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ABSTRACT

MS is a chronic demyelinating disease affecting OLs, responsible for
axon myelination in the CNS. Remyelination, in MS lesions, is dependent on
the recruitment and differentiation of OPCs

During inflammation high levels dROS can be achieved within MS
lesionschanging the local environment where OPCs differentiation occurs.
Moreover, in chronic MS lesions OPCs accumulate with loss of mé&tuse
suggesting the existence ofléferentiation block of OPCs

We investigate the effects of low and high ROS levets) signaling
pathways involvedrad the role of the maisaurce of ROS, NADPFbxidase
(NOX) enzymes, irOPCs differentiation.

We aso tested the hypothesis of the preseméeautoantibodies
impairing OPCs differentiatiom CSF or inserum of MS patients.

Our results demonstrated tHaPCs exposed tanild oxidativestress
increaseexpression of O differentiation markersthus ROS mediate the
signals leading to OPCs differentiation.

Fine tuning of the type and the levels of ROS generated byiR&K
signds may have profound effects on O#G@ifferentiation. Thus, large
amourns of ROS induce death of OPCs.

This finding is relevant for the pathogenesis of MS lesiornsereas
low ROS in limited inflammation may represent a positivengeelination
stimuus, exess of ROS produced lextensive inflammation may reduce the
pool the Ols precursors and worsen MS lesions.

In addiction,our data indicate thaCSF andautoantibodies present in
the IgG fraction from serum of MS patients inhibit ©differentiation thus

impairing myelination in CNS.
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INTRODUCTION

1.1.Multiple Sclerosis

Multiple sclerosis (MS) is characterized by a chronic demyelinating
inflammation, damaging the central nervous system (CNS) (1, 2). MS is the
most common cause of disability young adults. As in other chronic
inflammatory diseases, the manifestations of MS change from a benign to a
rapidly progressive and disabling form. Some indirect data suggest an
autoimmune etiology for MS, perhaps triggered by a viral infection, in
genetcally susceptible individuals (3). Despite the number of studies on the
disease and a multidisciplinary approach to the problem, the pathogenesis of

MS is still obscure and the etiology is unknown.

1.1.1 Histopathology

The term MS derives from multiple derotic areas visible in
macroscopic examination of the brain. Thdesions, cakd plaques are
easily distinguishable from the surrounding white matter. The plagues vary in
size from 12 mm to several centimetres. The acute lesioM8&f which is
rarely found in a post mortem examination, is characterized by infiltration of
mononuclear cells (mainly T lymphocytes and macrophages) and loss of
myelin (demyelinatioh Myelin (Figure 1), formed by glial cells named
oligodendrocytes(OLs), constitutes the &ath that insulates nerve cell

extensions, allowing the rapid and integrahsmission of nerve impulses.



Figure 1. Cross section of whitematter lesions targeting the myelin sheath and
oligodendrocytes.

Panel A - Light microscopy reveal myelin sheaths (dark blue rings) around axons in a
cross section of myelinated white matter (toluidine blue). Two darkerstaining OLs, the
cells that make and maintain myelin, lie to the right of center (arrow).

Panel B - An electron micrograph revealsetimyelin sheath in cross section to be a
spirally wrapped membrane beginning in the lower left as an outer (oligodendroglial)
Atongueo of cytoplasm and spiraling count e
inside the myelin sheath to the right of #nen. Microtubules and neurofilaments can be
seen cut in cross section within the axoplasm.

(Elliot M. Frohman et al-Multiple SclerosisThe plaque and its pathogenelsisEngl J

Med 2006).

With the progression of the disease the destruction of mgakaths
causes blocking or slowing of nerve impulses. The inflammatory infiltrates
appear to mediate the loss of the myelin sheath surrounding the axon cylinder.
With the progression of the lesion, a large number of macrophages and
microglial cells (phagoges specialize in the CNS that derive from bone
marrow) digests myelin fragments and astrocytes proliferate (gliosis). In
chronic lesions are present a complete or nearly completgedieation and
dense gliosis (gure2) (4).
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Figure 2. Chronic lesionsof multiple sclerosis in Humans.
Panel A - An electron micrograph of a chronic active lesion shows a myelinated fiber
undergoing demyelination. The arrow shows myelin droplets on the macrophage surface
being internalized by the cell. The fiber is inveshbgda microglial cell, which is engaged
in the phagocytosis of myelin droplets as they are divested from the myelin sheath. The
end product of this process is showrPianel B (toluidine blue stainPanel B- An area
from a chronic silent gliotic lesiorsimade up of astroglial scar tissue, in which intact
demyelinated axons (light profiles) are embedded; mitochrondria can be seen within the
axons; the smaller nuclei belong to microglial cells, but no oligodendrocyggsr esent.
Panel C- An electron micograph with a field similar to that in Panel B shows large
diameter demyelinated axons (A) within the glial scar; an astragliabody is at the
upper right.Panel D - (toluidine blue stain) Abiopsy specimen from a patient with
secondary progressiveuttiple sclerosis shows an area of remyelination (shadow plaque)
in which the myelin sheaths of many axons are disproportign#itéh and OLsare
overabundant. These cells are probably oligodendroglial precursor celdlyaeeruited
into the lesionPanel E - An electron micrograph shows remyelination; the myelin sheaths
are thin in comparison to the diameters of the axons, an@®twgocare evident (OLanel
F - (Luxol fast blue and pertic acid Schiff) There is an abrupt transition at the edge of
thechronicMS lesion. The myelin internodes (blue) terminate sharply at the demyelinated
plaque.OLs are present (arrows) up to the edge of the lesion, but not within the lesion. Rod
cells (microglia) are lined up along the boundary. A denotes axon, argtrasyae.
(Elliot M. Frohman et ali Multiple SclerosisThe plaque and itsgbhogenesiN Engl J
Med 2006).



1.1.2 Epidemiology

MS is the most common neurological disease in young adult and, as
shown by the descriptive studies, the geographical distibwtf the disease
is non homogeneous (5). It is frequent in the countries in central and northern
part of Europe and in those n&uropean regions of northern European
ancestry. MS is typically a disease of temperate climates; in both hemispheres

its prevdence decrases with decreasing latitude (Figure 3).

Environmental factors
(habitat, diet, infections)

B > 30/100 000
I 5-30/100 000
il < 5/100 000

Figure 3. Prevalence of MS related to latitude.
MS is typically a disease of temperate climates; in both hemispheres its prevalence
deceases with decreasing latitude.

The comparison between the ptgiions of North America and Europe
indicates similar rates of prevalence and similar nsaiith gradient. Some
areas of the world represent real focus of the disease (in Italy, Sardinia) (6, 7),
suggesting that in MS there are environmental factorsy italone of the
countries with a higheiigk of developing the disease (Figute The number

of affected subjects in ltaly is approximatively 50.000 and more than 1.1
5



million worldwide. In Caucasians, the average rates of total prevalence vary
between 3@nd 180 cases/100.000 inhabitants (5) and the incidencez@ 10

new cases/100.000 inhabitants per year. It is most frequently diagnosed
between 20 and 40 years, rarely affects children and the elderly. MS is about

twice as common in women than in men4s,

-
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Figure 4. Prevalence of MS per 100.000 inhabitants.

Globally, the median estimated prevalence of MS is 30 per 100.000 (with a ran@®pf 5
Regionally, the median estimated prevalence of MS is greatest in Europe (80 per 100.000),
followed by the EBstern Mediterranean (14.9), the Americas (8.3), the Western Pacific (5),
SouthEast Asia (2.8) and Africa (0.3)The Atlas of MS 2008).

1.13. Pathogenesis

MS can be considered the result of complex multifactorial interactions
between genetic and envinmental factors. Several studies suggest that MS is
an immunemediated disease related to T lymphocytes action and induced by

external and unknown agents, such as viruses and bacteria, in selected



subjects. Most researchers seem to agree that the dertigalipsocess

includes at least three main factors:

1 a paticular immunogenetic pattern;
1 an immunopathologic mechanism;

M environmental factors.

| MMUNOGENETIC FACTORS

The evidence related to the influence of genetic factors in the
pathogenesis of MS derivé®m studies of families and twins (1i(B). These
studies have shown that the disease risk is higher in the biologically related
family members with MS patients, compared to the general population (14).
These findings also suggest a common sharing ofsexpdo environmental
risk factors during critical periods of risk (childhood and adolescence).
However, Ebers et al. (1995) have shown that the disease risk i non
consanguineous first degree relatives, adopted individuals, living with MS
patients is sintar to the expected value from the general population. In
Caucasian patients witdS, population genetic studies have demonstrated an
association with major histocompatibility complex (MHC) class Il alleles
(DRB1*1501, DRB5*0101 and DQB1*0602) (15). Theaiteles, in humans,
are contained in HLAR2 haplotype, that is the most frequently associated
with the disease in Caucasians. The genotypic and phenotypic analysis shows
that the susceptibility is probably oligogenic or multigenic type and mediated
by a ®t of genes that interact in a epistatic way (16, 17). In this interaction a
specific genetic locus may influence the phenotypic expression of the another
locus (18).

| MMUNOPATHOLOGICAL ME CHANISM
MS seems to be a disease with autoimmune pathogenesis &nd |

mediated, at least in part, by T lymphocytes. In the autoimmune diseases there
7



iIs an alteration of the immune system, autoreactive to endogenous self
peptides. In MS the myelin is not more recognized aspsgfide (1921).
Normally, in our immune sstem the T cells play a key role in defence against
foreign pathogens, such as viruses, bacteria and allergens. In MS, the T cells
attack the myelin of th€ENS (2225).

Previous studies have showed that peptide sequences of very common
viral agents, suchsaEpstein Barr virus (EBV) (26, 27), influenza virus type A
(28), human papilloma virus (HPV) (29) and human herpes virus type 6
(HHV-6) (30, 31) are very similar tdyelin Basic ProteiflMBP). Another
virus, John Cunningham Virus (JCV), is a type of hunpatyomavirus
(formerly known as papovavirus) and is genetically similar to BK virus and
SV40. It was discovered in 1971 and named with the two initials of a patient
(JC) with progressive multifocal leukoencephalopathy. This virus is able to
infect OLs andhas been shown to be reactivated in MS patients treated with
interferon (32). The inflammatory reaction is associated withegplation of
several Thl cytokines, including interleukin 2@, interferoagamma (IFN
9) and tumor necrosis factatpha (TNF-U) that were found in the
cerebrospinal fluid(CSH from patients with the diseas@3, 34). The
endothelial cells of the brain and spinal cord, triggered by demyelinating
lesions, express adhesion molecules, fibronectin, the receptor for urokinase
plasmnogen activator (UPAR), the MHC class Il molecules, chemokines and
stress proteins (35). Magnetic resonance imaging (MRI) studies in the early
stages of disease suggest that most of the lesions is preceded by focal
destruction of blood brain barrier (BBBjherefore, this condition would
facilitate entry of autoreactive T cells and antibodies inside CNS(36).
Recently, in experimental models of encephalomyelitis (EAE) it has been
shown that the breaking of the BBB is initiated by memory T cells expgess
CCR-6, the receptor for the chemoattractant molecule -@CLThese cells

escape from choroid plexus vessels, penetrate into stroma and cross the
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epithelialchoroid plexus barrier (37). The histopathological effect of this
inflammatory mechanisms is thdemyelination, that is the formation of a
plaque, indicating damage to the myelin sheath. The neuron, therefore, devoid
of the myelin sheath, loses the capability to transmit nerve signals leading to
the appearance of a sign or a symptom. Neuropathologfisdies of MS
lesions have clearly demonstrateteeyelination processut this process is
incomplete in chronic lesions and usually limited to the edges of
demyelinating plaques.

ENVIRONMENTAL FACTORS

Several epidemiological data suggest the intererrdf environmental
factors in the genesis ®MS. Environmental factors proposed as possible risk
factors of MS are:

1 specfic or common bacteria or virus,
1 heavy metal poisoning,
1 industrial pollution,
i hygiene,
1 diet,
1 climate.

Individuals emigrated from highsk areas of disease in low risk areas,
such as South Africa (38) or Hawaii (39), maintained the risk level of their
country of origin. However, this trend was valid only for individuals
emigrated after the age of 15 years (38). The individuals emigdaieag
childhood or before adolescence acquired the same risk of host countries.
These data suggest that environmental factors influence the individual just
before puberty (about 15 years) (40).

The prevalence and the incidenceM show large differencewithin
high risk areas with stable and ethnically homogeneous populations (5).
Therefore, the MS could be a disease with a non homogeneous distribution
both in space and time. Thus, it is possible that the etiologic agent responsible

9



for the disease spmds from area to area, from a population to other and it
must be able to change its concentration over time. These qualities seem
typical of an infectious agents. One of the most important epidemiological
studies orMS describes the dramatic increase ia thcidence of the disease

in the Faroe Islands (North Atlantic, west of Norway), after the military
occupation by 150Q000 soldiers of the British troops between 1941 and
1944 (41). This event shows that the environmental factor is not only
endemic, butmay be transported from one area to another. From these
observations and from the association between the upper airways viral
infections and relapsing MS and T cell crosactivity between proteins of
the myelin sheath and viral antigens, the viruses htvacted the attention of
researchers (42, 43). The viruses mostly investigated are:-&JHur its
neurotrophism (30, 31), EpsteBarr virus accordingto an action

c har act enolecala dhimiory (267 2Z7) and LM7 retrovirus, know as
Amultiple scleosis associated retroviigMSRYV) (44, 45). Nevertheless, no
viral agent has been conclusively linked to MS. It is likely that various
infectious agents, also napecific, induce, under certain circumstances, an
immune response against saeiftigens (45 Recent studies have shown that
heavy metal poisoning (47), industrial pollution and hygiene can contribute to
onset of the disease. Finally, an environmental factor is ralyyattracting
great interestnutrition (48). The different dietary habits) fact, seem to
provide satisfactory explanations for the non homogeneous distribution of MS

in different geographical areas.

1.1.4 Clinical manifestations

The symptoms of MS are extremely various and not specific to the
disease. In fact, many diseasascts as cancer, stroke, systemic lupus
erythematosus (SLE), vasculitis and other less severe diseases have, at least in

part, common signs and/or symptoms with MS (49). The appearance of the

10



disease can be sudden or slow. The symptoms at onset can beosex@re
slight not to require medical attention even after months from the onset. The
nature of the symptoms depends on the lesion location (or plaque) in CNS.
The most common symptoms at onset include weakness in one or more limbs,
blurred vision, due tomic neuritis, abnormal sensitivity, diplopia and ataxia.

In order to standardize the terminology to describe the clinical course and the
subtypes of the disease, it has been created a task force of 215 experts,
members of the international MS scientifenemunity (50), which idntified

four types of disease:

RELAPSING-REMITTING MS: is the most common form of MS in the
people under 40 years and it represents thB08 of people with MS. The
subjects are struck by acute attacks, also named exacerbativsedoby
periods of remission, during which the patients fully or partially recover. This
clinical variant evolves in 80% of casedlire secondary progressive form.

SECONDARY PROGRESSIVEMS: characterized by a continuous disease
progression after a pedoof time attributable to the relapshngmitting type,
with or without relapses or remissions. The recovery after exacerbations is
incompkete, resulting in a progressivaeterioration of physical conditions
over time. It affects approximaly 2530% of paients with MS.

PRIMARY PROGRESSIVEMS: gradual progression of the disease from its
onset. The signs and symptoms accumulate gradually over time without the
appearance of a real attack and without remissions, but rarely causing
permanent disability, becaaighe course is very slow. This form is more
common in subjects presenting their first symptoms after age 40
(approximately 1€15% of patients wittMS).

PROGRESSIVE RELAPSINGMS: the patients with a primary progressive
MS may have relapses. The intervagdvizeen relapses are characterized by a
continuous progression of the disease, unlike relapsimgtting MS. It
affects 25% of subjects witiMS.

11



A BENIGN DISEASEIndicates the lack of detection of neurological deficit
15 years from onset with complete resion (10% of patients). On the
contrary, MALIGNANT DISEASE is characterized by a rapid and progressive
course that causes multiple neurological deficits or death in a short period of

time (5% of patients).

1.15. Diagnosis
No definitive diagnostic test®r MS is currently available. Therefore,
to reacha definitive diganosis it is necessary to use different tools derived

from clinical analysis (51), laboratory (52) and instrumental tests (53, 54).
1) CLINICAL DIAGNOSIS analyzes:

Patientmedical history;
Evidence of altered sensibilitympaired strength and vision
disturbances;

1 Symptoms/signs attributable to white matter lesions ae n
justified by other diseases;

1 Spatial dissemination of lesions with clinical sigeferable to 2
or more lesions;

1 Symptomssigns attributable to the temporal dissemination of the

lesions: two or more relapses;

2) LABORATORY DIAGNOSIS is based on CSF investigations
(inflammatory and autoimmune disorders), assaying the intrathecal
synthesis of Immunoglobulis G (IgG) and the presee of
oligoclonallg bands.

3) INSTRUMENTAL DIAGNOSKS:

1 Magnetic Resonance Imaging (MRI) detects pathological foci in

the brain stem, cerebellum and spinal cord and the presence of

12



lesions in the corpus callosum and the ventricles. In addition,
through the usef contrast medium it is possible highlight local
impairments in BBB preceding the signs of exacerbation and
possble injury to the optic nerve.

1 Computerized Axial Tomography (CAT) shows less dense areas
around the ventricles corresponding to the plaqubsre the
myelin is lost.

9 Testing of Evoked Potentials (EP) measures the transmission

time of sensory messagemst travel through the nerves.

In MS the diagnostic procedure is rather long and tortuous and at
present the only diagnostic support providedthy laboratory is based on
analysis of intrathecal 1gG synthesis anskaach of oligoclonal Ig bands.

The CSF constitutes the exallular component of the CNS and it is
separated from the systemic circulation only through the BBB. The IgG
dosage in CB and serum appears of same clinical interest. Numerous
formulas have been used to distinguish the 1gG synthesized locally by those in
serum, which may enter the CNS passively through an altered BBB. An
useful formula expresses the relationship betweenaig& CSF albumin and
IgG and serum albumin ("index LASg Go ) . This quantita
simple and rapid, but not specific. Therefore, a more specific test is based on
the research of oligoclonaj bands.

The presence of oligoclonal Ig bands in the=GS$carried out through
the lumbar puncture (colloquially know as a spinal tap). The spinal needle
inserted between the lumbar vertebrae L3/L4 or L4/L5. Fgwbulin region
in CSF appears perfectly homogeneous in the serum. The intrathecal IgG
synthesis in CSF is represented by the appearance of small discrete bands in
the o -globulin region that becomes non homogeneous. Oligoclonal bands are
thin strips corposed of IgG antibodies that migrate on an appropriate agarose

or polyacrylamide gel, according to their isoelectric point and constant pH.
13



The test provides an initial separation of the proteins by their isoelectric point,
they are transfered to a nitrdlcdose membrane and then they are
immunodetected with antgG conjugated to peroxidase. The presence of one
band (a monoclonal band) is not considered significant. The presence of two
or more bands appears specific. This test is laborious, requiresr a fai
experience of the operator and gives exclusively qualitative results (mostly
based on a subjective estimate). Regarding the sensitivity and the accuracy of
the test to identify MS patients, the presence of oligoclonal IgG bands has a
75% sensitivity and5% specificity. This means that 1/4 of MS patients are
negative (false negatives) and 1/6 of healthy patients are positive in this test
(false positives). Another problem of the analysis of oligoclonal bands is the
low reproducibility. This is due to a Bjective estimate of the final result,
misinterpretation of experimental artefacts, lack of a solid technical

experience (55).
1.2.0ligodendrocytes

Glial cells commonly calledeurogliaor simplyglia, are nomeuronal
cells that maintain homeostasis form myelin, and provide support and
protection for the brain'seurons It is divided in microglia and macroglia
(composed by astrocyteSL s, ependymal cells and radialagin CNS).

The most abundant type of macroglia celktrocytes(also called
astroglig have numerous projections that anchor neurons to their blood
supply. They regulate the externahemcal environment of neurons by
removing excessons notably potassium and recyclingneurotransmitters
released duringynaptic transmission

Ependymal cellsalso namedpendymocytesline the cavities of the
CNS and make up the walls of the ventricles. These cells create and secrete
CSFand beat theicilia to help circulate CSF.

14
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OLs are cells that coat axons in the CNS with their cell membrane
forming a specialized membrane differentiation calegklin, producing the
so-called myelin sheathThe myelin sheathrpvidesinsulationto the axon

that allowselectricalsignals to propagate more efficign{Figure5).
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(cut)
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/ Oligodendrocyte .
=
Figure 5. Glia cells.

A oligodendrocyte simultaneously wrapping multiple axons with a myelin sheath. Also
shown are nodes of Ranvier, which are small unmyelinated axonal redsamsrtiorn
Dee U).

Oligodendroglia derive during development frooligoderdrocyte
precursor cellsfOPCs) which can be identified by their expression of a
number of antigens including the ganglioside GD3 (56, 57), the NG2
chondroitin sulfate proteoglycaand the plateletlerived growth factealpha
receptor subunit RDGFUR). In the rat forebrain, the majority of
oligodendroglial progenitors arise during late embryogenesis and early

postnatal development from cells of thebventricula zones(SVZ) of the
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lateral ventricles SVZ cells migrate away frongerminalzones to populate
both developing white and gray matter, where they differentiate and mature
into myelinforming oligodendroglia(57, 58). However, it is not clear
whether all oligodendroglial progenitors undergo this sequence of events. It
has been suggested that some undeagoptosis and others fail to
differentiate into mature oligodendroglia but persist as adult oligodendroglial

progenitorg59).

1.2.1. Function of Oligodendrocytes

As part of thenervous systemOLs are closely related to nerve cells,
and, like all other glial cells, OLs provide a supporting role for neurons. In
addition, the nervous system of mammals depends crucially on myelin
sheaths, whichreduce ion leakage and decrease the capacitance otlthe
membrane Myelin also increases impulse speedsakatory propagatioof
action potential®ccurs at theodes of Ravierin betweenSchwann cellgof
the peripheral nervous systerBNS and Qs (of theCNS). OLs provide the
same functionality as the insulation on a household electrical wire (with the
rather large difference that, while household teleal wires are in a noen
conducting medium air - the axons run in a solution of water and ions, which
conducts electrical current well). Furthermore, impulse speed of myelinated
axons increases linearly with the axon diameter, whereas the impulseoépeed
unmyelinated cells increases only with the square root of the diameter. In
contrast, satellit®©Ls are functionally distinct from most OLs. They are not
attached to neurons and, therefore, do not serve an insulating role. They

remain opposed to neuroasd regulate the extracellulfuid (60).

1.22. Myelin
The myelin sheath around most axons constitutes the most abundant
membrane structure in the vertebrate nervous system. Its unique composition

(richness in lipidsand low water content allowing théeetrical insulation of
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axons) and its unique segmental structure responsible for the saltatory
conduction of nerve impulses allow the myelin sheath to support the fast
nerve conduction in the thin fibers in the vertebrate system.-spgkd
conduction, fdelity of transfer signaling on long distances, and space
economy are the three major advantages conferred to the vertebrate nervous
system by the myelin sheath, in contrast to the invertebrate nervous system
where rapid conduction is accompanied by inseglaaxonal calibers.

Myelin proteins, which comprise 30% dry weight of myelin, are for
most of the known ones, specific components of myelinGirsl

The majorCNS myelin proteinsMBP and Proteolipidic Protein #LP)
(and isoform DMZ20), are lowmolecularweight proteins and constitute 80%
of the total proteins. Another group of myelin proteins, insoluble after
solubilization of purified myelin in chloroforrmmethanol 2:1, have been
designated as the Wolfgram proteins, since their existence was suspected
dready in 1966 by WolfgramThese proteins comprise tH##&3G6cyclic
nucleotide36 phosphohydrolas@CNP) and other protein&0).

1.2.3. Myelination

Myelination consists of the formation of a membrane with a fixed
composition and specific lipigrotein inteactions allowing membrane
compaction and the formatiaf the dense and intraperiodic lines of myelin.
Therefore, myelination also needs activation of numerous enzymes of lipid
metabolism necessary for the synthesismyelin lipids, of synthesis and
transport of specific protein components of myelin or their mRNAs to the
OLs processes.

Theseare the sequeri steps governing myelination:

1. the migration ofOLs to axons that are to bayelinated, and

thefact that axons and not dendrites are recognized,;
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2. theadhesion of th@©L process to the axon;

3. the spiraling of the process arourtie axon, with a
predeterminechumber of myelin sheatrend therecognition
of the space not tbe myelinated, i.e., the nodes Ranvier
(60).

In the first step, the preligoderdroglial multiprocessed cells settle
along the fiber tracts of the future white matter, maintaining the ability to
divide. Indeed, mitoseare present in the interfasular longitudinal glial
rows G1). Second, these pi©Ls become immatur®©Ls, charactazed by

the acquisition of specific markers and ready for myelination.

1.2.4.Remyelination

The OLs and the myelin sheath are the main targets of the pathological
process in MS. The loss of OLs involves the demyelination, and thus a
considerable loss offfeciency of axons to condudipulses(1, 2). After the
demyelination a spontaneous regenerative or healing process by which new
myelin layers are formed around demyelinated axons, is taking place. This
process is namedemyelination which allows axonsot restore efficient
conduction of nerve impulses. In the first stage of the disease, when the
axonal degeneration is not significant, the demyelinating injury is
compensated byemyelinization §2).

The remyelination is mediated by a population of stens edundantly
distributed in the adult CNS. These cells are the OPCs, and the inflammation
Is vital to stimulate, inside of the lesion, the production of factors that
promote the recruitment of thepeecursorg63). Soon the demyelination area
is filled by the OPCs that have the ability to proliferate and differentiate into
mature OLs, producing new myelin sheath around the demyelinated axons
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(64, 65). The continuous maturation of these cells ensures a continuous
process of myelin formation. This corregimechanism is not perfect and
limited to the early stages of the disease.

In MS it is not known whether the remyelination is slowed or blocked.
The failed remyelination iMS has been associated with limited availability,
migratory capability or myelinain of the OPCs. Previous studies have
shown that in chronic demyelinating lesions in MS patients there is a small
number of preOLs and an increased number of OPCs, suggesting the

presence of defective mechanism in the OPCs matur@er7)

1.2.5 Oligodendocyte proliferation anddifferentiation

The growth and the development of neuronal cells is controlledsby a
of different factorsNGF, IGFII, laminin, fibronectin, collagen and adhesion
molecules such as-8AM and cadhering68). Moreover in the adult brain
the turnover and the replacemen(ifs, as well as the remyelination process,
are phenomena that occur continuously. The brain contain endogenous OPCs
with the ability to proliferate and differentiate into maturesDthrough the
stages oPro-OL and immature OL, producing new myelin sheath around the
demyelinated axonfigure § (69, 70. The oligodendrocyte precursors are
present during the development of the nervous system, but some of them
remain in the fully developed brain. They ctiuge the largest group of cells

subjected to mitosis in the adult brain.
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Figure 6. Immunophenotype and morphology of perinatal oligodendrocyte lineage
cells in culture.

The name of the cell type is listed along the top, with the most immature stageeO-

2A or preprogenitor, at the left and the most differentiated stage, the mature
oligodendrocyte, ahe right(71).

The generation of OPCs by neural stem cells is the result of interaction
of local extrinsic induction factors K&, FGF2, PDGF, 161, neurotrophins
(72-74) with proteins of the intrinsic transcription machineryGMS(75).

The neurotrophins (NGF, BDNF, N3, NT-4/5) are small secreted
proteins in the nervous system and are important in the differentiation,
migration, proliferatiorand activation of cells of the CNS. In fact, BDNF and
NT3 are required for survival anahyelination (76). The first transcription
factors in the differentiating of OPCs in spinal cord and forebrain (therefore
used as markers for early O§)@re Oligl andOlig-2, members of the basic
helix-loop-helix (bHLH) family (75). Olig-2 leads to the generation of O8C
while Oligl seems involved in the survival and maturation of OPCs.

A second group of transcription factors crucially involved in OPC
differentiation hcludes members of the Sox family. In particular, Sox8, Sox 9
and Sox10 are expressed in GRIGectly after induction oDL lineage and,
therefore, are also frequently usedharkers for early OPCs. Sox5 and Sox6
are involved in the progression of Ofdifferentiation tavards more mature
stageq77, 79. In addition, three members of the homeodomain transcription
factor family, Nkx2.2, Nkx6.1 and Nkx@. (74), alongwith two members of

the Zincfinger superfamily of trascription factors: Mytl and YinYangéem
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to play a role in the differentiation of the oligodendrocgtegenitors(79,
80).

1.2.6. Factors influencing oligodendrocyte maturation and survival

Many growth factors have been found to be involved in the

proliferation, differentiation, and maturan of the oligodendrocyte lineage.

- PDGF. Platelet Derived Growth Factor (PDGF) is
synthesized during development by both astrocytes and neurons. In
vitro, PDGF, a survival factor for oligodendrocyte precursors, is a
potent mitogen for OPCs, althoughnggers only a limited number of
cell divisions. PDGF is also a survival factor for oligodendrocyte
progenitors, as recently demonstrated by the impaired OL development
in the PDGFU deficient mice. In these mice, there are profound
reductions in the numbe of PDGFRU progenitors and OLs in the
spinal cord and cerebellum, but less severe reductions of both cell types
in the medulla. Infusion of PDGF into the developing optic nerve in
vivo greatly reduces apoptotic cell dedB1l). PDGF also stimulates
motility of oligodendrocyte progenitors in vitro and is chemoattractive.

- Basic FGF. Basic Fibroblast Growth FactofbFGF) (also
called FGF 2) is also a mitogen for neonatal oligodendrocyte
progenitors. It upregulates the expression of PD@F&hd therefore
increases the developmental period during which oligodendrocyte
progenitors or pr®Ls are able to respond to PDG#2). PreOLs can
even revert to the oligodendrocyte progenitor stage when cultured with
both PDGF and bFGF. This inhibition of oligodendrocyte
differentiation can be overridden by the presence of astrocytes. bFGF is
present in the developing nervous system in vivo. The levels of
expression of mRNA for the highffinity bFGF receptord, -2, and-3
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are differentially regulated during lineageogression(83); this pattern
of expression could provide a molecular basis for the varying response
of cells to a common ligand that is seen during development.

- IGF-1. Insulinlike growth factor | (IGF) stimulates
proliferation of both oligodendrocyte menitors and prOL 041
positive cells, and IGF receptors have been shown to be present on cells
of the oligodendrocyte lineagi4). IGF-I is also a potent survival
factor for both oligodendrocyte progenitors a@ds in vitro. The
morphology of myelinatedxons and the expression of myelin specific
protein genes have been examined in transgenic mice that overexpress
IGF-1 and in those that ectopically express IGF binding pretein
(IGFBP-1), a protein that inhibits IGFaction when present in excess
The percentage of myelinated axons and the thickness of the myelin
sheaths are significantly increased in HaFansgenics. An alteration in
the number ofOLs is seen but cannot completely account for the
changes in the increase in myelin gene expressiorBPaFRransgenic
mice have a decreased number of myelinated axons and thickness of
the myelin sheaths. IGFcould be involved in both the increaseOhs
number and in the amount of myelin produced by &€ci85).

- NT-3. Neurotrophin3 (NT-3) is a mitoga for optic nerve
oligodendroglial precursors only when added with high levels of
insulin, with PDGF, or with their combination. Astrocytes express NT
3 in optic nerve. N13 promotes also OL survival imitro (86). The
TrkC tyrosine kinas@r TrkC receptorfor NT-3 is expressed in OLs.
Mice lacking NTF3 or its receptor TrkC exhibit profound deficiencies
in CNS glial cells, particularly in oligodendrocyte progenitors; there is
an important reduction in the spinal cord diameter, thereby suggesting

that cell ppulations other than neurons are affe¢g).
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It was recently shown that N3 in combination with brain
derived neurotrophic factor (BDNF) is able to induce proliferation of
endogenous oligodendrocyte progenitors and the subsequent
myelination of regemating axons in a model of contused adult rat
spinalcord @88).

- GGF. The glial growth factor (GGF), a member of the
neuregulin family of growth factors generated by alternative splicing,
including Neu, heregulin, and the acetylcholine recepiducing
acivity (ARIA), is a neuronal factor, mitogenic on oligodendrocyte
precursors; it is also a survival factor for these cells. It delays
differentiation into mature OL$89). In mice lacking the family of
ligands termed neuregulins, OLs in spinal cord faiteddvelop(90).

This failure can be rescued in vitro by the addition of recombinant
neuregulin to explants of spinal cord. In the embryonic mouse spinal
cord, neuregulin expression by motoneurons and the ventral ventricular
zone is likely to exert an infence on earlyOPCs Neuregulin is a
strong candidate for an axalerived promoter of myelinating cell
development.

- CNTF The ciliary neurotrophic factor (CNTF) can also act
as comitogen with PDGF. Animals deficient in CNTF have a reduced
number of mitoticglial progenitors. CNTF also promot€X. survival
in vivo (81).

- IL-6. Interleukin (IL-6) may also act orOL survival as
well as leukemia inhibitory factor (LIF) and a relatadlecule(91).

- TGFD. In vitro, transforming growth factor (TGB )
inhibits PDGFdriven proliferation and promotes differentiation of
oligodendrocyte progenitof92).
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1.3. Signaling pathways influencing growth andlifferentiation in several

cell types

1.31. HarveyRad Extracellular SignalRegulated Kinases 1/2, HRAS/
ERK 1/2

The ERK 1/2 pathwayis a signal transductiorpathway that couples
intracellular responses to the binding gfowth factorsto cell surface
receptors This pathway is very complex and includes mapyotein
components. Theathway described belowincludes the major components
of thebasicpathway(Figure 7. In many cell types, activation of this pathway

promotescell division

_ A — Kinases =
&.q. Src, PAK

membrane
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and cytoskeleton
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Figure 7. The organization and function of the RasRafi MEK i ERK pathway.

Activated Ras activates the protein kinadeAF kinase;RAF kinase
phosphorylates and actiestMEK; MEK phosphorylates and activates the
Extracellular-RegulatedKinase(ERK 1/3.

RAF, MEK, and ERK 1/2 are all serire/threonineselective protein

kinases
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As discussed below, many additional targets for phosphorylation by
ERK 1/2were later found, and the protein wasneemed "MitogerActivated
Protein Kinase" (MAPK). The series of kinases from RAF to MEK to MAPK
is anexample of a protein kinase cascade. Such series of kinases provide
opportunities fofeedbackregulation and signal amplification.

H-Rasis localized at the cytoplasmic surface of thespla membrane.

It is a target of postranslational modification via attachment of farnesyl or
methyl lipid moieties catalyzed by Farnesyltransferas€lfagg¢ and
Methyltransferase ICMT), respectively. These pesanslational
modifications affect localizain and biological activity oH-Ras(93).

Like other Gproteins,H-Rasis found in two interconvertible forms,
GDP-bound inactive and GFBound active. Conversion from GEfdund
form to GTRbound is catalyzed by guanine nucleotide exchange factor
(GEF). Activity of GEF is regulated by the upstream signals. GEFs that
activateH-Rasare Son of SevenlesS§QS, PDZ-GEF1, CALDAG-GEF I
andCALDAG-GEF Ill, RASGRF1 RASGRF2 andRasGRP4

GEF first interacts with the GDBound form and releases bound GDP.
As a result, a binary complex of the small G protein and GEF is formed. Then
GEF in this complex is replaced by GTP resulting in formation of the-GTP
bound small G protei(B4).

Conversion of GThound form to GDound form is a result of slow
intrinsic GTPasedivity of H-Ras

Proteins known as GTPase activated proteins (GAP) have been shown
to stimulate this reaction. GAPs that inactividieRas are p120GAP and
RASAS.

The activity of GEB and GAPs is induced by a large variety of
extracellular signals, most ratily by those that activate receptors with

intrinsic or associated tyrosine kinase activity.

25


http://en.wikipedia.org/wiki/Feedback

The phosphotyrosines of the receptors, such as plaieted growth
factor receptor betaPODGFR-b), serve as docking sites for the adaptor
proteins, such as &rhomology 2 domain containing transforming protein
(Shg. Shcforms an adaptor protein complex with Growth factor receptor
bound 2 GRB2). This protein complex recruiSOS the most characterized
H-RasGEF, from the cytosol to produce a recefdaptorGEF complex.

G-proteincoupled receptors (GPCRs) can also activideRas
signaling. Theb-1 adrenergic receptdrinds to thePDZ-GEFX-leading toH-
Rasactivation.

Other receptors, RET pretincogene RET) and TEK tyrosine kinase
endothelial TIE2), can directly activate Docking proteins 1 and®K1 and
DOK?2). DOK1 and DOK2 in turn stimulatethe GAP activity ofp120GAP
that downregulateH-Rassignaling 05). In addition, cytoplasmi€&" and
secom messenger 1-@iacykglycerol (DAG) can activate calcium and DAG
regulated GEFSGALDAG-GEF Il andCALDAG-GEF III).

Major effectors ofH-Ras protein are protein kinase-Raf1l murine
leukemia viral oncogene homolog &-Raf1) and Phosphatidylinositd3-
kinase PI3K cat clas4dA).

Small Gproteins are also known to cresgk with each other. HRas
activates guanine nucleotide exchange factors ®al@nd Tiam 1 that in

turn activate small GTPases RalA and Racl, respectively.

1.32. Cyclic AMP Responsé&lementBinding Protein, CREB protein
CREBIs atranscripton factor it binds to certaildDNA sequences called
CAMP response elemenfCRE) and, thereby, increases or decreases the
transcriptionof the downstreargenes CREB was first described in 1987 as a
cAMP-responsive transcription factor regulating the somatostatin(§éhe
Genes whose transcription is regulated GIREB include: c-fos, the

neurotrophinBDNF, tyrosine hydoxylase and manyneuropeptidegsuch as
26


http://en.wikipedia.org/wiki/Transcription_factor
http://en.wikipedia.org/wiki/DNA
http://en.wikipedia.org/wiki/CAMP_response_element
http://en.wikipedia.org/wiki/CRE
http://en.wikipedia.org/wiki/Transcription_(genetics)
http://en.wikipedia.org/wiki/Gene
http://en.wikipedia.org/wiki/C-fos
http://en.wikipedia.org/wiki/Neurotrophin
http://en.wikipedia.org/wiki/BDNF
http://en.wikipedia.org/wiki/Tyrosine_hydroxylase
http://en.wikipedia.org/wiki/Neuropeptide

somatostatinenkephalin VGF, andcorticotropinreleasing hormone CREB
is dosely related in structure and functionGREM (CAMP response element
modulatojy and ATF1 (activating transcription factel) proteins. CREB
proteins are expressed in many animals, including hun@dREBhas a wel
docunented role in neuronal plasticity and letegm memory formation in
thebrain ©7).

A typical (albeit somewhat simplified) sequence of events is as follows:
a signal arrives at the cell surface, activates the corresponding receptor, which
leads to the pragttion of asecond messengeauch as cAMP o€&*, which
in turn activates @rotein kinaseThis protein kinase translocates to te#
nucleus where it activates @REBprotein. The activate@REBproteinthen
binds to a CRE region, and is then bound to by a GBE#ing Protein
(CBP), which coactivates it, allowing it to switch certain genes on or off. The
DNA binding of CREBIs mediated via its basic leucine zipper dom&idl P
domain.

CREBcan also be phosphorylated by a variety of kinases in response to
mitogen, calcium and stress dependegnals. For instance, upon stimulation
of cellular Gprotein coupled receptors and growth facteptors, adenylate
cyclase is activated, leading to increases in CAMP. This in turn activates PKA
by dissociating the regulatory from the catalytic subui@&talytic subunits
can be translocated into the nucleus, wheREB is phosphorylated. The
crucial event in the activation &@REBis the phosphorylation of Serl33 in
kinaseinducible domain (KID). This domain includes several consensus
phosphorylation $&s for a variety of kinases [e.g. protein kinase A (PKA),
protein kinase C (PKC), casein kinases, calmodulin kinases (CaMKs),
glycogen synthase kina&e p34cdc2, p70s6k] that can either increase or
decrease the activity @REB Phosphorylation on Ser1®8omotesCREBto
recruit transcriptional cactivators that induce transcription of a variety of

intermediate early response genes. Dephosphorylation of Serl33 is important
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for the inactivation ofCREB Both protein phosphatase 1 (PPand PF2A
may be nvolved in the dephosphorylation GREB Based on the extent of
homology at this region, members of tAREBfamily can be divided into the
CREB CREM, and activating transcription factor (ATgtpups(Figure §.
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Figure 8. CREB Activation Pathways

CREBhas many functions in many different organs, however most of
its functions have been studied in relation to the br&RREB proteins in
neuronsare thought to be involved in the formation ohdrterm memories;
this has been shown in the marine sglysia the fruit fly Drosophila
mdanogaster and inrats CREBIs necessary for the late stagelafg-term
potentiation CREB also has an important role in the developmentoig
addiction (98). There are activator and repressor forms GREB Flies
genetically engineered to overegps the inactive form dEREBIose their
ability to retain longterm memoryCREBIs also important for the survival of

neurons, as shown in genetically engineered mice, wbBEBand CREM
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were deleted in the brain. €REBis lost in the whole developgnmouse
embryo, the mice die immediately after birth, again highlighting the critical
role of CREBIn promoting survival.

Disturbance of CREB function in brain can contribute to the
development and progression Hintington's DiseaseAbnormalities of a
protein that interacts with the KID domain GREB the CBP is associated
with RubinsteinrTaybi syndromeCREBiIs also thought to be involved in the

growth of some types of cancer.

1.4. Markers ofoligodendrocyte differentiation

1.4.1 Oligodendrocyte Transcription Factog, Olig-2

Oligodendrocyte transcription faato2 (Olig-2) is a protein that in
humans is encoded by tbhkg-2 gene

Olig-2 is a basic heli®oop-helix transcription factarlts expression is
predominantly restricted to the CNS. The protein is an essential regulator of
ventral neuroectodermal progenitor cell fate and is required fos &id
motor neuron development.

The olig-2 gene was originally discovered as a chromosomal
translocation t(14;21)(g11.2;922) associated Witbell acute lymphoblastic
leukemia(99). Its chromosomal location is within a region of chromosome 21
which has been suggested to play a role in learning deficits associated with
Down syndrome

Olig-2 is a universal marker of diffusgliomas (oligodendroglioma,
astrocytoma, glioblastoma, and mixed glioma). The expression in diffuse
gliomas is distinct from dier types of brain tumors and therefore is clinically

useful as a pathologic marker for distinguishing these cancers
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1.4.2 Myelin BasicProtein, MBP

The presence of the myelin sheath, a tightly packed multilamellar
membrane, is crucial to the functiogirof the vertebrate nervous system.
Myelin is formed by specialized glial cells in both t8&S and PNS and
mutations in myelin components or autoimmune attack towards them leads to
severe neurological defects. Many of the defects observed in atys
demyelination can be attributed to potential disruption of the intimate
interactions between myelin proteins and the myelin lypiayer (L0O0).

Interest iINMBP has centered on its role demyelinating diseasgm
particular MS; several studies have shown a rolafdibodiesagainstMBP
in the pathogenesisf MS which is characterized by the active degradation of
the myelin sheatlil01). Some studiebave linked ayeneticpredisposition to
MS to theMBP gene, tlough a majority have not.

MBP is one of the most abundant proteins in myelin, and present at
high concentration in both the CNS and PNS my€lio2, 103) MBP is a
proteinbelieved to be impant in the process ahyelinationof nervesin the
CNS.

MBP is a peripheral membrane protein, which is reminiscent of
intrinsically disordered proteins, when put into aqueous soluti®4106).
Several lines of evidence, however, point towards a scenario, where
interactions with ligands trigger secondary structure formation and some
degree of folding into a more compact structursBP (107).

MBP was initially sequencedn 1971 after isolation from myelin
membraneg108). Since that timg knockout micedeficient in MBP that
showed decreased amounts of CNS myelination and a progressive disorder
characterized byremors seizuresand early death have been developed. The
genefor MBPis onchromosomé.8g22 (109 the protein localizes to the CNS

and to variougellsof thehenatopoietic system
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The pool of MBP in the CNS is very diverse, with seversplice
variants being expressed and a large number pmdsttranslational
modificationson the protein, which includehosphorylation methylation
deamidation and citrullination. In melanocytic cell typesMBP gene

expression may be regulated MyTF (110.

1.4.3 U-SmoothMuscleActin, USMA

Actin is one of the most abundant and consergeatein in many
eukaryotic cell types. It polymerizes forming microfilaments that have an
array of functions including regulating contractility, motility, cytokinesis,
phagocytos, adhesion, cell morphology, and providing structural support.

Six distinct actin isotypesfalling into three categoridsgve been
identified in mammalian cells’ he three types, separated based on isoelectric
point, includeU (U-Skeletal U-Cardiac,U-Smooth Muscle b (b -Norn-muscle)
and 9 (0-Smooth Muscle, o>-Non-Muscle) isoforms (111, 112)The actin
isoforms arehighly conserved at the amino acid level and only difietheir
N-termini(112,113).

Each is encoded by a separated gene and is expresset |
developmentally regulated and tissspgecific mannerlJ and b cytoplasmic
actins are expressed in a wide variety of cells; whereas, expressign of
skeletal, U-cardiac, Uvascular, and-enteric actins are more restricted to
specialized muscle cell tgp Expression ofsSMAIis regulatedoy hormones,
cell proliferation and altered by pathological conditions including oncogenic
transformation and atherosclerosis.

The specific NH-terminal sequence A€EEED of USmooth Muscle
Actin (USMA or Acta2) plays a important role in the regulation of

polymerizationin vitro and in vivo(114).
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1.5. ReactiveOxygenspecies ROS and Oxidative stress

For mostliving organismsoxygenis an essential molecul@®r survival
Oxygen in fact is used as @&erminalelection acceptorin the mitochondrial
respiratory chain leading to the synthesisof ATP needed forcellular
metabolism Almost all the oxygenusedby mitochondriais reducedn the
H,O moleculeafter acceptindour electronsThe oxygeracceptone electron
at a time when it acceptghe first electron decreasesuperoxide radical
(O,B, the termindicates aadicalmolecular speciewith an unpaired electron
in the lastorbit and therefore extremehgactive The superoxide radicatan
accept asecond electmo reducingfurther in hydrogen peroxidéH,O,) and

molecular oxygenThis reaction isatalyzed bysuperoxidedismutas€SOD):
20,E-2HY H,0,+0,

Hydrogen peroxidén the presence dfansition metal iongi.e. F&#"**,
Cu"?"), that are ions able to accep or donate electronschanging their
oxidation number can be transformed inttwydroxyl radical (OH) and

hydroxylion (OHB according t¢he Fenton reaction
Fe*+H,0,Y ‘OH+ O H FFe’*

These patrtially reduced forms of oxygen are caliedctive oxygen
speces (ROS).

The variety of ROS derived by both normal metabolic activities, both
from the stresses generated by various mechanisms.

These shorived ROS can play physiological roles in signal
transduction, but in excess can contribute to the mechanismsealsd by
dysregulation of signal transduction and/or by oxidative damage to cellular
macromolecules (lipids, proteins, DNA, RNA, carbohydrates) that exceeds
the cellular capacity for regeneration or repair. As elaborated later under

signal transduction, ydregulation of signal transduction and/or
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macromolecular lesions can adversely alter cellular function or trigger
apoptdic or necrotic cellular death.

ROS are involved in many phenomena of damage to cell membranes,
DNA and proteins with pathophysiologlceonsequences of atherosclerosis,
aging, and other degenerative disorders, but it is also true that free radicals are
species that are produced by cells and as a result of the operation of the
mitochondrial respiratory chain, both for the development pécsic
metabolic pathways necessary for the physiology of the cell, tissue and
organism.ROS are generated by multiple pathwaysgure 9. The primary
training site is the chain of mitochondrial electron transport, in fact, it is
known that in this celldar compartment, 2% of electrons escape the chain of
cytochromes and can go to reduce the oxygigreroxide (15). Due to the
high concentration of SOD in the mitochondria, superoxidmis/ertedinto
hydrogen peroxide. The latter is able to permeate thitochondrial
membrane116) andreach the cytoplasm.

Another source of intracellular ROS is the cytochrome P450 in the
endoplasmic reticulum, in fact, it is known that cytochrome generates ROS
during the oxidation of unsaturated fatacids (17119. ROS are also
generated by the system loganthinéxanthine oxidase, lipoxygenase and
cyclooxygenase, in fact, use these free radicals to form prostaglandins,
thromboxanes and leukotrienes. These factors regulate the formation of the
clot and the recall ofelukocytes at the site of inflammatidm. the system
hypoxanthine{anthine oxidase, free radicals are used for the formation of
uric acid during degradation of purines. Finally, the major sourdeQf is
Nicotinamide Adenine Dinucleotide Phosphate (NADPH)-oxidase. The
NADPH oxidase is a multiprotein enzyme complex that catalyzes the
production of QEfrom oxygen molecute

O,+NADPHY O,E+NADP*+H*
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Radiation

NADPH Oxidase UV and v —» OH°®
Lipoxygenase Fenton Reaction
Cyclooxygenase Haber Welss Reaction
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0, Xanthine Oxidase > O » H,0, » H,0
- A Superoxide !
Hy)[:zox?:_thine Xanthine Dismutase %\ GSH Peroxidase /!
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0,
NADh . \)-TQO Ref-14 Ref-1
NAD Mitochondria (0%) (red)

Figure 9. Sources of ROS

1.51. The NOX NADPH oxidases family

The NOX-NADPH oxidasexomprise damily of electrontransporting
membrane enzymdamily, whose primary function is thgeneration oROS
ROS praluced by NOX enzymes show a variety of biologic functions, such
as microbial killing, blood pressure regulation, and otoconia formation.
Strong evidence suggests that NOX enzyraes major contributors to
oxidative damage in pathologic conditions.

Whereas NOX2 (also known as gf%), the phagocyte oxidase, has
been known for several decades asdheyme responsible for the oxidative
burst and associatewshicrobicidal activity, the other members of the gene
family have been identified only recentlyhe NOX family nowconsists of
seven members (NOX1, NOX2, NOX3, NOX4HNOX5, DUOX1, and
DUOX2), each with a distinct tissudistribution. Since the discovery that
NOX enzymes are ndimited to white blood cells, an exponential increase in

scientific repors describe how NOX enzymes are responsiblarforeased
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ROS generation in numerous pathologic conditiswgh as hypertension,
ischemidreperfusion, diabetes, cardiovascular diseases, and
neurodegenerationThe elevatedROS production has been linked toe
pathobiology ofmany of these conditiond20). The core catalytic domas

of all seven NOX isoforms share similar structures, and thelly known
biochemical function is the generation of RO®e basic catalytic subunit of
NOX contains a @erminal dehydrogenase domain featuring a binding site
for NADPH and a bound flavin adenine nucleotide (FAD), as well abl-an
terminal domain consisting of six transmembrane alptleces that bind two
heme groups. On activation, cytosoNADPH transfers its eleains to the
FAD, which in turnpasses electrons sequentially to the two hemes and
ultimately to molecular oxygen on the opposing side of the membrane, to
form the superoxide aniq®.E) (121).

Although all seven NOX isoforms catalyze the reductiomofecular
oxygen, they differ in their tissue distribution, thewbunit requirements,
domain structure, and the mechanisynwhich they are activated. In the case
of NOX2, the activationmechanism is well described: on activation, the
regulatory subunit p4%® is phosphorylated and translocates toe
membrane, in the form of a complex that also contpBi" and p46™
Once at the membrane, the cytosalmmplex binds to the transmembrane
cytochrome unit comprisingoth NOX2 and the closely associa hox
Independentlythe GTRbinding protein Rac also moves tloee membrane,
and the combination of regulatory subuniiduces activation. Like NOX1
NOX2 and NOX3 requirep22"®, as well as association with cytosolic
regulatory components(p47"*p67°"* or their homologues NOXO1,
NOXA1) p40phox and Rac. NOX4 requires B22 but not thecytosolic
regulatory factor$122). NOX5 and the DUOXes awctivated by elevation of

intracellular C&', which binds directlyo N-terminal EFhanddomans (123).
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1.5.2.Regulationof NADPH oxidase

Several lines of evidence support a role of PKC in NADPH oxidase
activation. PMA, an activator of PKC, is a strong stimuwfi©,E production
in whole cells. Purified p4?" is a good substrate for PKGn vitro.
Stauroporine, a powerfuinhibitor of PKC, inhibits superoxide production
and p47"* phosphorylation. The data presented here provide elddence
that, in addition to p4?® p67"*itself could play aole in the regulation of
NADPH oxidase by phosphorylan/dephosphorylation reactions and that the
phosphorylatiorevents involve a PK@ependent pathway. Little is known of
the possible role of other protein kinases in the regulatidd®¥PH oxidase.
It has been suggested that cy@iRIP-dependent proteikinase, MAPK, and
p2l-activated kinase could regulatéADPH oxidase by phosphorylating
p47" and that potein kinases other than PKC may participatep@r"™
phosphorylatior{124).

1.6. Relationship between oxidative stress and Multiple Sclerosis

Diseaes that result in injury to the oligodendroglial cells include
demyelinating diseases such as MS #ukodystrophiesn the CNS and
peripheral neuropathies in the PNS. Cerebpalsy (periventricular
leukomalacia) is caused by damage to developing OLs in the brain areas
around the cerebral ventricles. Spinal cord injury also causes dam@4s to
(125). In cerebral palsy, spinal cord injury, stroke and possibly MS, OLs are
thought to be damaged by excessive release of the neurotransmitter glutamate.
OLs dysfunction may also be implicated in the pathophysiology of
schizophrenia and bipolar disord@26). Oligodendroglia are also susceptible
to infection by thelC virus(Human polyomavirus), which causgsogressive

multifocal leukoerephalopathyPML), a condition that specifically affects
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white matter, typically inimmunocompromisedpatients. Tumors of

oligodendroglia are callealigodendrogliomas

Recently, it has been shown that the productidR@&can be involved
in the pathogenesis of several diseaaffscting the CNS127, 128. Our
research group for several years have been studying the cellular and
molecular mechanisms of redox signal transduction in sewenadlitions
(129, 130, such as systemic sclerosis (scleroderma), neuronal degeneration,
andischemia/cerebral and renal reperfusion. Specifically, we have found that
in systemic sclerosis redox signalling is hypertrophic in immune cells and
fibroblasts 31, 132. We wished to apply some of the findings in systemic
sclerosis to MS and specifitalthe molecular mechanism linked to oxidative
stress in MS. The OLs and their precursors are very sensitive to oxidative
stress, because they use large amounts of oxygen. They also have a reduced
antioxidant defence system and a high intracellular cdradeon of Feions
(133). This sensitivity is inversely correlated to the maturation level, in fact
the OLs precursors show an increased in susceptibility to oxidative stress,

compared to matureells (L34).

MS is a chronic demyelinating disease of CNSvimnch inflammatory
processes and neurodegeneration contribute to demyelination and axonal
damage. There are important experiments about the involvement of oxidative
stress in the pathogenesis of this disease. The OLs and their precursors are, in
fact, highy sensitive to oxidative stress, because of the large amounts of
oxygen consumed, low levels of cellular antioxidant defense systems and high
intracellular iron content133).

In MS it is not known whether the reelination is slowed or blocked.
Failure n remyelination in MS has been associated with limited availability
or migratory capacity of OPCs. In fact, in chronic demyelinating lesions it

was observed a small number of mature cells and an increased number of
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precursors, suggesting the presence bfoak of the maturation process of
OPG. The intracellular redox state, regulated by extracellular signal
molecules, is able to modulate the balance betweenresedfval and
differentiation in dividingcells (L35). Therefore, alterations of cellular redox
state in MS may represent a gapoptotic stimulus to OLs, but also can affect

differentiation processes of OB€&sulting in demyelination.

1.6.1. Oxidative stress in oligodendrocytes

Cellular proliferation and differentiation in theervous system are
closely linked processes, controlldty a number of growth factors and
depend on environmentatonditions. In tissue culture, serum addition
providesneural cells with necessary extrinsic growth factor supplentbats
promote cell growth and enable sunliva

Serum deprivation, on the other hand, causes an arrestl idivision
and may induce cellular differentiation

Extendedperiods of serum deprivation may eventually lead to cell
death due to the lack of growth factors or increased oxidative stress.

Cels in the nervous system are higldgnsitive to oxidative stress
because they utilize higlevels of oxygen for normal function, and the brain
hasrelatively poorly developed antioxidant mechanigt6-138).

OLs and their precursor cells exhibit agh snsitivity to oxidative
stress. Oligodendrocyt@recursors, for example, are easily damaged by
hypoxic events because of low antioxidant levels and high eamtent. The
cytotoxic potential of oxygen radicajenerating systems on bovir@Ls
prepared fromadult brains was describeMlaturationdependent differences
in the vulnerability ofOLs to oxidative stress are observable, specifically
oligodendrocyte precursors show a higher sensititatyoxidative stress
induced death caused by glutathiadepletion Thereis little informationat

the present time on the effects of toxic radicals omtbkecular mechanisms
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regulating cell survivahnd death in proliferating compared to differentiating
oligodendroglia cell$139).

The molecular mechanismsnderlying H,O,-induced toxicity were
characterized in rat oligodendrocyte cultures. Wiptegenitor cells were
more sensitive than matu@Ls to H,O,, the antioxidant, NacetytL-cysteine
(NAC), blocked toxicity at both stages of developmékd.free radicalhrave
been considered to serve as secomdsengers, waxamined the effect of
H,O, on activation of the MAPKERK1/2and p38. HO, caused a time and
concentratiordependent increase in MAPK phosphorylatian, effect that
was totally blocked byNAC. Further eyploration of potential mechanisms
involved in oligodendrocyte cell death showed thaiOhl treatmentcaused
DNA condensation and fragmentation at both staje®velopment, whereas
caspase 3 activation and po(ADP-ribose) polymerase cleavage were
significantly increased only in oligodendrocypeogenitors. The panaspase
inhibitor,  benzyloxycarbonyVal-Ala-Asp-fluoromethylketone, blocked
DNA fragmentation in progenitors and produ@dmall but significant level
of protection from HO, toxicity in progeaitors and mature OLdn contrast,
inhibitors of both p38 and MEK reduced ,®-induced death most
significantly in OLs. The poly (ADPribose)polymerase inhibitor, PJ34,
reduced HO,-induced toxicity on its own but was most effective when
combined with bereyloxycarbonylVal-Ala-Asp fluoromethyl ketone or
PD169316. The finding that molecular mechanisms conferesgtance to
reactive oxygen species toxicity are regulatddring oligodendrocyte
differentiation may be ofimportance in designing therapies foertain

neurologicaldiseases affecting whitaatter (34).
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CHAPTER I
OBJECTIVES

The balance betweearell proliferationand differentiation i<ontrolled
by opposing cellular signals that modulate important cell functions as
development, tissue repaiand tissue homeostasis; yet relatively little is
known about physiological mechanisms central to such modulation.

It has been shown that redox state of the OLs is modulated by
extracellular signaling molecules that alter the balance betweereselal
and differentiation: growth factors that promote sgelhawal cause
progenitors to became more reduced, while signaling molecules that promote
differentiation cause progenitors to became naordized (35.

The correlation of cellular redox state with diféntiation of OPCs is of
great interest; however, it is not known whether this correlation is
coincidental or whether it provides an important cue to understanding the
molecular mechanisms inducing OLs to differentiate in mature myelinating
cells.

The obgctives of presenthesis projecare:

1 the evaluation of ROS importance as Old#ferentiation
mediators

To this end we used MO03L3 cells, an immortal human cell line that
expresses phenotypic characteristics of primary OLs. Under appropriate
conditionsthese cells are able to differentiate in mature OLs.

We first will considerthe effects of a differentiation stimuluBhorfol-12-
Myristate 13-Acetate (PMA an activator of PK{; in medium deprived of
serum on the appearance efarly and late differentietn markers suchs
ERK1/2 P-CREB MBP, U-SMAandOlig-2. Secondly, we will expose the
cells tolow doses of KO, to test if ROS modify differentiationby
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measuring the differentiation markefsvels modulated by the PMA
stimulus.
1 the analysis ofsignal transduction pathways involved in the

modulation of differentiation, mediated BAMA and/orH,0,.

Our group for several yeatshas been studying signal transduction
pathways linking membrane receptors to various transducers, including
p21Ras and cAMP. Wkave shown that Ras isoforntda-Rasand KiRas,
have opposing functions in regulation of redox signals:-Ridaexpressing
cells produce high levels of ROS by inducing the NAD®ttase system.
Ki-Ras, on the other hand, stimulates the scavenging of RCfgtiwating
posttrascriptionally the mytochondrial antioxidant enzyme, -8liperoxide
dismutase (MfSOD), via anERK1/2dependent pathway (58). Ras proteins
are exqgusite redox sensors, that adapt the cell to various metabolic needs
following receptor stimlation. We have shown that the levels of Ras proteins
in human primary fibroblasts are regulated by citokynes, such as PDGF.
PDGF stabilizesHa-Ras by stimulating ROS andERK1/2 Activation of
ERK1/2 and high ROS levels stabilizéla-Ras protein, by inhibiing
proteasomal degradation. We found a remarkable exammplgivo of
amplification of this circuitin fibroblasts derived from systemic sclerosis
(scleroderma) lesions, producing vast excess of ROS and undergoing rapid
senescence. High RO%ja-Ras and ative ERK1/2 stimulated collagen
synthesis, DNA damage, and accelerated senescence. Conversely ROS or Ras
inhibition interrupted the signaling cascade and restored the normal
phenotype. In primary cells, stabilization of Ras protein by ROSER1I1/2
amplifies the response of the cells to growth factors. In some autoimmune
diseases, such aslerodermathis represents a critical factor in the onset and
progression of the diseasd3(). In this disease there are stimulatory

autoantibodies against PD&E, which appear to be a specific hallmark of
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scleroderma. Their biologic activity on fibroblasts strongly suggests that they

have a causal role in the pathogenesis of the dis&age (

Starting from these findings, and since the cause and definitive therapy
of the MS are still unknownywe wish to explore the possibility thaich a
circuit exists also in MS. & wish to use the OLs as tester cell system to
explore the presence of molecules that interfere with theerdiftiation.

So we will study in OLs, in m@sence of the differentiation stimulus, the
effects of stimulation with CSr Ig, extractedfrom the serum of patients
affected by MS, on cellular redox state and maturation processes

(differentiation block).
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CHAPTER I
MATERIALS AND METHODS

3.1.Cell cultures

MO03-13 CELLS - The MO0313 cells are an immortal humdnuman
hybrid cell line with the phenotypic characteristicspoimary OLs,derived
from the fusion of a 6thioguanineresistant mutant of a human
rhabdomyosarcomavith OLs obtained from adult yiman brain. Theyvere
grown in Dul beccods Mo d;iGIBC@Invitrdgeng | e s
containing 4.5¢g/L glucoséGIBCO, Auckland, New Zealandsupplemented
with 10% Foetal Bovine Serum (FBS; Sigma S. Louis, USA)0 U/ml
penicillin and 10Cg/ml streptomycinThe cells were kept in a 5% G@nd
95%air atmosphere at 37° C.

The cells were differentiated in FE&e DMEM, supplementing with
100 M of Phorhol-12-Myristate 13-Acetate (PMA; SigmaAldrich). The
cells were kept in a 5% G@nd 95%air atmosphere at 37° 16r 30 mirutes
or lday (predifferentiation conditions) or 4 days (matui@Ls). The

differentiated cells express markers of matudds such asMBP,

ProteolipidicPr ot ei n ( Bl@B/)c | a md n2phosphanlissitechge 3 0

(CNPag). These cells represent an excellent model to study the maturation

and differentiation process of oligodendrocyte precursors.

HEK293 ceLLs - HEK293 is a cell line derived from human
embryonic kidney cells, of a healthy, aborted fetus, grown in tissuereul
This particular line was initiated by the transformation and culturing of
normal HEK cells with sheared adenovirus 5 DNA. The transformation

resulted in the incorporation of approximately 4.5 kilobases from the viral
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genome into human chromosome ¥ahe HEK cells. Cells were grown in
Dul beccobs Modi fi ed E &GBLCE@ dnvitrddend i u m
containing 4.5¢g/L glucos@GIBCO, Auckland, New Zealand¥upplemented

with 10% FBS(Sigma S. Louis, USA)100 U/ml penicillin and 10@g/ml
streptomycin. The cells were kept in a 5% GMd 95% air atmosphere at
37°C.

3.2. Flow cytometric assay of cell viability

The toxicity of HO, treatment was tested by cytofluorimetric analysis of
Propidium lodide (PI) staining of treated and contfdl03-13 cells
differentiated with PMA (100nM) for 4 days. These cells, plated in 35mm
Petri dishes and grown to semi confluence, were treated with increasing doses
of H,O, (200, 400, 600, 800, 106M) for 18 hours in medium without
serum. After trypsinizan and wash in PBS, the cells were resuspended in
50Cl of PBS and &gr/ml of Pl was added before the flogytometric
analysis of Plpositive cells performed with a FCSscan apparéBecton

Dickinson). Data were analyzed using WinMDI 2.8 software.
3.3 H,O, treatmens

MO03-13 cells, grown to semi confluence 8mm dishes in FB&ee
DMEM 4.5¢g/L glucosesupplementing with 100nM of PMA for 4 days, were
stimulatedfor 30minuteswith decreasingconcentrationssfarting from non
toxic dose of 206M, 50 and.0 €M) of H,0O,. Afterwards, t was used a D,
concentration t hat I n t he cel | viab
stimulation of apoptosiand at the same time induced modulation, analyzed

by Westerrblot, of differentiation markers

MO03-13 cells, grownto semi confluence in 60mm dishes in DMEM
4.5¢g/L glucose, were stimulatedth H,O, (20 M). Thecells were kept in a
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5% CQ and 95% air atmosphere at 37°f@ lday or 4 daysand afterthe
differentiation markers were analyzed \Bfesernblot, confocal ncroscopy

or by flow cytometric analysis

3.4. Inhibitorstreatment

APOCYNIN: 1-(4-Hydroxy-3-methoxyphenyl)ethanonealso known as
apocynin or aetovanillonejs a naturabrganic compoundtructurally related
to vanillin.

MO03-13 cells, preincubated for 1 hour wikpocynin 60eM, Sigma
Aldrich) were stimulatedior 4 dayswith PMA (100 nM) or with HO,
(20CM).

BISINDOLYLMALEIMIDE : Bisindolylmaleimide VIII acetate is a
selective inhibitor of PKC.

MO03-13 cells, preincubated fadOminuteswith Bisindolylmaleimide
(BIM, 100eM, Sigme-Aldrich) were stimulatedor 4 dayswith PMA (100
nM) or with HO, (20CeM).

PD98059 2 -Ajmino-3 -Miethoxyflavoneis a ®lective, reversible, and
cell-permeable inhibitor oMEK, that acts by inhibiting the activatioof
MAP kinase and subsequent phospladign of MAP kinase substrates.

MO03-13 cells, preincubated f@Ominuteswith PD98059 (PD, LeM,
Calbiochenm were stimulatedor 4 dayswith PMA (100 nM) or with HO;
(20 M).

3.5. Patients

In the study were included men and women between 15 and S)ofear
age who meet all the following criteria:

1 diagnosis of relapsinggmitting MS according to McDonald criterja

1 an Expanded Disability Scatcore (EDSS) between 0 and 5.0;
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91 lesions detected by MRI compatible with the diagno§islS;

9 at least one acutpisode in the last 12 months.

The control subjects are patients with neurological diseases that need
differential diagnosis withMS (cerebral cancers, stroke, vasculitis, etc.)
selected by seand age similar to MS patients.

All the patients were subject¢éo CSF collection by lumbar puncture to
execute the routine laboratory analysis in the hospital where they were
hospitalized. A quantity of-Pml of CSFwas sent to our laboratories to carry
out the investigations of our interestt the same time a bloosample, from
each patients, was collected to purify the IgG fractions from blood serum.

The hospitals that have collaborated to our project are:

9 Cardarelli Hospital, Naple€Department of NeurologyDr. C. Florio;-

Department of Neurophysiopatholedyr. F. Habetswallner;

1 Polyclinic Federico Il University, NapleDepartnent of Neurology

Prof. Orefice.

3.6. Cerebrospinal fluid treatment

To analyze the cell maturation processes in response to CSF somulat
the M0313 cells, grownn FBSfree DMEM 4.5g/Lglucose,supplementing
with 100nMof PMA, were stimulated witlicSF (30% v/v) from MS patients
and control group fot or 4 daysThe differentiation markers were analyzed

by Westerrblot or by confocal microscopy
3.7. Purification of Immunoglobulins

The purification of IgG fractims from serum of MS and control
subjects will be carried outy affinity chromatography on & Sepharose
columns (Pierce, Rockford, IL). The protein concentration of immunoglobulin
fractions thus prepared will be assessed spatttometrically and used in

oligodendrocyte differentiation cell models
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3.8 Immunoglobulinstreatment

To check the effect of IgG fractions stimulation on the molecular

mechanisms related to oxidative stress in @hsl on the cell maturation
processesthe M0313 cells, grown in FB&ree DMEM 4.5¢g/L glucose,

supplementing with 100nM of PMAwerestimulatedwith 200ug/ml of serum

IgG from MS patients and control group fdor 4 days. The differentiation

markers were analyzed by Westdalot or by confocal nicroscopy

3.9. Protein extraction

The RIPA buffer was used to extract the proteins from mammalian

cells. A cocktail of protease inhibitors (Roche, USA) was adadetthe buffer

to prevent the protein degradatiomrithg the extraction procedure.

RIPA buffer.

=4 =42 A A4 A4 A4 A4 A A4 A A

50 mM TrisHCI, pH 75

150 mM NacCl

1% NR40

0.5%Deoxycholic acid (DOC)

0.1% Sodium Dodecil Sulfate (SDS)
2.5mM Sodium Pyrophosphate (SPP)
1mM b-Glycerophosphate

1mM Sodium Orthovanadate (Na\{©
1mM Sodium Fluoride (NaF)
Protease inibitor (1X)

0.5mMPhenyl-methanesulfonyHluoride (PMSH

The cells were detached from the dishes with a scraper using the RIPA

buffer in appropriate doses depending on the number of celle|(RIBA
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buffer per 5- 10° cells), on ice. Then, tachieve a complete lysis, celigere

kept for 15min at 4°C and disrupted by repeated aspiration (for approximately
10 times) through a 2@auge needle. Theextract preparations were
centrifuged at 13000 rpm for 1Biinutes at 4° Cand the pellets were
discarded The Lowry protein assayas used to determine the protein

concentration.

3.10 Protein determination

The Lowry protein assay was used for determining the total level of
proteinin a solution. The total protein comteation is exhibited by a color
change of the sample solution in proportion to protein concentration, which
can then be measured usinglorimetric techniques. It is named for the
biochemistOliver H. Lowry who developed the technique in the 1940s. His
1951 paper describing the technique is among the-mgisly cited papers in
biology. The method combisehe reactions of cupric ions with theptide
bonds under alkaline conditions (theBiuret tesj with the oxidation of
aromatic protein residues. The Lowry metho best used with protein
concentrations of 0.01.0 mg/mL and is based on the reaction of "Cu
produced by the oxidation of peptide bonds, wtiin-Ciocaltas reagenia
mixture of phosphotungstic aciénd phosphomolybdic acidn the Folin
Ciocalteu reaction). The reaction mechanism involves reduction of the Folin
reagent and oxidation @romaticresidues (mainlyryptophan alsotyrosing.

The concentration of the reduced Folin reagent is measurabidoybanceat

660 nm. As a result, the total concentration of protein in the sample can be
deduced from the concentration of Trp and Tyr residues that reduce the Folin
reagentA reference standard was performed on four samples with increasing

concentrations of Bame Serum Albumir{BSA).
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3.11 Westernblotting analysis

50 g of total cells lysates were subjected to SEXSGE under
reducing conditions using precast gelsl296 gradient (Invitrogen). The
protein samples were heated at 70° C and loaded on the gel. After
electrophoresis, the proteins were transferred onto a Pilt¢F membrane
(Invitrogen) with a Trandlot Cell (Invitrogen) and transfer buffer containing
25 mM Tris, 192 mM glycine, 20% methanol. The transfer was carried out at
4°C for 75 minutesat 40V. Membranes were placed in Blocking buffer
(Invitrogen) at 4°C overnightto block the nonspecific binding sites. Filters
were incubated with specific antibodies before being washed two times in
water. Then, the filter was washed with wash buffer 3 times for 5 minutes and
incubated with a peroxidasmnjugated secwlary antibody (Invitrogen).
After washing with wash buffer, peroxidase activity was detected with the

ECL (Enhanced ChemiLuminescensgstem (Invitrogen).

The filters were also probed with an aatiTubulin antibody (Sigma,
USA). Protein bands were reved by ECL and, when specified, quantified
by densitometry using Scionlmage software. Densitometric values were

normalized ta-Tubulin.
3.12. Flow cytometric analysis of Mielin Basic Protein

Cells were grown to semiconfluency in-6@inm culture dishes. Afte
trypsin detachment, 5 - 1@ells are suspended in 1 mL of phosphate buffered
saline (PBS) and fixed overnight with 1% formaldehyde at room temperature.
Next, cells were permeabilized with 0.1% Tritor1®O0 for 40 min at 4°C,
washed 4x with PBS contairgri2% FBS, 0.01% Nad\ 0.1% Triton %100
(buffer A), and incubated for 45 miat 4° C with 150 dilution of rabbit
polyclonal antihumanMBP Ig. The cells were then washed twice with the

same buffer and incubated for 45 min at 4°C with €g8jugated art{rabbit
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IgG) Ig at 1:50 dilution. Control cells were incubated with @€g®jugated
antk(rabbit IgG) Ig alone. After two washes in buffer A, cells were
resuspended in PBS and analyzed by flow cytometry using FACSCAN (BD,
Heidelberg, Germany) and WINMDI sofare.

3.13. Immunofluorescence confocal microscopy

MBP AND ALPHA -SMA: M03-13 cells were grown on glass coverslip
under culture conditions decribed in the specific experiments. Then, the
medium was removed and cells immediately fixed in 3P&¥aformaldehyd
in PBS with 2%Sucrose, pH 7.4, for 5 min at 22°@nd, after 2 washes in
PBS with 2%Sucrose, permeabilizefor 10 min at 4°Cwith 0.01% Saponin
(SigmaAldrich, from quillaja bark) in PBS.

The cells, afteblocking with 20%~BSin PBSwith 0.01% Saponiffior
30 minutesat 4°C, wee labelled with primary rabbpolyclonal anti human
MBP antibody or with primary mousgolyclonal anti humanh-SMA
antibody The cells were washed and labelledwgecondary Cy8onjugated
antrrabbit 1gG (Jackson ImmunoResearch, USX)with secondary Cy2
conjugated amtimouse 1gG (Jackson ImmunoResearch, USZ9ntrols were
incubated with secondary antibodiasone. After treatment withnuclear
marker, 4',6-diamidino2-phenylindole (DAPI),the coverslips were briefly
washed first, in PBS and then in distilled water, and finally mounted on glass
slides for microscopy examinatioQells were analyzed with a Zei&SM

510 Meta laser scanning confocal microscope.

OLiG-2: M03-13 cells were grown on glass coverslip under culture
conditions decribed in the specific experiments. Then, the medium was
removed and cells immediately fixed in 3.7% Paraformaldehyde in PBS wit
2% Sucrose pH 7.4,for 5 min at 22C, and, afte2 washes in PBS with 2%
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Sucrose, permeabilized for 5 min at 4°C with 0.1%Tritord00 in 20mM
Hepes, 300mM Sucrose, 50mM NacCl, 3 mM MgClI

The cells, after blocking with 20%BSin PBS for 30minutesat 4C,
were labelled with primary rabbit polyclonal anti hun@lg-2 antibody. The
cells were washed and labelled hwisecondary Cy8onjugated antrabbit
IgG (Jackson ImmunoResearch, USA). Controls were incubated with
secondary antibodies alonéfter tregament with nuclear marker, 4-,6
diamidina-2-phenylindole (DAPI)the coverslips were briefly washed first, in
PBS and then in distilled water, and finally mounted on glass slides for
microscopy examinatiorCells were analyzed with a Zeiss LSM 510 Meta
laser scanning confocal microscope.

Afterwards, images weranaly®d using thdmageJsoftware we set
the thresholdon the maximum fluorescent value tife sampldreated only
with secondaryantibody,and quantified25cells for each samplBegiors of
interest (ROI) weredefined to restrict the analysis to a spatially confined

cellular area.
3.14. Real Time PCR analysis

RNA isolation and reaiime PCR were performed as follow: total RNA
was extracted using TReagent according to the protocol provided by the
manufacturer (Sigma, USA). Total RNA (4 ug) was reverse transcribed with
Omniscript Reverse Transcriptase (Quiagen, USA) igpa T primers for 60
min at 37C in 40 pl reaction volumes. Retine PCR was performed with an
ABI 5700 or ABI PRISM7900HT Segence Detection System (Applied
Biosystems Inc., USA). Reactions were carried out mw88 optical reaction
plates in a 50 pl final volume containing 25 pl of the S¥BlReen (Applied
Biosystems Inc., USA) PCR master mix, 1,25 ul of each gpeeific primer,

40 ng of sample cDNA. Gerspecific primers were designed to selectively
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amplify a-SMA and relative expression values were normalized using
glucose6-phosphate dehydrogenag&6PD). The SYBRGreen (Applied
Biosystems Inc., USA) fluorescence was measured at each extension step.
The threshold cycle (Ct) value reflects thgcle number at which the
fluorescence measurement reached an arbitrary threshold. Melting curve
analysis was performed to determine the specificity of the reactiontiReal

PCR was conducted in triplicate for each sample and the mean value was
calculated

Primers for huma@-SMAand G6PD used are the following:

-a-SMAForward CTG TTC CAG CCATCC TTC AT,
a-SMAReverse TCA TGA TGC TGT TGT AGG TGG T;
-Human G6PD Brward ACA GAG TGA GCCC TTC TTC AA,

Human G6PD RverseATA GGA GTT GCG GGC AAA G

3.15 Statistical analysis

Statistical di fferences wtest éor e v al

unpaired samples.
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CHAPTER IV
RESULTS

4.1 Effects of PMA on oligodendrocyte differentiation

MO03-13 cells wereexpogdto PMA 100nM in medium without serum
for 4 daysFigurel0, an optical microscope image, shows the morphological
changes of the differentiated compared to control cells: the differentiating

cells are no longer motilend extend multiple processes.

Figure 10. Optical microscope image
MO03-13 undifferatiated (Undiff. M03-13) and differentiatedDiff. M03-13) for 4 days
with PMA 100nM in the absence of serum

We first analyzdthe effects of 30mmtesexposure to 100nM PMAN
cells preincubated for 16 dursin a medium containing 0.2% FB®n
signalng moleculegP-ERK1/2andP-CREB involved in OLs differentiaton
and also on a negative differentiation marké§MA In fact, FGF2mediated
OL induction is dependent on MAP kinase signalling and is inhibited by
BMP4; E14 rat dorsal spinal cord culturéseated by BMP4, show a dese
dependent reduction of OLs and astrocytes, and an inductioBM#
Therefore OLs differentiation is accompanied by significant reductiGMA
(140). Differentiation induced by?MA decreasg a-SMA protein levelsand
insteal, increasd P-ERK1/2andP-CREBIevels (Figure 11).
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Figure 11. Modulation of a-SMA, P-ERK1/2 and P-CREB levels in M0313 cells
stimulated with PMA for 30min.

The cells were incubatefdr 16 hoursm medium containing 0.2% of FBE1tf) and then
stimulatel with 100nM PMAIn medium without serurfor 30min before harversting them
for Western blotting analysis ai-SMA P-ERK1/2 and P-CREB levels. The histogram
shows the values (meahsSEM) relative to control obtained by densitometric analysis of
protein bads normalizedo a-Tubulin in three independent experimeri{g<0.01 vsCitr.

Moreover we measued the expression &d-SMA P-ERK1/2and P-
CREBprotein levels aftet dayof treatmentwvith 100nM PMA intheabsence
of serum. Asit is shown in Figure 12, differentiation of the cellsis
accompanied by a reduction @SMAlevels.On the contraryP-ERK1/2and

P-CREBIevelsare induced by differentiation.

- 1d PMA &

E u-SMA

—

W wm  p-ERK %
-— .
——, Creb os |
E a-Tubulin 0

N.D. PMA 1d

Figure 12. Modulation of a-SMA, P-ERK1/2 and P-CREB levels in M0313 cells
stimulated with PMA for 1d.

Western blotting analysis a-SMA P-ERK1/2andP-CREBIevels in M0313 cells afterl
day of differentiation of M0313 cells with 106M PMA in medium without serunm\.D.
indicatesNot Differentiatedcells growing in complete medium.

The histogram showsghe values (mean$ SEM) relative to control obtained by
densitometric analysis of protein bands normaliteda-Tubulin in three independent
experiments*p<0.01 vs N.D.
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The levels ofMBP were then, evaluatedoy flow cytometry atl and4
days of diffeentiation with PMA. Figure 13 shows that PMA 100nM in

medium withoutserum induces a timgependenincrease ofVIBP protein

levels.
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Figure 13. Increasing levels ofMBP protein at different days of differentiation of
MO03-13 cells with PMA

Immunoreactiviy for MBP was evidenced by indirect immunofluorescence and flow
cytometry using primary antibodies againgtBP and CY3conjugated anti rabbit IgG as
secondary antibodies. Control was treated with secondary antibodies alone. 10,000 cells
were counted for ach sample.N.D. indicatesNot Differentiated cells growing in
complete mediumA sample of cells differentiated for 4 days with 100nM PMA in
medium without serum is also shown (Diff.

The histogram shows the measEM in three independent experimeritp<0.01 vs N.D.

Afterwards ve consideredhe expressionf a-SMA P-ERK1/2and P-
CREBin M03-13 cellsafter severaldays of 100nM PMA treatmentin the
absence of serum.

Figure ¥ shows thatP-CREBlevels are induced by differentiationwith a
peak at 1 dg converselyaprogressivadecrease of-SMAlevelsis observed

in differentiated cells
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Figure 14. P-CREB and a-SMA levels in M0313 cells during differentiation with
PMA.

Western blotting analysis &>-CREBand a-SMAlevels in M0313 cells afterl, 2 and 4
days of differentiation of M0313 cells with 2700nM PMA in medium without seruh.D.
indicatesNot Differentiatedcells growing in complete medium.

The histogram shows the values (med&nsSEM) relative to control obtained by
densitometric analysisf protein bands rmnalized toa-Tubulin in three independent
experiments*p<0.01 vs N.D.

Figure B shows that P-ERK1/2 levels are progressivelyinduced by

differentiation.

P-ERK1/2/Tubulin
(Densitometric Relative Units)

a-Tubulin

-1.0 0o 1.0 20 40
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Figure 15. Western blotting analysis of P-ERK1/2 levels in M03-13 cells after
different days of differentiation with 200nM PMA in a medium without serum

Western blotting analysis d?-ERK1/2levels in M0313 cells afterl, 2 and 4 daysf
differentiation of M0313 cells with 100nM PMA in medium without seruri.D.
indicatesNot Differentiateccells, growing in complete medium.

The histogram shows the values (med&nsSEM) relative to control obtained by
densitometric analysis of protein bandsrmalized toa-Tubulin in three independent
experiments*p<0.01 vs N.D.
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4.2. Effects of idative stress © growth and differentiation of
oligodendrocytes

To find acorrelationbetweencellular redox statanddifferentiation of
OPGs, we evaluated the effectd H,O, on differentiation markersn M03-13
cells.

To monitor the effectsof H,O, on M03-13 cell survival we induced
differentiaton in FBSfree DMEM, supplementedith 100 M of PMA for 4
days and thetreatedthe cellswith increasing doses of,8B, (200, 400, 800,
100G M) for 18 hours Flow-cytometric analysi®f Pl-positive cells shown
an increase otell deathby high H,O, doses(from 40&M to 1000 eM)
compared to control cells, while NB@L.3 cells treated with a 26M H,0O, did

not show significant cell deatfFigure ).

% Pl-positive cells

104 .

0 200 400 600 800 1000
H,0, (1M)

Figure 16. Dosedependent effect oH,0O, on cell viability.

The MO313 cells were differentiated in FB&ee DMEM supplementing with 100 nm of
PMA for 4 days; the cell viability after stimulation with increasing dosesi@, was
measured by cytofluonetry with Propidium lodide (PI) staining.

We then evaluated thdoseresponse oftimulationat concentratioa

lower than200uM of H,O, on the expression d@Ls differentiaton markers.
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The cells were differentiated with 100nM PMA in medium withoutisefor
4 days and treated for 30 minutesh H,O..

Figure I shows that KO, reducesof a-SMA On the contrary,
differentiation of the cells is accompanied dy increase oP-CREBIevels.
Furthernore, H,O, 200uM dose seems a veryeffective inducer of

differentiation.Therefore, we used this dose of(d for our experiments.
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Figure 17. Short-term effects ofH,O, on &-SMA and P-CREB levels in M03-13 cells.

Cells were differentiated with 100nM PMA in medium without serum for 4 days, treated
for 30min wth 10, 50 or200uM H,0, and thena-SMAandP-CREBIevels were evaluated

by Western blotting analysis. The histogram shows the values (rheafsl) relative to
controls obtained by densitometric analysis of protein bands normatizzd ubulin in
three idependent experiments.

We alsoquantifiedthelevels ofMBP in M03-13 cells treated for 4 days

with H,O, 200 pM; low cytometic analysisshown an increase aotal MBP

protein level{Figure B).
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Figure 18. Effects of H,O, on MBP levels in M0313 cells (4d).

Increase ofMBP protein levels in MO3L3 cells treated for 4 days with 200puM,®%.
Immunoreactivity forMBP was evidenced by indirect immofuorescence and flow
cytometricanalysis using primary antibodies againgBP and CY3conjugated ainrabbit
IgG as secondary antibodigdontrol was treated with secondary antibodies al@@£00
cells were counted for each sample.

N.D. indicatesNot Differentiatedcells, growing in complete mediunA sample of cells
differentiated for 4 days with 1681 PMA in medium without serum is also shown (Diff.

The histogram shows the meaSEM in three independent experimeritp<0.01 vs N.D.

On the contrary differentiation of cells for4 dayswith H,O, was
accompanied by a significadecrease ofytosolic MBPlevels measured by
protein fractionation and Western blotting analysiEhese apparently
contradictory data can be explained by the fact MBP translocatesrom
cytosol to the detergemésistantipid rafts membrane microdomain following

differentiation(Figure19).
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Figure 19. Effects of H,0, on cytosolic MBP levelsn M03-13 cells (4d).

Western blotting analysis afytosolic MBPlevels in M0313 cells treatedior 4 days with
200uM HO..

N.D. indicatesNot Differentiatedcells, growing in complete mediumA sample of cells
differentiated for 4 days with 1200nM PMA in medium without serum is also shown)(Diff.
The histogram showsghe values (mean$s SBEM) relative to control obtained by

densitometric analysis of MBP normalizeda-Tubulin in three independemixperiments
*p< 0.01 vs N.D.

The effectsof the PMA stimulus(100nM) in serumfree mediunor of
H,O, (200 ¢ M for 1 and4 dayson a-SMA and MBP levels were also
evaluatedy confocalmicroscopyanalysis

Figure 20showsthatthe signalderived fromantibodiesdirected against
U-SMAdecreasebothin cells stimulated bMA ard with H,0,, compared
to undifferentiated cell§Tablel).
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Figure 20. Decrease ofU-SMA levels in M0313 cells after treatment with PMA or

H,0, (1d-4d).

h-SMAstaining after 1 or 4 days of differentiation of M03 cells with 100nM PMA in
medium without serum or witBOOuM H,O,. Cells were stained with anti hum&SMA
antibodies and CY-2onjugated anti mouse IgG as secondary antibodies and analyzed by

confocal microscopy.
Ctr was treated with secondary antibodies and nuclear dye DAPI alone. N.D. intlioates

Differentiatedcells growing in complete medium.

N.D. PMA 1d |PMA4d | H,0,1d | H,0,4d
104.83+85| 57.28+144 | 43.27+7|51.12+8.3 38.01+7.4

Table 1 Quantitative analysisof the Hgure 20.
The values armeans = Sf 25 cellsfor each sample.

Besides in M03-13 cells immunostained with antibodiebrected
againstMBP, the signaincreasd in differentiated cellsvith PMA, compared
with undifferentiaed cellsand accumulateih cellular processesa similar
increase othefluorescent signalvasobservedn the cellstreatedwith H,O,
(Figure 21andTable 2.
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Figure 21 Increase ofMBP levelsin M03-13 cellsafter treatment with PMA or H,0,
(1d-4d).

MBP stainingafter 1 or 4 daysof differentiation of M0313 cells with 10nM PMA in
medium without serum or witBOOuM H,O,. Cells were stained with anti humahBP

antibodies and CY-8onjugated anti rabbit IgG as secondary antibodies and analyzed by

confo@l microscopy.
Ctr was treated with secondary antibodsesl nuclear dye DARdlone.N.D. indicatesNot
Differentiatedcells growing in complete medium.

N.D. PMA 1d PMA 4d | H,0,1d | H,0,4d
39.86+4.6 71.73+21.4 97.93+38.4 56.44+3.9 63.91+4.8

Table 2 Quantitative analysisof the Fgure 21.

The values armeans *+ Sf 25 cellsfor each sample.

Moreover, wemeasued, by confocal fluorescence analysike effects
of the same stimulion the expression levels 00lig-2, a specific OLs
differentiation marke in PMA-differentiated cells as well asin H,O,-
stimulated cells. fe signal progressively increasd compared to
undifferentiatedyrowing cells (Figure 22andTable 3. In the figure the DAPI
(nuclei) andOlig-2 signalsaresplit in different panels tbetter appreciate the

nuclear staining oDlig-2.
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N.D. PMA 1d | PMA4d | H,0,1d| H,0,4d
39.86+4.6 50.61+6.4| 72.27+9.4 54.2+9.9| 54.99+2.8

Table 3.Quantitative analysisof the Hgure 22.

The values armeans = Sf 25 cellsfor each sample.

Afterwards we found that chronic stimulation (4 days) of the cells with
H,0O, (200 uM) inducedP-ERK12, P-CRERB Olig-2 and decreaska-SMA
levelssimilarly to PMA (100 nM) (Figure 23).Also, the same markers were
evaluated in response ta®} in cells preincubatk with N-acetytL-cysteine
(NAC, 50 uM), a precursor of Glutathione, a natural antioxidant that protects
cells, together with catalase and SOm ROS toxicity. H,O, effects were

reversed by treatment with NAQdata not shown)
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Figure 23: Effects ofH,O, on differentiation markers in M03-13 cells (4d)

Western blotting analysis ad-SMA P-ERK12, P-CREB and Olig-2 levelsin M03-13
cells treated for 4 days with 200uMEh.

N.D. indicatesNot Differentiatedcells, growing in completenedium.A sample 6 cells
differentiated for 4 days with 200nM PMA in medi without serum is also shown

The histogram showsghe values (mean$ SBEM) relative to control obtained by
densitometric analysis of MBP normalizeda-Tubulin in three independemixperiments
*p< 0.01 vs N.D.
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Realtime PCR analysis evidenced a reductiét) SMAmMRNA levels
in M03-13 cells treatedor 4 dayswith H,O, relative to controktels (Figure
24), confirming the decrease dSMA proteinlevels evidencedy Western

blotting experiments

1.4 4
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a-SMA mRNA levels
RT-PCR (Relative Units)

Figure 24: a-SMA m-RNA levels n M03-13 cells treated withPMA or H,0; (4d).
RT-PCR analysis oB-SMAmM-RNA levelsin M03-13 cellstreated for 4 daywith 100nM
PMA in medium without serum or witBOOuM H,O,. N.D. indicatesNot Differentiated
cells, growing in complete medium.

Expression values were normalized using glugdpbosphatalehydrogenase mRNA
(G6PD). The histogram shows meafils SEM values relative to control in three
independent experiments.

4.21. Study of pathways involved in oxidativersss and oligodendrocytes
differentiation

To identify the signalling pathways involved inH,O, and PMA
induced Ols differentiation, v used specific inhibitors of signaling
moleculesnvolvedin oxidative stresandor OLs differentiation

We firs evaluated the involvement of NADP&k-dependent ROS
production in PMAmediated differentiation using\pocynin a specific
NAPDH oxidasenhibitor.
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To this aimthe effects ofstimulationwith PMA (100 nM) inserum
free mediumor with H,O, (200 € M for 4 days were evaluated on the
expression levelef P-ERK12, P-CRER Olig-2 andHa-Ras with or without
Apocynin (50 uM), by Westerrblotting. Incubation ofcells with H,O, and
apocyninfor 4 daysinducedcell death

Figure 25 shows anincrease n protein levelsseen following the
stimulation with PMA or with H,0O,; the effectof PMA is reversed by

preincubation witlrApocynin
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Figure 25. Apocynin reverts PMA effect (4d).

Westernblotting analysis ofp-ERK12, p-CRER Olig-2 and Ha-Rasexpressn levelsin
MO03-13 cells stimulated withH,O, (200 M or PMA (100 nM) for4 daysin serumfree
medium in the presenceor absence ofApocynin (50 pM). N.D. indicates Not
Differentiatedcells growing in complete medium.

The histogram shows the values (med&nsSEM) relative to control obtained by
densitomeaic analysis of protein bands normalized totaFERK1/2, compared to
undifferentiateccontrol in three independent experiments. * p< 0.01 vs N.D.

The same protocol was used to verify the action of
Bisindolylmaleimide (BIM, 100 uM), a PKC inhibitor, on differentiation
induced byH,O, or by PMA; increasedexpressionlevels, verified by
Westernblot, of proteirs p-ERK12, p-CRER Olig-2 andHa-Ras as a result
of stimulationwith PMA or H,O,, werereversed bythe BM (Figure?26).
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Similarly MBP, using confocal microscopydecrease in the samples
treated withBIM and PMA (100 nM) or with H,O, (200 ¢ M for 4 days
compared withthat cells stimulated witPMA or H,0, alone(Figure27 and

Table 4.
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Figure 26. BIM reverts PMA and H,0; effects @d).

Westernblotting analysis opp-ERK12, p-CRER Olig-2 and Ha-Rasexpression levelg
MO03-13 cells stimulated withH,O, (200 M or PMA (100 nM) for4 daysin serumfree
mediumin the presencer absence oBIM (100 uM). N.D. indicatesNot Differentiated
cells, growing in complete medium.

The histogram shows the values (med&nsSEM) relative to control obtained by
densitometric analysis of protein bands normalized totatFERK1L2 compared to
undifferentiatectontrol, in three independent experiments. * p< 0.01 V3.N.
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BIM+PMA 4d BIM+H,0, 4d

Figure 27. BIM reverts PMA and H,0, effects @dd) on MBP levelsin M03-13 cells
MBP stainingafter 1 or 4 days of differentiation of M3 cells with 100nM PMA in
medium without serum or witB00uM HO, in the presencer absence oBIM (100uM).
Cells were stained with anti hum&BP antibodies and CY-8onjugated anti rabbit IgG as
secondary antibodies and analyzed by confocal microscopy.

Ctr was treated with secondary antibodésl nuclear dye DARdlone.N.D. indicatesNot
Differentiatedcells, growing in complete medium.

N.D. PMA 1d | PMA 4d | BIM+PMA 4d

37.49x2.9 50.71+£7.9 96.53+11. 38.10+11.4
BIM 4d H202 1d H202 4d BIM+ H202 4d

44.84+9.5 45.85+6.2) 51.54+2.7| 35.51+4.1

Table 4. Quantitative analysisof the Hgure 27.

The values armmeans = Sf 25 cellsfor each sample.
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The expressionlevels of a-SMA P-ERK12, P-CREB were also
measuredafter 4days ofdifferentiationwith PMA (100 nM)in the absence of
serum orwith H,O, in the presence or absenoé MEK-ERK12 pathway
inhibitor, PD98059(PD, 40 uM). Incubation ofcells with H,O, and PD for 4
days, inducedcell death As shownin Figure 28, P-ERKL/2 and P-CREB
wereinducedby differentiation in contrastlevels ofa-SMAwerereducedy
differentiation PD reverse the effect of PMA on theexpression levelsf

theseproteins
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Figure 28. PD reverts PMA effect (4d).

Westernblotting analysis of}SMA p-ERK12 and p-CREBexpression levelsn M03-13
cells stimulated withH,O, (200 M or PMA (100 nM) for4 daysin serumfree medium
in the pesencer absence dPD (40 uM). N.D. indicatesNot Differentiatedcells growing
in complete medium.

The histogram shows the values (med&nsSEM) relative to control obtained by
densitometric analysis of protein bands normalized totatERK1L2 compared d
undifferentiateccontrol in three independergxperiments. *p@.01 vs N.D.

4.3. Stimulation of cellswith biological samples

Immunocytochemistry and immunohistochemistoyevious studies
have shown that in chronic demyelinating lesions of MS patisrisesent a
small number of pr®L and an increased number of OPCs, suggesting

impairment in the OPCs maturatide6, 67. To assess the presenae
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biological fluids(serumandCSH of MS patientdactors(such adg extracted
from serumor CSH thatalterthe redox statand differentiatiorof OPGs, we
evaluated theeffects of stimulation with these biological samples in
differentiated OLs, on expression levelsof proteins involved in

differentiation

4.31. Effect of CSF from MS patiets on the nolecular mechanism of

differentiation in oligodendrocytes

To evaluate whether in CSF from MS patients there are molecules that
alter theOLs differentiation, we incubated MB13 cells, grow in FBSfree
DMEM supplementeavith 100rM of PMA for 1or 4 days (pro-differentiation
conditiong, in the presencef CSF(30% v/v) of MS or control patients

In theseconditionsa-SMA measurediy confocal microscopywhich
decreasd as a result oflifferentiationfor 4 daysin presence o€SF ofMS
patientsdisplayed expression levelgomparable to that of undifferentiated
cells this did not occur aftetreatment withCSF ofcontrol patientgFigure
29andTable 5.
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CSF MS1

Figure 29. CSF from MS patients inhibits PMA differentiative effect on U-SMA levels

(4d).

The cellswere stainedvith ant-U-SMA and ant-mousesecondaryantibodyconjugated to
CY2 and thenuclear dyeDAPI, andanalyzed byonfocal microscopy

N.D. indicatesNot Differentiatedcells growing in completemedium Diff was treated
only with PMA (100 nM) for 4 days in serumfree medium CSF N indicatescells

stimulatedby CSFfrom control patientsCSFMS indicatescells stimulated withCSF of

MS patients

N.D. Diff. CSFN1 | CSFN2 | CSFMS1 | CSF MS2
98.21+4.1] 38.15+2.1 36.18+1.7| 58.16+6.3| 123.02+307 | 101.38+8.7

Table 5.Quantitative analysisof the Hgure 29.

The values armeans + Sbf 25 cellsfor each sample.

Under the sameconditions MBP, measuredoy confocal microscopy
whichincreasd as a result odlifferentiationfor 1 day in the presene of CSF
of MS patients displayed expression levelscomparable to that of
undifferentiated cells; thidid not occur aftetreatment withCSF ofcontrol
patients(Figure30 andTable §.
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Figure 30. CSF from MS patients inhibits PMA differentiative effect on MBP levels
(1d).

The cellswere stainedvith anttMBP and antirabbit secondaryantibody conjugated to
CY3 and thenucleardye DAPI, andanalyzed byonfocal microscopy

N.D. indicatesNot Differentiatedcells growing in completemedium Diff was trated
only with PMA (100 nM) for 1 day in serumfree medium CSF N indicatescells

stimulatedby CSFfrom control patientsCSFMS indicatescells stimulated withCSF of

MS patients.

N.D. Diff. CSF N1 | CSF N2 |CSF MS1| CSF MS2
96.87+4.21 127.15+8.6 100.44+55 | 121.79+12 89.26+5 | 86.66+4.6

Table 6.Quantitative analysisof the Hgure 30.

The values armeans + Sbf 25 cellsfor each sample.

Using the same protocpive evaluated thesffectsof stimulationwith
CSF on the transcriptioml factor Olig-2. In M03-13 cells after 1 day of
stimulationwith PMA (100 nM) in the absencef serum the specificOlig-2
signal increastecomparedo growing cells(N.D.), andbecameevident in the
cytosol in cells treatedfor 1 daywith PMA in the presence d€SF of MS
patients the signaberived fromOlig-2 wassimilar to that of undifferentiated

cells(Figure31 andTable 7.
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N.D. Diff. CSFN1 | CSFN2 |CSFMS1|CSF MS2
95.21+7.6/ 114.56+5.1 93.35+5.4 103.12+3.4 84.77+8.5| 93.57+2.6

Table 7.Quantitative analysisof the Fgure 31.

The values armmeans = Sf 25 cellsfor each sample.

4.32. Effect of IgG from MS patierts on oligodendrocyteslifferentiation

Further experimentfor the analysis ofhe effects of biological samples
on cellular maturationprocessesf OLs, were performedby incubatingM03-
13 cells for 1 day with PMA (100 nM), in the absencef serum pro-
differentiativeconditiong, and in the presena& IgG (200 ug/ ml), purified
by affinity chromatographyfrom the serunof MS and controbatients

In this case the expression levelef P-ERKX2 and Olig-2 were
assessed byesternblot. Both differentiation markersicreasd as a resulof
differentiation;in cells incubated in the presencel@® purified fromserum
of patientswith MS, their levelswerelower than that observeadtertreatment

of cellswith 1gG from contrd patientg(Figure32).
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Figure 32. IgG from MS patientsinhibit PMA differentiative effect on p-ERK1/2 and
Olig-2 expression levelg1d).
Westernblotting analysis ofp-ERK22 and Olig-2 expression levelsn M03-13 cells
stimulated withPMA (100 nM) for1 dayin serumfree mediumin the presencef IgG
(200 pg/ml) purified from the serunof patients withand not fromMS. N.D. indicatesNot
Differentiatedcells growingin complete mediumbDiff. was treatednly with PMA (100
nM) for 1 dayin serumfree medium;lg N indicatescells stimulated bylgG of control
patients Ig MS indicates cellstimulated withigG of patients withVS.
The histogram shows the values (med&nsSEM) relative to coimol obtained by
densitometric analysis of protein bands normalized"-Tubulin, compared tocells
stimulated by IgG control patienis threeindependent experiments. *p01 vsig Ctr.
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Using the same protocahnd confocal microscopywe monitored the
effectson a-SMAafte 4 daysandon MBP and onOlig-2 after 1 day

In M03-13 cellsincubated withantia-SMAantibodies, afted daysof
stimulationwith PMA (100nM) in theabsenc®f serumithe signakdecreasd
compared tgrowing cells(N.D.); in cellstreatedfor 4 days with PMA, in the
presenceof IgG from MS patients the signalarising from a-SMA was

increasedFigure33andTable §.

Figure 33.1gG from MS patients inhibit PMA differentiative effect on U-SMA levels

(4d).

The cellswere stainedvith anti-U-SMA and ant-mousesecondaryantibodyconjugated to
CY2 and thenuclear dyeDAPI, andanalyzed byonfocal microscopy

N.D. indicatesNot Differentiatedcells growing in complete mediumbDiff. was treéed

only with PMA (100 nM for 4 daysin serumfree mediumjg N indicatescells stimulated
by IgG of control patientslg MS indicates cellstimulated withgG of MS patients

N.D. Diff. Ig N1 IgN2 | IgMS1 | IgMS2
125.02+11.1 36.15+4.8 40.17+1.8 37.44:3.5| 69.74+12.9 81.85+4.4

Table 8.Quantitative analysisof the Hgure 33.

The values armmeans = Svf 25 cellsfor each sample.
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In M03-13 cells incubated withanttMBP antibodies after 1 day of
stimulationwith PMA (100nM) in theabsencef serumthe signal increaske
compared tgrowing cells(N.D.); in cells treatedor 1 daywith PMA, in the

presenceof IgG from MS patients the signalarising from MBP was

decreasedFigure34 andTable 9.

Figure 34. IgG from MS patients inhibit PMA differentia tive effect on MBP levels
(1d).

The cellswere stainedwvith anttMBP and antirabbit secondaryantibody conjugated to
CY3 and thenuclear dyeDAPI, andanalyzed byonfocal microscopy

N.D. indicatesNot Differentiatedcells growing in complete mediumpiff. was treated
only with PMA (100 nM)for 1 dayin serumfree mediumjg N indicatescells stimulated
by 1gG of control patientslg MS indicates cellstimulated withigG of MS patients

N.D. Diff. Ig N1 Ig N2 IgMS1 | Ig MS2
97.1+3.5) 150.55+4.4 112.26:13.9] 144.18+12.3 88.84+4.1/ 86.39+5.9

Table 9.Quantitative analysisof the Fgure 34.

The values armmeans = Sf 25 cellsfor each sample.
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Similar resultswere obtainedn M03-13 cellsincubated withantiOlig-
2 antibodies after1 dayof stimulatian with PMA (100 nM) in the absencef
serum the signal increaskecompared togrowing cells(N.D.), and wa
evident in thecytosol in cells treatedor 1 daywith PMA in the presencef

IgG from MS patients the signalderived fromOlig-2 was decreasedFigure
35 andTable 10.
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N.D. Diff. Ig N1 IgN2 | IgMS1 | Ig MS2
88.88+1.1 124.58+4.5 136.03+9.5 128.8+4.1 102.48+7.4 84.15+5.7

Table 10.Quantitative analysisof the Fgure 35.

The values armmeans = Sf 25 cellsfor each sample.

Finally, to assay the tissuespecificity of the IgG effect on the
expression levelsf P-ERK12, we appliedthe samerotocolon anothercell
line, the HEK293 Also in these cellsPMA (100 nM) treatmentfor 1 day
stimulatedP-ERK 12, but this effectwas not modifiedby thepresencef IgG
from MS patients Figure 36).

Figure 36. Inhibition of PMA differentiative effect by Ig from MS patients is tissue
specific.

Westernblotting analysis ofp-ERK12 expression levelsn M03-13 and HEK293 cells
stimulated withPMA (100 nM) r 1 dayin serumfree mediumin the presencef I1gG
(200 pg/ml) purified from the serunof patients withand not fromMS. N.D. indicatesNot
Differentiatedcells growingin complete mediumDiff. was treatednly with PMA (100
nM) for 1 dayin serumfree medium;lg N indicatescells stimulated bylgG of control
patients Ig MS indicates cellstimulated withigG of MS patients

The histogram shows the values (med&nsSEM) relative to control obtained by
densitometric analysis of protein bands normalized"-Tubulin, compared tocells
stimulated by IgG control patienis threeindependent experiments. *p01 vsig Ctr.
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