
(SOD), a major antioxidant enzyme, did
not change in stretched cells after mild
injury (Fig. 2a), while it did decrease after
moderate injury (8.43 + 0.35 versus 9.78 £
0.17 U/mg, p<0.05) (Fig. 2h). The effect of
stretch was also investigated at the mRNA
level of the cytoplasmic form of this
enzyme, Sod-1, and the mitochondrial
form, Sod-2. Stretch induced an increase
of both Sod-1 (+20%, p<0.05) and Sod-2
(+30%, p<0.05) expression after mild
injury (Fig. 2b, 2c), while an opposite
response was observed after moderate
injury with a decrease in the expression of
both Sod-1 (-55%, p<0.05) and Sod-2 (-
40%, p<0.05), (Fig. 2i, 2j).

Next the expression of Nrf2 was
evaluated, a transcription factor that
regulates the expression of many phase Il
detoxifying and antioxidant enzymes, such
as heme oxygenase 1 (HO-1) and
NAD(P)H:quinone  oxidoreductase 1
(NQO-1). The expression of Ho-1 (+100%,
p<0.01) and Ngo-1 (+50%, p<0.05) were
increased after mild injury in stretched
cells compared to control (Fig. 2d, 2e),
while Nrf-2 was not affected by stretch at
both mRNA and protein level (Fig. 2f, 29).
However, moderate injury induced a
tendency to decrease at the mRNA level
of Ho-1 and Nqgo-1 (Fig. 2k, 2I), and a
significant decrease of Nrf-2 expression (-
30%-fold, p<0.05) in stretched cells (Fig.
2m). At the protein level, moderate injury
induced a tendency to decrease of
activated Nrf-2 following stretch (Fig. 2n).

Stretch altered MAPKSs activity in
both mild and moderate injury
The mitogen-activated protein kinases
(MAPKs), a family of kinases as the
extracellular ~ signal-regulated  kinase
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(ERK), and c-Jun NH2-terminal kinase
(JNK), constitute a particularly stretch-
responsive pathway involved in cell
response to stretch (Hoefen and Berk,
2002; Kyriakis and Avruch, 2012; Owens
and Keyse, 2007). Thus, we decided to
analyze the effect of stretch on ERK1/2
(44 and 42 kDa) and on JNK (54 and 46
kDa) in our two models of injury. Stretch
reduced the ratio of P-ERK/ERK by 50%
(p<0.001) in the mild injury and by 35%
(p<0.01) in the moderate injury (Fig. 3a,
3c). Mild injury also affected JNK by
increasing the ratio of P-JNK/INK for the
isoform of 54 kDa (+70%, p<0.05) and a
tendency to increase for the isoform of 46
kDa (Fig. 3b). The moderate injury did not
affect INKs proteins (Fig. 3d).

Stretch altered PLP expression in
both mild and moderate injury
The following step in this study was to
evaluate the effect of stretch on PLP, one
of the major myelin proteins, at mRNA and
protein levels. Stretch-induced mild injury
does not affect PLP (Fig. 4a, 4b), while
the moderate injury significantly decreased
PLP by 50% (p<0.01) at mRNA level and
by 30% at protein level (p<0.05) (Fig. 4c,
4d).

Cellular and molecular response of
oligodendrocyte-enriched primary cell
culture to stretch-induced mild and
moderate injury

Cells from oligodendrocyte-
enriched primary culture were exposed to
mild injury (static stretch of 20% strain) or
moderate injury (static stretch of 30%
strain) and all output analyses were
performed immediately after the end of
stretching period (Fig 5-6; Fig. S1).

Stretch affected the
oligodendrocyte morphology in both mild
and moderate injury
In order to understand if these models of
injury are able to cause oligodendrocyte
loss and demyelination we moved from
158N cell line, where significant alterations
in the levels of antioxidant enzymes and of
myelin protein were observed, to the
oligodendrocyte-enriched primary culture,
a model more suitable for the analysis of
oligodendrocyte morphology.
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In order to evaluate the effect of
stretch on cell morphology, a double
immunostaining was performed for actin

and o-tubulin as components of
cytoskeleton, microfilaments and
microtubules, respectively. The

morphology of oligodendrocytes was
affected by stretch following mild injury,
given that the cells are retracted with
reduced total cell area (Fig. Sla and
Fig.5). After moderate injury, the
oligodendrocytes appeared deeply
damaged, with less or, in the many cases,
even no cell branches following stretch
(Fig. S1b).

Stretch decreased the number of
adherent cells, reduced the cell surface of
both mature and immature
oligodendrocytes and decreased the
expression of myelin genes following mild
injury
In order to analyse the effect of stretch on
oligodendrocyte morphology and its
differentiation, we labelled both mature
and immature oligodendrocytes for MAG
and PDGFR-a, respectively (Fig. 5). The
number of Hoechst” nuclei was also
gquantified showing a decrease in the
number of adherent cells by 50% following
stretch (p<0.0001) (Fig. 5a, 5b). Besides,
the effect of stretch on the area of MAG®
and PDGFR-a" cells was evaluated
highlighting the presence of smaller cells
for both mature MAG® (14 223 + 122
versus 20 351 + 163 pm? p<0.05) and
immature PDGFR-a" (3 649 * 190 versus
4 331 + 138 pum?  p<0.05)
oligodendrocytes (Fig. 5c, 5d). However,
the percentage of MAG® (11.50 + 0.29
versus 13.50 + 0.87) and PDGFR-a*
(86.33 £ 0.88 versus 80.33 + 3.28) cells
were not affected following stretch
(Fig. 5e) meaning that there were less
adherent cells but in the same proportion
of mature and immature cells.

The effect of stretch was also
assessed at the mRNA level of three
myelin genes PLP, MAG and CNP,
showing a decrease by 30% for MAG
(p<0.05) (Fig. 5f), and no significant
changes for PLP (Fig. 5g) and CNP
(Fig. 5h).

Vil
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Stretch decreased the number of
adherent cells, deeply affected both
mature and immature oligodendrocytes
and decreased the expression of myelin
genes following moderate injury
The effect of moderate stretch on the
number of adherent cells showed a
reduction by 50% of Hoechst® nuclei
number in the stretch condition (p<0.05)
(Fig. 6a, 6b). Some of these nuclei
presented an elongated shape. Due to a
severe cell damage following moderate
injury, cellular branches were disrupted
and the real shape of cells became
impossible to identify as mature MAG" or
immature PDGFR-a” oligodendrocytes.

Regarding the effect of stretch on
myelin genes, PLP expression was
decreased by 55% (p<0.05) (Fig. 6d), with
no significant changes for MAG and CNP
(Fig. 6¢, 6€) after stretch.

DISCUSSION

The aim of this work was to
understand the response of
oligodendrocytes and the fate of myelin
proteins following stretch-induced
traumatic injury. Since strain is known to
be an important component of TBI leading
to tissue damage (Ellis et al., 1995), we
focused our attention on the development
of a model of stretch-induced injury.
Numerous studies were performed on
different CNS cell types, but
oligodendrocytes have received less
attention. Oligodendrocytes are known to
be mechanosensitive. To date, some
studies attempted to explore the effect of a
mechanical stimulation on OPCs and
oligodendrocytes (Arulmoli et al., 2015;
Hernandez et al.,, 2016; Jagielska et al.,
2012; Lourenco et al., 2016; Rosenberg et
al., 2008; Urbanski et al, 2016).
Nevertheless, only one study utilizes
stretching as mechanical stimulus (static
equibiaxial strain at 10% for 3 to 7 days) in
order to differentiate primary neural stem
and progenitor cells into neurons,
astrocytes or oligodendrocytes (Arulmoli et
al.,, 2015). It is a different context, since
they studied the effect of stretch with a low
strain on cell differentiation and not the
effect of trauma, as stretch with high
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strain, on oligodendrocytes. Therefore, no
study has addressed so far the effects of
stretch-induced injury in oligodendrocytes.
We first developed two in vitro models of
stretch-induced injury i) to decipher the
cellular and molecular responses of
oligodendrocytes to stretch-induced mild
and moderate injuries and i) to
understand whether if these models of

injury cause oligodendrocyte loss and
demyelination.
Among the secondary events

triggered following TBI, the oxidative
stress has a relevant role in the aetiology

of progressive neuropathology in TBI
(Abdul-Muneer et al., 2015) and
oligodendrocytes are particularly

vulnerable to oxidative stress (French et
al., 2009; Thorburne and Juurlink, 1996).
Therefore, we assessed the ROS
production in oligodendrocytes submitted
to stretch-induced injury and we chose as
a cellular model, the oligodendrocyte 158N
cell line. Stretch did not induce cell death
but caused significant cellular and
molecular alterations as a significant
increase in the production of ROS,
resulting in protein oxidation (AOPP), after
mild and moderate injuries, and in protein
carbonylation after moderate injury. ROS
are normally produced under physiological
condition, without inducing cell damage
because the antioxidant defence system
protects cells against oxidative stress.
However, under pathological conditions,
ROS can damage and oxidize
macromolecules, such as DNA, proteins,
carbohydrates, and lipids (Rodriguez-
Rodriguez et al., 2014; Valko et al., 2006).
In our models, the free radicals produced
after stretch attack proteins, even if it
doesn’t result in cell death. Moreover, the
mild injury results in a decrease of
reduced glutathione (GSH), accompanied
by a decrease of glutathione peroxidase
(GPx), the enzyme that detoxifies H,0O, in
water by consuming 2GSH. Following the
moderate injury, the levels of GSH and
GPx are also decreased close to
significance. Glutathione is the first line of
defence and it is able to efficiently
scavenge reactive species. The
measurement of both reduced glutathione
(GSH) and glutathione disulfide (GSSG) is
often used as an indicator of the oxidative
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stress status. A decrease of the ratio
GSH/GSSG indicates a shift to an oxidized
form of GSH, suggesting the presence of
oxidative stress at the cellular or tissue
level (Dalle-Donne et al., 2006;
Durackova, 2010; Tunez et al., 2011). In
our system, it was not possible to detect
GSSG but the dosage of GSH revealed a
significant decrease of GSH, indicating an
alteration in the glutathione equilibrium.

Considering the increased ROS
production and the alteration in oxidative
stress markers after stretch, we decided to
investigate more deeply the cellular
oxidative redox status analysing the anti-
oxidant systems in 158N cells. As one of
the major anti-oxidant enzymes, SOD was
analysed at the mRNA level and for its
enzymatic activity. The mild injury results
in an increase in both Sod-1 (cytoplasmic
isoform) and Sod-2 (mitochondrial isoform)
at mRNA level but it did not result in an
alteration of SOD activity. The moderate
injury results in an opposite response
reducing both Sod-1 and Sod-2 mRNA
and also resulting in a decrease of SOD
activity. We also analysed the expression
of a transcription factor, Nrf-2, since
Nrf2/ARE pathway is a major determinant
of detoxifying phase Il gene induction
(Zhang et al.,, 2013). Upon exposure to
ROS, Nrf2 is released from the Keapl-
Nrf2 complex and it translocates from the
cytoplasm to the nucleus, where it
sequentially binds to the antioxidant
response element (ARE), a regulatory
enhancer region within gene promoters.
This binding induces the expression of
many phase |l detoxifying and antioxidant
enzyme genes such as Ho-1 and Nqgo-1,
which protect cells against oxidative stress
(Jain, 2005; Owuor and Kong, 2002). In
158N cell line, the mild injury did not affect
Nrf-2 expression (neither at mRNA nor at
protein level), in spite of an increase in the
expression of the anti-oxidant genes as
Ho-1 and Nqgo-1. Once again the response
following the moderate injury goes to the
opposite direction showing a decrease in
the mMRNA expression of Nrf-2, even if it
was not confirmed at protein level.
However, the expression of Ho-1 and Nqo-
1 was not affected probably due to the
short period of moderate injury.
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Overall, the mild injury increases
the anti-oxidant systems, showing that
cells are able to activate their defence
system, in order to strengthen their cellular
response to oxidative stress. In contrast,
the moderate injury induces an opposite
response at the molecular level with a
significant alteration of the antioxidant
system rendering cells more vulnerable.

As we wanted also to study the
effect of stretch on signalling pathways,
our interest was focused on a particularly
stretch-responsive pathway involving the
mitogen-activated protein kinases
(MAPKs).  These  kinases include
extracellular  signal-regulated kinase
(ERK), c-Jun NH2-terminal kinase (JNK),
and p38. MAPKs are known to regulate
different cellular processes as cell survival,
proliferation, differentiation, and migration
(Pearson et al., 2001). They are also
known to be involved in mechanically-
induced signalling in various cell types
being implicated in the signal transduction
from the cell membrane to the nucleus. It
has been demonstrated that isoforms of
JNK and ERK are phosphorylated in a
tension-dependent manner in rat skeletal
muscle preparations (Martineau and
Gardiner, 2001). In bovine aortic
endothelial cells, cyclic stretch transiently
activates JNK, ERK and p38 in a strain
rate-dependent manner, accompanied by
an alignment of stress fibres for uniaxial
strain and by cell retraction for equibiaxial
strain (Hsu et al.,, 2010). Moreover,
mechanical injury activates in CNS glial
cells, as astrocytes, ERK (Neary et al.,,
2003), and p38 (Zhou et al., 2011).

However, signalling pathways
activated in oligodendrocytes in response
to a mechanical stimulus has not been
reported so far. In our model ERK pathway
was found to be inhibited in both mild and
moderate injuries, while JNK was
activated after mild injury only. A recent
study showed that the Ras/Raf/MEK/ERK
pathway signalling is inhibited through the
activation of the stress-activated JNK
cascade. This effect is engaged by cancer
therapeutics, that activates JNK through
mitotic and oxidative stress (Ritt et al.,
2016). We cannot exclude a similar
pathway regulation in our system, even
though ERK is downregulated also after
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moderate injury, when JNK is not
activated. MAPKSs isoforms are
preferentially activated by distinct stimuli,
ERK is more involved in cell division,
migration, and survival, while p38 and JNK
are more responsive to cellular and
environmental stresses (Hoefen and Berk,
2002; Kyriakis and Avruch, 2012; Owens
and Keyse, 2007; Vezza et al., 2016). In
our system, given the activation of JNK
following  stretch, it confirms that
mechanical stretch activates the JNK
pathway  known to respond to
environmental stresses. However, the
activation of JNK in our model seems to
be strain-dependent since it is not
activated following stretch-induced
moderate injury.

Another objective of our study was
to understand if stretch-induced injury
initiates oligodendrocyte loss. To answer
this question we analysed in the 158N cell
line the expression of PLP, one of the
major myelin proteins. While mild injury did
not alter this protein, moderate injury
provoked a significant decrease of PLP at
both mRNA and protein levels. Overall,
our findings suggest that stretch induces
myelin protein alteration depending on the
severity of stretch.

In order to analyse the effect of
stretch on oligodendrocytes morphology,
we used the oligodendrocyte-enriched
primary culture, a primary culture with
more than 95% of oligodendrocytes. Cells
subjected to the mild injury showed a
significant decrease in cell adherence after
stretch and, regarding the morphology,
cells appeared retracted in the stretched
condition as confirmed by a significant
decrease of surface area of immature
(PDGFR-0") and mature (MAGY)
oligodendrocytes following stretch.
Nevertheless the proportion of mature and
immature oligodendrocytes did not change
after stretch meaning that they were
equally affected by stretch. The analysis
on the expression of myelin genes
resulted in a decrease of Mag mRNA in
line with the immunolabelling studies.
Cells can respond to a mechanical stretch
by increasing or by decreasing their
spread area, generally as a function of
stretch magnitude and strain frequency, if
a dynamic stretch is applied. For example,
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a cyclic equibiaxial stretch of 10% in aortic
endothelial cells decreases cell spreading
at 1Hz, but not at 0.01Hz. Cells retract to
~80% of their original area after 5 min and
maintained this retracted area throughout
the 60 min of experiment (Hsu et al.,
2010). Cui and coworkers showed in
fibroblasts that strain at higher magnitude,
15%, reduced the cell spreading, reflected
by the total cell area, even at low
frequency (Cui et al.,, 2015). Our results
are in line with these findings, since 20%
of strain magnitude is able to affect cell
area in our study. When primary
oligodendrocytes were subjected to
moderate stretch, the effect was more
drastic. There were less adherent cells
and those who were attached to the
silicone membrane presented a severe
cell damage.. Primary oligodendrocytes
appeared more sensitive to stretch-
induced injury compared to the cell line.
Taken together, the strain at 20% results
in a reduced cell area or cell retraction,
while the strain at 30% of strain results in
a more severe damage that compromises
the analysis of cell morphology.

In conclusion, we developed for the
first time two in vitro models of stretch-
induced injury, mild and moderate, to
decipher the cellular and molecular
response of oligodendrocytes to stretch.
Our data suggest that oligodendrocytes
constitute a cellular target to counteract
demyelination following stretch-induced
injury.
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Figure 1: Stretch increased the level of intracellular ROS in 158N cell line in both mild and moderate injury. The
intracellular ROS level was detected by DCFH-DA fluorescent probe. Representative pictures of DCF-stained (FITC
channel) and PI-stained (PE channel) from control (Ctrl) and stretched (Stretch) cells following mild (a) and moderate (f)
injury. Representative picture of the mean fluorescence intensity (MFI) of DCF measured on DCF*/PI" cells following mild
(b) or moderate (g) injury. Quantitative analysis of the percentage of DCF" cells following mild (c) or moderate (h) injury.
Results are expressed as the fold change compared to control group. Values are the mean + SEM of 3 experiments
performed in triplicate. AOPP (umol/l) and carbonyls (nmol/mg) were measured in control (Ctrl) and stretched (Stretch)
cells following mild (d , €) or moderate injury (i , j). Results represent the mean + SEM (n=5). Student’s unpaired t-test. *:
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Table 1: Effect of stretch on glutathione, enzymes involved in glutathione redox cycle and thiols
in 158N cell line after mild and moderate injury

Stretch-induced mild injury

Ctrl Stretch p value
GSH (AU) 403.7 £9.025 | 363.3+4.410 | 0.0159 (*)
GSSH nd nd
GPx (U/mg) 0.392 £ 0.039 | 0.216 + 0,024 | 0.0020 (**)
GRx (U/mg) 0.018 £ 0.005 | 0.050 + 0.020 | 0.1408
Thiols (umol/mg) 4759 +48.35 | 452.9+2453 | 0.6772

Stretch-induced moderate injury

GSH (AU) 422.7+21.11 | 358.7£11.26 | 0.0555
GSSH nd nd
GPx (U/mg) 0.310 £ 0.021 | 0.243+0.014 | 0.0584
GRx (U/mg) 0.013 £ 0.003 | 0.030+0.006 | 0.0668
Thiols (umol/mg) 512.0+13.20 | 472.0+13.80 | 0.1043

Glutathione in reduced (GSH) and oxidized (GSSG) state, glutathione peroxidase (GPx), glutathione reductase (GRX)
and thiols were measured in control (Ctrl) and stretched (Stretch) cells following mild or moderate injury. Results
represent the mean + SEM (n=9 for mild and n=3 for moderate). Student’s unpaired t-test. *: p<0.05; **: p<0.01. nd: not
determined.
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Figure 2: Effect of stretch on different oxidative stress parameters in 158N cell line after mild and moderate
injury. SOD was measured in control (Ctrl) and stretched (Stretch) cells following mild (a) or moderate (h) injury. Results
represent the mean + SEM (n=5). RNA was extracted and RT-qPCR was performed in control (Ctrl) and stretched
(Stretch) cells following mild and moderate injury for the antioxidant genes Sod-1 (b , i), Sod-2 (c, j), Ho-1(d , k), Ngo-1
(e, ), Nrf-2 (f, m). Proteins were extracted after stretch from control (Ctrl) and stretched (Stretch) cells and western blot
was performed for the transcriptional factor Nfr2 following mild (g) or moderate (n) injury. The ratio P-Nrf2 (100 kDa) on
total Nrf2 (68 kDa) is presented. Results represent the mean+SEM of 3 independent experiments performed in triplicate.
Student’s unpaired t-test. *: p<0.05; ***: p<0.001.
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Figure 3: Evaluation of the stretch effect on the amount of the MAP kinases ERK1/2 and JNKs in 158N cell line
after mild and moderate injury. Proteins were extracted after stretch from control (Ctrl) and stretched (Stretch) cells
and western blot was performed for ERK1/2 (a, ¢) or INKs (b, d). B-actin (47kDa) was used as loading control. The ratio
P-ERK on total ERK is presented following mild (a) or moderate (c) injury. The ratio P-JNK on total JNK is presented
following mild (b) or moderate (d) injury for the isoforms 54 and 46 kDa. Results represent the mean+SEM of three
independent experiments. Student’s unpaired t-test. *: p<0.05; **: p<0.01; ***: p<0.001.

XVl



Stretch-induced mild injury

a) b) [— —] 7P

—~ = B actin
ST £ . [ —]
< (%
=z 200 E
% 150 - o 1007
c
% 100 % oo
9 504 ’5.
g 2
0 0
Ctrl  Stretch Ctrl  Stretch
Stretch-induced moderate injury
c) d)
leO— Q.
2 T o0
o 75 *% T *
S j=
g 504 % 50
% 25 s
- (=]
L s,
Ctrl  Stretch Ctrl  Stretch

Figure 4: Evaluation of the stretch effect on PLP myelin gene and protein expression in 158N cell line after mild
and moderate injury. RNA was extracted and RT-gPCR was performed in control (Ctrl) and stretched (Stretch) cells
following mild and moderate injury for the myelin gene Plp (a, c). Results represent the mean+SEM of 4-7 independent
experiments performed in triplicate. Proteins were extracted after stretch from control (Ctrl) and stretched (Stretch) cells
and western blot was performed for the myelin protein PLP (26kDa) following mild (b) or moderate (d) injury. B-actin
(47kDa) was used as loading control. Results represent the meantSEM of three independent experiments. Student’s
unpaired t-test. *: p<0.05; **: p<0.01.

2>Figure 5: Effect of stretch on oligodendrocyte morphology, cell adherence and myelin gene expression in
oligodendrocyte-enriched primary culture after mild injury. (a) Immunostaining of mature oligodendrocytes (MAG in
green), their precursors (PDGFR-a in red) and nuclei (Hoechst in blue) was performed in control (Ctrl) and stretched
(Stretch) cells following mild injury. Scale bar: 100 um. (b) Quantitative analysis of the number of Hoechst" cells per field
(0,26 nmz). (c) Quantitative analysis of the area of MAG" cells. (d) Quantitative analysis of the area of PDGFR-a" cells.
(e) Quantitative analysis of the percentage of MAG" and PDGFR-a" cells. RNA was extracted and RT-gPCR was
performed in control (Ctrl) and stretched (Stretch) cells following mild injury for the myelin genes as Mag (f), Plp (g) and
Cnp (h). Results represent the meantSEM of three independent experiments performed in triplicate. Student’s unpaired
t-test. *: p<0.05; ***p < 0.001. DIV: days in vitro.
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Figure 6: Effect of stretch on oligodendrocyte morphology, cell adherence and myelin gene expression in
oligodendrocyte-enriched primary culture after moderate injury. (a) Immunostaining of mature oligodendrocytes
(MAG in green), their precursors (PDGFR-a in red) and nuclei (Hoechst in blue) in control (Ctrl) and stretched (Stretch)
cells following moderate injury. Scale bar: 100 pm. (b) Quantitative analysis of the number of Hoechst" cells per field
(0,26 nmz). RNA was extracted and RT-qPCR was performed in control (Ctrl) and stretched (Stretch) cells following
moderate injury for the myelin genes as Mag (c), Plp (d) and Cnp (e). Results represent the mean+SEM of three
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independent experiments performed in triplicate. Student’s unpaired t-test. *: p<0.05; **p < 0.01. DIV: days in vitro.
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Figure S1: Effect of stretch on the morphology of oligodendrocytes from oligodendrocyte-enriched primary
culture after mild and moderate injury. Double immunostaining of a-tubulin (green) and actin (red) in oligodendrocyte-

enriched primary culture from control (Ctrl) and stretched (Stretch) cells following mild (a) and moderate (b) injury . Scale
bar: 20um.
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Supplementary data to Article 1

Some results, obtained on 158N cell line and oligodendrocyte-enriched primary cell culture,

are not included in the article 1, but they will be presented below as complementary data.

3. Cellular and molecular responses of 158N cell line to stretch-induced mild and
moderate injury

3.1 Evaluation of the stretch effect on the expression of the pro-oxidant gene Duox-1

Given the increased ROS production and the alterations of the cellular redox status observed
following mild and moderate stretch (Article 1, Fig. 1 and 2), we decided to investigate on
the source of these ROS. As part of pro-oxidant systems, the expression of Duox-1 gene,
member of the NOX/DUOX family of NADPH oxidases, was tested at the mRNA level. These

enzymes transfer electrons across the biological membrane and they generate ROS.

After mild injury the expression of Duox-1 gene was increased by 70% in the stretch
condition (p<0.01) (Fig. 41a), while after moderate injury it was not significantly affected
(Fig. 41b). The expression of other members of NADPH oxidases family was also tested

(Nox-1, Nox-2, Nox-3, Nox-4) but they were not detectable in our system by RT-qPCR.
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Figure 41: Evaluation of the stretch effect on the expression of the pro-oxidant gene Duox-1 in 158N cell
line at time Oh post-stretch. RNA was extracted and RT-qPCR was performed in control (Ctrl) and stretched
(Stretch) cells for the pro-oxidant gene Duox-1 following mild (a) and moderate (b) injury. Results represent the
mean+SEM of 5-8 independent experiments performed in triplicate. Student’s unpaired t-test. **: p<0.01.
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3.2 Evaluation of the stretch effect on the expression of the myelin genes Mag and Cnp

In the article 1, the analysis for PLP expression at both mRNA and protein level revealed a
marked decrease following moderate injury (Article 1, Fig.3). Complementary to these
results, the expression of two other myelin genes, Mag and Cnp, was assessed at mMRNA
level. The mild injury resulted in an increase in the expression of both genes, Mag
(+400%, p<0.05) and Cnp (+95%, p<0.01), compared to control (Fig. 42a, b). The moderate
injury, instead, did not significantly affect Mag and Cnp, even if they showed a tendency to
decrease (Fig. 42c, d). We were not able to confirm these results by WB, since MAG and
CNP proteins are not detectable in 158N cell line in our experimental conditions. Probably
the mild injury, lasting for 20h, stimulates the synthesis of new myelin proteins resulting in an
increase of Mag and Cnp expression. The moderate injury instead is more severe and it

seems to decrease Mag and Cnp expression that is in line with PLP results.

Stretch-induced mild injury Stretch-induced moderate injury

|
|
|

—~a) Mag b) Cnp I =C Mag d) Cnp

X 1 >

2 750 * 250 *% | : 125 125

; 600 200 1 Z 100 100

D: 450 150 | D: 75 75

IS | IS

300 100 O 5o 50

g D2

E 150 50 I g 25 25

§ 0 0 1 9 [ 0

Ctrl Stretch Ctrl Stretch | Ctrl Stretch Ctrl Stretch

1

Figure 42: Evaluation of the stretch effect on the expression of the myelin genes Mag and Cnp in 158N
cell line at time Oh post-stretch. RNA was extracted and RT-qPCR was performed in control (Ctrl) and
stretched (Stretch) following mild and moderate injury for the myelin genes Mag (a,c) and Cnp (b,d). Results
represent the meantSEM of 5-8 independent experiments performed in triplicate. Student’'s unpaired t-test.
*: p<0.05; **: p<0.01.

3.3 Evaluation of the stretch effect on the myelin protein PLP at 24h post-stretch

The effect of stretch on PLP was assessed immediately after the stretch (time Oh) as
reported in the article 1 showing that PLP was decreased following moderate injury only
(Article 1, Fig. 4). To complete this analysis, the effect of stretch on PLP was also evaluated
24h after the end of the stretch (time 24h) and the protein was still not affected after mild
injury (Fig. 43a) and was restored to normal level after moderate injury (Fig. 43b). This
period of time (24h) seems to be enough for this cellular model to restore PLP to normal

level.
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Figure 43: Evaluation of the stretch effect on the myelin protein PLP in 158N cell line at time 24h post-
stretch. Proteins were extracted from control (Ctrl) and stretched (Stretch) cells following mild (a) and moderate
(b) injury and western blot was performed for the myelin protein PLP. B-actin was used as loading control. Results
represent the mean+SEM of three independent experiments. Student’s unpaired t-test.

3.4 Evaluation of the stretch effect on the expression of the pro-/antioxidant and myelin

genes at 24h after stretch-induced mild injury

As reported in the article 1 and in the supplementary data (8 3.1), the expression of the pro-
oxidant gene Duox-1, the antioxidant genes Sod-1, Sod-2, Nrf-2, Ho-1 and Nqo-1 and the
myelin genes Plp, Mag, and Cnp was assessed immediately after the stretch (time Oh)
reporting an alteration in the mRNA levels for both mild and moderate injury (Article 1, Fig. 2
and 3 and Fig. 41).

In order to complete this analysis, the effect of stretch following mild injury was also
assessed on the expression of all these genes 24h after the end of the stretch (time 24h).
The expression of the pro/antioxidant genes was back to normal level, except for Ho-1 that
was significantly decreased (-20%, p<0.05). The myelin genes were also back to normal
levels except for Cnp that was significantly decreased (-30%, p<0.001), results are
summarized in the Table 11 (see also Fig. 44).

The analysis at time 24h was not performed following the moderate injury, given that the
expression of almost all genes analyzed was back to normal after mild injury at late time
point 24h.
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Figure 44: Evaluation of the stretch effect on pro-/antioxidant and myelin gene expression in 158N cell
line subjected to stretch-induced mild injury at time 24h post-stretch . RNA was extracted and RT-qPCR
was performed in control (Ctrl) and stretched (Stretch) cells for the antioxidant genes Sod-1, Sod-2, Nrf-2, Ho-1,
Ngo-1, the pro-oxidant gene Duox-1 and the myelin genes Plp, Mag and Cnp. Results represent the mean+SEM
of 4-6 independent experiments performed in triplicate. Student’s unpaired t-test. *: p<0.05; **: p<0.01.

Stretch-induced mild injury 24h

after stretch versus control
Genes 158N

Sod-1 =

Sod-2 =

Nrf-2 =

Ho-1 $20% (*)

Nqgo-1 =

Duox-1 =

1'30% (**)

Table 11: Table summarizing the stretch effect on pro-oxidant, antioxidant and myelin gene expression in
158N cells subjected to stretch-induced mild injury at time 24h post-stretch . RNA was extracted and
RT-gPCR was performed in control and stretched cells for the antioxidant genes Sod-1, Sod-2, Nrf-2, Ho-1,
Ngo-1, the pro-oxidant gene Duox-1 and the myelin genes Plp, Mag and Cnp. The percentage indicated is the
percentage of induction (1) or inhibition (/) compared to the control condition. Sign of “=” is reported when no
significant differences were observed compared to the control condition. Student’s unpaired t-test was performed
and significant differences are reported in brackets. *: p<0.05; **: p<0.01. See Figure 44 for the corresponding
histograms.
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4. Cellular and molecular responses of oligodendrocyte-enriched primary cell culture
to stretch-induced mild and moderate injury

4.1 Effect of stretch on cytoskeleton

This part of the work on oligodendrocyte-enriched primary cell has been performed with the
participation of Giulia Cristinziano, student from the European program Unipharma
graduates. A double immunostaining for actin and a-tubulin was performed in order to
analyse microfilaments and microtubules respectively, as reported in the article 1
(Article 1, Fig.S1), showing that the morphology of oligodendrocytes was deeply affected by
stretch, in particular after moderate injury, where the cells appeared really damaged.

Thus, to deeply analyse the effect on cytoskeleton, a double immunostaining for actin and
vinculin, which label microfilaments and focal adhesion plaques respectively, was also
accomplished. Results confirmed that the oligodendrocytes were damaged following

moderate injury, with less or even no branches (Fig. 45).

Vinculin

Ctrl

Stretch

Figure 45: Stretch deeply affects the morphology of primary pure oligodendrocytes after stretch-induced
moderate injury at time Oh post-stretch. Double immunostaining of vinculin (green) and actin (red) in
oligodendrocyte-enriched primary culture from control (Ctrl) and stretched (Stretch) cells following moderate
injury. Scale bar: 20pum.
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4.2 Evaluation of stretch-induced mild injury on cellular ramifications in immature

oligodendrocytes

Double immunostaining for mature (MAG") and immature (PDGFR-a") oligodendrocytes was
performed in control and stretched cells following mild injury and less adherent cells were
observed in the stretch condition accompanied by a reduced surface for both mature and
immature oligodendrocytes (Article 1, Fig. 5). Considering the immature oligodendrocytes,
PDGFR-a’, a quantification of the number of ramifications was also performed. Cells were
divided into three groups on the basis of the number of ramifications: less than 5 (<5), from 5
to 10 (5-10) and more than 10 (>10) ramifications. Results showed no significant differences
between the control and the stretch condition, nevertheless there was a tendency to
decrease for the intermediate category with 5-10 ramifications (Fig. 46). Results are
preliminary and need to be confirmed, but in the stretch condition there are fewer cells and
the most affected seem to be cells with 5-10 ramifications.

This analysis was not performed following stretch-induced moderate injury because cells are

too damaged, with less or even no ramifications.
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Figure 46: Effect of stretch on the number of ramifications of immature oligodendrocytes (PDGRF-a"
cells) in oligodendrocyte-enriched primary culture after stretch-induced mild injury at time Oh post-
stretch. Immunostaining of immature (PDGFR-a") oligodendrocytes was performed in control (Ctrl) and stretched
(Stretch) cells following mild injury. Quantitative analysis of the percentage of PDGFR-a * cells is reported, cells
were divided into three categories of ramifications <5, from 5 to 10, and >10. Results represent the mean+SEM of
two experiments, based on the analysis of 15-16 images per condition. One-way ANOVA followed by Bonferroni
post-hoc test.

4.3 Evaluation of the stretch effect on cell adherence 24h after stretch

The number of Hoechst” nuclei is indicative of the number of oligodendrocytes adherent to
the silicone membrane, so cell adherence was calculated immediately after the stretch
(time 0Oh) showing a reduction in the number of adherent cells for both mild and moderate

injury as reported in the article 1 (Article 1, Fig. 5 and 6). The analysis was also performed
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24h after the end of the stretch (time 24h) and a decrease in the number of adherent cells
was still observed, following both mild (-27%, p<0.05) and moderate injury (-30%, p<0.05)
(Fig. 47). This suggest that detached cells from the substrate at time Oh are dead, or they

undergo cell death in the hours following stretch, since that they do not re-adhere to the
silicone membrane.
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Figure 47: Effect of stretch on oligodendrocyte cell adherence in oligodendrocyte-enriched primary
culture after mild and moderate injury at time 24h post-stretch. Quantitative analysis of the number of
Hoechst" nuclei per field (0.26 nmz) in control (Ctrl) and stretched (Stretch) cells following mild (a) or moderate (b)
injury. Results represent the mean+SEM of one (mild) and two (moderate) independent experiments (12 fields
analyzed per well, 2 wells per condition). Student’s unpaired t-test. *: p<0.05.

4.4 Evaluation of the stretch effect on the expression of the antioxidant genes

The expression of the antioxidant genes Sod-1, Sod-2, Nrf-2, Ho-1 and Ngo-1 was evaluated
in the oligodendrocyte-enriched primary culture after mild and moderate injury. No
modifications were observed following mild injury (Fig. 48). Following moderate injury, Sod-2
was reduced by 30% (p<0.0001), Ho-1 was increased by 35% (p<0.05), while the other
genes were not affected (Fig. 49). Probably for the mild injury, the stretch is not severe
enough to induce an alteration of the antioxidant systems, or the systems are altered but
during the 20h of stretch they come back to normal level. The moderate injury is more severe
affecting the mitochondrial Sod-2 and Ho-1.
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Figure 48: Evaluation of the stretch effect on antioxidant gene expression in oligodendrocyte-enriched
primary culture following stretch-induced mild injury at time Oh post-stretch. RNA was extracted and RT-
gPCR was performed in control (Ctrl) and stretched (Stretch) cells following mild injury for the antioxidant genes
Sod-1, Sod-2, Nrf-2, Ho-1 and Nqo-1. Results represent the meantSEM of three independent experiments
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Figure 49: Evaluation of the stretch effect on antioxidant gene expression in oligodendrocyte-enriched
primary culture following stretch-induced moderate injury at time Oh post-stretch. RNA was extracted and
RT-gPCR was performed in control (Ctrl) and stretched (Stretch) cells following mild injury for the antioxidant
genes Sod-1, Sod-2, Nrf-2, Ho-1 and Ngo-1. Results represent the mean+SEM of three independent experiments
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5. Cellular and molecular responses of mixed glial primary culture to stretch-induced
mild injury

Stretch induced-mild injury was also tested on a different cellular model, i.e. the mixed glial
primary culture. This culture is composed by a majority of astrocytes growing on a monolayer
adherent to the silicone membrane. Oligodendrocytes represent around the 20% of total cells

and they grow on the top of astrocytes.

5.1 Stretch did not affect the oligodendrocyte cell adherence within mixed glial culture

In order to analyse the oligodendrocytes in a mixed glial primary culture, eGFP" cells
obtained from PLP-eGFP mice were imaged. The expression of eGFP, under the control of
the PLP promoter activity, allowed the visualization of oligodendroglial cells in green under
epifluorescent microscope (Fig. 50a).
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Figure 50: Effect of stretch on oligodendrocyte cell adherence in mixed glial primary culture following
stretch-induced mild injury at time Oh post-stretch. Oligodendrocytes were grown on astrocyte layer.
Oligodendrocytes from PLP-eGFP mice are visualized in green and Hoechst stained the cell nuclei in blue. (a)
Representative images of control (Ctrl) and stretched (Stretch) cells following mild injury. Scale bar: 50um. (b)
Quantitative analysis of the number of eGFP" cells per field (0.26 nm2). Results represent the mean+SEM of three
independent experiments. Student’s unpaired t-test.
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The cell adherence was calculated immediately after the end of stretch period. The number
of Hoechst™ nuclei/ eGFP™ cells was an indicator of the number of adherent oligodendrocytes
and it remained unchanged following stretch (32.5 + 2.67 cells versus 36.8 + 4.58 cells/field)
(Fig. 50b).

5.2 Stretch increased the amount of AOPP within mixed glial culture

The oxidant markers, analysed in 158N cell line (Article 1, Fig.1 and Table 1), were also
analysed in mixed glial culture. Amount of AOPP was significantly increased in stretched
cells compared to control group (224.0 £ 5.03 versus 250.3 + 4.63 pmol/mg; p<0.05)
(Fig. 51a). There was also a tendency to increase for carbonyls groups (p=0.051) (Fig. 51c¢),
while thiols were unchanged after stretch (Fig. 51b). There was a tendency to decrease after
stretch for SOD activity (p=0.053), one of the principal enzymes in the antioxidant defence
(Fig. 519). Considering the glutathione redox cycle, it seems not to be affected in this cellular
system. In fact, there were no differences between stretch and control groups in the
glutathione reductase and glutathione peroxidase activities and in the amount of reduced
glutathione (GSH) (Fig. 51d, 51e, 51f). These results are in line with the results obtained in
158N cell line, were AOPP and carbonyls where also increased (Article 1, Fig.1). In the cell
line, the glutathione redox cycle was affected with a decreased in GSH and glutathione
peroxidase activity (Article 1, Table 1), while in the mixed glial primary culture this was not
altered. This is consistent with the fact that in the mixed culture there are astrocytes that are
rich in GSH content and have more developed antioxidant defence, so they “protect” the

culture from GSH decrease.
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Figure 51: Effect of stretch on different oxidative stress parameters in mixed glial primary culture
following stretch-induced mild injury at time Oh post-stretch. (a) AOPP(umol/l), (b) thiols (umol/l),
(c) carbonyls (nmol/mg), (d) gluthation reductase (U/mg), (e) gluthation peroxidase (U/mg), (f) reduced gluthathion
(AU of fluorescence intensity) and (g) SOD (U/mg) were assessed in control (Ctrl) and stretched (Stretch) cells
following mild injury. Results represent the mean + SEM (n=3). Student’s unpaired t-test. *: p<0.05.

5.3 Stretch decreased the expression of antioxidant and myelin genes within mixed

glial culture

Considering the alterations of oxidative stress markers, we decided to investigate the effect
of stretch at the mRNA level of different antioxidant genes. We found that Sod-2
(-30%, p<0.01), Ngo-1 (-15%, p<0.05), Ho-1 (-25%, p<0.01) and Nrf-2 (-40%, p<0.01) were
significantly decreased (Fig. 52b, 52c, 52d, 52e). Regarding Sod-1 there was a tendency to
decrease but it remained statistically non significant (Fig. 52a). The mRNA of the pro-oxidant
gene Duox-1 was not detectable in this cellular system. In parallel, the effect of stretch on the
myelin genes Plp, Mag and Cnp was evaluated and Plp (p<0.01) and Mag (p<0.01) were
significantly decreased after stretch by 60% and 50% respectively (Fig. 52f, 52g), with a
tendency to decrease for Cnp (Fig. 52h). For the 158N cell line, an opposite response was
reported, with an increase in the antioxidant gene expression and not a decrease
(Article 1, Fig.2). This can be explained by the presence of astrocytes in the culture. The

antioxidant response appeared globally reduced in the mixed glial culture, maybe these cells
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during the stretching period of 20h had the time to activate the antioxidant system and then

to decrease due to a negative feedback.
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Figure 52: Evaluation of the stretch effect on antioxidant and myelin gene expression in mixed glial
primary culture following stretch-induced mild injury at time Oh post-stretch. RNA was extracted and
RT-gPCR was performed in control (Ctrl) and stretched (Stretch) cells following mild injury for the antioxidant
genes Sod-1, Sod-2, Nrf-2, Ho-1 and Nqo-1 and the myelin genes Plp, Mag and Cnp. Results represent the
meantSEM of three independent experiments performed in triplicate. Student's unpaired t-test. *: p<0.05;

**: p<0.01.
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6. Development of a model of stretch-induced moderate injury in organotypic
cerebellar slices

To deeply analyse the potential effect of stretch-induced injury on demyelination, we decided
to move from an in vitro model to an ex vivo one. The mouse organotypic cerebellar slice
culture was chosen for this study because cerebellum is very rich in myelinated fibers. The
organotypic culture preserves the 3D architecture of cerebellum maintaining the in situ
connections between all different cell populations. When | started my PhD in 2013, there
were no models available to study stretch-induced injury in cerebellum. Therefore, | had to
perform first a successful culture on the silicone membrane of the Bioflex® Plates. However
the culture of cerebellar slices on elastomeric sheets constitutes the difficult part of the
experiment. In fact in the case of a typical organotypic culture, slices are left on a particular
support, a semipermeable membrane, where they are not covered by culture medium
allowing them a gas exchange with air. This point is very important for the survival of slices

and to reach this goal we had to test different parameters, summarized in the Table 12.

After several attempts, the culture of cerebellar slices was still not successful. Thus we
contacted the pioneer of ex vivo models of TBI, Pr Barclay Morrison Il (Columbia University,
New York, USA). He previously described a model of stretch-induced injury in organotypic
culture of hippocampal slices (Morrison et al., 2000a, 2000b). Thanks to a mobility grant
(IFD, Paris Descartes University), | had the opportunity to do an internship of three months,
from June to August 2015, in his laboratory (Neurotrauma and Repair Laboratory at
Biomedical Engineering, New York). There, | learned the experimental protocol on
hippocampus with their stretching device. After several attempts, | adapted their protocol to
cerebellum with our stretching device. This experience allowed me to greatly improve our
experimental protocol and finally to obtain a successful organotypic culture on silicone

membrane.
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Tested parameters Conditions

No treatment
Pre-treatment Bioflex® Plates Plasma Cleaner: 2 minutes of cleaning
Ozone cleaner: 15 minutes of cleaning

LN alone (pre-coated plates and home made coating)
PLL alone

LN/PLL different concentration

LN(80 pg/ml) PLL (320 pg/ml)

Coating Bioflex® Plates

3D
Rocker mouvement oD
. . 70
Inclination angle of rocker tray 14°
Rocking rate 1 cycle/30s
1 cycle/min

Normal humidification

Humidification With humidifier (3 cycles of 10 min a day)

Neurobasal medium
Medium overnight (before culture) Cerebellum medium
Cerebellum medium serum free

From 5 min to 1h30

«Dry» time for slice adherence 15 min

Neurobasal medium
Medium after slice adherence (1day) | Cerebellum medium
Cerebellum medium serum free

From 500pul to 1 ml

Volume medium /well 800l

5%

Percentage serum during stretching 2506

Table 12: Table summarizing the different conditions tested during the development of the stretch-
induced injury model in organotypic cerebellar slice culture. LN: Laminin, PLL: Poly-L- Lysine. The
parameters that have been chosen for the following experiments are highlighted in bold pink.

Pre-treatment Bioflex® Plates

The first attempts of organotypic culture of cerebellar slices were done by performing the
culture on coated plates with different proteins. But, even by changing the coating conditions
(proteins, concentration), it was impossible to make the slices adherent to the silicone
membrane. Once the medium added, they raised up from the membrane and floated in the
medium. To solve this problem, the plates were pretreated with an Ozone Cleaner or a
Plasma Cleaner. This treatment quickly renders the surface hydrophilic through plasma

oxidation. A silicone surface recovers hydrophobic properties with time after plasma
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treatment (~1 hour), thus oxidized surfaces should be brought into contact with the coating
solution as soon as possible after plasma/ozone treatment in order to achieve strongest bond
possible with the adhesion proteins. Thanks to this procedure, the proteins in the coating
solution adhere to the membrane and, in turn, this allows a better adhesion of the slices to

the silicone membrane.
Coating Bioflex® Plates

Different conditions of coating were tested and the best results were obtained with a
combined coating of laminin (LN) and poly-L-lysine (PLL) at high concentration:
LN (80 pg/ml) /PLL (320 pg/ml).

Rocking parameters

In order to allow a gas exchange with air, slices had to be kept on a rocker all over the
duration of the culture. The slow movement of the rocker makes the slices to be alternatively
in contact with the medium and with the air allowing the nourishment and the gas exchange.
Three parameters are critical for this system: the type of rocker movement (2D versus 3D),
the inclination angle of the rocker tray and the rocking rate. The best results were obtained

with a 2D movement, inclination angle of 14° and a speed of 1 cycle per minute.
Humidification

In order to avoid an excessive evaporation of medium, a humidifier was introduced into the
incubator. It was turned on during 3 cycles of 10 minutes per day, equally distributed within
24h.

Culture Medium

To allow a better adhesion of slices a particular medium was utilized before and immediately
after the culture, different from the medium normally used for organotypic cerebellar slices.
This particular medium is a neurobasal medium supplemented with B27, glucose and
glutamax that will be referred in this text simply as “neurobasal medium”. After the coating,
plates were rinsed but not dried, the neurobasal medium was added in each well the day
before the culture. Then, at the moment of the culture, the medium was removed to place the
slices on the membrane. Another important parameter is the “dry” time after culture, required
for slice adherence. The better results were obtained with 15 minutes, shorter time did not
allow an optimal adhesion and longer time exposed the slice to the risk of dry out.
Immediately after culture, neurobasal medium was added and, the day after the culture, half
of the medium was replaced by classical medium for cerebellum. From this moment all the

following medium changes were done with cerebellum medium. Concerning the medium, the
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volume was the last parameter to be tested. As reported above, the slices are on a rocker
with a particular inclination angle and the volume of the medium should be enough to supply
nourishment but not too much to “drown” the slices. The optimal volume was found to be
800ul per well.

Percentage of serum during the experiment

The typical culture medium for cerebellum contains 25% of horse serum. Given that for cells
we reduced this percentage by fifth in order to see an effect of stretch, we tried to maintain
the same principle and so reduce the percentage of serum from 25% to 5%. Some tests are
still ongoing on this parameter. Slices are analysed at Oh, 24h and 72h after the stretch. For
the time Oh and 24h post-stretch, the reduced percentage of serum does not present a
problem, but for slices analysed at 72h it has to be considered that they are kept in culture 4

days in 5% serum, probably undamaging the tissue.
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7. Cellular and molecular responses of mouse organotypic cerebellar slices to stretch-

induced moderate injury

The first step was to perform a successful organotypic culture of cerebellar slices on the
silicone membrane of the Bioflex® Plates, objective that was reached by working on all
parameters described above. After 7 DIV of culture, slices appeared healthy, with preserved
neurons and myelin sheaths, as assessed by a double immunostaining for Purkinje cells
(marked by CaBP) and myelin sheaths (marked by MAG) (Fig. 53). Slices were subjected to
a stretch-induced moderate injury and different analyses were performed immediately after
the stretch (t Oh), 24h (t 24h) and 72h (t 72h) after the end of the stretch.

Figure 53: Double immunostaining of organotypic cerebellar slices for CaBP in red and MAG in green.
Slices were grown on silicone membrane for 7 DIV before performing the immunohistochemistry. Scale bar:
250pm. CaBP: Calbindin protein; MAG: Myelin-associated glycoprotein.

7.1 Effect of stretch on myelin sheaths and neurons

A double immunostaining for Purkinje cells (marked by CaBP) and myelin sheaths (marked
by MAG) was performed in control and stretched slices in order to see the effect of stretch.
The intensity of staining was assessed for both CaBP and MAG and no differences were
observed in stretched slices compared to the control condition at time Oh, 24h and 72h after

stretch (Fig. 54). These data ruled out a major effect of stretch on cerebellar slices.
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Figure 54: Double immunostaining of organotypic cerebellar slices for CaBP in red and MAG in green
after stretch-induced moderate injury. a) Images represent control (Ctrl) and stretched (Stretch) slices
analyzed at 72h post-stretch. The same results were also obtained at Oh and 24h post-stretch. Scale bar: 50um b)
Quantitative analysis of MAG and CaBP intensity was performed in control (Ctrl) and stretched (Stretch) slices.
Results represent the mean+SEM (n=7-8 from three independent experiments). Student’s unpaired t-test. CaBP:
Calbindin protein; MAG: Myelin-associated glycoprotein.

We analysed the effect of stretch on axonal injury. Accumulation of amyloid precursor protein
(APP) is an indicator of axonal injury. Therefore we co-immunolabeled cerebellar slices with
APP and SMI-312, a marker of axonal neurofilaments (Fig. 55a). The number of APP
spheroids was significantly elevated in stretched slices at time Oh after stretch
(+ 110%, p<0.05) in slices grown in medium containing 5% serum (Fig. 55b). The analysis
was also performed at 72h after the end of the stretch and number of APP spheroids was
also increased in the stretch condition (+ 80%, p<0.01) but in this case in slices grown in

medium containing 25% of serum (Fig. 55c¢).
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Figure 55: Double immunostaining of organotypic cerebellar slices for APP in red and SMI-312 in green
after stretch-induced moderate injury. Control (Ctrl) and stretched (Stretch) slices were analysed at time Oh an
72h post-stretch. a) Images represent control (Ctrl) and stretched (Stretch) slices analyzed at Oh post-stretch.
Confocal microscopy, scale bar: 50um. b) Quantitative analysis of the number of APP spheroids per slice
following stretch-induced moderate injury in medium containing 5% or 25% serum. Results represent the
mean+SEM (n=4-8 slices from two animals per condition). Student’s unpaired t-test.*: p<0.05. APP: Amyloid
precursor protein; SMI-312: Pan-Axonal Neurofilament Marker.
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Our results are preliminary but the effect seemed to be more pronounced for slices stretched
in medium containing 5% serum at time Oh (in line with our results obtained in 158N cell line,
in fact serum can mask the effect of stretch) with no effect at 72h post-stretch. For slices
analysed at 72h post-stretch, the accumulation of APP was significant in slices grown in
medium containing 25% serum, and not 5%. It is possible that the time course of APP
accumulation may be affected by the percentage of serum, the response in slices grown in
25% would be retarded and detectable at 72h and not at Oh. As explained above some tests
are still ongoing on the choice of the percentage of serum in the medium at the moment of
stretch. This medium is in fact added one day before the culture and it stays till the end of the
experiment, meaning that slices analysed at 72h are kept in culture 4 days in 5% serum, we
cannot exclude that slices could be undamaged by this relatively prolonged time with
reduced serum. Overall, there is either a significant increase or a tendency to increase of the
number of APP spheroids and the co-staining with SMI-312 for neurofilament confirm that
there is an axonal swelling in line with APP accumulation, sign of altered axonal transport.
This demonstrates that slices undergo axonal injury in cerebellar slices submitted to stretch-

induced moderate injury.
7.2 Effect of stretch on paranodal junctions

Paranodal junctions are located between the nodes of Ranvier and the juxtaparanodal
junctions. The paranodal complex is a structure that connects myelin and the axonal
membrane at this region. We investigated the structure of the paranodal junctions at time Oh
and 72h after stretch, by labelling the axonal membrane protein Caspr, an integral
component of the paranodal complex, and the myelin sheaths via MAG. Our preliminary
results showed an alteration in Caspr staining that appeared “elongated”, more diffuse in
stretched slices compared to control slices (Fig. 56) at both Oh and 72h after stretch. This
suggests an alteration of the paranodal junctions that starts immediately after stretch and

persists for at least 72h.
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Figure 56: Double immunostaining of organotypic cerebellar slices for Caspr in red and in green after
stretch-induced moderate injury. Images were obtained from control (Ctrl) and stretched (Stretch) slices at time
Oh and 72h post-stretch. Slices were stretched in medium containing 5% (t Oh) or 25% (t 72h) serum. Scale bar:
12.5um. Caspr: Contactin-associated protein; MAG: Myelin-associated glycoprotein.

7.3 Effect of stretch on different oxidative stress parameters

An increase in oxidative stress markers was observed after stretch injury in 158N cell line
and in mixed glial culture. Based on our findings, AOPP, carbonyls groups, thiols, SOD
activity and reduced glutathione GSH were also assessed in control and stretched slices at
time Oh after stretch. All these parameters seemed not to be affected in cerebellar
organotypic slice, since there were no differences between stretch and control groups
(Fig. 57). It should be interesting to assess these parameters at 24h and 72 after stretch,
maybe the tissue has some compensatory systems that protect against oxidative stress at

time Oh but it will be compromised at longer time points after stretch.
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Figure 57: Effect of stretch on different oxidative stress parameters in organotypic cerebellar slices after
moderate injury at time Oh post-stretch. (a) AOPP(umol/l), (b) thiols (umol/l), (c) carbonyls (nmol/mg), (d) SOD
(U/nmg) and (e) reduced gluthathion (AU of fluorescence intensity) were assessed in control (Ctrl) and stretched
(Stretch) slices following moderate injury. Results represent the mean + SEM (n=2). Student’s unpaired t-test.

7.4 Evaluation of the stretch effect on antioxidant and myelin gene expression

We investigated the effect of stretch in organotypic cerebellar slices subjected to stretch-
induced moderate injury at different time points after stretch (Oh, 24h and 72h). The mRNA
level of different antioxidant and myelin genes was evaluated and no differences were
observed between stretch and control groups at time Oh after stretch (Fig. 58). Instead at the
time 24h after stretch the expression of Sod-2 (-70%, p<0.001), Ngo-1 (-60%, p<0.01), Ho-1
(-60%, p<0.01) was significantly decreased (Fig. 59b, 59c, 59d), whereas no effect was
obtained on Sod-1 and Nrf-2 expression. (Fig. 59a, 59e¢). In parallel, the effect of stretch was
evaluated on the myelin genes Plp, Mag and Cnp showing that Plp was significantly
decreased (p<0.01) after stretch by 50% (Fig. 59f), with a tendency to decrease for Mag
(Fig 59g) and no effect on Cnp (Fig. 59h). The response of slices was also evaluated at 72h
after stretch and no differences were observed between stretch and control groups for both
antioxidant and myelin genes (Fig. 60).

At time Oh no changes were observed in gene expression in line with no changes in oxidative
stress makers, while modifications were observed for both 158N cell line and
oligodendrocyte-enriched primary culture following moderate injury. Probably in tissue there
are other cells that counteract the detrimental effects of ROS production. Nevertheless at

24h after stretch modifications in the expression of antioxidant and myelin genes were
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observed in slices suggesting that in a tissue the response to stretch needs more time to
take place. It should be therefore interesting to assess the different oxidative stress markers

at 24h, given the alteration in gene expression at this time point.
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Figure 58: Evaluation of the stretch effect on antioxidant and myelin gene expression in organotypic
cerebellar slices subjected to stretch-induced moderate injury at time Oh post-stretch. RNA was extracted
and RT-gPCR was performed in control (Ctrl) and stretched (Stretch) slices for the antioxidant genes Sod-1,
Sod-2, Nrf-2, Ho-1 and Ngo-1 and the myelin genes Plp, Mag and Cnp. Results represent the mean+SEM of
three independent experiments performed in triplicate. Student’s unpaired t-test.
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Figure 59: Evaluation of the stretch effect on antioxidant and myelin gene expression in organotypic
cerebellar slices subjected to stretch-induced moderate injury at 24h post-stretch. RNA was extracted and
RT-gPCR was performed in control (Ctrl) and stretched (Stretch) slices for the antioxidant genes Sod-1, Sod-2,
Nrf-2, Ho-1 and Ngo-1 and the myelin genes Plp, Mag and Cnp. Results represent the mean+SEM of three
independent experiments performed in triplicate. Student’s unpaired t-test. **: p<0.01; ***p < 0.001.

&

%)

~

relative mRNA

relative mRNA (%) o

200

150

100

504

Sod-1

200+

150

100

@
=)
1

o

Nrf-2

Ctrl

Stretch

b) Sod-2
f) Plp
Ctrl Stretch

c)

200
150
100

50

Ngo-1

g9)

200
150

100

Mag

50

Ctrl

Stretch

d) Ho-1
2001
150
100

h) Cnp
2001
150
100
504

Ctrl Stretch

Figure 60: Evaluation of the stretch effect on antioxidant and myelin gene expression in organotypic
cerebellar slices subjected to stretch-induced moderate injury at 72h post-stretch. RNA was extracted and
RT-gPCR was performed in control (Ctrl) and stretched (Stretch) slices for the antioxidant genes Sod-1, Sod-2,
Nrf-2, Ho-1 and Ngo-1 and the myelin genes Plp, Mag and Cnp. Results represent the mean+SEM of three
independent experiments performed in triplicate. Student’s unpaired t-test.
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7.5 Effect of stretch on Nrf-2 phosphorylation

The effect of stretch was also evaluated on Nrf-2 activation at time 72h after stretch. No
alteration in Nrf-2 phosphorylation was observed in stretched slices compared to the control
condition (Fig. 61). The pathway Nrf-ARE does not seem to be affected by stretch, at least at
72h after stretch. Nevertheless it should be interesting to evaluate Nfr-2 activation at 24h
when the expression of Ngo-1 and Ho-1, genes controlled by Nrf-2, is altered.

-
o
I

P-Nrf-2
100 kDa
—— Nrf-2
- 68 kDa

IR S 3 actin

-
o
1

o
o
1

P-Nrf2/Nrf2

=}
=)

Citrl Stretch Citrl Stretch

Figure 61: Evaluation of the stretch effect on Nrf-2 phosphorylation in organotypic cerebellar slices at 72h
after moderate injury. Proteins were extracted from control (Ctrl) and stretched (Stretch) cells and western blot
was performed for the transcriptional factor Nrf-2. The ratio P-Nrf-2 (100 kDa) on total Nrf-2 (68 kDa) is presented.
B-actin was used as loading control. Preliminary result represents, for each condition, the mean value of a pool of
10-12 slices from 2 animals.

7.6 Effect of stretch on PLP and MBP

The expression of the two major myelin proteins PLP and MBP was assessed at both mRNA
and protein level at time 72h after stretch. No effects were observed for PLP (Fig. 62a, 62b),
while MBP was increased at mRNA level (+225%, p<0.01) but the protein was not affected
(Fig. 62c, 62d). It should be interesting to evaluate the expression of these proteins also at
other time points, especially at 24h, when the expression of Plp is decreased at mRNA level.
It is possible that the proteins are affected at 24h and then they return to basal level at 72h. It
has to be also considered that western blot does not allow to discriminate between intact
myelin proteins and myelin debris. In order to have a more precisely information about myelin

sheath structure, it would be interesting to perform electron microscopy on cerebellar slices.
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Figure 62: Evaluation of the stretch effect on myelin gene and protein expression in organotypic
cerebellar slices at 72h after moderate injury. The response of slices was evaluated at time 72h post-stretch.
RNA was extracted and RT-gPCR was performed in control (Ctrl) and stretched (Stretch) slices following
moderate injury for the myelin genes Plp (a) and Mbp (c). Results represent the mean+SEM of three independent
experiments performed in triplicate. Student's unpaired t-test. **: p<0.01. Proteins were extracted following
moderate injury from control (Ctrl) and stretched (Stretch) slices and western blot was performed for the myelin
protein PLP (b) and MBP (d). B-actin was used as loading control. Preliminary result represents for each
condition, the mean value of a pool of 10-12 slices from 2 animals.

7.7 Effect of stretch on MAPKs pathways

A particularly stretch-responsive pathway involves the mitogen-activated protein kinases
(MAPKSs), a family of kinases as the extracellular signal-regulated kinase (ERK) and c-Jun
NH2- terminal kinase (JNK). This pathway is altered in the 158N cell line subjected to both
moderate and mild injury (Article 1, Fig.4). Thus, we decided to analyze the effect of stretch-
induced moderate injury on ERK1/2 (44 and 42 kDa) and on JNKs (54 and 46 kDa) in
cerebellar slices. Preliminary results show that stretch increases the ratio of P-ERK/ERK by
30% (Fig. 63a) and the ratio of P-JNK/JNK, in particular for the 46 kDa isoform, by 2.5 fold
compared to the control condition (Fig. 63b). These results suggest an activation of MAPKs

following stretch-induced moderate injury.
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Figure 63: Evaluation of the stretch effect on the expression of the MAP kinases ERK1/2 and JNKs in
organotypic cerebellar slices at 72h after moderate injury. The response of slices was evaluated at time 72h
post-stretch. Proteins were extracted following moderate injury from control (Ctrl) and stretched (Stretch) slices
and western blot was performed for ERK1/2 (a) or JNKs (b), B-actin was used as loading control. The ratio P-ERK
on total ERK and the ratio P-JNK on total JNK are presented. Preliminary result represents for each condition the
mean value of a pool of 10-12 slices from 2 animals.
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SECOND PART

The second part of my PhD project was focused on the evaluation of the potential antioxidant
effect of etazolate, a pyrazolopyridine derivate compound, on oligodendrocytes from the
158N cell line following an experimental model of oxidative stress in vitro. This compound
has been studied in our team for its neuroprotective and anti-inflammatory activities after TBI
in vivo (Siopi et al., 2013) and for its potential remyelinating effect following demyelination
ex vivo and in vitro (Llufriu-Dabén et al. 2016a,b under revision). Thus, we had first to
develop an in vitro model of tert-butyl hydroperoxide (tBHP)-induced oxidative stress using
the oligodendrocyte 158N cell line, since tBHP is extensively used as oxidative stress-
inducing agent to study the effect of free radicals in different cell types.

In order to validate the model, the cell viability and ROS production were evaluated following
N-acetylcysteine (NAC) treatment, a known powerful antioxidant. Once the model was

validated we tested the potential antioxidant effect of etazolate.

1. Cellular response of 158N cell line to a tBHP-induced oxidative stress

This part of the work has been performed with the participation of Francesca Sapone,
student from the European program Unipharma graduates.

In order to develop an in vitro model of oxidative stress-induced injury, we treated 158N cell
line with different doses of tBHP (10, 20, 50 and 100 uM) for 2h. As shown in the Figure 64,
cells were susceptible to tBHP at the doses of 20, 50 and 100 uM in a dose-dependent
manner, with a significant cytotoxicity observed at the highest dose. Cell viability was in fact
reduced by 60% at 100 uM tBHP. Therefore the dose of 50 uM was chosen to test the effect
of NAC and etazolate on cell viability by a WST-1 assay.
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Figure 64: Validation of a model of oxidative stress induced by tBHP in 158N cell line. Cells were incubated
with different doses of tBHP (10, 20, 50 and 100 pM) for 2h. Then medium was removed and cell viability was
evaluated by WST-1 assay. Results are expressed as percentage of cell viability compared to that of the control
group. Values are the mean + SEM of three independent experiments. One way ANOVA followed by Bonferroni
post-hoc test, *: p<0.05; **: p<0.01; ***: p<0.001.

In order to evaluate more precisely the antioxidant effect of NAC and etazolate, a flow
cytometric analysis was also performed to study at the same time the cell viability and ROS
production. A double staining with propidium iodide (PI) and the carboxy-dichloro-dihydro-
fluorescein diacetate (CM-H2DCFDA) was performed. For this protocol, cells were in
suspension and they were treated with tBHP at 100 uM for 30 min. In this condition tBHP
was able to induce a marked ROS production without cell death, probably due to the short

incubation period.

2. N-acetylcysteine (NAC) treatment counteracts tBHP-induced oxidative stress in
158N cell line

2.1 NAC decreased the cell death induced by tBHP

Cell viability was assessed by WST-1 and a marked decrease in cell viability was observed
in tBHP group compared to control group (-40%, p<0.01). NAC was able to counteract this

effect restoring the cell viability almost to control level (Fig. 65).
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Figure 65: Effect of NAC on cell viability in 158N cell line in a model of oxidative stress induced by tBHP
50 uM. NAC 5 mM was incubated at the same time with tBHP at 50 uM for 2h. Then medium was removed and
cell viability was evaluated by WST-1 assay. NAC 5 mM had a potent antioxidant effect against tBHP-induced cell
mortality. Results are expressed as percentage of cell viability compared to that of the control group. Values are
the mean + SEM of three independent experiments. One way ANOVA followed by Bonferroni post-hoc test,
**: p<0.01 compared to control group; # p<0.05 compared to tBHP group. NAC: N-acetylcysteine; Veh: vehicule.

2.2 NAC decreased the intracellular ROS production induced by tBHP

Cell death and ROS production were also assessed by FACS. Cell death was evaluated by
the presence of PI* cells. In control, tBHP-treated or tBHP/NAC-treated cells, a low number
of PI" cells was present (Fig. 66d), excluding tBHP-induced cell death in these conditions.
The ROS production was evaluated by assessing redox sensitive intracellular conversion of
H2DCFDA to DCF. tBHP induced a 20-fold increase in the DCF fluorescence compared to
control group (p<0.0001) and NAC was able to reduce tBHP-induced ROS production, by
decreasing the DCF fluorescence by 50% compared to tBHP condition (p<0.01) (Fig. 66c).
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Figure 66: NAC decreased the level of intracellular ROS in 158N cell line in a model of oxidative stress
induced by tBHP at 100 pM. NAC 5 mM was incubated 1h in cells in suspension and for the last 30 minutes
tBHP at 100 pM was added. The intracellular ROS level was detected by DCFH-DA fluorescent probe. (a)
Representative pictures of DCF-stained (FITC channel) and Pl-stained (PE channel) were obtained from control
(Ctrl), tBHP-treated (tBHP) and tBHP/NAC-treated (tBHP + NAC) cells. (b) Representative picture of the mean
fluorescence intensity (MFI) of DCF measured on DCF'/PI" cells. (c) Quantitative analysis of the DCF
fluorescence expressed as geometric mean. (d) Quantitative analysis of the percentage of PI* cells. All results are
expressed as fold change compared to control group. Values are the mean + SEM of 5 experiments. Student’s
unpaired t-test, **: p<0.01; ****: p<0.0001 compared to control group; ## p<0.01 compared to tBHP group.

Cell treatment with NAC showed a protective effect in both techniques used, WST-1 assay
and FACS, showing that this model is appropriate for studying the potential antioxidant effect

of etazolate in 158N cell line.
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3. Effect of etazolate treatment on tBHP-induced oxidative stress in 158N cell line
3.1 Etazolate did not decrease the cell death induced by tBHP

First we tested a pre-treatment protocol with etazolate. The treatment was started 24 hours
before the incubation period (2h) with tBHP at 50uM, as proof of concept. Cell viability was
assessed by WST-1. As expected tBHP induced a decrease in cell viability by 50%
compared to control group (p<0.001) and etazolate was not able to reduce tBHP-induced cell
death at none of doses tested in this experiment (0.02, 0.2, 2, 20 and 200 uM) (Fig. 67b).
Moreover etazolate had no effect by itself on cell viability in control group without tBHP

(Fig. 67a).
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Figure 67: Effect of Etazolate (with pre-treatment protocol) on cell viability in 158N cell line in a model of
oxidative stress induced by tBHP at 50 uM. Dose-effect study of etazolate was performed from 0.02 to 200 pM
without (a) or with (b) tBHP. Etazolate or its vehicle (PBS 0.1M, pH 7.4) was added 24h before the addition of
tBHP, then cells were incubated with tBHP at 50 uM for 2h. The medium was removed and cell viability was
evaluated by WST-1 assay. Etazolate had no effect either by itself on cell viability (a) or against tBHP-induced
oxidative stress (b). Results are expressed as percentage of cell viability compared to that of the control group.
Values are the mean = SEM of three independent experiments. One way ANOVA followed by Bonferroni post-hoc
test, ***: p<0.001. Et: etazolate.
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3.2 Etazolate did not decrease the intracellular ROS production induced by tBHP

Cell death and ROS production were also assessed by FACS in order to deeply analyze the
potential antioxidant effect of etazolate. The dose of 2uM was chosen, given that etazolate at
this dose is able to exert neuroprotective and remyelinating effect (Marcade et al., 2008;
Llufriu-Dabén et al. 2016a, under revision). Cell death was assessed by the presence of
PI* cells. In control, tBHP-treated or tBHP/Etazolate-treated cells, the number of PI" cells was
the same (Fig. 68d), excluding cell death in all conditions analyzed. Treatment with tBHP
induced an increase in the DCF fluorescence of 20-fold compared to control group (p<0.001)
and etazolate was not able to decrease the tBHP-induced ROS production either in

pre-treatment protocol or without pre-treatment protocol (Fig. 68c).

Etazolate by itself did not exert a significant effect on cell viability and ROS production either
in pre-treatment protocol or without pre-treatment protocol (Fig. 69).

Etazolate does not seem to have a protective effect on cell death and ROS production
evaluated by two techniques, WST-1 assay and FACS. It remains to be elucidated whether if
the antioxidant effect of etazolate reported in vivo (Jindal et al., 2013, 2015) is direct or
indirect. In our model, etazolate was tested only on oligodendrocytes. It has also to be
considered that tBHP induced a very important production of ROS (around 20-fold the basal
level) that is not necessarily happened in vivo. Maybe the oxidative stress produced by tBHP
is too severe to be reversed by etazolate. Furthermore, several hypotheses are worth it to be
considered. The previously in vivo data reported in the literature on the antioxidant activity of
etazolate can be due to an indirect effect of this compound via its anti-inflammatory effect. It
probably exerts its effect via membrane receptors (see introduction § 5.1). However we don’t

have any proves that this compound is capable to cross the lipid membrane in 158N cell line.
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Figure 68: Effect of etazolate on the level of intracellular ROS in 158N cell line in a model of oxidative
stress induced by tBHP at 100 uM. Etazolate at 2 uM was tested using three different protocols: i) etazolate in
pre-treatment was added 24h before the addition of tBHP ( tBHP + Etaz 2uM, pre), ii) etazolate in pre-treatment
was added 24h before the addition of tBHP and during the 1h tBHP incubation (tBHP + Etaz 2uM, pre+1h),
iii) etazolate was added during the 1h tBHP incubation (tBHP + Etaz 2uM, 1h). The intracellular ROS level was
detected by DCFH-DA fluorescent probe. (a) Representative pictures of DCF-stained (FITC channel) and
Pl-stained (PE channel) were obtained from control (Ctrl), tBHP-treated (tBHP) and tBHP /Etazolate-treated cells
with the three tested protocols. (b) Representative picture of the mean fluorescence intensity (MFI) of DCF
measured on DCF'/Plcells. (c) Quantitative analysis of the DCF fluorescence expressed as geometric mean.
(d) Quantitative analysis of the percentage of PI" cells. Results are expressed as the fold change compared to
that of the control group. Values are the mean + SEM of 5 experiments. Student’s unpaired t-test. , *: p<0.05;

**: p<0.01; ***: p<0.001.
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Figure 69: Effect of etazolate on the level of intracellular ROS in 158N cell line without tBHP treatment.
Etazolate at 2 uM was tested using two different protocols: i) etazolate in pre-treatment was added 24h before the
trypsination of cells (Etaz 2uM, pre), ii) etazolate was added on cells in suspension for 1h before the FACS
analysis (Etaz 2uM, 1h). The intracellular ROS level was detected by DCFH-DA fluorescent probe.
(a) Representative pictures of DCF-stained (FITC channel) and PlI-stained (PE channel) were obtained from
control (Ctrl) and Etazolate-treated cells with the two tested protocols. (b) Representative picture of the mean
fluorescence intensity (MFI) of DCF measured on DCF'/PI" cells. (c) Quantitative analysis of the DCF
fluorescence expressed as geometric mean. (d) Quantitative analysis of the percentage of PI" cells. Results are
expressed as the fold change. Results are expressed as the fold change compared to that of the control group.
Values are the mean + SEM of 5 experiments. Student’s unpaired t-test.
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THIRD PART

During my pre-doc training (Unipharma Graduates program), | was also involved in the PhD
project of Gemma Llufriu-Dabén, where the aim was to study the remyelinating potential of a
neuroprotective compound, etazolate, as an a-secretase activator. | participated in this
project by showing that etazolate is able to restore the number of myelinated axons in an
ex vivo model of lysolecithin-induced demyelination in mouse cerebellar organotypic slices

(see Annexe, Llufriu-Dabén et al., 2016 under revision) as described below.

Effect of etazolate on myelin sheaths in a model of lysolecithin-induced demyelination

ex vivo

Etazolate restored the number of myelinated axons following demyelination

As shown in the Figure 70 (or Fig. 1 Annexe) lysolecithin did not affect the number of total
axons, marked with Calbindin in red, whereas it induced a demyelination. In fact the myelin
sheaths, stained with MAG antibody in green, clearly presented a sparse staining, featuring
damaged sheaths (Fig. 70a).The percentage of myelinated axons was decreased by 50%
after lysolecithin treatment. Etazolate was able to restore significantly the percentage of
myelinated axons by 25% (p<0.001) for the dose of 0.2 uM and by 27% (p<0.001) for the
dose of 2 uM with no difference between the two doses (Fig. 70c). Moreover etazolate had

no effect by itself (without lysolecithin) on the percentage of myelinated axons (Fig. 70b).

Further work by our group described the therapeutic interest of etazolate in white matter
protection and repair by protecting myelin sheaths, enhancing oligodendrocyte differentiation
and remyelination process after demyelination ex vivo. The beneficial effects of etazolate are
blocked by an a-secretase ADAM10 inhibitor suggesting that a-secretase ADAMI10 is
involved in the remyelinating effect of etazolate (for more details see Llufriu-Dabén et al.,

2016 under revision, in Annexe).
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Figure 70: Effect of etazolate on myelin sheaths in a model of lysolecithin-induced demyelination ex vivo.
Cerebellar organotypic slices were treated at 7 DIV with lysolecithin or its vehicle (methanol:chloroform) for 16h.
Then they were treated with etazolate (0.2 or 2 uM) or its vehicle (PBS), for 72h. (a) Double immunostaining for
calbindin (Purkinje cells, red) and MAG (myelin sheaths, green) was performed. Scale bar: 50 pym. (b) The
number of total axons was not affected by lysolecithin and pharmacological treatments. (c) The percentage of
myelinated axons was decreased by lysolecithin treatment, and restored significantly after etazolate treatment.
Moreover etazolate had no effect by itself (without lysolecithin) on the percentage of myelinated axons. Results

represent the mean+SEM of four independent experiments. One way ANOVA followed by Bonferroni post-hoc
test, ***: p<0.001.
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DISCUSSION

TBI exhibits heterogeneous damage with different impacts on the survival of
oligodendrocytes and the myelin integrity (Armstrong et al., 2016). There are increasing
clinical and experimental evidences suggesting that demyelination may play an important
role in the pathophysiology of TBI showing degeneration of white matter, as loss of myelin
and oligodendrocytes that can persist years after a single TBI (Bramlett and Dietrich, 2002;
Caprariello et al., 2012; Flygt et al., 2013, 2016; Johnson et al., 2013; Tomaiuolo et al.,
2012). All these studies demonstrated that myelin is early affected after TBI, however, the

pathophysiological mechanisms underlying this loss of myelin are not yet well known.

The aim of this PhD project was to understand the response of oligodendrocytes and the fate
of myelin proteins and myelin sheaths following stretch-induced traumatic injury. The
development of in vitro and ex vivo models of traumatic injury was necessary for the analysis
and the comprehension of this response. Since strain is known to be an important
component of TBI leading to tissue damage (Ellis et al., 1995), we focused our attention on
the development of a stretch-induced injury. Numerous studies were performed on different
CNS cell types, but oligodendrocytes have received less attention. Oligodendrocytes are
known to be mechanosensitive. To date, some studies attempted to explore the effect of a
mechanical stimulation on OPCs and oligodendrocytes (see introduction, Table 2) (Arulmoli
et al., 2015; Hernandez et al., 2016; Jagielska et al., 2012; Lourenco et al., 2016; Rosenberg
et al., 2008; Urbanski et al., 2016). Nevertheless, only one study utilizes stretching as
mechanical stimulus (static equibiaxial strain at 10% for 3 to 7 days) in order to differentiate
primary neural stem and progenitor cell into neurons, astrocytes or oligodendrocytes
(Arulmoli et al., 2015). It is a different context, since they studied the effect of stretch with a
low strain on cell differentiation and not the effect of trauma, as stretch with high strain, on
oligodendrocytes. Therefore, no study has addressed so far the effects of stretch-induced

injury in oligodendrocytes.
The first part of this project was thus focused on the development of in vitro models of

stretch-induced injury, in particular two different injuries that we defined as “mild” and

“moderate”:
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- Mild injury: equibiaxial static stretch of 20% strain for 20 hours

- Moderate injury: equibiaxial static stretch of 30% strain for 30 minutes

A strain of 20% and 30% deformation are in the range of stretch relevant to those occurring
in humans after rotational acceleration-deceleration injury (Margulies et al., 1990; Meaney et
al., 1995). It has been estimated that brain injury occurs at strain between 10% and 65% at
strain rates of approximately 10-50 s™ (LaPlaca and Thibault, 1997; Morrison et al., 1998;
Morrison 11l et al., 1998). In our case, we did not want to mimic the rapid initial impact of TBI
but the events that intervene secondary in the hours following TBI. That is why we chose a
relatively long duration of stretch (30 min or 20h), regarding the cell response obtained to the
strain of 20% or 30%.

As a consequence of TBI, the primary injury triggers a secondary complex cascade of
metabolic, cellular and molecular alterations such as glutamate excitotoxicity, perturbation of
calcium homeostasis, increase in free radical generation, mitochondrial dysfunction,
inflammation, apoptosis and diffuse axonal injury (Xiong et al., 2013). The secondary injury
occurs within seconds to minutes after the traumatic insult and can last for days, months, or
even years.

Among the secondary events triggered following TBI the oxidative stress has a relevant role
in the aetiology of progressive neuropathology in TBI (Abdul-Muneer et al., 2015). Free
radicals are generated during normal physiological processes in a controlled way without
damage for cells and tissue (Mendes Arent et al., 2014). However, under pathological
conditions, as TBI, ROS can damage and oxidize macromolecules, such as DNA, proteins,
carbohydrates, and lipids (Rodriguez-Rodriguez et al., 2014; Valko et al.,, 2006). It is
noteworthy that the CNS is extremely sensitive to free radical damage, because of its
relatively small total antioxidant capacity (Cornelius et al.,, 2013; Sultana et al., 2013).
Besides, oligodendrocytes are particularly sensitive to oxidative stress because of their lipid-
rich membranes, the lower glutathione reductase enzyme (GRXx) activity, enzyme that
reconverts GSSG in GSH, and finally the lower glutathione amount (French et al., 2009;
Thorburne and Juurlink, 1996).

Response of oligodendrocytes and myelin to stretch
a) Response of oligodendrocytes to stretch-induced mild and moderate injury
For the evaluation of oligodendrocyte response to stretch-induced injury, three in vitro

cellular models were chosen as the oligodendrocyte 158N cell line, the mixed glial primary

culture and the oligodendrocyte-enriched primary culture. These different models were used
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in order to evaluate different aspects of the cellular response, adapting the choice of the
model to the biological process studied. In this context, we evaluated the response of
oligodendrocytes to a stretch-induced injury based on cellular morphology, cell death, cellular
redox status, the stretch effect on myelin genes and proteins and finally the activation of

particularly stretch-responsive pathways.

Stretch affects cell adherence and induces cell retraction (mild injury) and severe cellular

damage (moderate injury) in oligodendrocytes from oligodendrocyte-enriched primary culture

In order to analyse the effect of stretch on oligodendrocyte morphology, we used the
oligodendrocyte-enriched primary culture, a primary culture with more than 95% of
oligodendrocytes, excluding astrocytes and microglia. In general, the oligodendrocyte-
enriched primary culture is a very delicate culture and after several attempts we were finally
able to perform a healthy culture of oligodendrocytes on silicone membrane and thus apply
our two models of stretch-induced injury. This cellular system allows a deeper evaluation of
cellular morphology that is not possible in the cell line. Cells differentiate through different
developmental stages typical of the oligodendrocyte lineage. Precursors are PDGFR-a" with
more or less branches, while mature oligodendrocytes are MAG" and form “myelin-like”
membranes according to in vitro studies (Baumann and Pham-Dinh, 2001; Jackman et al.,
2009; Simons and Nave, 2016). In our experimental conditions, after 2 days in culture,
oligodendrocytes are immature at 85% and mature at 15%, and this proportion is not
changed following mild injury, suggesting the absence of stretch effect on oligodendrocyte
differentiation.

However, when cells are subjected to the mild injury, a significant decrease in cell adherence
is observed after stretch. The adherent cells appear smaller and less developed as
confirmed by a significant decrease of cell surface in both immature (PDGFR-a") and mature
(MAG") oligodendrocytes following stretch suggesting that the stretch induces cell retraction.
Nevertheless, the proportion of mature and immature oligodendrocytes after stretch remains
identical meaning that they are equally affected by stretch. When oligodendrocytes are
submitted to stretch-induced moderate injury, cells are again less adherent. However, due to
a more severe cellular damage after moderate injury, cellular branches appear to be
disrupted and it compromises the identification of the real shape of cells as MAG"® or
PDGFR-a*. Thus, the analysis of cell surface and ramifications become impossible. It is
noteworthy that cells that are detached following mild or moderate injury are not able to re-
adhere to the membrane, since the number of adherent cells is still reduced 24h after stretch.
These findings suggest that detached cells are not alive and they undergo cell death in the

hours following stretch.
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Cells can respond to a mechanical stretch by increasing or by decreasing their spread area,
generally as a function of stretch magnitude and strain frequency, if a dynamic stretch is
applied. For example, a cyclic equibiaxial stretch of 10% in aortic endothelial cells decreases
cell spreading at 1Hz, but not at 0.01Hz. Cells retract to ~80% of their original area after
5 min and maintained this retracted area throughout the 60 min of experiment (Hsu et al.,
2010). Studies also demonstrated that strain can compensate for reduced stiffness. Cui and
coworkers showed in fibroblasts that cell spreading, reflected by the total cell area, and
stress fiber formation on soft substrates is possible if simultaneous cyclic stretching at low
magnitude (1-5%) and low frequency (optimum 0.1 Hz) compensate for the lack of substrate
stiffness-induced cell stress. On the other hand, strain at higher magnitude, 15%, reduced
the cell area even at low frequency (Cui et al., 2015). In fact, valvular interstitial cells exhibit a
rounded morphology on soft static substrate but spread to the same extent as those cultured
on stiff substrate upon application of 10% cyclic equibiaxial stretch. Nevertheless cells grown
on stiffer substrate are bigger but they reduce their area when the same 10% equibiaxial
stretch is applied (Throm Quinlan et al., 2011). In general, the stiffness of substrate and the
mechanical force are both important for the cell response and impact on cell morphology. In
neurons, neurite growth is also dependent on applied tension. If tension is kept above a
resting threshold, axons grow but if tension is released to below the resting tension level,
axons retract (Franze et al., 2009; Loverde et al., 2011; Zheng et al., 1991). Taken together,
given that the magnitude of strain is relatively elevated in our model, the strain at 20% results
in a reduced cell area or cell retraction, while the strain at 30% results in a more severe

damage that compromises the analysis of cell morphology.

Both mild and moderate stretch-induced injuries induce ROS production and protein

oxidation in oligodendrocytes from 158N cell line

For the study of ROS production we chose as a cellular model, the oligodendrocyte 158N cell
line, being more suitable for this kind of study. In fact, it was not possible to perform FACS
analysis and biochemical dosages in the oligodendrocyte-enriched primary culture because
of cell fragility and low cell density. A stretch-induced mild injury did not induce cell death but
caused a significant increase in the production of ROS, resulting in the oxidation of protein
(AOPP) and decrease in GSH level, accompanied by a decrease of glutathione peroxidase
(GPx), the enzyme that converts H,O, in water using 2GSH. Glutathione is the first line of
defence and it is able to efficiently scavenge reactive species. Therefore, the measurement
of both reduced glutathione (GSH) and glutathione disulfide (GSSG) is often used as an
indicator of the oxidative stress status. A decrease of the ratio GSH/GSSG indicates a shift to

an oxidized form of GSH, suggesting the presence of oxidative stress at the cellular or tissue
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level (Dalle-Donne et al., 2006; Durackova, 2010; Tunez et al., 2011). In our system, it was
not possible to detect GSSG but the dosage of GSH revealed a significant decrease of GSH
following stretch-induced injury, indicating an alteration in the glutathione equilibrium.

Mixed glial cells subjected to a mild injury did not show cell death too and they present a
similar profile concerning the oxidative stress markers, with an increase of protein oxidations
and carbonyls. If compared to the cell line response to stretch, the glutathione system was
not altered in mixed glial cells. This could be explained by the presence of astrocytes in the
mixed glial cell culture, given that astrocytes are very rich in GSH and they present stronger
antioxidant defence that protects the culture against GSH depletion (Juurlink et al., 1996;
Ljubisavljevic, 2016; Wilson, 1997). Nevertheless, the antioxidant capacity of astrocytes was

not enough to counteract the increase in protein oxidation and carbonyls in our system.

Both mild and moderate stretch-induced injuries induce an alteration of pro- and antioxidant

systems in oligodendrocytes

Given the increase in ROS production and the alteration of oxidative stress markers, we
decided to investigate more deeply on the cellular oxidative redox status analysing the
pro/antioxidant systems in our 158N cells. As one of the principal antioxidant enzyme, we
analysed the SOD activity. Mild stretch induced an increase of both Sod-1 (cytoplasmic
isoform) and Sod-2 (mitochondrial isoform) at mMRNA level but it did not result in an alteration
of SOD activity. The expression of the transcription factor Nrf-2 was also analysed, since
Nrf2/ARE pathway is a major determinant of phase Il antioxidant enzyme induction
(Espinosa-Diez et al., 2015; Zhang et al., 2013). Upon exposure to ROS, Nrf2 is released
from the Keapl-Nrf2 complex and it translocates from the cytoplasm to the nucleus, where it
sequentially binds to the antioxidant response element (ARE), a regulatory enhancer region
within gene promoters. This binding induces the production of many phase Il detoxifying and
antioxidant enzymes such as HO-1 and NQO-1, which protect cells against oxidative stress
(Jain, 2005; Radjendirane et al., 1998). In 158N cell line, the mild injury did not affect Nrf-2
expression, nevertheless the expression of the anti-oxidant genes Ho-1 and Ngo-1 was
increased.

In general after mild injury, cells from 158N cell line presented an activation of the antioxidant
system showing that cells are fighting against the oxidative stress, they are able to activate
their defence system. Instead cells of the mixed glial primary culture present an opposite
profile where the expression of all antioxidant genes was decreased. This difference in the
cell response is probably due to the presence of astrocytes. Maybe the antioxidant response
was enhanced at the earlier time point and later on, after the 20h of stretching, where cells

were analysed, the antioxidant system was downregulated due to a negative feedback.
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Considering the pro-oxidant system, in general the principal cellular sources of ROS are the
NADPH oxidases and mitochondria. ROS can in fact be generated both enzymatically, e.g.
during the NADPH oxidase reaction, and non-enzymatically in the mitochondrial respiratory
chain. (Angeloni et al., 2015; Brennan et al., 2009; Dayem et al., 2010; Inoue et al., 2003; Liu
et al., 2002). Regarding mitochondria, these organelles are responsible of a continuous
production of ROS due to the electron transport chain located in the mitochondrial inner
membrane, which is essential for the energy production inside the cell (Inoue et al., 2003;
Valko et al., 2006). Stretch is reported to alter the mitochondrial potential in astrocytes and
neurons. In particular a rapid stretch corresponding to a mild (31%) and moderate (38%)
injury decreases AWm in astrocytes that recover at time 24h after stretch. In neurons AWYm
drop only after severe injury (54%) and they do not recover (Ahmed et al., 2000). Another
study shows that neurons subjected to stretch-induced injury (30% for 1 sec) exhibit a rapid
decrease in mitochondrial potential that recovers within hours. If stretch is combined with
NMDA administration, neurons are more sensitive and they never recover (Arundine, 2004).
In this work we analysed the expression of Duox-1, member of the NOX/DUOX family of
NADPH oxidases, and it was found to be increased after a mild injury in 158N cell line while
it was not detectable in the mixed glial culture and oligodendrocyte-enriched primary culture.
We also tried to assess others members of the NADPH oxidases (Nox-1, Nox-2, Nox-3, Nox-
4) but they were not detectable in our system by RT-qPCR. Our results regarding the pro-
oxidant system are preliminary and need to be completed with an analysis of other sources
of ROS as mitochondria. However, we can expect that in 158N cell line, the free radicals are
produced in part by Duox-1 after stretch-induced mild injury. The expression of almost all
genes (except Ho-1 and Cnp) in the case of 158N cell line and also all genes in the case of
mixed glial culture was back to normal level at 24h after the end of the stretch. These

suggest that stretch-induced alteration in gene expression was transitory.

Cells from the 158N cell line were also submitted to the moderate injury, at 30% of strain for
30 min. The cell response was compared to that obtained after mild injury, 20% at 20h, and
discussed in the article 1. The moderate injury also resulted in an increase of free radicals
that attack proteins without cell death, and this attack seems to be more powerful compared
to the mild injury.

Interestingly the moderate stretch induced an opposite response to stretch in 158N cell line
regarding the antioxidant system. The expression of both Sod-1 and Sod-2 was decreased
as well as the SOD activity. Moreover the moderate injury resulted in a decrease in the
expression of Nrf-2, even if it was not confirmed at protein level, and the antioxidant genes
Ho-1 and Ngo-1 showed a tendency to decrease. Overall, the moderate stretch at 30%

induced an opposite response compared to mild stretch. Thirty minutes appeared to be
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enough to reduce the antioxidant defence. This confirms that the stretch-induced moderate
injury is more severe than the mild injury and cells are not able to properly activate the
antioxidant response in order to counteract the oxidative stress. Nrf2 protein has a rapid
turnover in basal condition (7-15 min) (McMahon et al., 2004; Nguyen et al., 2003). This
maybe explain why in our cell line we found a decrease in the antioxidant response, it is
possible that stretch decreases Nrf2 within 30 min and, in turn, the expression of antioxidant

genes.

Regarding the expression of the pro-oxidant gene Duox-1, it did not seem to be affected after
moderate stretch. As already discussed above, our investigations to find out the origin of
ROS after mild and moderate injury are preliminary and need to be completed assessing
other sources of ROS. However it seems that ROS comes from two different mechanisms in
our injury models: activation of pro-oxidant systems for the mild injury as suggested by the
activation of Duox-1 and decrease of the antioxidant defence for the moderate injury. In this
case the increase of ROS is not due to an overproduction but to an improper antioxidant
defence.

We also assessed the expression of the antioxidant genes in oligodendrocytes from the
oligodendrocyte-enriched primary culture. The effect of stretch on these genes does not
show any modification after mild injury, while it does alter the expression of Sod2 (decrease)
and Ho-1 (increase) after moderate injury. The absence of effect after mild injury may be
related to the non-activation of antioxidant defence, or more probably related to the long
period of stretch (20h). Technically, it is not possible to evaluate the effect of mild stretch at
the early time points since the period of stretch is long (20h), so the systems may be altered
but during the time of stretch they come back to normal level. In the model of moderate
injury, since the strain is more severe and the period of stretch is shorter (30 min), we found
an alteration in the expression of some of antioxidant genes, as an increase in Ho-1, and a

decrease in Sod2.

Both mild and moderate stretch-induced injuries affect myelin genes and PLP protein in

oligodendrocytes

The main objective of this work was to understand if stretch-induced injury causes
oligodendrocyte loss and demyelination. To answer this question we analysed the effect of
stretch on the expression of three myelin genes Plp, Mag and Cnp and the PLP protein when
possible. In the cell line, the mild injury did not have any effect on PLP (both mRNA and

protein) but it increased the expression of Mag and Cnp. The mixed glial culture responded
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to mild injury by decreasing the expression of the myelin genes. Given that oligodendrocytes
represent only the 20% of total cells in this culture, the amount of myelin proteins become
insufficient to be assessed by western blot. Overall, oligodendrocytes are affected by stretch-
induced mild injury, either in mixed glial culture where they are in minority, or in 158N cell line
culture, where the cell population is homogenous and the cell density is at 80% of
confluence.

It is noteworthy that 158N cells respond differently to stretch-induced mild or moderate injury.
In fact, following the moderate injury, there is a decrease of PLP at both mRNA and protein
level. It is surprising that PLP is affected as early as 30 minutes after stretch. However, this
effect remains transitory since PLP is back to control values at 24h post-stretch. Overall, the
moderate injury seems to be more severe and affects the expression of one of the main
myelin proteins. A study reported that nitric oxide (-NO) is able to down-regulate the
expression of myelin genes PLP, MBP, MOG and CNP in human primary oligodendrocytes.
Exogenous -NO donors at different incubation time, starting from 3h, are able to suppress the
expression of myelin genes with a maximal suppression at 12h (Jana and Pahan, 2013). We
should assess the presence of reactive nitrogen species (RNS) in our system, in particular
‘NO, in order to have a complete analysis on oxidative and nitrosative stress. It is possible
that in our system there are some mechanisms involving ROS/RNS that results in PLP
decrease. Malek and collaborators showed that the endothelin-1 (ET-1) gene is suppressed
after shear stress in endothelial cells. Fluid shear stress is known to modulate ET-1 mRNA,
in particular low shear increased its expression, while higher physiological levels of fluid
shear induce a transient increase (within 1 h) and then a sustain decrease at times greater
than 2h. The suppression of gene expression is magnitude-dependent and it requires
intracellular calcium influx, the microtubule network (but not the microfilament network) and,
among the mechanosensitive channels, the shear-activated K* channel, Ixs (Malek et al.,
1993, 1999). We can expect that our gene downregulation may be due to a ROS-dependent
mechanism or/and to the activation of mechanosensitive channels and calcium influx. Overall

our data support that stretch-induced moderate injury results in loss of PLP myelin protein.

The effect of stretch on the expression of myelin genes was also evaluated in the
oligodendrocyte-enriched primary culture resulting in a decrease of Mag following mild injury
and a decrease of Plp following moderate injury. In both injury models, the expression of
myelin genes is decreased, in line with above data showing an altered morphology of

oligodendrocytes.
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Both mild and moderate stretch-induced injuries alter MAPK pathways in oligodendrocytes

We also attempted to study the signalling pathways that were responsive to stretch-induced
injury in 158N cell line. We focused our research on one of the signalling pathways, known to
be stretch-responsive, the mitogen-activated protein kinases (MAPKSs), which consist of three
principal subgroups, extracellular signal-regulated kinases (ERKSs), c-Jun NH2- terminal
kinases (JNKs) and p38. JNKs and p38 also known as stress-activated protein kinases
(SAPKs). MAPKs regulate different cellular processes as cell survival, proliferation,
differentiation, and migration (Pearson et al., 2001), and they are also known to be involved
in mechanically induced signalling in various cell types being involved in the signal
transduction from the cell membrane to the nucleus. It has been demonstrated that isoforms
of JNK, ERK and p38 were phosphorylated in a tension-dependent manner in rat skeletal
muscle preparations (Martineau and Gardiner, 2001) and endothelial cells (Hsu et al., 2010;
Kaunas et al., 2006; Kito et al., 2000).

MAPK family has indubitably an important role in the transduction of mechanical forces but
the activation of different MAPK is strictly dependent on the cell type. ERK is activated in
retinal capillary pericytes (Suzuma et al., 2002) and cardiac tissue (Domingos et al., 2002;
Takeishi et al., 2001) but not in bladder smooth muscle cells (BSMCs) either following cyclic
(Nguyen et al., 2000) or static (Kushida et al., 2001) stretch. Instead, in BSMCs both JNK
and p38 are activated within 30 min following stretch (Nguyen et al., 2000). In cardiac
fibroblast, the JNK/SAPK pathway is activated in response to a static, equibiaxial stretch,
while the p38 SAPK2 pathway is not (MacKenna et al., 1998). In mesangial cells, a 29%
cyclic stretch activates the ERK- MAPK and p38 SAPK2 pathways while INK/SAPK pathway
is not activated. The same cyclic stretch at a lesser intensity, 20%, only activates ERK-
MAPK and not the other MAP kinases (Ingram et al., 1999).

Finally, mechanical injury activates in CNS glial cells, as astrocytes, ERK (Neary et al.,
2003), and p38 (Zhou et al., 2011). The authors reported that ERK activation is dependent
on the rate and magnitude of injury when astrocytes are subjected to a rapid, and reversible

stretch-induced injury (Neary et al., 2003).

To date, no data on stretch-induced MAPKs pathway activation are reported for
oligodendrocytes. Thus we decided to analyse this pathway in the 158N cell line subjected to
stretch. Our results showed that ERK is inhibited after both mild and moderate injury, while
JNK is activated after mild injury only. A recent study showed that the Ras/Raf/MEK/ERK
pathway signalling can be inhibited through the activation of the stress-activated JNK

cascade. In fact some components of the ERK pathway, as RasGEF Sos1 and the Rafs, are
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phosphorylated on multiple sites in response to JNK activation and the hyperphosphorylation
of these sites renders the Rafs and Sosl1 unresponsive to upstream signals. This phospho-
regulatory circuit is engaged by cancer therapeutics, that activates JNK through mitotic and
oxidative stress (Ritt et al., 2016). We cannot exclude a similar pathway regulation in our
system, even though ERK is downregulated also after moderate injury, when JNK is not
activated. We should extend our study to p38, however, it seems that overall the MAPK
pathways are altered by stretch in oligodendrocytes. MAPKs isoforms are preferentially
activated by distinctive stimuli, ERK generally is more involved in cell division, migration, and
survival, while p38 and JNK are more responsive to cellular and environmental stresses
(Hoefen and Berk, 2002; Kyriakis and Avruch, 2012; Owens and Keyse, 2007; Vezza et al.,
2016). In our system, given the activation of JNK following stretch, it confirms that
mechanical stretch activates the JNK/SAPK pathway known to respond to environmental
stresses. However, the activation of JNK in our model seems to be strain-dependent since it

is not activated following stretch-induced moderate injury.

Taken together, we developed for the first time two in vitro models of stretch-induced injury,
mild versus moderate injury, to decipher the cellular and molecular response of
oligodendrocytes in three different cellular models, 158N cell line, mixed glial culture and
oligodendrocyte-enriched primary culture. Our data show that stretch results in ROS
production and protein oxidation, alters MAPK signalling pathways, modifies the expression
of myelin genes and results in loss of oligodendrocytes with important cellular morphological
alteration suggesting that stretch is able to induce demyelination. Therefore,
oligodendrocytes should be considered as a potential target to counteract stretch-induced

demyelination.

b) Response of cerebellar slices to stretch-induced moderate injury

Stretch induces axonal swelling and APP accumulation in cerebellar slices

To deeply analyse the effect of stretch on myelin and demyelination, we decided to move to
an ex vivo model of injury. The organotypic cerebellar culture was chosen for this study,
since cerebellum is a tissue very rich in myelin (Notterpek et al., 1993). The organotypic
culture preserves the 3D architecture of cerebellum maintaining the in situ connections
between all different cell populations. When | started my PhD, there were no models
available to study a stretch-induced injury in cerebellum. The first step was to perform a
successful culture of cerebellar slices on the silicone membrane of the Bioflex® Plates. This

was made possible through a collaboration with the pioneer of stretch-induced injury model
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using organotypic cultures, Pr Barclay Morrison Ill and his team at the Columbia University
(Neurotrauma and Repair Laboratory, Biomedical Engineering Dpt, New York). They work on
a model of stretch-induced injury in hippocampal organotypic slices and they are the only
specialists for the culture brain slices on silicone membrane. Thanks to a 3-month-mobility
grant from Institut de Formation Doctorale (Paris Descartes University), | had the opportunity
to learn this technique and then | adapted it to our tissue, the cerebellum, and at our
stretching device, the Flexcell® Tension System. This experience allowed me to greatly
improve our experimental conditions in order to obtain a successful organotypic culture on
silicone membrane. Slices are grown for 7 DIV before being subjected to a stretch-induced
moderate injury and different analysis are performed at different time points after stretch, Oh,
24h and 72h.

In order to study the effect of stretch, we first analysed if the stretch induces an axonal injury
in cerebellar slices. Stretched slices showed an accumulation of amyloid precursor protein
(APP), a marker of axonal injury, immediately after stretch (Oh) and persisting at least 72h
after stretch. The co-staining with SMI-312 (neurofilament marker) confirms that there is an
axonal swelling in line with APP accumulation, as sign of altered axonal transport (Tang-
Schomer et al.,, 2012). APP accumulation is recognised as the gold-standard for the
identification of axonal pathology (Gentleman et al., 1993; Sherriff et al., 1994), so we can

affirm that our slices present an axonal traumatism that is a typical consequence of TBI.

Stretch alters the structure of paranodal junctions in cerebellar slices

We also analyse the effect of stretch on paranodal junctions, located between the nodes of
Ranvier and the juxtaparanodal junctions. The paranodal complex is a structure that
connects myelin and the axonal membrane and mechanical stretch appears to initially
damage axons at the nodes of Ranvier and in the adjacent paranode regions (Maxwell,
1996; Maxwell et al., 1991; Reeves et al., 2012; Sun et al.,, 2012). The structure of the
paranodal junctions was evaluated at time Oh and 72h after stretch, using anti-Caspr to label
Caspr, an integral component of the paranodal complex, and anti-MAG to visualize the
myelin sheaths. Caspr staining appeared “elongated”, more diffuse in stretched slices than in
control slices at both Oh and 72h after stretch. This suggests an alteration of the paranodal
junctions that starts immediately after stretch and persists for at least 72h. This is in line with
another study where paranodal myelin damage is reported in an ex vivo model of stretch-
induced injury in guinea pig spinal cord (Sun et al., 2012). It is impossible to discriminate
about a primary paranodal demyelination that is inflicted by the mechanical stretching of an
axon and that occurs immediately following axonal stretch injury and a secondary

demyelination occurred at a later time. A study showed that primary paranodal demyelination
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modulates axonal depolarization in a model of axonal injury. The paranode regions, that flank
the nodes, contain the voltage-gated potassium channels in high density and the injury-
induced paranodal demyelination modulates potassium accumulation and membrane
depolarization that, in turn, affect the axonal transition to degradation. They proposed that
the extent of paranodal demyelination should be considered as an “injury parameter” that is
likely to determine the stability of axonal function in the temporal window of minutes post
trauma (Volman and Ng, 2014). Moreover the width of the nodes of Ranvier is crucial for a
fast conduction. In fact, in normal myelinated axons the conduction velocity is inversely
related to the node width. A study on a mathematical model of myelinated axons showed that
even small mechanical retractions of myelin from narrow nodes or slight loosening of
paranodal myelin can cause large changes in myelinated nerve conduction velocity (Babbs
and Shi, 2013). Taken together, stretch-induced moderate injury in cerebellar slices may
affect nerve conduction velocity since stretch results in alteration of paranodal junctions at tO
and t72 post-stretch (preliminary data), suggesting stretch-induced primary and secondary
paranodal demyelination.

In line with these observations, we did not however see any modification in the intensity of
CaBP and MAG immunolabeling following stretch in cerebellar slices. It may be due to the
fact that the demyelination is more focused on paranodal junctions and it may not spread to
the whole myelinated fibers of Purkinje cells as labeled by CaBP and MAG. Therefore,

complementary analyses by electronic microscopy are necessary to conclude.

Stretch alters the expression of antioxidant and myelin genes at 24h post-stretch in

cerebellar slices

The effect of stretch-induced moderate injury was also analysed at the molecular level in
cerebellar slices. Unexpectedly, oxidative stress markers as AOPP, carbonyls, thiols and
GSH are not affected at time Oh post-stretch. It is possible that the cerebellar tissue has
sufficient compensatory systems that protect cells against oxidative stress at time Oh, but
maybe not at later time points after stretch. Therefore, it should be interesting to assess all
these parameters at 24h and 72 after stretch. In addition, at 24h after stretch, and not at Oh,
stretch alters the expression of antioxidant (Sod, Ngo-1 and Ho-1) and myelin genes (Plp)
suggesting that in cerebellar tissue the response to stretch needs more time to take place. In
our experimental conditions, the analyses of myelin proteins by western blot show no
modifications of the amount of PLP and MBP at 72h after stretch. It may be possible that the
time point analysed was not appropriate for myelin proteins and that stretch alters transiently
these proteins at an earlier time point. Indeed, in our cell line model, stretch results in a

decrease of PLP immediately after stretch and not at 24h. It has to be also considered that
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our antibody used for western blot does not allow to discriminate between proteins within

intact myelin and debris.

Stretch activates the MAPK pathways in cerebellar slices

We also attempted to study the effect of stretch-induced moderate injury on MAPKs
activation in cerebellar slices. The analysis of MAPKs in cerebellar slices showed an
increase in the activity of both ERK1/2 and JNKs, in particular the 46 kDa isoform. This
suggests an activation of MAPKs following stretch that is compatible with the role of the
MAPKSs as points of convergence for various signalling cascades regulating gene expression.
Compared to 158N cell line, stretch-induced moderate injury results in ERK inhibition with no
effect on JKNs. As discussed earlier, the activation of MAPKs is cell-dependent and in

cerebellar slices different subpopulation of cells are present conditioning the final response.

c) Possible mechanisms involved in the response of oligodendrocytes and

cerebellar slices to stretch

In general we can hypothesize several mechanisms explaining the biochemical/biophysical
responses occurring in damaged cells/slices after the application of tensile strain: i) direct
effect on cytoskeleton by the physical forces applied to it and consequent alteration of cell
morphology, ii) influx of free calcium which activate proteases causing a widespread
proteolysis of different molecules, and iii) increase in ROS production resulting in damage

and oxidize macromolecules.

i) Stress fibers are anchored to focal adhesions, which consist of integrins and many other
so-called focal adhesion proteins, as vinculin, that serve to physically connect the
extracellular matrix to the actin cytoskeleton and to sense mechanical forces (Cramer et al.,
1997; Naumanen et al., 2008). Early studies on fibroblasts, arterial smooth muscle cells and
endothelial cells showed that cyclic uniaxial strain results in either perpendicular or oblique
alignment of the cells and stress fibers relative to the strain axis (Buck, 1980; Dartsch and
Betz, 1989; Dartsch et al., 1986), while cyclic equibiaxial stretch results in no cell or stress
fiber alignment in endothelial cells (Kaunas et al.,, 2006; Wang et al., 2001). In our
experimental condition, we applied a static equibiaxial stretch, and it doesn’t not result in cell
alignment as described above in the case of cyclic equibiaxial stretch, suggesting that
absence of cell alignment is more related to equibiaxial stretch rather than its frequency as
static or cyclic. Overall, static equibiaxial stretch can influence the dynamics of focal

adhesion acting on integrins and promoting disorganisation and/or disruption of cytoskeletal
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components, resulting in cell retraction or cytoskeletal damage as observed in our mild and

moderate injury in oligodendrocyte-enriched primary culture, respectively.

i) As a consequence of the traumatic impact to the brain, a depolarization of nerve cells take
place resulting in uncontrolled and excessive release of excitatory neurotransmitters. This
cascade of pathological events is called excitotoxicity and the main responsible is the release
of glutamate. Excitotoxic cell death is deeply linked to the downstream calcium influx
modulation and dysregulation. In fact, excessive extracellular glutamate initiates a massive
influx of Ca** and Na" into neurons and glial cells (Choi, 1987). Glutamate is able to bind
different ionotropic receptors as NMDA receptors, AMPA receptors and the kainate receptors
(KARs) and the metabotropic glutamate receptors (mGIuRs) over activating the ion channels
responsible for Na* and Ca?" influxes (Faden et al.,, 1989; Park et al., 2008). All these
glutamate receptors are expressed in oligodendrocytes (Gudz et al., 2006; Karadéttir et al.,
2005; Kolodziejczyk et al., 2010), so it is possible that, following stretch-induced injury, a
massive entry of Ca®" is triggered in our cells activating calcium-dependent proteases and
resulting in cellular damage. Moreover the NMDA receptor is also a known mechanosensor
in the central nervous system, it can “sense” the forces that are applied during a traumatic
injury (Kloda et al., 2007; Paoletti and Ascher, 1994; Zhang et al., 1996). NMDA receptor in
fact mediates stretch-induced calcium influx leading to neuronal excitotoxicity and it is
considered one of the common mediators for the acute and progressive events that occur
following TBI (DeRidder et al., 2006; Faden et al., 1989; Geddes-Klein et al., 2006; Singh et
al., 2012).

Another way that in fact can provoke a Ca* influx in response to mechanical stress is via
specialized mechanosensitive ion channels (MSCs). lon channels that appeared to be
activated by swelling or stretch were first described in 1984 using patch-clump analysis
(Guharay and Sachs, 1984). Mechanical forces govern the gating of these channels, the
most common type of MSC is the stretch-activated channel (SAC), (Bass et al., 2003;
Franco-Obregdn and Lansman, 2002; Martinac and Hamill, 2002; Yamaguchi, 2004), but
there are also examples of stretch inactivated channels (SICs), that are active at rest and are
closed by tension (Chakfe and Bourque, 2001; Franco-Obregén and Lansman, 2002;
Martinac and Hamill, 2002; Schumacher et al., 2000). SACs are expressed in glial cell as
astrocytes and microglia (Eder et al., 1998; Islas et al., 1993). A study demonstrates that the
stretch-activated ion channel Piezol directs the lineage choice in human neural stem cells
that have the ability to differentiate into neurons, astrocytes, and oligodendrocytes.
Mechanical stimulation (induced using a glass pipette positioned on cells) provokes the
activation of Piezol resulting in Ca?" influx, a known modulator of differentiation, in a

substrate-stiffness-dependent manner. Inhibition of this channel activity suppressed
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neurogenesis and enhanced astrogenesis. Piezol knockdown also reduced the nuclear
localization of the mechanoreactive transcriptional coactivator YAP (Pathak et al., 2014). We
can hypothesize that these stretch responding channels are also expressed on

oligodendrocytes and, as consequence of stretch-induced injury, they result in calcium influx.

Some Transient Receptor Potential (TRP) channels, ion channels located mostly on the
plasma membrane, can be considered as mechanosensors, they are non-selective cation
channels that serve as cellular sensors for a wide spectrum of physical and chemical stimuli
including temperature sensing, chemosensing, nociception, photoreception and
mechanoreception (Echeverry et al., 2016; Zheng, 2013).

According to their sequence homology, the TRP family can be divided into six subfamilies:
TRPC (canonical), TRPM (melastatin), TRPV (vanilloid), TRPA (ankyrin), TRPP (polycystin),
and TRPML (mucolipin). Some TRP family members have been identified in glial cells, as
astrocytes and microglia (Echeverry et al., 2016; Shi et al., 2013). Considering
oligodendrocytes, it is known that TRPC are expressed, in particular TRPC1 and TRPC3
(Fusco et al., 2004; Paez et al., 2011), and a recent study showed that also TRPA1 and
TRPV3 are expressed. In particular TRPA1 is expressed in the cerebellum and
oligodendrocytes of rats and mice, while TRPV3 is expressed only in rat (Hamilton et al.,
2016). In oligodendrocytes, as controversial to the current ideas, ischemia does not damage
myelin and oligodendrocytes by activating Ca®* entry through ionotropic glutamate receptors
in their membrane but through the activation of TRPA1 (Hamilton et al., 2016). Thus,
ischaemic damage to oligodendrocytes differs fundamentally from that in neurons, where
Ca’" is raised by glutamate-gated receptors and only later by TRP channels that are
modulated by ROS (Aarts et al., 2003). Another study showed, in rat exposed to infrasound,
that the TRPV4 channel expressed in glial cells is able to mediate Ca®" influx and thus,
infrasound-induced neuronal injury (Shi et al., 2013). TRP channels can be activated and
modulated by ROS, in particular by -NO and O, (Aarts et al., 2003). In our cellular system,
we can hypothesize that ROS activate these TRP channels that, in turn, mediate ca?" influx
and all the consequences at the cellular and molecular levels. High cytosolic Ca*" alters
different cellular processes as protein phosphorylation, microtubule polymerisation and
protease activation resulting in loss of cell function. Calcium-dependent enzymes can be
activated, especially calpain-1 and -2 that are non-lysosomal cysteine proteases (Pike et al.,
2000). In oligodendrocyte-enriched primary culture, stretch-induced moderate injury can
result in cell damage with loss of oligodendrocyte branches. For 158N cell line, the effect is
not obvious morphologically, since cell lines are in general more resistant. Nevertheless, the
stretch has a marked effect on the expression of different genes resulting in an overall

reduction.
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i) As discussed above, oligodendrocytes are highly sensitive to oxidative stress. In fact, they
have physiologically limited antioxidant potential, opposed to the high energy demanded for
myelination. If antioxidant systems are not properly regulated, cells are left vulnerable to
oxidative and free radical damage (Li et al., 2005). Oxidative stress seems to be a critical
player in the pathophysiology of demyelination as reported in different studies (Haider, 2015;
Hamilton et al., 2013; Lee et al., 2012; Ljubisavljevic, 2016; Ljubisavljevic and Stojanovic,
2015; di Penta et al., 2013; Shi et al., 2015; Vladimirova et al., 1998).

Oxidative stress may contribute to axonal and myelin damage via several mechanisms.
Proteins are oxidized in condition of oxidative stress, including the major myelin proteins as
MBP and PLP that are altered and, as a consequence, more susceptible to trypsin
degradation. Under in vitro conditions, myelin, being altered by oxidative stress, is easily
subjected to degradation by the effects of extracellular proteases (Chaitanya et al., 2013). In
general, proteins modified by oxidation are hydrophobic and more subjected to
fragmentation, denaturation and aggregate formation with other oxidatively modified
molecules (Park et al., 2006).

Moreover, delamination of myelin sheath makes new amounts of myelin components prone
to being damaged by ROS. ROS can also attack lipids, damaging the membranes because
of their high lipid content, given that ~70% of oligodendrocyte membranes are composed by
lipids (Quarles et al., 2006). In addition, oxidative stress can contribute to an impairment of
mitochondrial function due to an accumulation of mutations induced by ROS in mtDNA (Beal,
2005). This leads to an energetic failure and additional production of ROS worsening the
situation. Axonal swelling and mitochondria accumulation are observed after TBI and this is
consistent with disruption of microtubule by oxidative stress and consequent impairment of

axonal transport (Counterman et al., 2006).

A link has also been established between oxidative stress and MAPKs. Several studies have
in fact demonstrated that ROS can induce or mediate the activation of the MAPK signalling
pathways (see for review Espinosa-Diez et al., 2015; McCubrey et al., 2006; Son et al.,
2011). In general increased ROS production leads to the activation of ERKs, JNKs, or p38
MAPK, however the mechanism by which ROS can activate MAPK is not well understood.
To give an example, ERK pathway is activated by MAP/ERK Kinase (MEK), which is in turn
activated by Raf, a MAP3K. Raf is activated by the Ras-GTPase, whose activation is induced
by receptor tyrosine kinases (RTKs) such as the epidermal growth factor (EGF) receptor.
Ligand-independent clustering and activation of growth factor receptors in response to ROS

have been demonstrated. For example, a study reported that oxidative stress induces EGF
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receptor phosphorylation and activation, and H,O, is proposed as critical mediator required
for ligand-independent phosphorylation of this receptor in response to oxidative stress
(Meves et al., 2001). The MAPK activation by ROS may also be due to the oxidative
modification of the intracellular kinases. ASK-1, a member of the MAP3K superfamily for INK
and p38, binds to reduced thioredoxin in non-stressed cells. Following oxidative stress, the
thioredoxin becomes oxidized and dissociates from ASK-1, thus leading to the activation of
JNK and p38 pathways (Nagai et al., 2007). The activation of MAPK pathways can also
induce antioxidant response element-mediated gene expression via a Nrf2-dependent
mechanism (Yu et al., 2000).

In our system, the molecular mechanism by which oligodendrocytes receive the mechanical
stress and convert it into biochemical sighals remains to be elucidated. MAPKs should be
activated by ROS or also they might be activated by the calcium influx following mechanical

stretch.

Study of the antioxidant potential of etazolate in vitro and remyelinating properties

ex vivo

Etazolate does not show an antioxidant effect on oligodendrocytes

The second part of my PhD project was devoted to the evaluation of the antioxidant potential
of etazolate, a pyrazolopyridine derivate compound, that previously was showed, in part by
our team, to be neuroprotective, anti-inflammatory and antioxidant in vivo (Désiré et al.,
2013; Drott et al., 2010; Guo et al., 2014; Jindal et al., 2013, 2015; Siopi et al., 2013). In
particular Jindal and colleagues demonstrated that etazolate has an antioxidant effect in an
in vivo model of chronic unpredictable stress depression in mice attenuating the increase of
oxidative markers in the brain, in particular it contrasted the lipid peroxidation and the
nitrosative level and it normalized the reduced GSH level in brain and the activity of the anti-
oxidant enzymes SOD and CAT, that were found to be reduced in depressed animals (Jindal
et al.,, 2013). The same group confirmed this antioxidant effect in a model of olfactory
bulbectomy-induced depression in mice where the etazolate contrasted the oxidative and

nitrosative stress (Jindal et al., 2015).

In order to evaluate the antioxidant potential of this compound, we first developed an in vitro
model of oxidative stress induced by tert-butyl hydroperoxide (tBHP) in the oligodendrocyte
158N cell line by analysing cell viability and ROS production, following its validation by
assessing the effects of NAC treatment, a known powerful antioxidant, on our output

analysis.
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Our results showed that etazolate is not able to exert any protective or antioxidant activity in
our model. In fact, etazolate was not able to protect cells against tBHP-induced cell death at
the doses from 0.02 to 200 uM. It was not also able to reduce ROS production at 2 pM, even
though etazolate at this dose is able to exert neuroprotective and remyelinating effect

(Marcade et al., 2008; Llufriu-Dabén et al. 2016a, under revision).

The results showing an antioxidant effect of etazolate are obtained in vivo (0.5mg/Kg/day
and 1mg/Kg/day) (Jindal et al., 2013, 2015) and it remains to be elucidated whether if the
antioxidant effect of etazolate is direct or indirect by its anti-inflammatory effect. In our model,
etazolate was tested only on oligodendrocytes. The potential antioxidant activity of etazolate
has been tested in a model where tBHP induces an important production of ROS (20-fold
increase). It is possible that ROS production in this model is too high to be reversed by
etazolate. Nevertheless, compared to NAC treatment, NAC is able to counteract tBHP
induced ROS production in our model. Therefore, we can conclude that previously reported

beneficial effect of etazolate is not due to its antioxidant activity.

Etazolate contrasts demyelination in cerebellar slices

In addition, | was also involved in the PhD project of Gemma Llufriu-Dabén during my pre-
doc training (Unipharma Graduates program), showing that etazolate is able to restore the
number of myelinated axons in an ex vivo model of lysolecithin-induced demyelination in
cerebellar organotypic slices (Llufriu-Dabén et al., 2016a under revision). Later on, in our
team, we showed that etazolate has a remyelinating effect in the same model and this work
is now continued by another PhD student in our team, Alex Carreté. Etazolate also reduces
myelin loss in an ex vivo weight-drop model of trauma (Llufriu-Dabén et al., 2016b under
revision).

Overall, our data support the protective effect of etazolate on myelin sheaths. So it could be
interesting to treat cerebellar slices subjected to stretch with etazolate in order to see if it
protects tissue from the stretch-induced traumatic axonal injury and myelin alteration. In
addition, etazolate showed good tolerance and a good safety profile in a phase Il clinical trial
(Vellas et al., 2011), which is an important issue for a potential passage of etazolate in clinic

for the treatment of TBI-induced demyelination in head-injured patients.
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CONCLUSION AND PERSPECTIVES

The aim of this work was to decipher the response of oligodendrocytes and the fate of myelin
proteins and myelin sheaths following traumatic event induced by stretch force. During my
PhD, | developed two in vitro models, mild and moderate stretch-induced injury, using three
cell systems, the 158N cell line, the mixed glial primary culture and the oligodendrocyte-
enriched primary culture. In addition, | developed an ex vivo model of stretch-induced

moderate injury in organotypic cerebellar slice culture.

The stretch-induced mild injury i) decreased the cell adherence and affected the cell
morphology with a decrease of surface area in the oligodendrocyte-enriched culture, ii)
induced an increase in ROS production, and protein oxidation and an alteration, in the
expression of pro- and antioxidant genes in the cell line and in the mixed glial primary
culture, ii) induced an inhibition of ERK and an activation of JNK, two proteins belonging to
the family of MAP kinases, iii) modified the expression of the myelin genes but it did not
modify the expression and the amount of the myelin protein PLP. The stretch-induced
moderate injury on cells induced a more pronounced alteration of the cellular redox status
with a decrease of PLP amount in the cell line. It also has a stronger effect on the cell
morphology with a damage of cell ramifications in the oligodendrocyte-enriched culture.
Cerebellar slices were subjected only to stretch-induced moderate injury, showing axonal

swelling, APP accumulation, altered paranodal junctions and activation of MAPK pathways.

Oligodendrocytes and myelin response to stretch-induced injury

Regarding the oligodendrocyte response to stretch, we first assess PLP expression at mMRNA
and protein level in 158N cell line and the stretch-induced moderate injury, but not the mild,
was able to reduce the amount of myelin protein PLP. This reduction could be due to
different mechanisms. As reported in the discussion, ROS induce protein oxidation that, by
consequence, makes the proteins more susceptible to degradation. Another hypothesis is
that, PLP as a transmembrane protein, may be directly affected by mechanical stretch. Thus,
to verify the involvement of ROS in stretch-induced myelin protein loss, it would be
interesting to treat the stretched culture with an antioxidant compound, for example NAC,

and to further analyse the cell responses to stretch.
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In order to deeply analyse the effect of stretch on oligodendrocytes, we moved to the
oligodendrocyte-enriched primary culture, a primary culture with more than 95% of
oligodendrocytes. Oligodendrocytes responded to moderate injury by reducing cell
adherence (following mild and moderate injury), decreasing cell spreading (mild injury) or
resulting in severe cellular damage with loss of branches (moderate injury). Primary
oligodendrocytes are more sensitive, as expected, to stretch-induced injury compared to the
cell line. Cell death in oligodendrocyte-enriched primary culture has been indirectly evaluated
by cell adherence and results suggest that detached cells are dead because they did not re-
adhere following 24h after the end of stretch. It would be more relevant to directly evaluate
cell death in this system in order to assess if detached cells are really dead. We tried to
measure the LDH in the culture medium in order to assess cell death but the signal was too
weak, probably too diluted in 3 ml of medium (this volume is necessary for the stretch
experience). We have to complete these studies by using other techniques to evaluate cell
death by apoptosis or necrosis. A suitable method for the detection of apoptosis is the
evaluation by immunocytofluorescence of the active caspase-3 or the fragmented DNA (a
feature of apoptotic cells) marked by terminal deoxynucleotidyl transferase dUTP nick-end
labelling (TUNEL) assay. Regarding necrosis, the evaluation could be performed based on
morphological characteristics typical of necrotic cells, as cytoplasmic swelling, rupture of the
plasma membrane, swelling of cytoplasmic organelles (particularly mitochondria), and

condensation of nuclear chromatin.

The study on the organotypic cerebellar slices represents the most challenging part of my
project due to the difficulties in performing a successful culture of slices on the silicone
membrane. Finally the objective was reached and, to best of our knowledge, we are the first
to have developed an ex vivo model of stretch-induced injury in cerebellar slices. We showed
an axonal injury highlighted by APP accumulation, cytoskeleton disruption and alteration of
the paranodal region in cerebellar slices subjected to stretch-induced moderate injury.
Considering that ours results are preliminary and should be completed, it is important to
highlight that our stretch-induced moderate injury resulted in axon and myelin alteration. As
discussed above, for a more precise analysis of myelin sheaths it would be interesting to

perform electron microscopy on cerebellar slices at different time points after stretch.

Oxidative stress and sources of ROS following stretch-induced injury

Cells from 158N cell line subjected to stretch-induced mild and moderate injury resulted in an
oxidative stress as assessed by an increase in oxidized proteins, a decrease in GSH and a
marked alteration in antioxidant defence. Our results showed that free radicals are probably

produced by Duox-1 after stretch-induced mild injury. Nevertheless, the question regarding
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the source of ROS produced after stretch remains open, since our data are still preliminary.
The major sources of ROS are in general coming from the activity of NADPH oxidases and
mitochondria. In collaboration with Dr. Assaad Eid (American University of Beirut, Lebanon),
we will measure the activity of NADPH oxidases in 158N cell line, by lucigenin-enhanced
chemiluminescence, after mild and moderate injury. Regarding mitochondria, the general
status of these organelles will be evaluated in our system on 158N cell line using a specific
dye, the 3,3’-dihexyloxacarbocyanine iodide, DIOC6(3), to assess a potential alteration in the
mitochondrial membrane potential (AWm). This will be a first indicator about mitochondria
status, if mitochondrial potential is altered, it is possible that part of ROS are produced by
mitochondria. Moreover it would be interesting to assess the presence of reactive nitrogen
species (RNS) in our system, in particular -NO, in order to have a complete analysis on
oxidative and nitrosative stress. A study in fact reports that nitric oxide is able to down-
regulate the expression of myelin genes PLP, MBP, MOG and CNP in human primary
oligodendrocytes (Jana and Pahan, 2013).

The response of mixed glial cells submitted to a stretch-induced mild injury was for some
points in line with the 158N cell line, as the oxidative stress markers as AOPP are increased
after stretch, and for other points contrasting, since the expression of antioxidant genes is
inhibited after stretch. This difference in the response is probably due to the presence of
astrocytes. Maybe the antioxidant response was enhanced at the earlier time point but when
cells were analysed, after the 20h of stretching, it is possible that the antioxidant system was
already downregulated due to a negative feedback. It is also interesting to study the effect of
stretch (mild and moderate injury) on astrocytes (cell line and primary culture) and on mixed
glial culture (moderate injury) in order to analyse the cellular and molecular responses

following stretch.

Moreover, it is also interesting to evaluate if ROS are produced in the response to stretch in
oligodendrocyte-enriched primary culture. This is a very delicate culture, unfortunately with a
limited yield in term of number of cells. Even utilizing a bigger number of animals and
cultures, it would not be possible to have a suitable number of cells required for biochemical
assays. However, we can address this issue by measuring ROS production with an in situ
probing of ROS by dihydroethidium (DHE). Alternatively, we can treat cells with NAC in order
to verify if the stretch responses are still present or if cells are protect by this antioxidant

compound.
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Pathways activated by stretch-induced injury

We studied in 158N cell line the potential involvement of MAPK activation following stretch.
Both injuries reduced ERK activation, while only the mild injury, and not moderate, was able
to activate the JNK pathway. The analysis of MAPKSs in cerebellar slices showed an increase
in the activity of both ERK1/2 and JNKs, in particular the 46 kDa isoform. In order to have a
complete overview of MAPKs pathway in our system, we will evaluate the effect of stretch on
p38, another important MAPKs pathway that is responsive to stretch injury in other cell types.
Moreover it should be interesting to understand the mechanism that lead to MAPKSs
alteration. As discussed above, we hypothesize that ROS could be involved in MAPKs
activation or also they might be activated by the calcium influx following mechanical stretch.
In order to understand the order of events activated by stretch, we can use pharmacological
tools to block ROS production (via NAC treatment) or to block calcium influx (by Ca®" blocker)
and to analyse their effects on MAPK pathways following stretch.

Regarding the effect of stretch in general on signalling pathways, and independently from the
model of injury, it would be intriguing to evaluate other pathways activated by stretch. We
only evaluated the MAPKSs but it could be interesting to evaluate other pathways also known
to be responsive to stretch. A study showed that a mechanical stretch is able to induce the
activation of JAK/STAT pathway in rat cardiomyocytes (Pan et al., 1999). Mechanical
activation of the mTOR/p70S6K signalling pathway has also been reported in muscle cells
in vitro (Hornberger, 2004; Hornberger and Chien, 2006; Nakai et al., 2015; Sasai et al.,
2010).

Physical stimuli are also known to modulate the activity of transcription factors as, yes-
associated protein (YAP) and nuclear factor kB (NF-kB) (Mendez and Janmey, 2012).YAP, a
crucial member of the Hippo pathway signalling has emerged as a particularly important
regulator of the mechano-response. More precisely YAP is known to respond to substrate
stiffness (increasing substrate stiffness results in increasing YAP activation) and stretching
(stretch in general activates YAP) (Dupont et al., 2011). A study showed that six hours of
cyclic uniaxial stretch at 20% increased the nuclear localization of YAP, confirming its
activation. Moreover they showed that YAP activation is JNK-dependent through down-
regulation of Hippo signalling (Codelia et al., 2014). Studies on NF-kB reported that this
transcriptional factor is activated in chondrocytes in response to dynamic compressive strain
(Nam et al., 2009) and in osteoblasts following oscillatory, but not continuous, fluid flow
(Young et al.,, 2010). NF-kB is also reported to be activated in pulmonary epithelial cells
submitted to 22% equibiaxial stretch (Horie et al., 2016). It is interesting to assess the effect

of our models of stretch-induced injuries on these transcriptional factors. In order to have a
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complete analysis of all pathways involved in the response to stretch, it would be suitable to
perform a proteomic analysis. This global analysis of protein expression will allow us to focus

on particular pathways affected by stretch.

Other future perspectives to study the effects of stretch-induced injury

A well-known consequence of stretch is the alteration in calcium homeostasis, generally
considered to be one of the initiating factors in transducing a mechanical insult into a cellular
response. In general, magnitude of calcium increase is directly related to the applied strain
magnitude and rate (Geddes and Cargill, 2001; LaPlaca and Thibault, 1997; Lusardi et al.,
2004; Weber et al.,, 1999). There are no studies on oligodendrocytes and it would be
interesting to assess the calcium homeostasis in our models of stretch-induced injury. The
most popular calcium indicator is the Fura-2, a fluorescent dye, which binds to free
intracellular calcium and allows an accurate measurement of intracellular calcium
concentrations. This method is suitable only for live imaging studies. In our condition, we
cannot use this probe since we should work on fixed cells or tissue. Therefore, an alternative
calcium indicator could be the Alizarin Red S, an anthraquinone derivative, used to identify
calcium in tissue sections. Calcium forms an Alizarin Red S-calcium complex in a chelation
process, and the end product is birefringent. Another possibility is the von Kossa stain that

allows the visualization of deposits of calcium or calcium salts.

As discussed above, Ca?' influx in response to mechanical stress can be stimulated via
different mechanisms, as the activation of specialized mechanosensitive ion channels. For
example some Transient Receptor Potential (TRP) channels, respond to mechanical stretch.
TRPA1 has been recently demonstrated to be expressed in the cerebellum and
oligodendrocytes of rats and mice (Hamilton et al., 2016). TRPAL1 generates ~70% of the
ischaemia-evoked Ca?* rise, and TRPA1 blockers reduce ischaemic damage to myelin in
cerebellar white matter oligodendrocytes (Hamilton et al., 2016). TRP channels can be
activated and modulated by ROS, in particular by -NO and O,-" that have been shown to
enhance Ca?" uptake and TRPM7 activity in neurons. Conversely, TRPM7 suppression is
able to inhibit ROS production, indicating an interdependence (Aarts et al., 2003).

In our cellular system, we can hypothesize that ROS activate these TRP channels that, in
turn, mediate Ca?* influx and all the consequences at the cellular and molecular levels. We
can use pharmacological tools to block ROS production (via NAC treatment) or to block
calcium influx (by Ca®" blocker) in order to analyse the link between these two cellular
process and eventually the implication of TRPA1 using a TRPAL1 blocker (HC-030031).
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In our study, we neglected one important aspect of TBI, the inflammation. A complex
cascade of inflammatory response is in fact initiated following TBI, with release of cytokines,
chemokines and growth factors by different cell types (Wang et al., 2013). It would be
interesting to assess in our models, in vitro and ex vivo, the inflammatory response to
stretch. We tried to measure the release of pro-inflammatory cytokines IL-13 and TNF-a in
the culture medium by ELISA, but the signal was too weak, probably too diluted in 3 ml of
medium, volume necessary for the stretch experience. For the future experience, we can
perform RT-gPCR to analyse the effect of stretch on the expression of IL-18 and TNF-a
genes. It would be also possible to assess an extended spectrum of pro-inflammatory
cytokines by FACS on 158N cell line.

Another possible perspective is the association of stretch with a secondary injury to mimic
the in vivo context of TBI. For example, it is possible to associate hypoxia with stretch, or
stretch could be also associated with an inflammatory stimulus, as IL-1B. Studies reported
that stretch can be sub-lethal, as in our case for 158N cell line, but it renders cells more
sensitive to a secondary injury. For example stretch (30% for 1 sec) increases the
vulnerability of primary neurons to subsequent challenges with L-glutamate or NMDA
(Arundine, 2004; Arundine et al., 2003).

An important question is that our study, as the majority in the literature, was conducted on a
flat, two-dimensional (2D) substrate, while cells grow physiologically in a complex three-
dimensional (3D) environment. The actual knowledge of many biological processes is largely
based on studies using cell cultures in 2D system but, over the past years the development
of 3D culture knew an incentive and scientists are encouraged to use 3D systems. Some 3D
matrixes exist for the Flexcell® Tension System, so it will be technically possible to perform
this kind of 3D culture. The 3D culture elicits a more physiological state, with changes in cell
geometry and organization that directly impact cell functions. Moreover it's also important to
underline that the dimensionality is strictly linked to the matrix stiffness and traditional 2D
cultures are generally performed on glass or plastic which are supraphysiological in terms of
stiffness. The matrix used for 3D culture is not necessarily at the physiological range of
stiffness, but to date most of the 3D systems offer a matrix with low stiffness. It should be
really interesting to adapt our in vitro model to a 3D culture, in order to be closer to the

physiological state for both the three dimensionality and the stiffness.
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Etazolate as promising treatment for TBI treatment

Finally, considering the second part of my project, we analysed the antioxidant potential
effect of etazolate. However, the results were not in line with what expected on the basis of
the studies reported in the literature in vivo. In fact, etazolate did not reduce the ROS
production in our condition. Nevertheless it remains a promising treatment for TBI due to its

neuroprotective, anti-inflammatory and antioxidant effects in vivo.

The ex vivo model of demyelination induced by lysolecithin allowed to reveal the
remyelinating effects of different pharmacological compounds (Hussain et al., 2011; Meffre et
al., 2015a, 2015b; Miron et al., 2010). In this context, we tested the effect of etazolate on
myelin sheaths and it showed to be protective, and more precisely it promotes
oligodendrocyte differentiation and remyelination (Llufriu-Dabén et al. 2016a, under revision).
It would be interesting to complete this study with a more detailed analysis on the
proliferation and migration of OPCs. Indeed, in addition to the differentiation of OPCs, the
proliferation and migration of OPCs are also essential to the remyelination process. Thus, the
study of the effect of etazolate on the proliferation of OPCs could be achieved by the
incorporation of bromodeoxyuridine (BrdU) or by the marker Ki67, evaluated by
immunofluorescence. The study of the effect of etazolate on migration of OPCs to
demyelinated zones would also be crucial. For this study, cerebellar organotypic cultures
should be performed in the presence of brain stem slices from PLP-eGFP mice, added after
lysolecithin demyelination (Hussain et al., 2011). This system allows the observation of the
eventually migration of OPCs-GFP* from the brain stem to the demyelinated areas of the
cerebellum. In addition, due to the contribution of inflammation to the lysolecithin-induced
demyelination (Sheridan and Dev, 2012), it would be interesting to study the anti-

inflammatory effects of etazolate with ELISA test or histological study.

It is important to highlight that damage associated with primary brain injury can only be
prevented, therefore clinical efforts should be focused on the prevention, recognition and
treatment of secondary brain injury. In particular, it is proven that myelin plays an important
role in protection of axons following white matter injury, unmyelinated fibers are more
susceptible to damage than myelinated ones (Reeves et al., 2012; Staal and Vickers, 2011)
and along myelinated fibers, the axon initial segment, which is not myelinated, is the primary
site of axotomy.

Recent studies have proposed demyelination as a target to limit the progression of axonal
lesions as well as to stimulate axonal regeneration. This therapeutic strategy would promote
the recovery of axonal conduction and its functional capacity (Plemel et al., 2014; Shi et al.,
2015).
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In conclusion, several models of stretch-induced injury were developed for the first time in
oligodendrocytes and cerebellar slices suggesting that mechanical stretch can cause loss of
oligodendrocytes and demyelination. These findings highlight the importance of developing
therapeutic strategies based on oligodendrocyte protection. These models are relevant for
studying the pathophysiological events that occur after stretch-induced injury as well as for

rapid screening of therapeutic compounds.
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Highlights

e Etazolate protects myelin sheaths following lysolecithin-induced demyelination
o Etazolate enhances remyelination in demyelinated cerebellar slices

e FEtazolate promotes oligodendrocyte differentiation after demyelination ex vivo
e Etazolate stimulates morphological maturation of oligodendrocyte in vitro

o Benefical effects of etazolate are blocked by the ADAM10 inhibitor GI254023X

Abstract

Remyelination is an endogenous regenerative
process responsible of myelin repair after a
demyelinating insult in the central nervous
system. It is mediated by oligodendrocyte
precursor cells (OPCs) differentiation into
mature myelinating oligodendrocytes.
However, the efficacy of remyelination is
limited in demyelinating disorders, leading to a
progressive axonal loss and irreversible
functional impairments, for which no efficient
therapy is available nowadays. The aim of this
study was to evaluate the potential therapeutic
activity of etazolate, a pyrazolopyridine
derivative with neuroprotective a-secretase
activity, on myelinated axons, oligodendrocyte
differentiation and remyelination following
lysolecithin-induced demyelination in
organotypic cerebellar slice cultures. Etazolate
treatment (0.2 or 2 uM) was able i) to protect
MAG'/Calbindin” axons from demyelination, ii)
to increase the number of mature

oligodendrocyte CC1" cells and iii) to promote
the reappearance of the paired Caspr’ at the
nodes of Ranvier. It is noteworthy that
etazolate was also able to increase the
percentage of myelinated axons with short
internodes under 20 um, as an indicator of
remyelination. Besides, etazolate treatment
stimulated  oligodendrocyte  morphological
maturation, characterized by an increase of
multi-branched GFP* cells, in primary mixed
glial cultures from PLP-eGFP mice. Etazolate
failed to promote its beneficial effects in the
presence of GI254023X, a specific ADAM10
(a-secretase) inhibitor,  suggesting that
ADAM10 is involved in the mechanism of
action of etazolate. Our results provide a
strong evidence for etazolate therapy as a
protective and remyelinating strategy and
support further testing of etazolate in models of
demyelination in vivo.
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1. Introduction

Demyelination in the central nervous system
(CNS) is characterized by myelin sheath loss
and oligodendrocyte cell death. It contributes
to progressive axonal injury leading to
neurological disability as observed in
demyelinating diseases as multiple sclerosis
(MS) (Compston and Coles, 2008; Trapp and
Nave, 2008) or in acute CNS injuries as
traumatic brain injury (TBI) (Armstrong et al.,
2015a, 2015b). At the opposite, remyelination
is an endogenous regenerative process
occurring in  response to demyelination,
essential for restoration of saltatory conduction
and subsequent prevention of further axonal
damage (Franklin and Ffrench-Constant, 2008;
Franklin and Goldman, 2015).

However, remyelination is limited or
inadequate in demyelinating diseases leading
to progressive axonal loss and irreversible
neurological dysfunction in long-term (Dutta
and Trapp, 2011). Oligodendrocyte precursor
cells (OPCs), the main source of mature
myelinating cells in the adult brain, are not
considered as a limited factor for remyelination
since they are abundant within demyelinated
regions (Chang et al., 2002). In fact, the main
cause of failure in remyelination has been
suggested to be the inability of OPCs to
differentiate into mature myelinating
oligodendrocytes (Fancy et al., 2010; Franklin,
2002). Therefore, therapeutic strategies
promoting OPCs differentiation, myelin sheath
protection and remyelination may contribute to
a better axonal preservation and long-term
functional recovery (Franklin, 2015; Kremer et
al., 2015). It is noteworthy  that
pharmacological therapies enhancing
remyelination in demyelinating diseases as MS
are still missing nowadays (Gajofatto and
Benedetti, 2015).

Therefore, the purpose of this study was to
investigate the protective and potential
remyelinating effect of a pharmacological
compound, etazolate, following demyelination.
Etazolate, a pyrazolopyridine derivative, is able
i) to enhance the a-secretase processing of B
amyloid precursor protein (BAPP) to sAPPaq,
an endogenous neurotrophic and
neuroprotective protein (Chasseigneaux and
Allinquant, 2012), and i) to promote
neuroprotection against AB peptide
neurotoxicity in vitro (Marcade et al., 2008).
We have also shown that etazolate promotes a
neuroprotective effect in a mouse model of
acute CNS injury as TBI (Siopi et al., 2013).
However, the potential therapeutic interest of
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etazolate in myelin sheath protection and
remyelination remains unknown.

It is noteworthy that etazolate acts on multiple
targets. In addition to a-secretase activation
(Marcade et al., 2008), etazolate is an agonist
of adenosine receptor (Daly et al., 1988), an
inhibitor of PDE, (Chasin et al., 1972), and a
modulator of GABA, (Thompson et al., 2002).
The two latter pharmacological effects promote
potential benefits on remyelination after
experimental demyelination (Ghoumari et al.,
2003; Gilani et al.,, 2014; Sun et al.,, 2012;
Syed et al., 2013).

Among different targets of etazolate, our
interest has been focused on a-secretases.
Enzymes with a-secretase activity include
different members of ADAM (A Disintegrin And
Metalloproteinase) family as ADAM9, ADAM10
and ADAM17 (Allinson et al., 2003). Within the
brain, ADAM10 is the most relevant since it
leads to a constitutive and regulated a-
secretase cleavage of BAPP  under
physiological conditions (Kuhn et al., 2010;
Prox et al., 2013). The expression of ADAM10
is widespread in the brain (Karkkainen et al.,
2000), including oligodendrocytes (Lin et al.,
2008) and neural progenitor cells (NPCs)
(Klingener et al., 2014). However, the role of
ADAM10 in CNS re/myelination has not yet
been fully elucidated. Recently, one report has
described the involvement of ADAM10 in the
migration of NPCs towards demyelinating
regions to promote repair of injured brain
(Klingener et al., 2014), suggesting the role of
ADAM10 in brain repair. Therefore, we
hypothesized that etazolate, as an a-secretase
activator, acts on ADAM10 to promote
remyelination.

In this context, our study aimed to investigate
the protective and remyelinating effect of
etazolate after demyelination ex vivo. We used
the model of lysolecithin-induced
demyelination in murine organoytpic cellebellar
slice cultures, a very well known model to
study the de/re-myelination  processes
(Birgbauer et al., 2004; Zhang et al., 2011). In
parallel, we have also investigated the effect of
etazolate on oligodendrocyte morphological
maturation using the primary mixed glial
culture from PLP-eGFP mice. In addition, we
used as a pharmacological tool, the specific
ADAM10 inhibitor G1254023X (Jangouk et al.,
2009; Ludwig et al., 2005), to address the
mechanism of action of etazolate. Our results
showed that etazolate has a protective effect
on myelin  sheaths, and  enhances
oligodendrocyte differentiation and
remyelination following lysolecithin-induced



demyelination. In addition, our data suggest
that etazolate acts on ADAM10 to promote its
beneficial effects.

2. Materials and Methods
2.1. Animals

For the organotypic culture of cerebellar slices
and primary mixed glial cultures, we used
either C57BL/6 mouse pups (Janvier, Le
Genet St Isle, France), or transgenic PLP-
eGFP mice (generated by Dr. W.B. Macklin,
Cleveland Clinic Foundation, Ohio, USA). The
latter overexpress the enhanced green
fluorescent protein (eGFP) in the
oligodendrocyte lineage under the control of
the proteolipid protein (PLP) promoter. Animals
were housed in a controlled temperature
environment (22 + 2°C), under a 12h light/dark
cycle. Animal care and experiments were
approved by the Paris Descartes University
Animal Ethics Committee
(CEEA34.MJT.075.12), respecting the French
regulations and the European Communities
Council Directive on the protection of animals
used for scientific purposes (September
2010/63/UE).

2.2. Organotypic culture of cerebellar slices

Organotypic cerebellar slices were obtained
from C57BL/6 mouse pups aged from 8 to 10
post-natal days (P8-P10), as previously
described (Meffre et al., 2015a, 2015b). Brains
were removed and placed in cold-PBS
supplemented with 5 mg/mL D-glucose
(Sigma-Aldrich). After removing the meninges,
the cerebellum was dissected and 350 um-
thick parasagittal slices were cut using a tissue
chopper (Mcllwain Tissue Chopper, UK).
Isolated slices were transferred onto
membranes of 30 mm Millipore culture inserts
with 0.4 um pore size (Millipore, Bedford, MA).
The inserts were placed in 6-well tissue culture
plates with 1 mL of medium containing 50%
basal medium with Earle’s salts (Invitrogen,
Gaithersburg, MD), 2.5% Hank’s balanced salt
solution (Life Technologies, Grand Island, NY),
25% heat-inactivated horse serum (Life
Technologies), glutaMAX® 1% (Life
Technologies), 5 mg/mL D-glucose (Sigma-
Aldrich) and penicillin (0.1 U/mL)-streptomycin
(0.1 pg/mL). Slices were maintained at 35°C in
an atmosphere of humidified 5% CO, and the
medium was changed every 3-4 days.
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2.3. Model of lysolecithin-induced
demyelination in organotypic cerebellar slice
cultures

At 7 DIV (days in vitro), slices were treated
with lysolecithin (0.5 mg/mL) (PubChem CID:
24798682; Sigma-Aldrich) or its vehicle (0.5%
methanol:.chloroform, 1:1) for 16h, as
previously described (Birgbauer et al., 2004;
Meffre et al., 2015a, 2015b). The slices were
then treated either by vehicle (PBS 0.1M and
DMSO 0.025% mixture), etazolate (PubChem
CID: 3277; Tocris Bioscience) at the
neuroprotective concentrations of 0.2 or 2 uM
(Marcade et al., 2008), etazolate (2 uM) plus
G1254023X (PubChem CID: 9952396; Tocris
Bioscience) at 2 uM, as a selective ADAM10
inhibitor (Jangouk et al., 2009). After 72h of
treatment, cerebellar slices were fixed with 4%
paraformaldehyde solution (PFA) for
subsequent immunolabelling.

2.4. Primary mixed glial culture

Newborn (P1-P3) PLP-eGFP mouse pups
were decapitated and the hemispheres were
collected in cold-PBS containing 5 mg/mL
glucose. After removing meninges, the
hemispheres were mechanically dissociated
into DMEM (Invitrogen, France) and the
solution obtained was filtered (100 um, BD
Biosciences) and seeded into 12-well plates
containing one glass cover-slide per well (& 14
mm, Knittel Glass, Germany), previously
coated by 20 pg/mL of poly-L-lysine (Sigma, St
Louis, Missouri, USA). Cells were incubated at
37°C in an atmosphere of humidified 5% CO,,
in a medium containing 10% Fetal Bovine
Serum (Invitrogen, France), L-glutamine 2 mM,
sodium pyruvate 1 mM, fungizone 0.5 pg/mL,
penicillin (0.1 U/mL)/streptomycin (0.1 pg/mL)
diluted in DMEM. Medium was changed at
5 DIV and then every 2 days. Cells were
treated at 7 DIV, either by vehicles (PBS and
DMSO 0.025% mixture), etazolate at 2 uM,
GI254023X at 2 uM, or a combination of both
compounds. After 72h of treatment, cells were
fixed with 4% PFA for subsequent
immunolabelling.

2.5. Immunocyto-immunohistochemistry

All simples were washed with PBS and then
blocked with L-lysine (0.1M) in a PBS solution
containing triton-X (0.25%), gelatin (0.2%) and
sodium azide (0.1%) (PBS-GTA) for 1h. Before
blocking, fixed primary cells were first
permeabilized with PBS-GTA for 10 min. The



samples were then incubated with primary
antibodies overnight for organotypic slices or
during 2h for primary cells, in a PBS-GTA
medium buffer;  mouse anti-MAG (1/1000;
MAB1567, Millipore) for myelin sheaths; rabbit
anti-Calbindin (1/10 000; CB38a, Swant) for
Purkinje cells; rabbit anti-Caspr (1/1000;
ab34151, Abcam) for paranodal junctions;
rabbit anti-PDGFRa (1/500; sc-338, Santa
Cruz) for OPCs; mouse anti-CCl (1/200;
0P80, Calbiochem) for mature
oligodendrocytes, and rabbit anti-Ki67 (1/100;
RB-1510-P1ABX, Thermo Scientific) for cell
proliferation. Then, samples were incubated
with secondary antibodies during 2h or 1h for
the ex vivo and in vitro samples, respectively:
goat anti-mouse coupled to Alexa-488 (1/1000;
A21121, Invitrogen) and goat anti-rabbit
coupled to Cy3 (1/500 ex vivo or 1/200 in vitro;

111-165-003, Jackson Immuno Research
Laboratories, Inc.). The samples were
mounted  with Fluoromount  (Southern

Biotech, Birmingham, USA) or with Permafluor
mounting medium (Thermo Scientific).

2.6.
analysis

Immunocyto-immunohistochemistry

Images from ex vivo samples were acquired
using a confocal microscope LSM 510 (Carl
Zeiss Inc., Germany) with a 20x objective
(Plan-Neofluar 20x/0.5) or a 40x objective
(Plan-Neofluar 40x/1.3 OQilDic). Confocal
configurations were adapted for 488 and 543
nm excitations corresponding to Alexa-488 and
Cy3 fluorochromes, respectively. Images were
then processed with LSM Image Browser
(version 4.2).

The percentage of myelinated axons in
cerebellar slices was determined using ImageJ
software (1.46r, NIH, USA). The number of
MAG" fibers was counted over the Calbindin®
fibers crossing an imaginary line, localized in a
region of interest around the apical ends of
cerebellar lobules, from 3 different images
acquired per stain and per slice, as previously
described (Hussain et al., 2013; Meffre et al.,
2015a, 2015b). Caspr staining was quantified
in 4 to 6 different regions per slice. The results
were expressed as the number of paired
Caspr’ representing paranodal junctions,
adjacent to the nodes of Ranvier. Furthermore,
we measured the length of the internodes by
tracing myelin sheaths stained by MAG marker
from one paranodal junction to the next one,
using ImageJ (1.46r, NIH, USA). Results are
expressed as the percentage of internodes
under or above 20 pm, over the total
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internodes per region (0.05 mm?®. The
quantification of oligodendrocyte cell bodies as
CC1" or PDGFRa’ was performed in 3
different regions per slice, corresponding to the
apical ends of cerebellar lobules.

The GFP-fluorescence from PLP-eGFP cells
was captured with an Olympus BX51
microscope equipped with a QImaging Retiga
camera (2000R). Images were obtained using
a 20x lens (20x/NA 0.3; Zeiss EC-Plan-
NEOFLUO) and digitalized using specialized
software (Image-Pro Plus, version 6.0, Media
Cybernetics). The morphology of GFP" cells,
highlighting  oligodendroglial  cells, was
determined on the basis of different ramified
category as defined by simple- (1-2 processes)
or multi-branched (> 3 processes) (Blanchard
et al., 2013; Meffre et al., 2015a, 2015hb).
Results are expressed as the percentage of
GFP” cells from one category over total GFP"
cells per field (0.26 mm2). To determine cell
proliferation, GFP* and Ki67" cells were also
guantified using ImageJ software (1.46r, NIH,
USA). All quantifications have been performed
by blind analysis.

2.7. Statistical analysis

Data were expressed as mean * standard
error of the mean (s.e.m). The data were
analyzed using GraphPad Prism statistical
software (Prism v4, GraphPad, La Jolla, CA).
One-way ANOVA followed by Bonferroni’'s
multiple comparison post-test was used.
Differences with a P value under 0.05 were
considered to be statistically different.

3. Results

3.1. Etazolate protects myelin sheaths from
lysolecithin-induced demyelination ex vivo

Treatment with lysolecithin was able to induce
demyelination in cerebellar slices,
characterized by a disorganized MAG-staining
(Fig. 1A) and a marked decrease by 42% in
the percentage of myelinated axons (P<0.001)
(Fig. 1B). Etazolate at 0.2 pM and 2 pM was
able to counteract the myelin sheath loss (Fig.
1A), increasing the percentage of myelinated

axons by 25% and 27%, respectively,
compared to vehicle-treated demyelinated
slices (P<0.001) (Fig. 1B). In addition,

etazolate did not affect the myelin staining in
non-demyelinated slices, since the percentage
of myelinated axons was not changed
compared to control slices (Fig. 1B). Finally,
the number of Purkinje axons (Calbindin®) was



not affected by lysolecithin or etazolate
compared to vehicle-treated slices (Fig. 1A,
1C).

In order to decipher the mechanism of action
of etazolate, we targeted ADAM10 by a
selective pharmacological inhibitor,
Gl254023X. When GI254023X was added
together with etazolate at 2 uM, the protective
effect of etazolate was not anymore significant
(Fig. 2A, 2B). Alone, GI254023X did not have
any deleterious or beneficial effect on myelin
sheaths (Fig. 2A, 2B). In non-demyelinated
slices, the pharmacological compounds did not
also modify the percentage of myelinated
axons, consistent with the absence of effect on
myelin maintenance (Fig. 2B). Moreover, the
number of Purkinje axons (Calbindin®) was not
affected by any treatment in demyelinated
slices compared to control slices (Fig. 2C).

3.2. Etazolate induces remyelination after
lysolecithin-induced demyelination ex vivo: role
of ADAM10

It is well known that remyelination induces
changes in myelin architecture as i) re-
aggregation of Caspr proteins highlighting the
paranodal junctions, adjacent to the nodes of
Ranvier, and ii) reduction in the length of
remyelinated internodes (Podbielska et al.,
2013). Therefore, the potential remyelinating
effect of etazolate was investigated by labeling
Caspr clusters, and MAG to highlight
paranodal  junctions and remyelinated
internodes. Lysolecithin-induced demyelination
led to a diffused Caspr staining with no more
aggregation of paired-Caspr® 72h following
demyelination (Fig. 3A). Therefore, the
number of these clusters was decreased in
vehicle-treated demyelinated slices (P<0.001)
(Fig. 3B). In contrast, etazolate treatment at 2
UM led to a reappearance of Caspr staining
and thus an increase in the number of paired-
Caspr’ (P<0.001) (32.65 + 3.45 for control;
1.54 + 0.46 for lysolecithin + vehicle; 21.13 *
2.7 for lysolecithin + etazolate) (Fig. 3A, 3B).
When GI254023X was added together with
etazolate, the number of paired-Caspr’
decreased significantly compared to etazolate-
treated demyelinated slices (P<0.001) (7.03 +
1.80 for lysolecithin + etazolate + G1254023X)
(Fig. 3A, 3B), counteracting the effect of
etazolate treatment. However, GI254023X
alone did not modify the number of paired-
Caspr’ in demyelinated slices compared to
vehicle-treated demyelinated slices (3.09 *
0.93 lysolecithin + G1254023X) (Fig. 3A, 3B).
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In addition, the reappearance of Caspr staining
following etazolate treatment was
accompanied by MAG" internode staining.
Demyelinated slices treated with etazolate
exhibited a high frequency of short internodes
under 20 pm (P<0.001) (36% for control, 79%
for lysolecithin + etazolate). Consequently, we
observed a reduction in the frequency of large
internodes over 20 pum in etazolate-treated
demyelinated slices (P<0.001) (64% for
control, 21% for lysolecithin + etazolate) (Fig.
3A, 3C).

3.3. Etazolate promotes oligodendrocyte
differentiation and morphological maturation ex
vivo and in vitro: role of ADAM10

To better understand how etazolate acts at the
cellular level, we studied the oligodendrocyte
differentiation by immunolabelling of OPCs
(PDGFRa") and mature oligodendrocytes
(CC1%) in cerebellar slices. Treatment with
lysolecithin only tended to decrease the
number of both PDGFRa" cells (Fig. 4A, 4B)
and CC1" cells (Fig. 4A, 4C) at 72h post-
demyelination. In contrast, etazolate at 2 uM
significantly increased the number of CC1*
cells by 32%, compared to vehicle-treated
demyelinated slices (P<0.01) (Fig. 4A, 4C),
with a trend towards an increase in the number
of PDGFRa" (Fig. 4A, 4B). However, when
GI254023X was added together with etazolate,
the number of CC1" cells was significantly
reduced by 26% compared to etazolate-treated
demyelinated slices (P<0.01) (Fig. 4A, 4C).
Treatment with G1254023X alone did not exert
a significant effect on the number of CC1" and
PDGFRa" cells, compared to vehicle-treated
demyelinated slices (Fig. 4A, 4B, 4C). In
addition, neither etazolate nor GI254023X
changed the number of PDGFRa" and CC1"
cells in non-demyelinated slices (data not
shown).

Furthermore, we analyzed the effect of
etazolate on morphological modifications of
oligodendrocytes using primary mixed glial cell
culture obtained from PLP-eGFP mice. Indeed,
it has been shown that cell differentiation is
accompanied by morphological changes of
oligodendrocytes,  particularly  with  the
development of multiple processes emerging
from the cell body (Baumann and Pham-Dinh,
2001). Treatment with etazolate (2 pM, for
72h) reduced by 20% the percentage of GFP"-
oligodendrocytes with simple processes (Fig.
5A, 5B), and concomitantly stimulated by 20%
the percentage of multi-branched GFP'-
oligodendrocytes compared to vehicle-treated



cultures (P<0.01) (Fig. 5A, 5C). Treatment
with  GI254023X abolished the effect of
etazolate on simple-branched cells and on
multi-branched cells, compared to etazolate-
treated cultures (P<0.01) (Fig. 5A, 5B),
suggesting that the effect of etazolate is
ADAM10-dependent. GI254023X alone did not
significantly alter the percentage of neither
simple-branched nor multi-branched GFP’-
oligodendrocytes compared to vehicle-treated
cultures (Fig. 5A, 5B). In parallel the effect of
etazolate on cell proliferation (Ki67 staining)
has also been investigated. All the
pharmacological compounds, alone or in
combination, did not modify the percentage of
Ki67"-GFP"-oligodendrocytes (Fig. 5C).

4. Discussion

Chronically demyelinated axons are more
vulnerable to the irreversible degeneration
leading to axonal loss (Dutta and Trapp, 2011).
Therefore, recent therapeutic strategies aimed
to enhance the endogenous remyelination, in
order to restore the axonal function, and to
limit their loss (Franklin, 2015; Kremer et al.,
2015). Our present study brought new
evidence for etazolate therapy as protective of
myelin sheaths with remyelinating capacity in
in the context of CNS demyelination ex vivo in
organoytpic cerebellar slice cultures.

The organotypic culture of cerebellar slices
presents several advantages. It mimics the in
vivo state of the cerebellar tissue, and
maintains the architectural connexions,
allowing an easy and fast access to the tissue,
particularly useful to study myelin sheaths
(Notterpek et al., 1993). Therefore, treatment
of cerebellar slices with lysolecithin allows the
study of demyelination and the screening of
pharmacological compounds with potential
remyelinating effect (Zhang et al., 2011).
Consistent with previous studies, lysolecithin-
induced demyelination in organotypic
cerebellar slice cultures led to a loss of myelin
staining (MAG) and a reduction of the
percentage of myelinated axons 72h following
demyelination (Meffre et al., 2015a, 2015b).
Treatment with etazolate at 0.2 and 2 pM,
immediately  after lysolecithin  removal,
preserves myelin sheath immunostaining
leading to an increase of the myelinated axon
percentage, highlighting the protective effect of
etazolate on myelin sheaths. In addition, the
protective effect of etazolate has been also
observed after a 72h delayed treatment with
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etazolate highlighted by an increase in the
percentage of myelinated axon (Fig. S1A).
This current work also emphasizes the
remyelinating capacity of etazolate, highlighted
by the appearance of short myelin internodes,
and re-aggregation of paired-Caspr’ at 72h
post-demyelination. The same results have
been also observed when treatment with
etazolate was delayed by 72h following
lysolecithin removal (Fig. S1B), confirming the
remyelinating capacity of etazolate. It has
been shown that in demyelinated lesions,
paranodal proteins as Caspr are diffusely
distributed along the axons, and they do not
present  anymore a paired-aggregate
distribution (Podbielska et al., 2013). However,
in the case of remyelination, marked changes
are observed in myelin architecture as a
reduction of the myelin internode length, and
the re-aggregation of paired Caspr
(Podbielska et al., 2013).

It is well established that the prerequisites for
remyelination are OPCs recruitment and
subsequent differentiation into myelinating
oligodendrocytes (Franklin and Ffrench-
Constant, 2008). Therefore, we studied
whether etazolate affects OPCs differentiation,
and provide evidence that etazolate treatment
enhances i) oligodendrocyte differentiation ex
vivo by an increase in the number of mature
CC1" oligodendrocytes and ii) morphological
maturation of oligodendrocytes in vitro by an
increase of multi-branched cells.

In order to decipher the mechanism of action
of etazolate, we focused our study on one of
its targets, a-secretases (Marcade et al., 2008;
Siopi et al.,, 2013), and particularly ADAM10
(Karkkainen et al., 2000). Interestingly, the
protective effect of etazolate on myelin sheaths
and its remyelinating effect were attenuated or
even blocked in the presence of the specific

ADAM10 inhibitor GI254023X. Our data
suggest that ADAM10 is involved in the
beneficial effects of etazolate on

oligodendrocyte differentiation/maturation and
on remyelination. Although the role of ADAM10
in CNS remyelination is not well understood, a
recent work showed that ADAM10 activity is
required for NPCs migration from the
subventricular zone (SVZ) into demyelinated
lesions and thereby promotes repair following

demyelination (Klingener et al., 2014).
However, the role of ADAM10 in
oligodendrocyte differentiation and

remyelination requires further investigation.
Besides, we cannot exclude the involvement of
other a-secretases as ADAM17 in the
beneficial effects exerted by etazolate. In fact,



a recent study proposed the modulation of
ADAM17 as a therapeutic strategy for
demyelinating  disorders by  promoting
oligodendrocyte regeneration and myelin
repair in vivo (Palazuelos et al., 2015).
Besides, a-secretases ADAM10 and ADAM17
are both able to cleave a variety of substrates
including BAPP and N-cadherin (Edwards et
al.,, 2008) and the cleaved products may
mediate the remyelinating effect of etazolate.

In addition, other benefits of etazolate have
been also reported as anti-inflammatory (Guo
et al., 2014; Siopi et al., 2013), pro-cognitive
(Drott et al., 2010), antidepressant and
anxiolytic (Ankur et al.,, 2013; Jindal et al.,
2012). Since etazolate acts on multiple targets
as an inhibitor of PDE4 and a modulator of
GABA, receptor (Chasin et al., 1972,
Thompson et al.,, 2002), known to be the
modulators of myelination (Sun et al., 2012;
Syed et al., 2013), it can not be ruled out that
these targets may be also involved in the
remyelinating effect of etazolate.

5. Conclusion

Taken together, we described the therapeutic
interest of etazolate in white matter protection
and repair by protecting myelin sheaths,
enhancing oligodendrocyte differentiation and
remyelination process after demyelination ex
vivo. In addition, our work also suggests that
the a-secretase ADAM10 is involved in
etazolate-induced myelin repair. Overall,
etazolate is a promising candidate drug for the
treatment of demyelination in MS or acute
CNS injuries as TBI, since this compound
presents a good tolerability and safety profile
in humans (Vellas et al.,, 2011). However,
further studies are required to investigate the

remyelinating effect of etazolate after
demyelination in vivo.
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Fig. 1. Dose-response study of etazolate on myelin sheath protection after lysolecithin-induced
demyelination. (A) Confocal images of double immunostaining for calbindin (Purkinje cells, red) and
MAG (myelin sheaths, green). Scale bar: 50 um. (B) Effect of lysolecithin and etazolate at 0.2 and 2
UM on the percentage of myelinated axons. (C) Effect of pharmacological compounds on the total
number of axons in control and demyelinated slices. Results are expressed as mean + s.e.m of 3
different regions (0.2 mm?) quantified per stain and per slice, from 24 slices per condition obtained
from 4 independent experiments. ***P<0.001 (One-way ANOVA following Bonferroni’s post-test). Ctl:
control slices; Veh: vehicle (PBS); Etaz 0.2: etazolate 0.2 pM; Etaz 2: etazolate 2 pM; MAG: myelin
associated glycoprotein; Calbindin: calcium-binding protein.
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Fig. 2. The protective effect of etazolate on myelin sheaths from lysolecithin-induced
demyelination: role of ADAM10. (A) Confocal images of double immunostaining for calbindin
(Purkinje cells, red) and MAG (myelin sheaths, green). Scale bar: 50 um. (B) Effect of
pharmacological compounds on the percentage of myelinated axons in control (without lysolecithin)
and demyelinated slices. (C) The histogram shows the effect of pharmacological compounds on the
total number of axons in demyelinated slices. Results are expressed as mean + s.e.m of 3 different
regions (0.2 mmz) quantified per stain per slice, from 18 slices per condition obtained from 3
independent experiments. ***P<0.001 (One-way ANOVA following Bonferroni’s post-test). Ctl: control
slices; Veh: vehicle (PBS+DMSO); Etaz: etazolate 2 pM; Gl: GI254023X 2 puM; MAG: myelin
associated glycoprotein; Calbindin: calcium-binding protein.
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Fig. 3. Etazolate enhances remyelination after lysolecithin-induced demyelination: role of
ADAM10. (A) Confocal images of double immunostaining for Caspr (paranodal junctions, red) and
MAG (myelin internodes, green). Scale bar: 50 pm. A 3X magnification of paired-Caspr’ pointed by
close arrowheads and internodes are shown in the second row of images. Scale bar: 10 um. (B) Effect
of pharmacological compounds on the number of paired-Caspr’. (C) Effect of pharmacological
compounds on the frequency of short internodes (<20 um) and long internodes (>20 um). Results are
expressed as mean + s.e.m of 4 to 6 different regions (0.05 mmz) quantified per slice, from 12 slices
per condition obtained from 2 independent experiments. ***P<0.001 (One-way ANOVA following
Bonferroni’s post-test). Ctl: control slices; Veh: vehicle (PBS+DMSO); Etaz: etazolate 2 uM; Gl:
GI254023X 2 uM; Caspr: contactin-associated protein; MAG: myelin associated protein.
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Fig. 4. Etazolate promotes oligodendrocyte differentiation after lysolecithin-induced
demyelination: role of ADAM10. (A) Confocal images of double immunostaining for PDGFRa
(OPCs, red) and CC1 (mature oligodendrocytes, green). Scale bar: 50 um. (B) Quantification of the
number of PDGFRa" cells and (C) the number of CC1" cells. Results are expressed as mean + s.e.m
of three different regions (0.2 mm?) quantified per stain per slice, from 18 slices per condition obtained
from 3 independent experiments. **P<0.01 (One-way ANOVA following Bonferroni’'s post-test). Veh:
vehicle (PBS+DMSO); Etaz: etazolate 2 uM; GI: GI254023X 2 pM.
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Fig. 5. Etazolate promotes oligodendrocyte morphological maturation in vitro: role of ADAM10.
(A) Images of primary mixed glial cell cultures obtained from PLP-eGFP mice were grown in culture
for 7 DIV and then treated with pharmacological compounds for 72h. Scale bar: 50 um. (B)
Quantifications of the percentages of simple-branched and multi-branched GFP*-oligodendrocytes.
(D) Quantification of the effect of pharmacological treatments on the percentage of Ki67 '-GFP"-
oligodendrocytes. Results are expressed as mean + s.e.m of 6 different regions (0.26 mmz) quantified
per sample, from 3 to 5 samples per condition, obtained from 2 independent experiments. **P<0.01
(One-way ANOVA following Bonferroni’s post-test). Veh: Vehicle (PBS+DMSOQ); Etaz: etazolate 2 uM;
Gl: GI254023X 2 pM.
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Supplementary material

Fig. S1. Effects of a delayed treatment with etazolate after lysolecithin-induced demyelination.
Etazolate at 2 uM was added to cerebellar slices at 72h post-demyelination ex vivo and maintained for
48h. (A) Quantification of the effect of etazolate on myelin sheath protection highlighted by the
percentage of myelinated axons. (B) Quantification of the effect of etazolate on the number of paired
Caspr’ and the frequency of short (<20 um) and long myelin internodes (>20 pum). Results are
expressed as mean + s.e.m of 4 to 6 different regions (0.05 mm?) quantified per slice, from 6 slices per
condition. ***P<0.001 (One-way ANOVA following Bonferroni’'s post-test). Ctl: control slices; Veh:
vehicle (PBS); Etaz: etazolate 2 uM.
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ABSTRACT

Traumatic brain injury (TBI) is caused by rapid deformation, stretching and tearing of the brain
tissue. Among the mechanical forces, strain is known to be an important component of TBI.
Understanding how the mechanical forces and mechanostimulation lead to tissue damage remains
a considerable challenge. TBI initiates a cascade of secondary pathophysiological events, as
excitotoxicity, inflammation and oxidative stress. Experimental evidences suggest that
demyelination may play an important role in the pathophysiology of TBI. Our hypothesis was that
stretch-induced traumatic injury may initiate demyelination. The aim of my PhD thesis was to
develop innovative models of stretch-induced injury in oligodendrocytes and in organotypic
cerebellar slices, rich in myelinated fibers, in order to decipher the pathophysiological mechanisms,
such as oxidative stress, initiated following stretch. | developed several models of stretch-induced
injury using i) the mouse oligodendrocyte 158N cell line, ii) the mixed glial primary culture, iii) the
oligodendrocyte-enriched primary culture and finally, iv) the organotypic culture of cerebellar slices
in mice. Cells or slices were subjected to an equibiaxial static stretch using Flexcell® Tension
system device in order to reproduce two models of stretch-induced injury: “mild” (20% strain)
versus “moderate” (30% strain) injury. Our results showed that the “mild” stretch i) decreased the
cell adherence and affected the cell morphology with a decrease of surface area in both mature
and immature oligodendrocytes in the oligodendrocyte-enriched culture, ii) induced an increase in
reactive oxygen species (ROS) production, protein oxydation (AOPP), and an alteration in the
expression of pro- (Duox-1) and anti-oxidant genes (Sod-1, Sod-2, Ho-1, Ngo-1, Nrf-2) in the cell
line and in the mixed glial primary culture, iii) modified the expression of the myelin genes (Plp,
Mag, Cnp) in all studied models. The “moderate” stretch on cells induced a more pronounced
alteration of the cellular redox status and a stronger effect on the cell morphology with a damage of
cell ramifications in the oligodendrocyte-enriched culture. Cerebellar slices, subjected to a
“‘moderate” stretch, showed an accumulation of amyloid precursor protein (APP), a marker of
axonal injury, and an alteration of paranodal junctions morphology which appeared elongated. An
alteration in the expression of pro- /anti-oxidant and myelin genes was also observed. Therefore,
stretch-induced injury in cerebellar slices led to axonal and myelin injury, similar to what observed
following TBI in vivo. In conclusion, several models of stretch-induced injury were developed for
the first time in oligodendrocytes and cerebellar slices showing that mechanical stretch initiates
loss of oligodendrocytes and demyelination. These findings highlight the importance of developing
therapeutic strategies based on oligodendrocyte protection. These models are relevant for studying
the pathophysiological events that occur after stretch-induced injury as well as for rapid screening

of therapeutic compounds.

Keywords: oligodendrocytes; traumatic brain injury; mechanostimulation; stretch-induced injury;
demyelination; oxidative stress; organotypic culture of cerebellar slices; oligodendrocyte-enriched
primary culture; 158N oligodendrocytes cell line
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