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Abstract

Multiple Sclerosis (MS) is one of the most frequent disorders of the central nervous system
(CNS), affecting young individuals, primarily women. MS is an inflammatory disease,
characterized by demyelinating events, oligodendrocyte (OLGs) loss, and neuronal
degeneration. These damages to the myelin sheath, responsible for axon insulation, impede
the rapid and efficient transmission of the nervous impulse, resulting in movement and
coordination deficits, with an impact in the quality of life of the patients, with a possible
impairment in their autonomy. Experimental Autoimmune Encephalomyelitis (EAE) is the most
common in vivo model to study MS, allowing the study of the relationship between inflammation
and immunity. Albeit the cause for MS remains unknown, one of the proposed hypotheses
relies in the neuronal degeneration due to the CNS chronic inflammation, by action of immune
cells (CD4" and CD8" T cells and B cells, for example) and glial cells, which together release
cytokines and mediators responsible for the observed pathology. The combination of
immunologic and neurologic mechanisms depicted by EAE animals is similar to several
features presented by MS patients, from inflammation, demyelination, axonal loss and gliosis.
In the animal model, the administration of the peptide MOG3ss.55 leads to the activation of
specific CD4* T cells in the periphery. In addition, Pertussis toxin (PTx) compromises the
blood-brain barrier (BBB), allowing the crossing of these immune cells into the CNS, where an
inflammatory cascade is triggered with the release of several factors, such as tumour necrosis
factor-a (TNFa), interleucin-1B (IL-1B), interferon-y (IFNy) or activation of the nuclear factor
kappa B (NF-kB) pathway, and the recruitment of macrophages, ultimately leading to myelin
loss and neurodegeneration.

OLGs are the CNS cells responsible for myelin production. They go through distinct stages
during their differentiation process, characterized by morphological changes, different marker
expression and migratory capabilities, becoming functional and capable of producing myelin
when they reach their maximum maturation state. For remyelination, replacement of myelin,
to occur, OLG precursor cells (OPCs) have to be recruited. OPCs are present in the brain
parenchyma or can be generated by neural stem cells (NSCs) present in the subventricular
zone (SVZ), one of the germinal niches present in the adult mammalian brain. Under
physiological conditions, NSCs in the SVZ give rise to interneurons, to replace the population
present in the olfactory bulb. Nevertheless, upon demyelinating conditions, these NSCs can
migrate to the lesioned areas, where they differentiate into OLGs that partially remyelinate
these regions. Hence, the aim of this work was to characterize the commonly used animal
model to study MS, the EAE. Both behaviour and cellular and molecular analysis were
performed, and how the process of adult oligodendrogenesis unveils under these

demyelinating conditions was assessed.
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For this, C57BL/6 female 8 weeks-old mice were induced with EAE with a subcutaneous
injection (s.c.) of the MOGsss5 peptide (200 pg/mouse) emulsified in Complete Freund’s
adjuvant (CFA) and PTx (200 ng) was injected (intravenous (i.v.) or intraperitoneal (i.p.)) 2h
after MOG injection and again 48 h later. The following day, mice received 7 i.p. injections with
2 hour-intervals of 5-bromo-2’-deoxyuridine (BrdU, 50 mg/kg) to label proliferating cells in order
to study cell survival and differentiation from SVZ NSCs. Animals were scored daily for the
onset and progression of the EAE model, and open field (OF), rotarod (RR) and pole test (PT)
were performed two and three weeks after model induction, to assess motor impairment. Four
weeks after EAE induction, animals were sacrificed and cellular and molecular characterization
of the inflammatory EAE components, as well as of myelin protein levels and adult
oligodendrogenesis was performed.

Regarding model induction, this process can be influenced by distinct factors, from the age
and sex of the animals, to their diet, stress levels and housing conditions. Scores registered
for the different experimental groups, in specific-pathogen free (SPF) or virus-antibody free
(VAF) environment denoted, as previously described, the influence of the microbiome of the
animals in EAE induction: distinct environments lead to different EAE induction patterns.

Behavioural results highlight motor impairment of the animals relative to the EAE clinical
score. Regarding the cellular and molecular tests, no changes were seen for luxol fast blue
tests assessing demyelination in EAE mice. Myelin basic protein (MBP) and proteolipid protein
(PLP) levels remained identical between control and EAE groups. Importantly, levels of TNFa
were significantly increased for animals housed in SPF conditions, accompanied by a tendency
forincreased IL-1p levels in these mice, while no alterations were seen for the NF-kB pathway.
However, when the animals were sacrificed their clinical scores were already low, due to the
endogenous remyelination process that had occurred, justifying the decreased inflammation
and the levels of MBP and PLP identical to the control groups.

To study the process of oligodendrogenesis, cell survival (BrdU* cells) and differentiation
(cells positive for NG2, a marker of OPCs, and BrdU, NG2*BrdU" cells) were assessed, in four
brain regions of interest: SVZ, where the NSCs are located, and the corpus callosum (CC),
cerebral cortex (CT) and striatum (ST), since these are the most affected regions in brain EAE.
BrdU~ cells resulted from cell replication after mice were injected with BrdU in the beginning of
the protocol and that survived during our experimental protocol timeframe. A tendency for
increased cell survival (number of BrdU* cells) can be observed in the SVZ, CC and CT.
Importantly, an increase in NG2*BrdU* cells for EAE animals in the CC suggests that
differentiation of SVZ NSCs into precursors of the oligodendroglial lineage occurred with
migration to the CC.

In the future, an overall increase in sample size for all the tests performed, as well as

sample collection at the time of EAE maximum score will allow for an accurate characterization
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of the EAE model, its inflammatory cascade, and the mechanisms of new oligodendrocyte
formation for the remyelination process. Therefore, this would confirm or dissipate the trends
here observed, allowing for the establishment of adult oligodendrogenesis as a potential
therapeutic target for MS therapy.

Keywords Experimental  Autoimmune Encephalomyelitis; Multiple  Sclerosis;
Oligodendrogenesis; Subventricular Zone

18



Resumo

A Esclerose Mdltipla (EM) é uma das doengas mais comuns do sistema nervoso central
(SNC), afetando jovens adultos e sendo mais frequente em mulheres. A EM é uma doenca
inflamatdria, que resulta na desmielinizacdo e perda de oligodendrocitos (OLGs), bem como
na neurodegeneragdo. Estes danos na bainha de mielina, que fornece isolamento aos
axonios, impedem a rapida e eficiente transmissdo do impulso nervoso, provocando défices
a nivel motor e de coordenacao, e resultando num declinio da qualidade de vida e possivel
perda de autonomia do paciente. O modelo mais utilizado para os estudos in vivo de EM é o
modelo da Encefalite Autoimune Experimental (EAE). Este modelo permite o estudo da
relacdo entre inflamagédo e imunidade. Apesar de ndo ser conhecida a natureza da EM, uma
das hipoteses assenta na degeneracdo neuronal causada pela inflamacéo crénica do SNC,
devido a agado, entre outros intervenientes, de células imunitarias (células T CD4* e CD8" e
células B, por exemplo) e células gliais que, em conjunto, libertam citocinas e outros fatores
responsaveis pela patologia observada. A combinagdo de mecanismos imunoldgicos e
neuroldgicos apresentada por animais com EAE partilha caracteristicas apresentadas por
pacientes com EM, desde a inflamacao, a desmielinizacdo, perda axonal e gliose. No modelo
animal, a administracao do péptido MOG3s.s5 conduz a ativacao de células T CD4"* especificas
na periferia. Por sua vez, a toxina Pertussis (PTx) compromete a barreira hematoencefalica,
permitindo a passagem destas células imunes para o SNC, onde é desencadeada uma
cascata inflamatéria com a libertacdo de diversos fatores e citocinas, como o Fator de Necrose
Tumoral-a (TNFa), a Interleucina-1B (IL-1pB), o Interferao-y (IFNy) ou a ativacédo da via do Fator
Nuclear kappa B (NF-kB), assim como o recrutamento de macréfagos levando, em ultima
analise, a perda de mielina e neurodegeneracao.

Os OLGs sdo as células do SNC responsaveis pela producédo de mielina. Estas células
atravessam diferentes estadios durante o seu processo de diferenciacao, caracterizados por
alteracBes morfologicas, expressao de diferentes marcadores e capacidades migratérias,
tornando-se funcionais e capazes de produzir mielina quando atingem a sua maxima
maturacdo. De modo a que ocorra o processo de remielinizagdo, em que a bainha de mielina
€ reposta, sao recrutadas células precursoras de OLGs (CPOs), que podem ter origem no
parénquima cerebral, mas também na zona subventricular (ZSV), um dos nichos germinais
presentes no cérebro de mamiferos adultos. Em condi¢des fisiologicas, as células percursoras
neurais (CPNs) presentes na ZSV dao maioritariamente origem a interneurénios, repondo a
populacdo dos mesmos que existe no bolbo olfativo. Contudo, em condicbes de
desmielinizacé@o, estas células precursoras tém a capacidade de migrar para as regifes
lesionadas, onde se diferenciam em OLGs que remielinizam parcialmente essas areas. Deste

modo, 0 objetivo deste trabalho incidia na caracterizacdo do modelo de EAE, a nivel
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comportamental, mas também dos seus mecanismos celulares e moleculares, bem como na
avaliacao do processo de oligodendrogenese neste ambiente patoldgico.

Para tal, murganhos C57BL/6 fémea com 8 semanas de idade foram induzidos com o
modelo de EAE. No primeiro dia, os animais receberam uma inje¢do subcutanea (s.c.) do
péptido MOGa3s.s5 (200 pg/murganho) emulsificado em adjuvante; seguida de uma injecéo de
PTx (200 ng) (intravenosa (i.v.) ou intraperitoneal (i.p)), 2 horas ap6s a injecao de MOG e que
foi repetida apés 48 horas. No dia seguinte, os animais receberam 7 inje¢bes i.p., com
intervalos de 2 horas, de 5-bromo-2’-desoxiuridina (BrdU) (50 mg/kg), de forma a marcar
células em proliferacdo para estudar a sobrevivéncia e diferenciacdo celulares a partir de
células percursoras da ZSV. Foram registados os scores diarios dos animais, de acordo com
a progressao do modelo de EAE, e testes comportamentais como o teste do campo aberto
(do inglés, open field) para avaliar a atividade locomotora, ou o rotarod e o pole test, para
avaliar a coordenacao e equilibrio dos animais, foram realizados na 22 e 32 semanas apos a
inducéo do modelo. Quatro semanas depois da inducdo do modelo de EAE, os animais foram
sacrificados e procedeu-se a caracterizacdo celular e molecular dos componentes
inflamatorios presentes em EAE, assim como dos niveis de proteinas de mielina e do processo
de oligodendrogénese.

Relativamente a inducdo do modelo, esta pode ser afetada por diferentes fatores, desde
a idade e sexo dos animais, a sua dieta, aos niveis de stress e as condi¢cdes em que estdo
alojados. Os registos dos scores obtidos para os diferentes grupos experimentais, que
estavam alojados em diferentes ambientes, na auséncia de agentes patogénicos especificos
(specific-pathogen free - SPF) ou num ambiente isento de virus e anticorpos (virus-antibody
free - VAF), demonstrou, tal como ja tinha sido descrito na literatura, a influéncia do
microbioma dos animais na inducéo de EAE: diferentes ambientes levam a padrdes distintos
de desenvolvimento de EAE.

Os resultados obtidos nos trés testes comportamentais demonstraram, como esperado,
gue os défices na atividade locomotora e coordenagdo dos animais Sdo proporcionais aos
scores registados. A nivel celular e molecular, ndo foram observadas alteracdes nos niveis de
desmielinizagdo em murganhos EAE, avaliados com a marcagéao histologica de luxol, quando
comparados com os animais controlo. Os niveis das proteinas MBP e PLP, quantificados por
western blot também permaneceram inalterados entre os grupos estudados. Porém, os niveis
de TNFa estavam significativamente aumentados nos animais com EAE alojados em
instalagcdes SPF, enquanto que uma tendéncia para o aumento dos niveis de IL-1p também
se observou para estes animais. Contudo, ndo foram observadas alteragdes para o0s niveis
de NF-kB. No entanto, aquando do sacrificio, 0s animais ja tinham regredido nos seus scores,

pelo que o processo de remielinizacdo enddgena ja tinha ocorrido, justificando assim o
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decréscimo na inflamacao e a presenca de niveis de MBP e PLP idénticos aos dos animais
controlo.

Com o intuito de estudar o processo de oligodendrogénese, a sobrevivéncia (células
positivas para BrdU, BrdU*) e diferenciacéo (células positivas para NG2, um marcador de
precursores de OLGs e BrdU, NG2*BrdU*) celulares foram quantificadas, em quatro regides
de interesse, na ZSV, local onde se encontram as células precursoras, € no corpo caloso
(CC), cortex cerebral (CT) e estriado (ES), algumas das regibes mais afetadas em EAE. As
células BrdU" resultam dos processos de replicagcéo celular apds a administracao de BrdU no
inicio das experiéncias e que sobreviveram ao longo do protocolo experimental. Uma
tendéncia para o aumento da sobrevivéncia celular (nGmero de células BrdU*) foi observada
para a SVZ, CC e CT. De forma relevante, foi observado um aumento no nimero de células
NG2*BrdU* para os murganhos EAE no CC, o que sugere a ocorréncia de diferenciacdo de
precursores da ZSV em células da linhagem oligodendroglial, que terdo migrado para o CC.

De futuro, o aumento do nimero de amostras para as experiéncias realizadas, bem como
o sacrificio dos animais e recolha das amostras quando os animais apresentarem os défices
motores maximos (maior score) ira permitir uma adequada caracterizacdo do modelo de EAE,
ndo so6 da sua componente inflamatéria, mas também dos mecanismos de formagéo de novos
OLGs para o processo de remielinizacdo. Deste modo, sera possivel confirmar ou dissipar as
tendéncias observadas neste trabalho, permitindo a formulacdo da hipotese da

oligodendrogénese em adulto como potencial alvo terapéutico em EM.

Palavras-Chave Encefalite Autoimune Experimental; Esclerose Multipla; Oligodendrogénese;

Zona Subventricular
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CHAPTER 1 - INTRODUCTION & AIMS
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1. Multiple Sclerosis

1.1 Disease characteristics and role of oligodendrocytes

Multiple sclerosis (MS) is one of the most common chronic neurological and demyelinating
disorders characterized by several sites of demyelination®. These lesions in the myelin sheath
surrounding axons lead to deficits in the transmission of information between neurons both in
the brain and in the spinal cord, ultimately impairing movement and coordination of the patient?.
It affects mainly young adults, and women are twice more likely than men to develop this
neurological disorder. In Portugal between 20 — 60 individuals per 100,000 are affected by this
condition®. Most MS patients (85%) portrait a relapsing-remitting form of this condition (RRMS),
characterized by abrupt symptomatic episodes followed by recovery periods. This phenotype
changes after 5 to 25 years, when the severity of the symptoms increases, and is designated
as secondary progressive MS (SPMS). In cases where patients show merely a steady
progression of the disease (10% of patients), without RRMS symptoms, this pathology is
designated as primary progressive MS (PPMS)*. There are two major difficulties associated
with this pathology: first, the disease course varies from patient to patient; and second, a
patient can be already at an advanced stage of progression once it is diagnosed, since a major
part of the process is clinically silent®.

Although the aetiology of MS remains to be found, several environmental and genetic risk
factors might have a role in MS development. Vitamin D levels, smoking, age, diet, hormones
and genetic susceptibility are some of the factors which might influence not only the propensity
to develop MS, but also the disease course?®. Moreover, infection has also been described to
play a role in MS susceptibility, namely patients with high levels of Epstein-Barr virus (EBV)
antibodies have been shown to have an increased risk for developing MS, and this increase is
potentiated if EBV infection occurs at a later age, rather than during adolescence .

Furthermore, two competing hypotheses for the origin of MS remain in discussion,
depending if inflammation is considered the cause (the ‘outside-in’ theory of immune
dysregulation) or the consequence (the ‘inside-out’ model in which CNS malfunction leads to

the release of immune components) of neurodegenerationi®*? (Fig. 1).
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Fig. 1 — Representation of the two hypotheses for the origin of MS. The ‘outside-in’ model
hypothesizes that dysregulated auto-reactive cells present in the periphery are able to cross the blood-
brain barrier (BBB), and together with B cells and macrophages lead to CNS injury. In turn, the ‘inside-
out’ theory states that initial dysfunction takes place in the CNS, possibly in oligodendrocytes and myelin,
which results in the release of antigenic molecules that trigger an inflammatory response, further

potentiating degeneration. Adapted from Nat Rev Neurosci 2012; 13:507-514.

In MS inflammation mediated by cytokines, proteolytic enzymes or free radicals, released
by glial and immune cells promotes a microenvironment that damages the axons®*3 (Fig. 2).
Moreover, inflammation can also reduce the energy metabolism in demyelinated axons, for
instance by interfering directly with mitochondria or with the blood supply, inducing
degeneration®4,

In the central nervous system (CNS) OLGs are the cells responsible for myelinating the
axons, therefore these cells have a predominant role in MS. Oligodendrocyte precursor cells
(OPCs) present in the brain parenchyma are capable of generating new OLGs under
demyelinating conditions, demonstrating the rapid endogenous response to the
pathophysiological alterations presented*®. Also, it was shown by Picard — Riera et al. that in
a mouse model of MS (Experimental Autoimmune Encephalomyelitis (EAE)), although cells
from the adult subventricular zone (SVZ) generate neurons, astrocytes and OLGs that will
migrate to the olfactory bulb (OB), they are also responsible for the repopulation of astrocytes
and OLGs in the lesioned white matter. This means that under pathological situations, these
progenitors are able to migrate and be recruited to lesioned areas, where they will
differentiate!®. Furthermore, a human post-mortem study developed by Nait-Oumesmar et al.
showed increased cellular density and proliferation in the SVZ of MS patients?. All these
studies highlight the importance of SVZ progenitor cells which, even in the adult brain, are able
to proliferate and differentiate under specific conditions and cues, as a mechanism to increase

oligodendrogenesis and attempt to recover from the damage?’.
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Fig. 2 - Differences observed among myelin sheaths, axons, and inflammatory cells in Multiple
Sclerosis. Transverse sections through white matter axons (blue circles) of (a) normal-appearing white
matter (NAWM), (b) acutely injured white matter (active plaque), (c) myelin regeneration in a shadow
plagque, or (d) chronic demyelination (chronic plaque). (a) In MS, remyelinated axons have thinner myelin
sheaths than normal undamaged axons. (b) Acute inflammation, with microglia and molecules such as
cytokines produced by immune cells lead to axonal damage, and macrophages are responsible for
clearing myelin debris. In areas where remyelination occurs (c), there is less axonal loss than when

these demyelination events are chronic (d). Adapted from Annu. Rev. Neurosci. 2011. 34:21-43.

1.2 Research models

To study the pathological component of MS, the complexity of cellular interactions can be
simplified using cell lines or primary cell cultures (of one type of cells or co-cultures with
different cell types). Nevertheless, in vivo models are necessary to study the efficacy and
safety of possible therapeutic compounds that can be for example discovered using cell

cultures®(Fig. 3).
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Research models

In vitro models

* Neural cells cultures

» Neurosphere cultures, neural cells co-cultures
or organotypic brain slices

 BBB models

In vivo models

* Autoimmune models: EAE and NMO
* Viral models: TMEV
* Toxin-induced models: Cuprizone, Lysolecithin

Fig. 3 - Available research models to study MS. In vitro models are commonly used to study the
pathology of this disease. The models of cell lines or transformed cells include neural cell cultures
(neurons, astrocytes, microglia, oligodendrocytes); neurospheres cultures, neural cells co-cultures or
organotypic brain slices, to attempt at mimicking the cellular organization and communication that
happens in the brain. Blood-brain barrier (BBB) models are also used since the impairment of this blood-
brain interface is also a characteristic of MS. Regarding the in vivo models, they are useful to understand
the link between CNS, neuroinflammation and demyelination. There are three main types of animal
models: autoimmune, viral and toxin-induced. Two examples of autoimmune models are Experimental
Autoimmune Encephalomyelitis (EAE), the most common, easily induced, and reproducible model; and
Neuromyelitis Optica (NMO), a disease with a severe outcome and which is often misdiagnosed as MS.
One example of virus-induced models is Theiler's Murine Encephalomyelitis Virus (TMEV). Finally, when
considering the toxin-induced models, the Cuprizone models of de- and remyelination and the

Lysolecithin model of focal demyelination are the most studied.

1.2.1 In vitro models

Regarding the in vitro models, several types of cell cultures are used, microglia, OLGS,
neurons, and astrocytes, due to the fact that all these cell types can be involved and altered in
MS. Therefore, these cultures are necessary essentially to study the role and behaviour of
these cells under these specific conditions?®.

Using pure primary cell cultures with only one type of cell raises the question of whether it
represents what happens in vivo. So, due to the need of cells to communicate with different
cell types and the fact that they can be influenced by the surrounding environment,
neurospheres cultures (which can be composed of neurons or glial cells), neural cell co-
cultures or organotypic brain slices are used in an attempt to mimic as closely as possible what
happens in the brain'8. Moreover, the blood-brain barrier (BBB), one of the interfaces between
blood and the CNS?°, has been shown to play an important role in MS, being impaired in MS
patients and allowing the passage of immune cells, such as leukocytes, into the CNS20,
Some examples of BBB models are cultures of endothelial cells since major BBB properties

arise from the junctional complexes between the cerebral endothelial cells®*. Moreover, more
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elaborate BBB co-culture systems can also be used in an attempt to mimic the real BBB
components: astrocyte foot processes (which communicate with blood vessels) and basement
membranes and endothelial cells'®. One advantage of BBB models is that they can also be
created using computational methods (in silico) to study the permeability of this barrier to a
certain molecule, based on its properties*®.

1.2.2 In vivo models

Several animal models can be used to study MS. Nevertheless, there is not one universally
accepted, due to the clinical, immunological and pathological complexity of this disease, that
cannot be reproduced in its entirety using the current models?*.

Animal models of MS are crucial to better understand the link between the CNS,
neuroinflammation, demyelination and neuronal injury. There are three main types of models
— autoimmune, viral, and toxin-induced. However, it is possible that different models can lead
to different conclusions, that cannot all be directly extrapolated for the human condition?2.

Another problem with these models is that the cause for MS is not truly known and differing
from patient to patient, then the induction of demyelinating lesions through these processes is

merely an attempt and may not recapitulate what happens in human patients.
1.2.2.1 Autoimmune models

a. Experimental autoimmune encephalomyelitis (EAE)

The EAE is the most studied and used animal model, since it is a rapidly induced and
reproducible model of autoimmunity, useful to study the relationship between
neuroinflammation and immunity. Here, the autoimmune component is introduced through
immunization with self-antigens derived from basic myelin protein. Freund’s adjuvant and
Pertussis toxin (PTx) are also administered in order to enhance humoral response and
increase BBB permeability, respectively, similar to the symptoms portrayed by patients®23,
However other variants of the model can be obtained by mutant mice, that were genetically
altered and do not need PTx or Freund’s adjuvant?224, Furthermore, three different approaches
can be used for the induction of this model: active induction (aEAE), in which animals are
immunized with myelin antigens in adjuvant; passive induction (pEAE), characterized by the
transfer of activated myelin — specific T cells into naive animals; and the spontaneous induction
models (sEAE) which allow the study of autoimmune mechanisms without exogenous
manipulation®>26, aEAE is the most frequently used method in mice, allowing for fast and robust
results, modelling for the induction (T cell priming following immunization) and effector
(migration of T cells into the CNS, followed by chemokine and cytokine production,

macrophage activation and demyelination) stages of EAE*?"?8, The usual development of the
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aEAE model throughout time consists in developing weakness around day 10 post-induction
(p.i.) and maximum disability 10-14 days after immunization. Mice normally recover their
strength 3 — 4 weeks after the induction of the model®?. EAE manifestation (acute, chronic or
relapsing — remitting course) can differ due to factors such as the mice strain, the immunogen,

the use of PTx or the age and gender of the animals?®3°,

b. Models of neuromyelitis optica (NMO)

NMO is often misdiagnosed as MS although its cause seems to be more defined than MS,
as in human patents it is the result of an autoantibody. The animal models developed for this
pathology consist in the administration of IgG from patients with NMO to the animals directly
in the CNS or after EAE induction and BBB disruption??. Notwithstanding, NMO should be
considered as a model for experimental studies since the outcome is very severe (spinal cord
injury and visual loss). It would be important to find a distinctive marker for NMO, as it has
been proposed by Lennon et al., that identified an IgG autoantibody (NMO-IgG) in patients
with NMO32,

1.2.3 Viral models

Several epidemiological studies have hypothesized that a viral infection conjugated with a

specific genetic background might increase propensity to an immune attack to the CNS&32,

a. Theiler's Murine Encephalomyelitis Virus (TMEV)

Viral infections of the CNS can induce demyelination in mice and the best studied are the
picorna virus, for instance TMEV. After its intracerebral injection into a mouse’s brain, there
are two stages of the disease: first the infection predominantly affects neurons, and after there
is the chronic phase, starting about 1 month after infection, and it is characterized by
progressive disability, inflammation, demyelination and remyelination episodes and axonal
damage??>*. It has several positive characteristics over EAE, such as the clinical manifestation
similar to that of chronic MS patients; and the pathology is associated with the activation of the
immune response, and not due to toxic effects related with the virus. Whereas EAE can be
induced in other species such as primates or rodents, TMEV can only be induced in certain
mouse strains, which are divided into two subgroups: one group consists of virulent strains
that cause fatal encephalitis (strains GDVII and FA); whilst the other, by inducing acute
polioencephalomyelitis, is less virulent and used as a MS model (strains DA and BeAn8386
(BeAn))&34,
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1.2.4 Toxin-induced models

Toxin-induced demyelination is also a way to study MS. The advantage of these models is
that they are not associated to inflammatory processes, being used merely to study the

demyelination and remyelination mechanisms?*.

a. Cuprizone model of de — and remyelination

This is the most common model of toxic demyelination used. Cuprizone (bis—
cyclohexanone-oxaldihydrazone) is a copper chelating drug, which acts by causing oxidative
damage, ultimately triggering apoptosis in OLGs and inducing demyelination®2!, When
demyelination is complete, OPCs are recruited to form new OLGs to start the remyelination
process®. This model can be applied to different species, not only several mouse strains, but
also rats or guinea pigs?**®. In most cases, C57BL/6 mice are administered cuprizone for 4
weeks, inducing demyelination followed by rapid and extensive remyelination within weeks?'6,
One of its main advantages is that the lesions are characteristic of the corpus callosum, and
their time course is well established. Nevertheless, the process of spontaneous remyelination
occurs very swiftly, which is an obstacle to study the process and apply it to remyelination
therapies, because it does not mimic the progressive MS lesions?'. To overcome the problem
of rapid demyelination, an adaptation of this model was created, in which animals were treated
with cuprizone for 12 weeks and showed chronic demyelination, coupled with reduced

remyelination®-%7,

b. Lysolecithin model of focal demyelination

Lysolecithin, also known as lysophosphatidylcholine (LPC, lysoPC), is an activator of
phospholipase 2 which induces focal demyelination by damaging the myelin sheath, due to its
high-lipid content. It can be applied in different animal species, from cats to rabbits and mice®22,
One characteristic of this model is that remyelination rate and efficacy depend on the age of
the animal (similar to what happens with human patients), due to the inhibition of OPC

recruitment or OLG differentiation and macrophage clearance, for instance?*%,

In conclusion, from the wide variety of models available it is possible to select the one that
best fulfils the researchers needs: whether it is to study de— and remyelination mechanisms or
the pathology behind the disease. The important thing to consider is that none of them is

perfect and should not be immediately extrapolated to the human condition.
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1.3 Cellular mechanisms behind inflammation in MS: brief considerations from the
human and the mouse model

The multifactorial nature of MS unravels through an intricate process, which develops as
the disease progresses involving a complex inflammatory cascade®. Chronic CNS
inflammation might be in the origin of neuronal degeneration, whether it is through the resident
immune cells of the CNS, or through the action of cells which enter the CNS upon external
stimuli. These immune cells (CD4" and CD8" T cells, B cells and monocytes for example),
along with glial cells (microglia and astrocytes) present in the brain parenchyma promote
oligodendrocyte and neuronal damage, as well as demyelination®. Importantly, the
mechanism of action of the EAE model (Fig. 4) is, to a certain extent, parallel to the one of
humans: specific subsets of CD4* T (Tul and Tul7) cells are activated in response to the
antigen administered in the periphery. The disruption of the BBB by the action of PTx allows
the entrance of these cells into the CNS, where they are activated by resident antigen-
presenting cells and in turn release several cytokines, such as tumour necrosis factor alpha
(TNFa), interferon-y (IFNy) or interleukin-18 (IL-1B), unleashing an inflammatory cascade and
the recruitment of macrophages, ultimately contributing to myelin loss and
neurodegeneration*®3,
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Fig. 4 — Molecular mechanism behind the EAE model. Subcutaneous administration of the peptide

Macrophage recruitment

MOGss-ss in emulsion with Complete Freund’s Adjuvant (CFA), an adjuvant containing M.tuberculosis,
elicits an immune response with immune cell activation and antibody production. Pertussis toxin causes
the disruption of the BBB, allowing the entrance of these cells in the CNS, where they ultimately lead tc
inflammation and demyelination due to an inflammatory cascade with the activation of T and B cells by
resident antigen-presenting cells which in turn release cytokines, chemokines and recruit macrophages,

resulting in neuronal tissue damage and inflammation in the CNS.
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1.3.1 Role for TNFa, IL-18 and the Nuclear Factor kappa B (NF-kB) pathway

Key players of inflammation are the soluble mediators such as cytokines, released by
peripheral leukocytes which enter the CNS or CNS resident immune cells, that can control
cellular function and communication®,

TNFa is a pro-inflammatory mediator produced by different cell types in the organism, such
as the immune cells, macrophages and microglia, being an earlier intervenient in the
inflammatory process*#°. TNFa is produced by Tul cells, assisting in immunity against
intracellular pathogens and is also involved in the initiation of CNS inflammation through
chemokine induction, by binding to tumour necrosis factor receptor (TNFR)-1 43444 Maimone
et al. observed that this cytokine is present in higher amounts in serum and cerebrospinal fluid
(CSF) from MS patients than in healthy controls*’. In EAE, this molecule can accelerate
disease onset by chemokine regulation and exacerbates damage in the CNS by controlling the
infiltration of inflammatory cells into the CNS“*8. Nevertheless, a beneficial role for TNFa in
lymphoid organs in EAE has also been described through TNFR-2%8, Moreover, TNFR-2 is
responsible for the accumulation of proliferating oligodendrocyte progenitors that mature into
myelinating oligodendrocytes, instrumental for the remyelination process in the cuprizone
animal model* (Fig. 5A).

Activation of leukocytes leads to the release of IL-1B, in an inflamassome-dependent or -
independent manner®. The binding of this molecule to its activating receptor complex
ultimately triggers the transcription of pro-inflammatory genes due to activator protein-1 (AP-
1) and nuclear factor kappa B (NF-kB) activation®°. Lévesque et al. highlighted the instrumental
role of IL-1B in EAE, since IL-1B-deficient mice are resistant to EAE, and the activation of
interleukin-1 receptor type 1 (IL-1R1) by this cytokine promotes leukocyte infiltration into the
CNS®L, Similarly to TNFa, a beneficial role for IL-1B was also shown. IL-1B induces the
production of insulin-like growth factor (IGF)-1 by microglia-macrophages and astrocytes,
which in turn might contribute for OLG maturation and remyelination, as described by Mason
et al. in a toxic demyelination model®? (Fig. 5B).

NF-kB is a family of transcription factors regulating distinct cellular processes, from cell
death and proliferation to inflammation®2. In neurons, NF-kB modulates neuronal morphology
and plasticity®*%4, In resting conditions, NF-kB is sequestered in the cytosol by binding to IkBa,
an inhibitor protein of kB (IkB) family. This inhibition can be lost if the kinase complex IKK is
activated, resulting in the phosphorylation of IkBa. Upon release, NF-kB translocates to the
nucleus, where it acts as a transcription factor®3*. Studies performed using human brain
samples have shown the activation of NF-kB in MS, where it localizes in oligodendrocytes,
microglia, in infiltrating macrophages or close to CNS lesions®®®’. Furthermore, genome wide

association studies have identified several molecules associated with NF-kB as susceptible
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candidates for MS**8, In EAE, NF-kB can act through the regulation of differentiation and
function of effector T cells®3. Moreover Hilliard and colleagues have shown that c-Rel (member
of NF-kB family)-deficient mice, are resistant to EAE induction, due to defective Tyl responses,
being therefore unable to produce the inflammatory cytokines responsible for the EAE
pathogenesis®®. Activation of NF-kB can also result in the production and release of mediators
such as TNFa and IL-1B which can also influence EAE*-*3, Notwithstanding, NF-kB might also
have a protective role for OLGs. In fact, Stone and co-workers have concluded that NF-kB
inactivation in OLGs resulted in an increased susceptibility to develop EAE, while potentiated
the remyelination failure in the cuprizone animal model®® (Fig. 5C).
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Fig. 5 - Roles of TNFa (A), IL-18 (B) and NF-kB (C) in EAE pathogenesis.

1.4 Therapeutic approaches

Several therapeutic strategies have been developed to treat MS, from
immunosuppression, preventing infiltration of immune cells into the brain parenchyma to
depleting specific immune cells®-2, Still, these therapies are not focused on the repair of
demyelinated regions, important topic when considering the progressive form of the disease
which needs a more definitive resolution. At this point, there are two possible approaches:
potentiating the endogenous myelination process or supplying these repair cells by
transplantation.

For remyelination to occur it is necessary that progenitor cells are recruited to the target
area, where they will proliferate and differentiate into mature cells, able to communicate with
the demyelinated axon to ensure the repair process. To potentiate this process, the therapeutic
approaches should either target endogenous myelinating cells, that could be modified to
surpass the inhibitory factors preventing their migration and differentiation, or these cells
should be delivered from the outside, but in this case for maximum efficacy they should have
a high purity degree as well as quantity®?¢3, Other therapy to consider is the exogenous cell

replacement, which in spite of the fact that there is the risk of tumorigenesis and cells need to
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be successfully recruited to the desired area, presents several advantages such as promoting
survival, differentiation and remyelination, not only of these cells but also of endogenous
OLGs®2%3, The fact that the migration of lineage restricted cells, such as OPCs, is limited raises
the question of transplanting them directly in the injury site. Pluchino et al. studied the ability
of multipotent neural precursors injected systemically or intracerebroventricularly to reach
injured sites in the CNS. They showed that these cells might reach different areas affected by
demyelination in the adult CNS, when injected both into the blood stream or directly in the
brain®,

Moreover, myelin appears to respond positively to structured neuronal activity, so an
alternative to potentiate endogenous remyelination and counteract the effects of aging is an
active lifestyle, such as physical activity as well as mental stimulation (such as reading,

learning a new language or to play a musical instrument)®>-7,
2. Oligodendrocytes

2.1 Differentiation of OPCs

OLGs, the last brain cells to be formed during the development of the central nervous
system, are responsible for producing myelin in the CNS, whereas in the peripheral nervous
system (PNS) this process is secured by Schwann cells. OLGs are generated upon the
differentiation of OPCs, which are glial cells that have proliferative and migrating capabilities
and that are present in the CNS postnatally®®"°, OPCs are identified by several specific
markers, such as the proteoglycan NG2%7, as well as the transcription factors Nkx2.2 and
Olig1 and Olig272. Since some of these markers, for instance Olig2, can also be expressed by
other cells, itis common to use multiple markers to identify oligodendrocytes. Moreover, OPCs
present in the adult brain have other distinctive characteristics from the OPCs present during
development, namely they have longer cell cycles, they respond differently to growth factors
and have distinct migrating capacities” 3.

OPCs can have two distinct fates: they can divide to form mature myelinating OLGs, or
they can stay as immature cells, going through slow division processes. OPCs are widely
distributed in the adult brain behaving differently accordingly to the brain region, gray matter
promotes OPC proliferation whilst white matter promotes OPC differentiation. During OLG
maturation, these cells lose the ability to migrate and proliferate, and acquire an intricate
morphology’®. This maturation process entails four different stages (with Olig2 expression in
all stages): OPCs are the precursors with proliferative and migratory abilities, which express,
amongst others, platelet-derived growth factor receptor-a (PDGFRa) and NG2, Oligl and
Nkx2.27274.7: preoligodendrocytes are the result of OPC differentiation and start expressing

the O4 antigen (while continuing to express PDGFRa and NG2)47¢; premyelinating (immature)
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oligodendrocytes, start expressing galactocerebroside C (GalC) and do not express NG277;
myelinating oligodendrocytes express myelin proteins such as myelin basic protein (MBP)"®
and are fully functional OLGs (Fig. 6).
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Fig. 6 - Oligodendrocyte lineage. Oligodendrocyte precursor cells (OPCs) which have proliferative and
migratory capabilities and express proteoglycan NG2, platelet-derived growth factor receptor-a
(PDGFRa), and the transcription factors Nkx2.2 and Oligl. Pre-oligodendrocytes result from OPC
differentiation and express the previous markers, as well as O4 antigen. These are followed by
premyelinating oligodendrocytes, which express galactocerebroside C (GalC); and in the end these cells
become functional myelinating oligodendrocytes, that express myelin proteins such as myelin basic
protein (MBP).

2.2 Function of OLGs and synaptic communication

In the 1920s, del Rio Hortega was the first to identify a new type of cells, that he named as
oligodendroglia, that were distributed widely throughout the CNS and usually formed groups
of cells next to neurons in the gray matter. After several experiments with a method developed
by him involving silver carbonate, del Rio Hortega suggested that the function of OLGs
resembled the function of Schwann cells in the PNS, being responsible for myelination in the
CNS™®, Therefore, the most noticeable purpose of these cells is the formation of a myelin
sheath that wraps around the axons of the CNS®.. Importantly, del Rio Hortega distinguished
4 different types of OLG, considering aspects as their shape, size, distribution within the CNS,
and how they interacted with axons: type | cells have small and round cell body, as well as
many processes which emerge in diverse directions towards axons with a small diameter, and
are present both in white and gray matter; type Il cells are present in white matter, have less
and thicker processes than type | OLGs, and attach axons in a longitudinal direction; type Il
cells are less abundant and ensheath thicker white matter axons, possessing only up to four
processes; and type IV cells are elongated and have a flattened cell body (similar to Schwann

cells) and ensheath medium or thicker axons in white matter’®*®. Nevertheless, OLGs play

36



other roles, namely in the gray matter, where a fraction of these cells instead of forming myelin
interact with the soma of neurons and are named “perineural” satellite OLGs. Likewise, some
were found to be associated with blood vessels, and are designated as “perivascular” satellite
cells; or aligned in rows along the axonal tracts and are designated as interfascicular OLGs™®-
81_

OPCs express multiple receptors for neurotransmitters, including acetylcholine, GABA and
glutamate (N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)) receptors®®®, This might suggest that these
neurotransmitters released by neurons in the surrounding environment can influence the
activity of OPCs. Moreover, these glial cells form synapses with neurons, which occur both in
white and gray matter. In addition, in the gray matter, OLGs are able to form synapses with
GABAergic neurons®883,

Furthermore, since axons are more stable structures and OPCs are very motile cells, the
communications between OPCs and neurons have to be transient®®®. Furthermore, these
interactions are also limited when it comes to the lineage, since the differentiation to
myelinating oligodendrocytes is accompanied by a downregulation of AMPA and NMDA
receptors and NaV channels, and removal of synaptic input®. These transient synapses are
very useful namely to allow OPCs to assess the activity of the nearby axons. In fact,
glutamatergic signals influence both proliferation and differentiation of OPCs in vitro®®; the
activity of OPCs can be affected by changes in the presynaptic neuron; and these transient

synapses ensure that damaged or degenerated oligodendrocytes are efficiently replaced®83,

2.3 Plasticity and homeostasis of the oligodendrocytic population

OPCs can be derived independently from the ventral and dorsal parts of the brain and
spinal cord during development. So, Bergles and Richardson questioned whether this
translated into any functional differences between the OPCs produced®. The different origin
of the OPCs does not appear to be significant, since they appear to be redundant. In fact,
Kessaris et al. showed that when one of the populations was ablated, the other would replace
it, showing their plasticity during development in order to achieve a normal distribution of OPCs
in the developing brain®®’. These poses the hypothesis that the heterogeneity of
oligodendroglial cells arises in response to distinct environmental cues, whether they are
originated in the axons, the neurotransmitters released or in electrical neuronal activity 7880,

The homeostatic regulation of the density and differentiation of OPCs is needed to
guarantee there is no uncontrolled proliferation of these cells, but also to assure that there is
a replacement of damaged or insufficient OLGs in injury sites®?,

OPCs are capable of migrating, during development, from their germinal zones to their final

destination, likely due to the contact-interaction with molecules common to neuronal migration
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(such as netrins or semaphorins)®®992 Several complementary studies suggest that OPCs
are very dynamic in the resting brain and show processes similar to those of microglia, that
are complemented by filopodia that are able to extend and retract in order to move and scan
the surrounding environment. These processes assess the state of myelination of the axons
in the vicinity or the viability of OLGs. Also, when these processes touch each other or
neighbouring cells, they retract, in a repulsive response, showing the mechanism responsible
for the OPCs discrete distribution®®%,

Additionally, platelet-derived growth factor (PDGF) is necessary for the proliferation of
OPCs in culture. In fact, when the activity of PDGF signalling pathway is diminished, there is
a decrease in division rate, cell cycles get longer and differentiation of OPCs is triggered 8949,
Therefore, it was hypothesized that the population density of OPCs is established by a ratio
between the amount of PDGF, provided by neurons and astrocytes, and the rate at which it is
consumed by OPCs®. Nevertheless, this idea failed to clarify why there is a continuous
decrease in OPC proliferation postnatally. This hints at an intrinsic timer of these cells, that
controls not only the inhibition of cell cycle progression, but also the decline in the
differentiation—inducing pathways®8-9-,

In conclusion, these cells are able to balance self-repulsion and active growth in order to
guarantee that the proliferation process is coupled to the loss of cells, to maintain the density

of these precursors in the brain to produce OLGs and assist in case of injury®,
3. Myelin

3.1 Myelination in development and adulthood: myelin structure and composition

Myelin sheaths are composed of glial plasma membrane that compactly enwraps around
the axons, allowing for a faster saltatory nerve conduction, and also assisting in the
maintenance and integrity of the axons®”°-*°, This provides insulation by increasing the
electrical resistance and diminishing the capacitance, crucial for the saltatory mechanism %%,
Moreover, these myelinating cells also cluster voltage-gated sodium channels in the gaps
between the myelin sheaths — known as nodes of Ranvier (NOR), to potentiate the
transmission of information, since the action potential is passively transported through the
myelin sheath until it reaches the NOR, where it is regenerated to modulate the activity of the
ion channels”1%,

Regarding its molecular composition, myelin is a poorly hydrated structure, with 70 — 80 %
lipids and few proteins, MBP and proteolipid protein (PLP) being the most abundant. The
glycolipids and proteins that are found in myelin are produced in the processes of OLGs,
therefore the transport of specific proteins and mRNAs to these structures is needed.

Ultimately, myelin synthesis relies on several enzymes of the lipid metabolism, such as PAPS
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cerebroside-sulfotransferase, which is required for the synthesis of sulfated
galactosylceramide; HMG-CoA reductase for cholesterol production or peroxisomal
enzymes’®®, Therefore, myelin being a particularly stable structure, owes this characteristic
to the hydrophobic lipid composition, with saturated long-chain fatty-acids, glycosphingolipids,
and cholesterol, that together with the hydrophobic proteins creates a repulsive force towards
the cytosol and the extracellular fluid. Moreover, it also portraits intermolecular attractive
forces, such as Van der Waals’, that hold these lipids close together. It is also stable from the
metabolic point of view, since the proteins of this sheath have half-lives of weeks to
months’101,

Myelination is an intricate process, that entails several steps, beginning with the migration
of OPCs to the white matter tracts (I), followed by the recognition of the target axon and
signalling between these two cells (ll); differentiation of OPCs into myelinating OLGs (lll);
membrane outgrowth and wrapping around the axon (IV); trafficking of membrane components
(V); myelin compaction (VI) and formation of NOR (VII)®8, There are several possible paths
for OPCs, some remain as precursors whilst others differentiate into myelinating OLGs"®#3, At
this point, to ensure that all axons are myelinated, there is an overproduction of OLGs, that are
later eliminated by apoptosis, resulting in an adequate number of OLGs"®1%2, In summary,

OPCs maturate through several morphological alterations’ (Fig. 7).
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Fig. 7 - Schematic model of the differentiation of a committed OPC into a mature myelinating
oligodendrocyte. Myelination starts with the migration of OPCs from the germinal zones or the brain
parenchyma, where they are distributed under physiological conditions, to the white matter tracts (l).
OPCs extend and retract cellular processes until there is recognition of the target axon and
communication between the two cells is initiated (II). OPCs will then differentiate into fully myelinating
OLGs (ll). The myelin sheath produced will wrap around the axon, forming a compact structure and the
nodes of Ranvier (NOR) (IV-VII), where voltage-gated ion channels are clustered to allow for saltatory

conduction of action potentials. Adapted from Annu Rev Cell Dev Biol. 2014; 30:503-33.
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Oligodendrocyte differentiation and maturation comprise the ability of these myelinating
cells to produce membranes at a certain timepoint during development and maturation of the
CNS. In addition, the time when the differentiation of OLGs is initiated is of the outmost
importance, since the precursor cells can stay in an immature state for long periods of time,
but once the differentiation starts it occurs rapidly’®. Electrical activity of neurons is the most
frequent initiator of OPC proliferation and myelination, and it will in turn regulate a multitude of
transcription factors and signalling pathways that will activate (Nxk2.2, Oligl, Sox10) or
repress (MiRNA-219, miRNA-338 and PDGFRa) the pathway’91%3-1%, Moreover, myelination
only occurs when the oligodendrocyte is at the proper place, mature OLGs are not able to
move and the process occurs very swiftly, not allowing for mistakes’. In addition, Rosenberg
et al. showed, using fixed axons, that OLG differentiation is regulated, both in space and time,
by the environment provided by the surrounding axons and not by a direct neuron, which is
called OLG interaction®®1%, Furthermore, studies by Lee et al. demonstrated that OLGs are
able to myelinate “synthetic” axons with shorter diameters than the axons that were found
myelinated in vivo, indicating that axonal diameter might be a factor controlling which axons
are myelinated in the organism®1%, Together, these works highlight the role of neuronal
signalling cues in the differentiation of OPCs, and the sensitivity associated with these cells for
the axons that are adequate to be myelinated.

The myelination of an axon is a coordinated process: both the increase in wraps and the
widening of the membrane sheet occur simultaneously with the activity of cytoplasmic
channels to transport the new membrane material to the innermost layer’®%108_The actin
cytoskeleton is used by OLGs to move the myelin sheaths forward, and is depolymerized once
this structure reaches its full maturation and is compacted, acting as the controller for myelin
spreading and wrapping around axons®8108,

To perform its insulation function, myelin needs to be compacted around the axon, which
entails removing cytoplasm and extracellular space. This can occur in one of two ways:
compaction can happen between two extracellular layers or two cytoplasmic membrane
layers®®. The cytoplasmic protein MBP, constituent of myelin, is responsible for assisting in the
process, by participating in the compaction between two cytoplasmic leaflets. The protein
CNPase (2',3'-cyclic nucleotide 3'-phosphodiesterase) is the most abundant in uncompacted
myelin, and its function is to delay myelination, which happens when it is present in larger
quantities than MBP%1%19°  The balance between these two proteins regulates the
compaction rate during early development, and could possibly regulate myelin remodelling
mechanisms dependent on activity .

Myelination can control the information flow in neuronal circuits through several different
mechanisms, namely regulating thickness of existing myelin sheaths, de novo myelination, and

myelin replacement and removal, in order to functionally alter a neuronal circuit.
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3.2 Myelin damage and remyelination

3.2.1 Characteristics of remyelinated axons and role of remyelination

Demyelination occurs when myelin sheaths that are wrapped around the axons are
damaged. It can happen due to a primary insult, when OLGs are affected, or as a secondary
process, due to the degeneration of the axon®11%111 The process that leads to the formation
of new myelin sheaths to wrap axons affected by primary demyelination insults is termed
remyelination, and it is able to restore normal saltatory conduction in the designated axon, as
well as the normal function of the neuron®*11%112 However, the new sheath is thinner and
shorter, never achieving the original dimensions, suitable for the diameter of the axon 3110113,
Axons which have been remyelinated are usually known by the presence of thinner myelin
sheaths which are identified by the G-ratio, that expresses the relationship between the
diameter of the axon and the myelin sheath thickness (thinner sheaths — increased G-ratio).
Nevertheless, when thin axons are remyelinated, these problems are less evident, since their

original myelin sheath was already thin 63110114,

3.2.2 Steps for remyelination and factors controlling the process

The first step in response to an injury consists in the activation of local OPCs — by
neighbouring microglia and astrocytes activated by changes in tissue homeostasis, and that
produce factors that will lead to the rapid proliferative response of OPCs. OPCs will in turn go
from a quiescent to an active state, with altered shape and size, as well as with gene
upregulation?®110115116 The following recruitment phase consists in proliferation and migration
of the activated OPCs, ultimately resulting in the repopulation of the demyelinated region. At
the same time myelin debris are removed by macrophages and matrix metalloproteinases
(MMPs) contribute to the repair. Larsen et al. propose that MMP-9 processes NG2, reducing
its inhibitory effect in OLG maturation, and additionally MMP-9 might facilitate cell migration to
injured areas in the CNS and the elongation of OLG processes for axon remyelination!!’,
Thereafter, cells will differentiate into fully functional OLGs, capable of performing
remyelination. At this point, these cells have to communicate with the damaged axon, whilst

expressing myelin genes and forming a new sheath to wrap around it'*° (Fig. 8).
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Fig. 8 - Phases of remyelination. (a) Normal adult white matter contains astrocytes, microglia and
OPCs, as well as myelinating OLGs. (b) OPC activation: following demyelination (in which
oligodendrocytes and myelin are lost) the microglia and astrocytes become activated, which in turn
leads to activation of OPCs in the vicinity. (c) Recruitment phase: the activated OPCs respond to
mitogens and pro-migratory factors that are generated predominantly by reactive astrocytes and
inflammatory cells. The demyelinated area becomes repopulated with OPCs, due to their migration and
proliferation. Macrophages start eliminating myelin debris. (d) Differentiation phase: for the recruited
OPC:s to differentiate into fully myelinating OLGs, they need to communicate with the damaged axon
to initiate the formation of a new myelin sheath. The remyelination process can fail due to several
reasons, namely a deficiency in OPCs or a failure in their recruitment, or their inability to differentiate
into myelinating OLGs. Adapted from Nat Rev Neurosc (2008) 9, 839-855.

There are several common features between the myelinating process which occurs during
development, and remyelination after a demyelinating insult'!®, For instance, the availability of
PDGF regulates the number of OPCs in remyelination, similar to what happens during
development!!811® Moreover, IGF-1 signalling within OLGs is needed during remyelination
namely for the protection of the existing myelinating cells, to facilitate a rapid recovery and for
the proliferation and differentiation of OPCs18120.121 - Additionally, there are some negative
modulators that also participate in both myelinating situations, such as fibroblast growth factor
(FGF)-2 which is upregulated in several experimental models for CNS demyelination, and its
decreased activity appears to promote the repopulation of lesion sites by influencing the

differentiation of this lineage!!®1?2, Concerning the intrinsic signals, there are some examples
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that are also common to both situations, namely the Notch pathway, which modulates the
kinetics of repair, being a positive or negative modulator depending on the ligand*!8%3, or the
Wnt pathway, which constitutes a negative regulator of the differentiation of OLGs both in
development and remyelination®*24, Moreover, the transcription factor Oligl has crucial roles
not only during early OPC development, but also during the differentiation process in
remyelination!®125, Nevertheless, it is necessary to keep in mind that both processes,
myelination and remyelination, occur under different conditions with the latter being associated
with inflammation.

The immune response evoked by the demyelinating injury is crucial for the remyelination
process, namely because the phagocytic macrophages are responsible for eliminating the
myelin debris, and different activation states of these cells are associated with different phases
of remyelination, M1 phenotype (associated with antigen presentation and release of pro-
inflammatory cytokines) with recruitment and M2 phenotype (responsible for secretion of anti-
inflammatory cytokines and growth factors) with the beginning of differentiation®3126-128,
Furthermore, there might be several causes behind the failure of this process. The most
general comprise a loss in efficiency due to factors not related with the disease, such as sex
and age!®!8, In fact, alterations in myelin that occur during aging represent a vicious cycle,
for the decline of both motor and mental capacities. In addition, it is also necessary to consider
factors characteristic of the disease, and the main causes for remyelination failure in this case
are a deficiency in progenitor cells, a failure in their recruitment or incapacity for these

progenitors to differentiate and mature*%1?° (Fig. 8).

4. Stem cell niches in the brain

In adulthood, OLGs can be originated from OPCs present in the brain parenchyma or from

neural stem cells (NSCs) present in the SVZ, which can be recruited in case of injury.
4.1 From development to adulthood

4.1.1 Neurogenic niches during development

In mammals, NSCs are originated in the early stages of development and their activity
perseveres throughout life. The development of the CNS entails several processes that are
tightly regulated, both in time and space. During the embryonic development, NSCs can be
found in almost all the regions of the CNS, which is considered a dynamic structure that
increases in size, and these cells have a specific differentiation potential and identity,
according to the region where they are located**®1*1, Also, the precursor cells that will originate
the brain are maintained essentially in two regions: the ventricular and subventricular zones
(VZ and SVZ, respectively)*2.
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NSCs are essentially characterized by their multipotency, self-renewal and unlimited
proliferation capabilities!*!. The initial population of these cells is homogeneous, constituted by
bipolar cells that have one long process attached to the pial surface and a shorter one attached
to the ventricle (denominated neuroepithelial cells, NEPs)*¥%1%, As development proceeds, the
migration of the newly formed cells from the ventricle to the pial surface will allow the formation
of several layers, with different characteristics: the VZ, closest to the ventricle, will house cell
bodies of radial glia (NEPs with a specific, elongated morphology, which express glial markers,
having properties of astroglial cells but also residual characteristics of neuroepithelial cells'®#).
Radial glia will assist in the migration of newly formed neurons, resulting of the division of
progenitor cells with limited ability to proliferate and differentiate into more than one cell type 3.
The SVZ is the exterior layer, consisting of newly generated glia, neurons and basal
progenitors. Finally, the mantle is the most exterior layer, closest to the pial surface, made of
fully differentiated post-mitotic cells, such as neurons®*%33, The environment depicted in these
different layers is influenced by several signalling cues, such as neurotransmitters, cell-to-cell

interactions and diffusible signals from the VZ/SVZ or other brain regions0:13®,

4.1.2 Neurogenic niches in the adult brain

In the adult mammalian brain, two brain regions have been characterized as neurogenic
niches: the subgranular zone (SGZ) of the dentate gyrus, in the hippocampus, and the
subependymal zone, also known as subventricular zone, located in the lateral ventricles (SEZ
or SVZ, respectively)**¢(Fig. 9).
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<«Fig. 9 - Adult NSCs in the SVZ and SGZ of the mammalian brain. (A) Germinal niches in the adult
mammalian brain in mice. Adult neural stem cells (NSCs) are primarily present in two germinal regions:
the subventricular zone (SVZ) of the lateral ventricle wall and the subgranular zone (SGZ) of the
hippocampal dentate gyrus. (B) Adult NSCs in the SVZ. Quiescent adult SVZ NSCs (gNSCs, type B
cells) are a unique population of cells with cell bodies in the SVZ while contacting the ventricle through
apical surfaces. Active self-renewing adult SVZ NSCs (aNSCs, type C cells) are located in the SVZ and
give rise to neuroblasts (NB, type A cells) that migrate towards the olfactory bulb. (C) Adult NSCs in the
SGZ. Quiescent adult SGZ NSCs correspond to radial-like cell, some of which might transit to active
self-renewing adult SGZ NSCs and give rise to neuroblasts and newly generated neurons (NGN).
Adapted from Cell Res. 19, 672—682 (2009).

In the brain of rodents, the NSCs present in the SVZ will contribute to replace and maintain
the neurons of the olfactory bulb*®. Moreover, as described by Morshead & van der Kooy in
1992, the proliferating cells present in the SVZ stay mitotically active throughout adult life and
are still responsive to stimuli, suggesting that NSCs can be used as a reservoir to substitute
damaged cells'®. In 1996 Weiss et al., showed that NSCs isolated from the SVZ can maintain
in vitro the characteristics of proliferation, self-renewal and expansion when cultured with
growth factors, forming neurospheres'®. Upon the removal of growth factors, the
neurospheres—derived cells are able to differentiate into OLGs'®*. Also, it was possible to
conclude that stem cells are heterogeneous, possibly due to the fact that they are located in
different brain regions and have different mitotic activity, which may be indicative of the
presence of distinct stem cell populations in the brain with diverse functional roles in vivo®8,

Regarding the SGZ, these proliferating cells will originate immature neurons, that migrate
a short distance and ultimately differentiate into hippocampal granule neurons, integrating the
pre-existing hippocampal structure during the life of the organism3¢. Unlike what happens in
the SVZ, where there is an organized layered structure, in this region, progenitor and immature
cells are mixed together, with NSCs surrounded by intermediate progenitors, mature granule
cells and astroglial cells close to blood vessels'®.

Concerning the SVZ, several different cells compose this layer: proliferating type B cells,
with some astrocytic properties, whose processes envelop the structures formed by
neuroblasts; type C cells, known as transit amplifying progenitors, which form clusters
scattered throughout the neuroblasts and are characterized by their rapid divisions; and type
A cells (neuroblasts) that form chain-like structures along the wall of the lateral ventricle
towards the olfactory bulb forming a structure designated as the rostral migratory stream
(RMS) (in rodents), where some will differentiate into periglomerular and granular
neurons¥%136.140 (Fig 9B). This niche is maintained due to the molecules that constitute the

extracellular matrix (ECM), which are highly expressed in this region, such as specific MMPs
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and chondroitin/dermatan sulfate proteoglycans. In turn, during early postnatal life the
expression of these molecules is downregulated and proteoglycans such as brevican and
versicans are produced for the formation of the classic ECM that constitutes the brain
parenchyma®*®4  Also, ependymal cells, that are neuronal support cells that constitute the
epithelial lining of the ventricles, play an important role through cell-to-cell interactions and

secreted molecules, that maintain stem cells quiescent and control the self-renewal process’2.

4.1.2.1 Oligodendrocyte production from SVZ precursor cells

The work developed by Menn et al. was fundamental for the understanding of the role of
SVZ progenitors in oligodendrogenesis in the adult brain. In the SVZ, OPCs are the result of
division and differentiation of type C cells, that will migrate out of the SVZ into the neighbouring
white matter. In the adult CNS, type B cells present in the SVZ generate a large number of
neurons. Still, a few of these cells will differentiate into type C (Olig2™) cells, ultimately
generating OPCs®°. The OPCs generated from SVZ progenitors migrate long distances, to the
corpus callosum, striatum and fimbria fornix, where they differentiate into myelinating and non-
myelinating OLGs®°. In situations of demyelinating injuries, such as with the lysolecithin animal
model, there was an increase in the number of myelinating OLGs derived from SVZ,
suggesting these cells contribute to the remyelination process'®®. Also, several studies, for
instance the one of Ortega et al., revealed that in the SVZ there appears to exist a
regionalization regarding the signalling pathways of the different regions that constitute this
structure, translating into different environmental influences to assist or inhibit the production
of OLGs™®*3, Importantly, the number of neurons and OLGs produced by NSCs present in

the SVZ tends to decrease in adulthood, until the aged brain.

5. Commitment to the oligodendrocytic lineage: intrinsic and extrinsic factors

Postnatal OLG differentiation is affected by different signals that can come from the cells

themselves (intrinsic), or from the exterior (extrinsic).

5.1.1 Intrinsic factors

There are several intrinsic signals that modulate OLG generation, and they include not only
transcription factors, but also epigenetic modulators.

Regarding the transcription factors, usually the process that comprises OLG development
entails regulatory signals at different fronts, both temporally and spatially, that will guide
several signalling pathways such as Notch or Wnt, which can participate in multiple steps of
the formation of OLGs®144,

Oligl and Olig2 are basic helix-loop-helix transcription factors, well studied and involved in

the production of OLGs'*45, Studies show that the different cell types that constitute the
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oligodendrocytic lineage express Olig2, and when it is inactivated during development the
result is decreased production of OLGs, whilst inducing the overexpression of Olig2 in SVZ
progenitor cells translates in an increasing number of OLGs*%4¢ About Oligl, if Olig2 is
present, it is not required for OLG specification, acting as a backup mechanism in case Olig2
is absent®®45, However, Niu et al. showed that Oligl factor appears to be necessary for
remyelination in the repair of lesions of the CNS#’.

There are many other transcription factors involved in these intricate processes, namely
Ascll/Mash1, which is involved in myelin production in the postnatal brain, as well as in OLG
specification from SVZ progenitors'#®14°, Epidermal growth factor (EGF) also positively affects
the production of OLGs when it reaches the CNS and assists in demyelination repair®*, In
conclusion, there are several transcription factors that regulate the commitment to the
oligodendrocytic lineage and can also perform their role by inhibiting the differentiation of cells
from the neuronal and astrocytic lineages’%4,

Concerning the epigenetic modulators, which consist of alterations in the DNA sequence,
they can also regulate the production of OLGs. In fact, post-translational modifications of the
histones that constitute the nucleosomes, DNA methylation, chromatin remodelling and
microRNAs (miRNAs, molecules that act by repressing gene expression); have been
described as regulators of oligodendrogenesis’144151.152 For instance, the enzymes histone
deacetylases (HDAC) are important for OLG determination, since when histones are
acetylated and the activity of this enzyme is inhibited, it favours gene expression of astrocytic
and neuronal lineages’®!44152 As shown simultaneously by Zhao et al. and Dugas et al.,
mMiRNAS, such as miR-219, can act in two ways: they can be overexpressed and positively
influence the differentiation of mature OLGs, but they are also able to inhibit factors that are
related with OPC proliferation, allowing for the differentiation of these cells'*%, In addition,
signalling pathways of extracellular ligands such as the sonic hedgehog (Shh) and bone
morphogenic protein-4 (BMP4) also regulate the production of OLGs by influencing the
acetylation of histones, Shh promotes the differentiation of these cells, whilst BMP4 acts as an
inhibitor by blocking deacetylation®3.

In conclusion, the regulation of OLG differentiation through intrinsic mechanisms relies in

the communication between transcription and epigenetic factors.

5.1.2 Extrinsic factors

Similarly to what happens with the intrinsic factors, there are many extrinsic signals that
contribute to the differentiation of OLGs, namely factors present in the CSF, the ECM or the
blood vessels that surround the germinal niche.

The CSF is the fluid produced by the choroid plexus that circulates in the brain and spinal

cord, providing not only mechanical protection to the brain, but also participating in the

47



regulation of brain homeostasis. It is composed by several proteins and molecules that can act
as signals for NSCs present in the SVZ**. Some of the molecules secreted by the choroid
plexus that integrate the CSF and influence the SVZ in adulthood are, for instance, insulin-like
growth factors such as IGF-1 and IGF-2; and basic FGF (bFGF)41%41% \Wagner et al.
observed an increase in cell proliferation in the SVZ when bFGF was subcutaneously
injected®®. Moreover, studies by Gonzalez-Perez et al. showed that EGF stimulation promoted
proliferation, migration and differentiation into OLGs from NSCs of the SVZ¥®. In addition,
chemorepulsive signals such as ephrins, semaphorins and slits also assist in the migration of
the NSCs present in the S\VZ144154,

Importantly, in the CNS, parenchymal OPCs seem to receive signals from microglia,
macrophages, astrocytes and electrical activity, with a possible less relevant local signalling
mechanism by axons, to control their maturation (the axons acquire a more important role in
the myelination of the PNS)®"#.1%" However, there are several neuronal cues, that are
responsible for the inhibition of myelination, such as LINGO-1 or Jagged, and that need to be
downregulated to allow the insulation of axons. Their mechanism of action usually relies in the
activation of transcription factors, which can also be regulated by epigenetic modulators
(HDACs and miRNAs) and specific signalling pathways93105:157.158

The ECM consists of the acellular component of organs and tissues, mainly made of
proteins, polysaccharides and water and which components also play a crucial role in
regulating OLG production®®®. In fact, laminin is determinant for oligodendrocytic lineage, since
laminin a2-deficient mice produce less OPCs!®. Moreover, the proteoglycan heparan sulfate,
which is an heterogenous ECM molecule that can bind several cytokines and growth factors,
regulates the signals that are present in the ECM and controls oligodendrocyte differentiation
and maturation’®*®1:161 |n addition, the proteins fibronectin and vitronectin are also associated
to maintenance and proliferation of OPCs?%2, Another role for the ECM is to provide mechanical
support. Lourenco et al. described that NSCs differentiate into glial or neuronal cells according
to the stiffness of the substrate, which also controls the survival and proliferation of OPCs, as
well as OLG morphology. They also concluded that compliant substrates, together with the
presence of laminin a2, promoted an increase in the levels of the oligodendrocytic markers
MBP and PLP, and these OLGs presented a more mature morphology*°.

The surrounding blood vessels also play an important function, since they are constituted
by endothelial cells which secrete factors capable of regulating self-renewal and proliferation
of the stem cells present in these niches. For example, they can secrete specific chemokines
to regulate cells of the oligodendrocytic lineage, namely monocyte chemoattractant protein-1
(MCP1), which promotes differentiation44163,

Taken together, the regulation of OLG production by the extrinsic factors, resembling what

happens with intrinsic cues, is dependent on the communication of the stem cells in the
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germinal niches with signals arising from the nearby environment, whether it is the messengers
coming from the endothelial cells, the components of the ECM and its mechanical cues, or the
CSF.
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Aims

Several studies have attempted, throughout the years, to unveil the mechanisms behind
MS, essentially using the available in vivo models. However, the cause of this disease, as well
as the cellular mechanisms behind neurodegeneration and oligodendrocyte loss, are yet to be
elucidated.

The capacity of OPCs from the brain parenchyma or derived from NSCs of the SVZ to
migrate and partially remyelinate the lesioned areas has been extensively described. Herein,
the modulation of adult oligodendrogenesis can be seen as a candidate target for MS. For this
hypothesis to be taken into consideration, we proposed to perform a characterization of the
MS animal model, EAE, as well as of adult oligodendrogenesis, under these pathological

conditions. Thus, several objectives were considered:
i. To implement the EAE animal model in our facilities;

ii. To characterize this model regarding behavioural and cellular features, as well as

the inflammatory environment associated;

iii. To assess adult oligodendrogenesis in the EAE model, in brain regions of interest

(corpus callosum, cortex, striatum and subventricular zone).
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CHAPTER 2 - MATERIALS & METHODS
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1. Ethics Statement

All experiments were conducted in accordance with the European Community guidelines
(86/609/EEC; 2010/63/EU; 2012/707/EU) and Portuguese legislation (DL 113/2013)
concerning the protection and use of animals for scientific purposes. In addition, all procedures
were approved by the Animal Scientific Committee of Instituto de Medicina Molecular Joao
Lobo Antunes (iMM — JLA) and by the portuguese authority responsible for the legislation for
animal protection (Direcao Geral de Alimentacao e Veterinaria - DGAV). Every effort was made

to use the minimum number of animals and to reduce animal suffering.

2. Animals

Female C57BL/6 mice were purchased from Charles River (Barcelona, Spain). Animals
were housed 5 per cage upon arrival, in a temperature (22°C) and humidity (levels between
45% - 65%) regulated room, with a 10-hour dark / 14-hour light cycle (lights on from 7 am to 9
pm), and access to food and water ad libitum. Animals were housed in specific-pathogen free
(SPF) and virus-antibody free (VAF) facilities. Once mice started portraying the pathological
phenotype, they received a gel supplement in addition to their regular diet. All animals had a
minimum period of 4 days for acclimatization at the Institute’s rodent facility upon arrival, before
starting the experiments when mice were 8-10 weeks old. Animals were habituated to
experimental manipulation and the presence of an investigator for a minimum of 2 days prior
to EAE model induction and for 5 days before the beginning of behaviour experiments. Cages
with animals were randomly allocated to the different experimental groups. Behaviour
experiments were conducted during the light phase and around the same hour of the day.
Animals were repeatedly monitored for general appearance, food and water intake, physical

condition, and body weight during the protocols.

3. Timeline for experimental procedures

Sacrifice

Chronic Behavioural tests: Molecular analysis
EAE - Pole test (Immunohistochemistry,
model - Rotarod western blots, ELISA,

induction - Open field luxol fast blue)

L — r

0 2 3 7 14 31.32 Time (days)

Start daily evaluation
and score of clinical
signs of EAE

BrdU injections
protocol

Fig. 10 — Timeline for in vivo experiments.
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In the first 3 days the animals were induced with chronic EAE. In the following day, 5-
bromo-2’-deoxyuridine (BrdU) was administered through seven intraperitoneal injections at
two-hour intervals. Beginning at the seventh day post-induction, animals were daily evaluated
and clinical scores for phenotype progression were registered. Analysed behaviour tests were
performed between days 14-15 and 21-22 (Weeks 2 and 3, respectively, batch 1) or between
days 14-16 and 21-23 (Weeks 2 and 3, respectively, batch 2) after model induction. Animals
were sacrificed 28 days after BrdU injections, right brain hemispheres were collected for
immunohistochemistry, ELISA and Western blot analysis. For immunohistochemistry, brain
hemispheres where processed and stained while for western blot and ELISA analysis, brain
cortex tissue homogenates were prepared. For representative luxol fast blue staining images,

left hemisphere and spinal cord sections were used for both control and EAE mice.
4. EAE model induction

4.1 MOG emulsion preparation from scratch

To induce EAE, 2 batches of mice with 8-10 weeks were subcutaneously (s.c.) immunized
with 200 pL of a solution of MOGass.s5 (200 pg/mouse) (synthetic peptide, H-Met-Glu-Val-Gly-
Trp-Tyr-Arg-Ser-Pro-Phe-Ser-Arg-Val-Val-His-Leu-Tyr-Arg-Asn-Gly-Lys-OH, AnaSpec,
Freemont, CA) emulsified in CFA (Incomplete Freund’s Adjuvant (IFA, BD Diagnostics,
Franklin Lakes, NJ) supplemented with Mycobacterium tuberculosis (BD Diagnostics, Franklin
Lakes, NJ)) (400 pg/mouse), followed by an intravenous (i.v.) or intraperitoneal (i.p.) injection
of 100 pul of PTx (List Biological Laboratories, Campbell, CA) (200 ng/mouse) (Table 1). The
administration of PTx was repeated after 48 hours. The animals were divided into 2 subgroups:
animals who received PTx via i.v. injection and animals who received the toxin through i.p.

injection. These animals were housed on VAF conditions.

Table 1 — Compounds used for emulsion preparation for EAE model induction.

Compound Biological activity Supplier Final []
MOG Induction of autoantibody AnaSpec, 2mg/mL in
3555 production Freemont, CA PBS 1x
BD Diagnostics,
IFA Potentiator of immune response Franklin Lakes, -
NJ
Development of strong delayed- BD Diagnostics,
M.Tuberculosis type hypersensitivity against Franklin Lakes, Amg/mL in IFA
autoantigens NJ
List Biological
PTx Disruption of the BBB Laboratories, 200ng/100,
PBS 1x
Campbell, CA
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4.2 EAE kit from Hooke Laboratories

Another batch of 10 mice (5 VAF and 5 SPF animals) whose samples were used for ELISA
assays were induced with EAE using a kit (Cat. #EK-2110) from Hooke Laboratories
(Lawrence, MA, USA) according to manufacturer’s instructions. Briefly, 100uL of MOG3s_ss in
CFA emulsion was subcutaneously injected into both flanks of each mouse (200 pL/animal).
Then, each mouse received i.p. injections of PTx on the same day after 2h and 24h later (80

ng in 100 pL/animal/injection).

Table 2 — Experimental groups of this project.

Group ID | EAE induction method | Housing | Group size Tests performed
CTRL IV PBS/CFA & PBS i.v. VAF 10 Behaviour, WB, ELISA
EAE IV MOG/CFA & PTx i.v. VAF 6 Behaviour, WB, ELISA
CTRL IP PBS/CFA & PBS i.p. VAF 10 Behaviour, WB, ELISA, LFB
EAE IP MOG/CFA & PTx i.p. VAF 5 Behaviour, WB, ELISA, LFB

CTRL KIT PBS/CFA & PBS i.p. VAF 5 ELISA

EAE VAF Hooke lab. Kit VAF 3 ELISA

EAE SPF Hooke lab. Kit SPF 5 ELISA

4.3 Clinical scores

The clinical signs of EAE were assessed daily with a standard scale from 0 to 5, as follows:
0, no clinical signs; 1, limp tail; 2, hind limb paralysis; 3, complete paralysis of the hind limbs;
4, hind limb paralysis and forelimb weakness; 5, moribund or deceased. Mice were considered
for the following experiments when they reached a score of 2 (or higher) for at least two

consecutive days!64165,

5. BrdU administration

BrdU is a synthetic nucleoside thymidine analogue capable of incorporating the DNA of
newly formed cells, during the DNA replication process which occurs in the S phase of the cell
cycle. This characteristic makes BrdU useful to study not only the formation of new neurons,
but also oligodendrocytes®%®, To study oligodendroglial differentiation, BrdU (Sigma Aldrich,
MO, USA) was dissolved in a sterile solution of 0,9% NaCl and administered intraperitoneally
7 times with 2-hour intervals, at a concentration of 50 mg per Kg of body weight, to specifically

follow the differentiation of precursor cells originated in the SVZ2°.
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6. Behaviour tests

Behaviour tests aimed at depicting the progression of the EAE phenotype and thus perform
a complete characterization of the animal model. Since this model is characterized by motor
impairments, i.e, progressive paralysis starting at the tail and evolving to the forelimbs, the
tests performed allowed the assessment of the physical condition of the animals'®’. For this,
the pole test, rotarod and open field were used. In all tests, lighting and noise conditions, as
well as animal manipulation were kept as similar as possible between the animals. For each
test, animals were habituated to the room and lighting (red light for the pole test and dim yellow
light for the rotarod and open field) for a minimum of 30 min before the beginning of the
experiments. To remove olfactory clues, the apparatuses and the arena were carefully cleaned
with a 30 % ethanol solution between each animal for all tests. For the rotarod and pole test,
the experimenter remained in the room while the animals were being tested whereas for the
open field, the experimenter moved outside of the room immediately after placing the animal
in the arena. Parameters assessed in the open field were recorded using the ANY-maze V4.99
behavioural tracking software (Dublin, Ireland). The reference point used by the software to
determine the animal’s position was the centre of the body. The rotarod test results were
registered by the apparatus. Conversely, pole test trials were video recorded, and blind

analysed a posteriori, as described ahead in this section.

6.1 Open field

The open field (OF) is well established as a reference test to assess animal locomotor
activity, as well as the animal’s exploratory drive specific reactions which may happen in a
novel environment'®-17°, Hence, this test was used to characterize locomotor activity of the
animals throughout disease progression. This test was conducted in a square wood arena (40
X 40 x 40 cm). The animals were released in the centre of the arena and allowed to freely
explore the environment for 10 min. The arena was virtually divided into three square zones:
peripheral zone (PZ), intermediate zone (1Z), and central zone (CZ) (Fig. 11). The parameters
average velocity (m/s), distance (m) and number of transitions between zones were used to

guantify locomotor activity.
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Fig. 11 -Schematic representation of the open field arena. The arena was divided into three distinct
zones: the peripheral zone (PZ), the intermediate zone (1Z) and the central zone (CZ).

6.2 Rotarod

The Rotarod (RR) test is generally performed to study motor balance and coordination in
animal models of neurodegenerative diseases, indicating the progression of motor
dysfunction!’*172, Impairments in rotarod performance can arise in situations of neuronal
degeneration in brain areas such as the cerebellum, substantia nigra or striatum’°173 as well
as when there is demyelination in the spinal cord*’*. This test was preceded by a training phase
in the first day, in which the animals were habituated to stay on the rod (Panlab, Harvard
Apparatus, Barcelona, Spain), at a constant speed of 7 rpm. Every time the mouse fell it was
placed back on the rotating rod. The habituation period was considered to be over when
animals were able to stay on the rod without falling for a minimum of 2 minutes. Immediately
after the habituation phase, the experiment changed to the accelerating protocol (first trial of
test phase), in which the velocity increased from 4 to 40 rpm in 5 min. Until 8 rpm were reached,
if the mouse fell it was placed back on the rod (and the time was registered and added to the
final time of fall). Two more trials were performed, with a minimum interval of 30 min between
trials. Time of fall (sec) and the velocity (rpm) were registered and the average of the three
trials was used. If the animal was physically impaired and immediately fell of the rod, the
minimum values for time of fall and velocity were attributed (1 sec and 4 rpm, respectively).

The trials were excluded if the animal rotated around the rod.

6.3 Pole test

The pole test (PT) was originally developed to study bradykinesia in Parkinson’s disease
models and nowadays is commonly used to assess motor dysfunction in micel’>’®, Integrity
of striatal neurons has been previously described as being relevant for pole test
performance!’®1’’, Hence, since the striatum is one of the brain regions know to be affected
by demyelination in the EAE model, the pole test was used to assess motor function in these

mice. The test was performed as previously described, with slight alterations'’®1%, The
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apparatus consisted of a square wood base (15 x 15 x 1,5 cm) in which a pole covered in black
felt (to increase the adhesion of the animals’ paws to the surface of the pole) with 50 cm of
height and 2 cm diameter was attached. In the table where the apparatus was placed, several
rolls and bedding material were placed in order to stimulate the mice to descend the pole.
Immediately before the start of the test, mice were left to freely explore the table and the
existent material for 1 min, to habituate to the surrounding environment. Then, the pole was
placed horizontally, and the mouse was placed in the top, with its head facing upwards, and
the pole was immediately turned to a vertical position. The trial was concluded when the mouse
touched with its four paws in the base of the pole and the animal was returned to its home
cage. Three more trials were performed, with a minimum interval of 15 min between trials. All
trials were video recorded and blindly identified for posterior analysis, in which the time it took
for the animal to orient downwards (torient, in S€C), i.e, when the animal completed a full turn
and was facing the base of the pole was manually registered, as was the time it took for the
mouse to reach the base of the pole (tgescend, in s€C), i.€, when the mouse had its four paws on
the base of the pole, and the total time of the trial (twt, in Sec). The trials were excluded if the
animal went up the pole. Time started counting when the animal had its four paws on the pole.
If the animal was unable to make a complete turn and instead descended the pole with a lateral
body position, tw Was attributed to teient. If the animal was unable to stay on the pole and
immediately fell, the longest tw for that group in that trial was assigned to both tiota @and torient,

as previously described*®.

7. Animal sacrifice

At the end of the protocol, animals were sacrificed by cardiac perfusion for further
molecular characterization of the model and of adult oligodendrogenesis. Mice were deeply
anaesthetized with isoflurane and transcardially perfused with phosphate-buffered saline
(PBS) (NaCl 137mM, KCI 2.1mM, KH2PO4 1.8mM and Na;HPO4.2H,O 10mM, pH 7.4).
Afterwards, brain and spinal cord intended for histological analysis were removed and placed
in PBS containing 4% paraformaldehyde (PFA) for tissue post-fixation (4°C). At the end of 72
hours, both brain and spinal cord were stored at 4°C in an increased sucrose gradient (PBS
containing 15% or 30% sucrose) for tissue preservation. For ELISA and Western blots, brain

hemispheres were collected after perfusion and cryopreserved at -80°C.

8. Tissue processing

For immunohistochemistry, brains were embedded in gelatine and coronally sectioned in
40 um-thick slices using a cryostat Leica CM3050 S (Leica Biosystems, Wetzlar, Germany).

Only the right hemisphere was sectioned between the coordinates +1.5 mm and -1.5 mm,
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having Bregma as reference. Sections were collected in ten series, each one being an anterior-
posterior reconstruction of the SVZ and corpus callosum regions, where sections are
separated by 400 pm. Sections were kept at -20°C in 24-well plates in anti-freezing medium
(30% glycerol, 30% ethylene glycol, phosphate buffer 0.1 M (8.9% Na;HPQO4.2H,0, 7.8%
NaH,P04.2H;0, pH 7.3-7.4).

For luxol fast blue staining, brains were gelatine-embedded whilst spinal cords where
embedded in Optimal Cutting Temperature (OCT) compound. Left brain hemispheres were
sectioned at a thickness of 20 pm using a microtome Leica RM2245 (Leica Biosystems)
between -0.34 mm and -1.58 mm in reference to Bregma. 5 sets of twin blades were created,
each one representing an anterior-posterior reconstruction of the desired region, where
sections are separated by 100 um. Regarding spinal cord samples, a maximum of 5 slides per
animal was obtained, each slide containing the maximum number of 10 um sections. Sections
were collected to microscope slides (Superfrost™ Plus, ThermoFisher Scientific, MA, USA)
and stored at -20°C.

9. Cellular and Molecular Analysis
9.1 Histological protocol

9.1.1 Luxol Fast Blue staining

To study the area of demyelinated white matter, both in brain and spinal cord, slices were
stained using a luxol fast blue protocol, as previously described®. Slices were stained with
0.1% Luxol Fast Blue solution in 70% ethyl alcohol at 56°C overnight, the excess stain was
rinsed off with 70% ethyl alcohol and washed with distilled water for 5 min. Slides were
differentiated in 0.5% lithium carbonate solution for 5 min and rinsed in distilled water for 5 min.
Then, slides were counterstained with hematoxylin for 10 min and washed with tap water for 5
min, 1% hydrochloric acid was then used for 5 sec to differentiate and slides were rinsed with
tap water one last time for 5 min. Finally, slides were mounted using Fluoromount-G (Southern
Biotech, Birmingham, AL) for optical microscope. Representative images were acquired using

Nanozoomer SQ (Hamamatsu, Japan) with a 20x resolution.

9.2 Free-floating immunohistochemistry (IHC)

To assess oligodendroglial differentiation, free-floating IHC was performed on brain slices
of mice that were injected with BrdU. For each antibody combination tested, a complete series
of slices from each animal was considered n=1. Information regarding the primary antibodies

used for this technique is present in the table below (Table 3).
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First, slices were degelatinized in PBS (3 x 10 min, 37°C), followed by a treatment with
HCL 1M (10 min, 4°C) and HCL 2M (30 min, 37°C) resulting in the exposure of BrdU epitopes.
Slices were then incubated with borate buffer 0.1M (pH 8.5) (2 x 5 min, RT) and washed with
PBS (3 x 10 min). Next, a blocking solution (3% bovine serum albumin (BSA) and 0.2% Triton™
X-100 in PBS) was applied (1h, RT). Slices were then incubated with primary antibodies rat
anti-BrdU (1:500) and rabbit anti-NG2, anti-MBP or anti-Doublecortin (DCX) (1:200) in blocking
solution (20-24h, 4°C). In the following day, slices were washed in PBS (3 x 10 min) and
incubated with secondary antibodies anti-rat Alexa Fluor® 488 (1:500) and anti-rabbit Alexa
Fluor® 568 (1:500) (Life Technologies, Thermo Fisher Scientific, MA, USA) (2h, RT). Slices
were washed in PBS (3 x 10 min) and mounted with Mowiol on microscope slides

(SuperfrostTM Plus, ThermoFisher Scientific) and covered with glass coverslips.

Table 3 — Primary antibodies used to assess adult oligodendrogenesis.

Antibody Host Supplier Reference Dilution
Anti-BrdU Rat BioRad Laboratories, CA, USA OBT0030CX 1:500
Anti-NG2 | Rabbit Merk, Darmstadt, Germany AB5320 1:200
Anti-MBP | Rabbit | Cell Signalling Technology, MA, USA 78896 1:200
Anti-DCX | Rabbit Abcam, Cambridge,UK Ab18723 1:200

9.2.1 Image acquisition and analysis

The corpus callosum (CC), cortex (CT) and striatum (ST) are three of the brain regions
frequently studied, due to the demyelination observed in the EAE model*®!2, Moreover, the
SVZ is the germinal niche which has NSCs responsible for originating oligodendrocytes in
EAE®%, Hence, all these regions (Fig. 12) were analysed.

Images of the entire brain slice were captured using the Zeiss Axio Scan Z.1 (Carl Zeiss,
Oberkochen, Germany) slide scanner, throughout the entire thickness of the slice (40 pum) with
a 40x objective. Manual cell counting was performed to quantify BrdU-, NG2- and DCX-
positive cells, using the ZEN 2.5 lite software (Carl Zeiss, Oberkochen, Germany). The area
(mm?) of each brain region was measured by drawing a line around the whole region, using
the same software. The total volume (mm?) of each region for each mouse was extrapolated
by multiplying the mean of the areas per slice by the distance between slices (400 um). Results
are presented as the number of immune-positive cells per volume (mm=) in each section,
normalized for the percentage of control (100%). For MBP staining, images were captured
using the slide scanner with a 20x objective, in the maximum intensity projection calculated
using the same software (Carl Zeiss, Oberkochen, Germany). The corpus callosum was

manually delimited and area and mean fluorescence intensity were quantified with ZEN 2.5 lite
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software (Carl Zeiss, Oberkochen, Germany). Results are presented as the ratio mean
intensity/area, normalized for the percentage of control (100%).

Fig. 12 — Brain regions evaluated in IHC experiments.

9.3 Western Blot (WB)

To quantify the levels of NF-kB and its inhibitor IkBa, as well as of the myelin proteins MBP
and PLP, western blots were performed. Samples from brain cortex tissue were collected from
the frozen hemispheres of Control and EAE IP and IV animals and homogeneized under
sonication with Radio Immuno Precipitation Assay (RIPA) lysis buffer (4% Nonidet® P40
Substitute (NP40), 10% sodium dodecyl sulphate (SDS), 1mM ethylenediamine tetraacetic
acid (EDTA), 150mM NaCl, 50mM Tris base), containing a cOmplete™ Mini, EDTA-free,
protease inhibitor cocktail tablet (Roche, Penzberg, Germany) for each 10 mL. For protein
quantification, DC™ Protein Assay kit (Bio-Rad Laboratories, CA, USA) and the Bradford
method were used, having BSA as standard. Then, 6x sample buffer (36% glycerol, 12% SDS,
0.015% bromophenol blue, 720mM dithiothreitol, 420mM Tris, pH 6.8) was added and the
samples were denatured (10 min, 95°C).

Proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), in
running buffer (0.1% SDS, 192mM glycine, 25mM Tris pH 8.3), at constant voltage (80-120 V),
using 12% acrylamide/bis-acrylamide resolving gels (0.1% SDS, 0.1% ammonium persulfate
(APS), 0.04% N,N,N',N'-tetramethylethane-1,2-diamine (TEMED), 375mM Tris pH 8.8), and
5% acrylamide/bis-acrylamide stacking gels (0.1% SDS, 0.1% APS, 0.1% TEMED, 125mM
Tris pH 6.8), with 1.5 mm thickness. The protein molecular weight marker NZYColour Protein
Marker Il (NZYTech, Lisbon, Portugal) was used. After, proteins were transferred to
polyvinylidene difluoride (PVDF) membranes, previously activated in methanol, in transfer
buffer (10% methanol, 192mM glycine, 25mM Tris pH 8.3), at constant amperage (350 mA,
1h15). Membranes were blocked with 3% BSA in Tris buffered saline with Tween® 20 (TBS-T)
(200nM Tris, 1.5M NacCl, 0.1% Tween® 20, pH 7.6) (1h, RT). Then membranes were washed
in TBS-T (3 x 5 min) followed by incubation with primary antibodies rabbit anti-phosphoNF-kB
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(PNF-kB) (1:500), as well as mouse anti-phospholkBa (plkBa) (1:500) (overnight, 4°C). To
determine myelin protein levels (MBP and PLP), the following primary antibodies were used:
rabbit anti-MBP (1:1000) and anti-myelin PLP (1:1000). Information regarding the primary
antibodies used is depicted in Table 4. After, membranes were washed (3 x 5 min) and
incubated with secondary antibodies conjugated with horseradish peroxidase (HRP), 1gG anti-
rabbit (1:10 000) and IgG anti-mouse (1:10 000) (Santa Cruz Biotechnology, TX, USA) (1h,
RT). All antibodies used were prepared in blocking solution. Finally, after washing, proteins
were revealed with ClarityTM Western ECL Substrate (Bio-Rad Laboratories, CA, USA), using
ChemiDocTM XRS+ imaging system with Image LabTM software (Bio-Rad Laboratories, CA,
USA). An additional stripping step was performed between the incubations previously
described and the incubations with rabbit anti-totaINF-kB (tNF-kB) (1:1000) and mouse anti-
totallkBa (tlkBa) (1:200). B-actin was used as a loading control (1:1000). For this, membranes
were washed (3 x 5 min) and incubated with stripping buffer (200mM glycine, 3mM SDS, 1%
Tween-20, 50% acetic acid glacial, pH 2.2) (30 min, RT). After, membranes were washed with
distilled water to increase the pH and then washed again with TBS-T (2 x 15 min). Resulting
images were processed and analysed using ImageJ 1.51s (Fiji) software (MD, USA)83,

Results are expressed as protein levels, normalized to the percentage of control (100%).

Table 4 — Primary antibodies used for western blotting.

Antibody Host Supplier Reference | Dilution
Anti- tNF-kB Rabbit Santa Cruz Biotechnology TX, USA Sc-372 1:1000
Anti- pNF-kB Rabbit Abcam, Cambridge,UK ab131109 1:500

Anti- tikBa Mouse Abcam, Cambridge,UK ab12135 1:200
Anti- plkBa Mouse Cell Signalling Technology, MA, USA 9246 1:500
Anti - MBP Rabbit Cell Signalling Technology, MA, USA 78896 1:1000
Anti-myelin PLP Rabbit Abcam, Cambridge,UK ab105784 | 1:1000
B-actin Mouse Santa Cruz Biotechnology, TX, USA | sc-47778 1:1000

9.4 Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was done to assess the levels of TNFa and IL-1 in frozen brain cortex samples
from Control, EAE IP, IV, VAF and SPF animals. Samples were prepared and quantified as
described above for western blot with the exception of the RIPA buffer, which did not contain
SDS (RIPA lysis buffer (4% Nonidet® P40 Substitute (NP40), 1mM ethylenediamine tetraacetic
acid (EDTA), 150mM NacCl, 50mM Tris base), containing a cOmpleteTM Mini, EDTA-free,
protease inhibitor cocktail tablet (Roche, Penzberg, Germany) for each 10 mL). For both
assays commercially available kits were used (DuoSet ELISA Rat IL1B/IL-1F2 Cat. #DY201
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and DuoSet ELISA Rat TNFa Cat. #DY510, both from R&D Systems (Abingdon, UK)). After
diluting the capture antibody (CA) in PBS to the working concentration, a 96-well microplate
was coated with 100 ul per well (overnight, RT). Then, each well was aspirated and washed
three times with 400 pl of wash buffer (WB). In the last wash, any remaining WB was removed
by inverting the plate and blotting it against clean paper towels. To block the plate, 300 pl of
reagent diluent (RD) were added (1h, RT). Meanwhile, the standard curve solutions were
prepared following a sequential dilution from the reconstituted standard, in the following
concentrations: 4000, 2000, 1000, 500, 250, 125, 62.5, 31.25, 15.625 pg/mL. The washing
step (3 x 400 ul) was repeated and 50 pl of sample and standards in RD were added to each
well (2h, RT). The wells were again washed (3 x 400 ul) and 100 pl of detection antibody (DA)
diluted in RD were added to each well (2h, RT). After washing the plate (3 x 400 pl), 100 pl of
the Streptavidin-HRP solution was added (20 min, RT) and from this point on, the plate was
protected from direct light. The plate was washed (3 x 400 ul) and 100 ul of the substrate
solution were added per well (20 min, RT), triggering an enzymatic solution with a coloured
end product. To stop this reaction, 50 pl of stop solution were added to each well. Absorbance
was read at 450 nm and 540 nm using an Infinite M200 multimode microplate reader (Tecan,
Mannedorf, Switzerland).

Protein levels were extrapolated from the difference in absorbance by performing a four-
parameter logistic (4PL) curve, using the MyAssays® online data analysis tool (Brighton,
UK)84, Results are depicted as protein levels (pg/mL) normalized to the percentage of control
(100%).

10. Statistical analysis

Data is presented as mean + standard error of the mean (SEM). Unpaired two-tailed
Student’s t-test and one-way analyses of variance (ANOVA) followed by Bonferroni’s multiple
comparisons test were used to evaluate the significance of differences between means of two
or more conditions, considering p<0.05 to represent statistically significant differences. All
statistical analyses and graphs were performed using the software Graphpad Prism 6 (CA,
USA).
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1. Clinical scores

To characterize the progression of the EAE phenotype, EAE clinical scores were evaluated
daily in all groups of animals (Fig. 13). Four different experimental groups were tested: IV and
IP animals (Fig. 13A), and VAF and SPF (Fig. 13B). EAE was induced in IV and IP animals by
immunization with MOG-CFA emulsion prepared in the lab and received PTx through i.v. or
i.p. injection (IV and IP groups, respectively) (Fig. 13A). PTx was administered i.v. and i.p to
choose the best protocol?®1®, In fact, the disruption of the BBB caused by the PTx is crucial
for MOG antigen arrival at the CNS and the successful induction of the model*°, however i.p
injections are easier to perform than i.v. injections. Despite a high success rate (80% for both
IP and IV groups) in one batch of animals used, the outcome for the following group of animals
was less consistent (efficacy of about 10-20%). Therefore, a commercially available kit, with
prepared MOG-CFA emulsion and PTx solution was used. In this case, the best animal
housing for EAE induction was tested, since the environment and microbiome may influence
it'8 (Fig. 13B).

EAE IV animals took longer than IP mice to display the disease phenotype (EAE peak at
around day 21 p.i. for IV and at day 17 p.i. for IP) and returned to a score of 1 — 2 around two
days after reaching the peak (Fig. 13A). Regarding the animals that were induced with EAE
using the kit (Fig. 13B), it was possible to observe that SPF animals reached their maximum
score around day 16 p.i., whereas VAF animals only reached the peak of EAE onset around
day 35 p.i.. SPF animals showed an EAE profile gradually recovering to a score of 1, whilst
VAF animals appear to have two distinct stages of EAE progression, depicting a lower clinical
score between two periods of higher scores when they were sicker, and then recovering again
to a lower score. Moreover, it was possible to observe a high heterogeneity for each group of
animals, as seen by the error bars in both graphs, because not all animals got sick and reached

their maximum score on the same day.
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Fig. 13 - Clinical scores registered as a measure of EAE phenotype progression for the
different experimental groups. (A) Clinical score representation for IV (===) and IP (=) animals.
IV animals took longer than IP mice to display the phenotype. (B) Scores registered for VAF (===) and
SPF (=) animals. VAF animals showed a more inconsistent pattern of EAE severity, reaching the
peak of EAE around day 35 post-induction(p.i.). In turn, SPF animals, reached the peak of EAE
phenotype around day 16 p.i. (A, B-l and 1) Individual scores registered for all animal groups. Data

are expressed as mean = SEM (n=3-6).
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2. Locomotor activity characterization of the EAE animal model

As it has been previously described, EAE animals portray motor impairments!®’. Thus,
aiming at characterizing the animal model, several behaviour tests assessing motor function

were performed.

2.1 EAE IV animals show impaired OF performance on weeks 2 and 3 post-induction

The OF test was used to evaluate the locomotor and exploratory activity of the animals, by
allowing them to explore a square arena for 10 min. EAE IV animals showed a decrease in
average velocity (week 2 p.i. — CTRL IV: 0.0600+£0.0044 m/s; EAE IV: 0.0343+0.0073 m/s;
week 3 p.i. — CTRL IV: 0.0446+0.0025 m/s; EAE IV: 0.0223+0.0068 m/s, *p<0.05 and **p<0.01,
respectively, n=6-10; Fig. 14A) and in distance travelled (week 2 p.i. — CTRL IV: 40.82+1.218
m; EAE IV: 20.561£4.349 m; week 3 p.i. — CTRL IV: 26.67+£1.463 m; EAE IV: 13.44+4.066 m,
***n<0.001 and **p<0.01, respectively, n=6-10; Fig. 14B) on weeks 2 and 3 of model induction
when compared to the correspondent controls. Control animals from IV and IP groups showed
a decrease in average velocity (week 2 p.i. — CTRL IV: 0.0600£0.0044 m/s; CTRL IP:
0.0583+0.0030 m/s; week 3 p.i. — CTRL IV: 0.0446+0.0025 m/s; CTRL IP: 0.0431+0.0031 m/s;
#p<0.05, n=10; Fig. 14A) and in distance travelled (week 2 — CTRL IV: 40.82+1.218 m; CTRL
IP: 34.784+2.110 m; week 3 p.i. — CTRL IV: 26.67+1.463 m; CTRL IP: 25.85+1.846 m; *p<0.05;
#n<0.001, n=10, Fig. 14B), when comparing week 2 with week 3. Moreover, the number of
crossings entails the number of times the mouse entered one of the three virtually designed
areas (central, intermediate and peripheral) during the testing period. For this parameter, only
on week 3 was observed a significant difference between CTRL IV and EAE IV animals (CTRL
IV: 147.947.161; EAE IV: 59.831£16.24; ***p<0.001, n=6-10; Fig. 14C). However, regarding
EAE IP animals no significant differences were observed regarding the average velocity
(average velocity: week 2 p.i. — CTRL IP: 0.0583+0.0030 m/s; EAE IP: 0.0558+0.0098 m/s;
week 3 p.i. — CTRL IP: 0.0431+0.0031 m/s; EAE IP: 0.0388+0.0025 m/s), distance travelled
(week 2 p.i. — CTRL IP: 34.78+2.110 m; EAE IP: 33.3145.888 m; week 3 p.i. — CTRL IP:
25.85+1.846 m; EAE IP: 23.38+1.485 m) and number of crossings (week 2 p.i. — CTRL IP:
162.7+17.23; EAE IP: 187.6+£38.02; week 3 p.i. — CTRL IP: 128.6+£13.81; EAE IP: 126.0+12.93)
when comparing with correspondent CTRL IP mice in both weeks (p>0.05, n=5-10; Fig. 14A,
B, C). Hence, results obtained show that locomotor activity and exploratory drive for EAE IV

mice were impaired on both test dates, whilst no alterations were observed for EAE IP animals.
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Fig. 14 - Locomotor activity is impaired on EAE IV animals on weeks 2 and 3 after model
induction, as assessed by the OF test. In the OF test animals were left to freely explore a square
arena for 10 min. The parameters average velocity (A), distance travelled (B) and number of
crossings (C) between three virtual concentric squares, delimiting the central, intermediate and
periphery areas were quantified. (A, B) Significant differences were observed between CTRL and
EAE IV animals on weeks 2 and 3 p.i. (*p<0.05, **p<0.01 and ***p<0.001; ordinary one-way ANOVA
followed by Bonferroni’s multiple comparison test). A decrease in average velocity and distance
travelled between test weeks is also shown for CTRL IV and CTRL IP groups (*p<0.05, ##p<0.001;
ordinary one-way ANOVA followed by Bonferroni’s multiple comparison test). (C) Significant
differences in the number of crossings were only registered in week 3 after model induction, between
CTRL and EAE IV animals (***p<0.001; ordinary one-way ANOVA followed by Bonferroni’s multiple

comparison test). Data are expressed as mean + SEM (n=5-10). B : cTRL Iv; B2 EAE Iv; B4
CTRL IP; B3: EAE IP.
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2.2EAE IV and IP animals show impaired rotarod performance on week 3 post —
induction

The RR test was used to evaluate the motor coordination and balance of the animals
through their ability to stay on a rotating rod for 5 min. Consequently, animals presenting higher
clinical scores lose their ability to stay on the rod, resulting in shorter tu, and showing a
decrease in velocity (Fig. 15). No differences were observed between the EAE groups and the
correspondent controls, in week 2, regarding tar (CTRL IV: 79.33+8.349 s; EAE IV:
77.67+19.29 s; CTRL IP: 77.07+8.827 s; EAE IP: 47.67+13.09 s; p>0.05, n=5-10, Fig. 15A)
and velocity (CTRL IV: 13.70+£1.012 rpm; EAE IV: 13.22+2.358 rpm; CTRL IP: 13.17+1.084
rpm; EAE IP: 10.60£1.077 rpm; p>0.05, n=5-10, Fig. 15B). Notwithstanding, EAE IV and IP
mice showed impaired performances at week 3 for both tr (CTRL IV: 79.974£6.875 s; EAE IV:
10.4445.044 s; CTRL IP: 72.2516.615 s; EAE IP: 20.6745.090 s;***p<0.001, n=5-10; Fig. 15A)
and velocity (CTRL 1V: 13.58+£0.8063 rpm; EAE IV: 5.444+0.9135 rpm; CTRL IP: 12.57+0.7873
rpm; EAE IP: 6.600+0.6864 rpm; ***p<0.001, n=5-10, Fig. 15B). Furthermore, between week
2 and week 3 p.i., there was a significant decrease in both parameters, for EAE IV animals (tsa
— week 2 p.i.: 77.67£19.29 s; week 3 p.i.: 10.441+5.044 s; velocity — week 2 p.i.: 13.22+2.358
rpm; week 3 p.i.. 5.444+0.9135 rpm, *p<0.001; n=6, Fig. 15). Overall results show a
worsening of motor coordination and balance for EAE mice performance on the RR test on

week 3, when scores were higher.
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Fig. 15 - Rotarod test results expose impairments for EAE IV and IP animals on week 3 after
model induction. In the RR test, mice had to maintain their balance on a rotating rod, from 4-40 rpm
in 5 minutes. Time of fall (A) and velocity (B) were registered. (A, B) For all experimental groups, no
significant differences can be observed on week 2 after model induction. Significant decreases both in
trar @and velocity occurred on week 3 p.i. between IV and IP animals and the correspondent controls
(***p<0.001; ordinary one-way ANOVA followed by Bonferroni’s multiple comparison test). A significant
decrease for both parameters can be observed between weeks 2 and 3 p.i. for EAE IV animals

("#p<0.001; ordinary one-way ANOVA followed by Bonferroni’s multiple comparison test). Data are

expressed as mean + SEM (n=5-10). :CTRLIV; BB: EAEIv; B4 CTRL IP; E3: EAE IP.
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2.3 EAE IV animals show impaired pole test performance in week 3 post-induction

Aiming at assessing the agility and balance of the animals, the PT was performed. In this
test, mice have to orient downwards and descend a vertical pole, and time to orient (torieny) and
descend (tgescend) the pole, as the total time (twi) Of the trial were registered. On week 3 p.i.
EAE IP animals showed an increased latency to orient downwards (CTRL IP: 3.028+0.2870 s;
EAE IP: 11.50+2.072 s; *p<0.05, n=5-10; Fig. 16A), whereas tgescend and tita Were already
augmented in week 2 p.i. (CTRL IP: 7.972+1.713 s; EAE IP: 14.30+£2.103 s and CTRL IP:
12.31+1.776s; EAE IP: 19.80+3.271 s; *p<0.05, n=5-10; Fig. 16B, C). For EAE IV animals,
torient, tdescend @nd tioa Were increased when compared to control, on week 3 after model
induction (toient — CTRL 1V:3.167£0.5187 s; EAE IV: 24.92+3.652 S; tgescena — CTRL IV:
8.167+1.880 s; EAE IV: 24.92+3.652 S; twoa — CTRL I1V: 11.33+2.327 s; EAE IV: 49.83+7.305
s; ***p<0.001, n=5-10; Fig. 16A, B, C). Moreover, comparing week 2 and week 3 from EAE IV
animals a significant increase was observed for the three parameters addressed (torient — Week
2 p.i.: 4.500+0.9332 s; week 3 p.i.: 24.9243.652 S; tgescenda — Week 2 p.i.: 8.250+£0.9399 s; week
3 p.i.: 24.92+3.652 s; tior — Week 2 p.i.: 12.75+1.216 s; week 3 p.i.: 49.83+7.305 s; *p<0.01;
#n<0.001, n=6; Fig. 16A, B, C). Finally, an increase was always observed when comparing
EAE IV with EAE IP groups on week 3 p.i., for teient (EAE IV: 24.92£3.652 s; EAE IP:
11.50+2.072 s; ***p<0.001, n=5-6; Fig. 16A), tiescena (EAE 1V: 24.92+3.652 s; EAE IP:
11.204+2.199 s; **p<0.01, n=5-6; Fig. 16B) and twa (EAE IV: 49.83£7.305 s; EAE IP:
22.7014.262 s; ***p<0.001, n=5-6; Fig. 16C). Thus, these results show that EAE IV animals
present deficits in all parameters on week 3 after model induction. However, EAE IP animals
present impairments in their time to orient downwards on week 3 p.i., but the remaining aspects
of this test were affected on week 2 after model induction. We can conclude that animals

portraying more severe EAE phenotype show higher values for all parameters tested.
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Fig. 16 - Pole test performance on week 3 post-induction shows deficits for EAE IV mice in all
criteria. Motor dysfunction in EAE mice was assessed with the pole test. The time it took for the animal
to orient downwards (A), the time to descend the pole (B) and the total duration of the trial (C) were
guantified. (A, B, C) EAE IV animals show differences from week 2 to week 3 p.i. and EAE IV mice show
significant increases in all parameters on week 3 p.i., when compared to the correspondent controls and
to EAE IP mice (*p<0.01; ##p<0.001; *p<0.05; **p<0.01; ***p<0.001; ordinary one-way ANOVA followed
by Bonferroni’s multiple comparison test). (A) Results show an increase when comparing EAE IP with
its control on week 3 p.i. (*p<0.05; ordinary one-way ANOVA followed by Bonferroni’s multiple
comparison test). (B, C) Significant differences in tdgescena and twotar are shown in week 2 p.i. for EAE IP

animals (*p<0.05; ordinary one-way ANOVA followed by Bonferroni’s multiple comparison test). Data

are expressed as mean + SEM (n=5-10). B2 : cTRL Iv; BE2: EAE Iv; B2 CTRL IP; B3 EAE IP.
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3. Cellular and molecular analysis

After characterizing the phenotype of mice portraying EAE, where overall results
highlighted that motor impairment was most robust on week 3 after EAE model induction, when
animals presented highest clinical scores, cellular and molecular characterization of this
model, as well as of adult oligodendrogenesis, was performed.

3.1 Demyelination in brain and spinal cord of EAE animals was not observed

To evaluate demyelination in white matter, both in spinal cord and brain, luxol fast blue
staining was performed, with myelin staining in blue, in CTRL, EAE IP and naive (male
C57BL/6 mice with 10 weeks of age) mice sacrificed in the end of experimental protocol (31
days p.i. with average score of 1-2). Representative images (Fig. 17) depicted below show a
similar blue tone (myelin is stained in blue by luxol) for all groups, hinting at identical myelin

levels.

NAIVE CTRL EAE

BRAIN

SPINAL CORD
"\

Fig. 17 - Myelin in EAE brain and spinal cord appears similar to controls. Representative images
for luxol fast blue staining of brain and spinal cord for Naive, CTRL IP and EAE IP animals. Scale bar

=0.5mm.
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3.2 Myelin proteins MBP and PLP seem to remain unaltered in EAE mice

Upon EAE onset, demyelination occurs, meaning that myelin sheaths and constituting
proteins are degraded®®. Therefore, in an attempt to quantify the degree of demyelination in
the brain of those animals, levels of MBP and PLP were assessed by western blot in brain
cortex samples from EAE IV and IP animals sacrificed in the end of experimental protocol (day
31 p.i. with average score of 1-2) (Fig. 18).

Once again, the sample size is insufficient to take any solid conclusions, however no
apparent differences in MBP and PLP levels between EAE IV and EAE IP and its controls
seem to be present (MBP — CTRL 1V: 99.98 %; EAE IV: 129.6 %; CTRL IP: 100.0 %; EAE IP:
115.1 %; PLP — CTRL 1V: 99.98 %; EAE IV: 108.8 %; CTRL IP: 100.0 %; EAE IP: 88.31 %;
n=1-2; Fig. 18).
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Fig. 18 - Levels of myelin proteins MBP (A) and PLP (B) did not seem to change in EAE animals
at 31 days p.i.. (A, B, top) Protein levels were quantified and normalized to the percentage of control
(%CTRL). (A, B, bottom) Representative western blots depict immunoreactive bands for MBP (~12-18
kDa); PLP (~34 kDa) and B — actin (loading control, ~43 kDa) obtained from brain cortex samples for
EAE IV and IP animals and correspondent controls. Data are expressed as mean (n=1-2). : CTRL

I\v; B3: EAE Iv; B3 cTRL IP; B3 EAE IP.
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3.3 MBP fluorescence levels in the corpus callosum do not change in EAE

MBP fluorescence in the CC was assessed in an attempt to quantify the level of
demyelination in the brain of EAE animals. Results obtained show no significant differences

between the groups studied (CTRL IP: 100.0+9.137 %; EAE IP: 130.1+59.86 %; p>0.05, n=3;
Fig. 19).
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Fig. 19 - MBP fluorescence in the CC is not altered by EAE. (A) Representative images for MBP
staining for CTRL IP and EAE IP mice, and corresponding ampliation (B) of the CC. (C) Results are

depicted as a ratio between mean intensity and the area of the CC, normalized to the percentage of

control (%CTRL). No differences were observed between control and EAE groups. (p>0.05; unpaired

Student’s t-test). Data are expressed as mean + SEM (n=3).%4 : CTRL IP; E=3: EAE IP; CC - corpus
callosum. Scale bar = 500 um.
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3.4 SPF animals show significantly increased levels of TNFa inflammatory
responses, combined with a tendency for increased levels of IL-18

Several cytokines are involved in the inflammatory cascade of EAE**. Amongst those, IL-
1B and TNFa levels were studied by ELISA in samples of brain cortex of IV, IP, VAF and SPF
animals sacrificed in the end of the experimental protocol (Fig. 20). Regarding the EAE IV and
IP mice, although the number of samples is insufficient for statistical analysis and further
conclusions, EAE IV animals do not seem to show differences relative to CTRL IV, both for IL-
1B and TNFa (IL-18 - CTRL IV: 100.0 %; EAE IV: 95.57 %, TNFa — CTRL IV: 100 %; EAE IV:
101.6 %; n=2; Fig. 20A, B), while for EAE IP mice, a tendency for increased levels of cytokines
was observed when comparing with CTRL IP (IL-18 - CTRL IP: 100.0 %; EAE IP: 188 %, TNFa
— CTRL IP: 99.99 %; EAE IP: 159.3 %; n=1-2; Fig. 20A, B). Furthermore, for EAE VAF mice
no differences in IL-1B levels were observed when comparing with control mice (CTRL:
100.0£6.915 %; EAE VAF: 118.3+32.36 %; n=3-5; Fig. 20A), whilst a tendency for increased
levels of IL-1 B was observed when comparing EAE SPF mice with the CTRL mice (CTRL:
100.0£6.915 %; SPF: 142.5£8.576 %; n=5; Fig. 20A). Nevertheless, EAE SPF animals
displayed a significant increase in TNFa levels when compared to CTRL and EAE VAF groups
(CTRL: 100.0+9.435 %; EAE VAF: 112.4+23.07 %; EAE SPF: 299.3153.36 %; *p<0.05;
**p<0.01, n=3-5; Fig. 20B).

A 200+ B =
- —— ® 500 - o
5 552 o _ A
E S z 400
150 1 St = h L
| Tem :
c s ® = 3001
‘T 1004 s o
- . -
2 L 2 200
o ° a 1 . o0
= 50 ™ 00 T e
o (' - vrvery
; i |ﬂ| 1)
= = o L
0- 0 === el —
CTRL EAE EAE CTRL EAE CTRL EAE CTRL EAE EAl
(n=5) (n=3) (n=5) (n=2) (n=2) (n=2) (n=1) (n=5) (n=3) (n=5)
v P VAF SPF v P VAF  SPF

Fig. 20 - Inflammatory cytokines IL-1B (A) and TNFa (B) levels in EAE animals. IL-138 and TNFa
levels from samples of brain cortex were quantified by ELISA assays and are expressed as a ratio of
cytokine levels over total protein, normalized to the percentage of control (%CTRL). (A) No significant
differences were observed between EAE VAF and the correspondent control, but a tendency for
increased IL-1B levels was observed between CTRL and SPF groups (p>0.05 for all comparisons,
ordinary one-way ANOVA followed by Bonferroni’s multiple comparison test). (B) A significant increase
in TNFa is shown in EAE SPF animals, when compared to the control or VAF groups (*p<0.05; **p<0.01;

ordinary one-way ANOVA followed by Bonferroni’'s multiple comparison test). Data are expressed as
mean (n=1-2) or mean + SEM (n=3-5). B : cTRL Iv; B2 EAE Iv; B2 cTRL IP; (3: EAE IP; 3

CTRL VAF+SPF: B3: EAE vaF; B3 EAE SPF.
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3.5 NF-kB pathway does not seem to be activated in the EAE mice

Attempting at assessing the activation of NF-kB pathway, the ratio between the
phosphorylated and the total forms of both NF-kB and IkBa were quantified by western blot in
samples of brain cortex from control and EAE IV and IP animals sacrificed in the end of the
experimental protocol (day 31 p.i., with average score of 1-2) (Fig. 21). Preliminary data do not
seem to show alterations between control and experimental groups for the pNF-kB/tNF-kB
ratio (CTRL IV: 100.0 %; EAE IV: 107.4 %; CTRL IP: 99.99 %; EAE IP: 100.1 %, n=1-2, Fig.
21A). Similarly, no changes appear to be present for the plkBa/tikBa ratio for the groups tested
(CTRL IV: 100.0 %; EAE 1V: 131.4 %; CTRL IP: 100.0 %; EAE IP: 82.76 %, n=1-2, Fig. 21B).
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Fig. 21 - Levels of pNFkB (A) and plkBa (B) seem to remain unaltered in EAE mice 31 days p.i..
(A, B, top) Protein levels were quantified, presented as a ratio between the phosphorylated and the
total protein, and normalized to the percentage of control (%CTRL). (A, B, bottom) Representative
western blots depict immunoreactive bands for pNFkB (~65 kDa); tNFkB (~65 kDa); plkBa (~40 kDa);
tlkBa (~36 kDa) and 3 — actin (loading control, ~43 kDa) obtained from brain samples for EAE IV and

IP animals and correspondent controls. Data are expressed as mean (n=1-2). B4: CTRL IV; =.

EAE Iv; B2 cTRL IP; E3: EAE IP.
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3.6 Oligodendroglial differentiation in the EAE brain from adult progenitors of the
Svz

3.6.1 Volume of the brain regions studied

To assess if alterations in cell differentiation might be due to variations in volume between
CTRL IP and EAE IP animals, the volume of SVZ, CC, CT and ST, was quantified. The volume
was similar between CTRL and EAE in all studied regions (SVZ — CTRL: 0.01067+0.001453
mm?3; EAE: 0.01556+0.002576 mm?3 CC - CTRL: 0.2591+0.02724 mm?®, EAE:
0.2352+0.008893 mm?; CT — CTRL: 3.163+0.1608 mm?; EAE: 2.825+0.1069 mm?; ST — CTRL:
1.114+0.03761 mm?; EAE: 1.075+0.01559 mm3; n=3; Fig. 22).
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Fig. 22 - Volume does not change in EAE animals in the different brain regions studied. Volume
(mm?) of each region (CC, SVZ; CT, ST) for CTRL IP and EAE IP mice. No significant differences were
found for each region, between CTRL and EAE groups (p>0.05 for all comparisons; unpaired Student’s
t-test). Data are expressed as mean = SEM (n=3).%4 : CTRL IP; E=23: EAE IP; SVZ — subventricular

zone, CC — corpus callosum; CT — cortex; ST — striatum.
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3.6.2 Cellular survival

Since BrdU has the ability to incorporate the DNA of diving cells, BrdU* cells observed
correspond to cells that incorporated BrdU during proliferation in the beginning of the protocol
(day 3) and survived the four weeks of protocol. In particular, the protocol used (7 i.p. injections
with two-hour intervals) specifically marked cells originated in the SVZ. Results show no
variations between CTRL IP and EAE IP groups, for SVZ, CT, and ST (SVZ — CTRL:
100.0+6.393 %; EAE: 124.3+15.35 %; CT — CTRL: 100.0+12.37 %; EAE: 124.5+24.63 %; ST
— CTRL: 99.99+7.131 %; EAE: 94.19+15.31 %; p>0.05, n=3; Fig. 23), while there is a clear
tendency for an increase in cell survival in the CC (CC — CTRL: 100.0+11.70 %; EAE:
143.4+11.86 %; p=0.0598, n=3; Fig. 23).
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Fig. 23 - Cell survival is not altered between CTRL and EAE groups. BrdU* cells per volume were
normalized to the percentage of control (%CTRL). No significant differences were observed between
CTRL IP and EAE IP groups for the regions analysed. (p>0.05 for all comparisons; unpaired Student’s

t-test). Data are expressed as mean + SEM (n=3). 24 : CTRL IP; E3: EAE IP; SVZ - subventricular
zone, CC — corpus callosum; CT — cortex; ST — striatum.

3.6.3 Oligodendroglial differentiation

The proteoglycan NG2 is a marker of OPCs®8, Thus, cells that incorporated BrdU (BrdU*)
and are also positive for NG2 (NG2"BrdU*) are cells that differentiated into OPCs since the
beginning of the protocol. Data shows an increase in the number of NG2"BrdU* cells in the CC
(CC — CTRL: 100.0£8.506 %; EAE: 178.5+23.71 %, *p<0.05, n=3; Fig. 24C), whereas no
changes were observed in the remaining three regions (SVZ — CTRL: 100.0+100.0 %; EAE:
0.0+0.0 %;; CT — CTRL: 100.0+24.46 %; EAE: 88.54+18.25 %; ST — CTRL: 100.0+26.51 %;
EAE: 94.73+27.90 %; n=3; Fig. 24C).
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Fig. 24 - NG2'BrdU* cells are increased in the corpus callosum of EAE animals. (A)
Representative images for NG2 staining for CTRL IP and EAE IP mice, and corresponding ampliation
(B) of a NG2*BrdU" cell. (C) NG2*BrdU* cells per volume were normalized to the percentage of control
(%CTRL). An increase in double positive cells was observed in the CC for EAE animals, when

compared to control. (*p<0.05; unpaired Student’s t-test). Data are expressed as mean + SEM (n=3).

B2 . cTRL IP; B3 EAE IP; SVZ — subventricular zone, CC — corpus callosum; CT — cortex; ST —
striatum. Scale bar = 500 um (A) and 10 um (B). Arrows = BrdU* cells.
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3.6.4 Neuronal differentiation

Since NSCs of the SVZ in physiological conditions mainly produce new neurons,
doublecortin (DCX), protein involved in microtubule polymerization, was used as a marker of
neuroblasts and immature neurons'®’18, Therefore, DCX staining was used as a control to
assess if EAE was changing neuronal differentiation. In Fig. 25 are displayed representative
images for DCX*BrdU* immunostaining. An apparent decrease in DCX staining (red) was
observed in the SVZ of EAE animals (Fig. 25), hinting at a possible decrease in neuronal

differentiation under pathological conditions (EAE).
CTRL EAE

A . .

B . .

Fig. 25 - Neuronal differentiation in the SVZ of control and EAE animals. Representative images
of brain slices (A) of CTRL IP and EAE IP animals with staining for DCX (red) and BrdU (green) and

corresponding ampliations for the SVZ (B). Scale bar = 500 pum.
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CHAPTER 4 - DISCUSSION
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MS is an inflammatory demyelinating disease with a worldwide distribution, affecting young
individuals, more commonly women. It is characterized by the progressive impairment of motor
capacities and cognitive abilities. To this day, the basis for MS development remains unclear,
despite extensive studies which have already highlighted several putative players, such as
genetic susceptibility or environmental factors. Moreover, the available therapeutic options are
mainly focused on controlling the immune component of the disease, disregarding the crucial
role of myelin repair. The NSCs present in the SVZ, one of the two germinal niches present in
the adult mammalian brain, are responsible for the generation of both neuronal and glial
progenitors. In MS, not only axons and myelin are affected, but there is also extensive loss of
OLGs. Research has shown that not only SVZ neural precursors can give rise to OLGs, but
also that this same process is upregulated under pathological conditions. Hence, the aim of
this work was to characterize the most commonly used animal model of MS, the EAE model,
as well as the process of adult oligodendrogenesis which occurs in these animals.

The EAE animal model is the most widely used model for in vivo MS research. Original
studies go back to early XX century, with experiments evolving from rabbits to guinea pigs,
rats and mice, amongst others. EAE is mediated by complex interactions between different
immune cells, ultimately resulting in an extreme inflammatory response responsible for the
pathological characteristics portrayed by the mice. According to published protocols for this
model, clinical signs of the disease commonly appear between days 9 and 14 p.i. 28167185189
Moreover, Miller and colleagues, when studying different EAE induction protocols, observed
that EAE onset could be faster on animals who received PTX through i.v. (1 to 2 days) than on
mice that received an i.p. injection?. In our studies, EAE IV animals had the first symptoms
between days 13 and 19 p.i., EAE IP animals took between 12 and 19 days to reach the
minimum clinical score, EAE VAF animals started displaying clinical score of 1 between days
17 and 33 p.i, and finally SPF animals started displaying the EAE phenotype between days 13
and 19 p.i.. For all experimental groups tested, EAE phenotype was displayed
heterogeneously amongst the members of the groups, and for some mice, later than what is
described. Nevertheless, onset of EAE is affected by several factors such as housing, diet and
age'®. The decreased success rate when inducing EAE IV or IP groups might have several
explanations. As stated previously, a possible (and most likely) loss of function of one of the
compounds used might have rendered them ineffective. Moreover, the preparation of the MOG
emulsion at the adequate consistency is critical requiring an experienced experimenter to
understand the optimal emulsion state. Furthermore, the subcutaneous injections of MOG
emulsion also require practice. Additionally, stress, such as acclimatization timing, handling or
noise is also described as an influential factor for EAE induction, whether by decreasing EAE
severity or by hampering EAE development!®°. Thus, we hypothesized that the intense protocol

of BrdU injections administered the day after model induction could influence the course of
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disease. However, in one batch we tested this by only giving BrdU injections to some of the
animals, and contrary to what was expected, some BrdU-injected animals got sick, while some
non-injected BrdU animals did not get sick. Moreover, differences between VAF and SPF
animals, encompass not only EAE onset, but also its progression. EAE SPF animals show a
different profile when comparing with the EAE VAF animals and it can be related to the distinct
pathogens present in their environment in the rodent facility. SPF animals are housed in a
specific-pathogen free facility, whereas VAF animals are housed in a virus-antibody free
facility, which has a ‘dirtier’ environment than the first. Lee et al. concluded that animals housed
in axenic (germ-free) conditions were resistant to EAE, whereas animals housed in SPF
facilities, which have a lower health status, still developed the phenotype!®®. Concordantly,
Arndt and colleagues studied the difference in EAE severity on animals housed in SPF and
conventional housings. Mice were induced with EAE using the fusion protein MP4/Apogen
emulsified in CFA, together with two doses of PTx. Results show that animals conventionally
housed portray less severe phenotypes than those housed in SPF facilities .

Regarding behavioural characterization, the absence of significant results for EAE IP
animals on the OF and PT is related with the days the tests were performed, and with the
different motor skills evaluated in the three different tests. Since both groups (IV and IP) did
not develop EAE in the same timeframe, only EAE IV animals were significantly impaired on
the days the tests were performed, and thus the results corroborated the impairment. EAE IV
animals showed significant impairments in locomotor activity, coordination and balance when
at the highest EAE scores. Still, the phenotype at maximum EAE onset was similar for EAE IV
and IP, hinting that EAE IP animals would also present significant differences if the tests had
been performed at a different timepoint. Accordingly, Sands and colleagues observed a
negative correlation between the clinical scores and the latency to fall from the rotarod during
the active phase of the disease, but that was not observed during the preclinical or early EAE
stages'®.

Despite being solely representative, our luxol fast blue histopathological analysis showed
no apparent differences between control and EAE mice for brain and spinal cord samples.
Again, this evaluation was done at the end of the protocol, with a clinical score of 1. Most
probably, assessing the degree of demyelination at the disease peak may have revealed a
different outcome, likely in accordance to what is commonly described in the literature for this
model?1?442_In fact, EAE model relies in myelin loss and consequent axonal dysfunction?*,
Contrary to our data, several groups have stated in their studies a significant increase in
demyelination for EAE animals. For instance, Wang and colleagues observed in their EAE
group, spinal cord demyelination at peak of disease onset (day 15), when compared to

controls®®.
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Since MBP and PLP are the most abundant proteins that constitute compacted myelin,
they are highly susceptible targets of degradation in the inflammatory environment of EAE and
might act as neuroantigens for disease development’®%, Our results, however, denoted no
alterations for MBP and PLP evaluated by immunofluorescence or western blot. Once again,
the sample size is not sufficient for definitive conclusions. Nevertheless, these results go
accordingly with the hypothesis that endogenous remyelination occurs after EAE induction re-
establishing neuronal and oligodendroglial functions, since our samples are from 31 days p.i.
EAE mice with a clinical score of 1-2. On the contrary, Mangiardi and colleagues clearly show
in the corpus callosum, as in the spinal cord, a significant decrease in MBP intensity in early
and late EAE. However, late EAE animals still have a score of around 3!, further elucidating
that clinical scores are in accordance with myelination. Moreover, Garay and colleagues
demonstrated significant decreases in mMRNA levels for MBP and PLP in the spinal cord of
EAE mice induced with MOGao.54 or MOGuao.45. Interestingly, administration of progesterone
before EAE induction attenuated these results, combined with a decrease in EAE
severity'%197  Concomitantly, Yao and co-workers observed, using a rat model of EAE, a
decrease in both MBP and PLP levels upon EAE induction, recovered if IGF-1 was
administered!®,

The cellular mechanisms behind EAE have been extensively studied. IL-1f is one of the
inflammatory cytokines released by T cells upon EAE induction. Reale and colleagues
observed an increase in the levels of this mediator in both serum and CSF of patients with
relapsing-remitting MS*®°. Furthermore, the relevance of IL-1B for EAE onset was studied by
Matsuki and co-workers, who demonstrated that the presence of IL-1a or IL-1B3 alone is
sufficient to initiate EAE development?®. Moreover, Murphy and colleagues showed that
concentration of IL-1B was significantly increased starting 7 days p.i., reaching a maximum
value on day 10 p.i. and remaining higher than the control until the end of the experiments, 21
days after induction?°*, Concomitantly, our results show a tendency for increased concentration
of IL-1B in brain cortex homogenates in EAE SPF animals. Importantly, a higher sample size
would be necessary for further conclusions. Also, at time of sample collection, four weeks after
model induction, animals already showed decreased clinical scores, which possibly means
that at the time of the sacrifice, inflammation and consequently the levels of cytokines present
in the brain, were more reduced, and the endogenous remyelination process had already
occurred.

TNFa also has a role in MS and EAE pathology. Rieckmann and colleagues described a
relationship between the transcription of mMRNA for this cytokine and MS relapse, by assessing
mMRNA levels of blood mononuclear cells in patients with relapsing-remitting MS2°2, Besides,
Baker and co-workers also observed that TNFa is present both in brain and spinal cord of

MBP-induced relapsing-remitting EAE mice. Moreover, authors have shown that binding of
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TNFa with its receptor, whether by addition of soluble receptor constructs or by blocking this
cytokine with monoclonal antibodies could prevent or even treat EAE?%. Furthermore,
Valentin-Torres and colleagues studied how TNF regulated disability in EAE, through
immunization with MOG of GFAPyYR1A transgenic mice (astrocytes of these animals are
unable to respond to IFNy) and treated with anti-TNF antibody. They observed an increase in
the levels of TNF in EAE GFAPYR1A mice, while TNF neutralization led to a rescue of BBB
integrity, as well as an improvement in inflammatory responses of the CNS2%. Our results
demonstrated a significant increase in TNFa concentration for EAE SPF animals which, when
compared to VAF animals, can be explained by the differences in housing environment. If a
‘cleaner’ environment is associated with an increase in EAE severity, it can also be related
with increased levels of pro-inflammatory cytokines such as TNFa.

NF-kB signalling pathway is behind multiple responses, such as immune, cell survival and
infectious?®. Hilliard and co-workers have shown that NF-kB/- mice are resistant to MOG-
induced EAE?%, Furthermore, Chen and colleagues observed in B cells from RRMS and SPMS
patients stimulated with CD40, a member of the TNFR superfamily, that they exhibited
increased levels of pNF-kB, when compared to healthy donor controls?®’. Jia and colleagues
studied the effect of Plumbagin, an herbal compound known for its immunosuppressive
properties on EAE. Results showed an amelioration of EAE, accomplished through the
regulation of Jak-STAT and NF-kB signalling pathways, where an inhibition of IkB degradation
and NF-kB phosphorylation was observed?®, pNF-kB and plkB levels did not appear to be
significantly altered in our studies. Albeit the reduced number of samples assessed, the
putative reason for our discordant results might be explained by the late sample collection
timepoint.

Thus, the apparent disparity observed in our results should not be attributed to incoherent
data, but instead to the ill-timed assessment of pro — inflammatory cytokines and myelination.
Most likely, the ‘golden window’ to study these parameters was missed.

The ability of SVZ neural stem cells to remain in the brain into adulthood highlights their
likely role in healthy and diseased brain throughout life. A plethora of studies has shown the
role of these precursors in demyelinating conditions, where these cells were capable of
differentiating and migrating to affected regions contributing to remyelination'®®. To assess
the behaviour of these cells in our EAE animals, cell survival and differentiation of these
precursors was evaluated by immunohistochemistry. Our results regarding the volume of SVZ,
CC, CT and ST denoted no significant differences between control and EAE animals, however,
an apparent tendency for a decrease in CT volume was observed in EAE mice. Concomitantly,
a progressive atrophy of the cerebral cortex during EAE was observed by MacKenzie-
Graham’s group?®®. With respect to cell survival, our data show no significant distinctions

between EAE and control animals, for all regions evaluated. However, once again a tendency
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for increased survival appears to be present in the SVZ, CC and CT of EAE animals.
Importantly, our results portray a significant increase in NG2*BrdU* cells in the CC, a brain
region prone to EAE lesions, meaning that differentiation of BrdU* cells from the SVZ into
OPCs, had occurred with migration of cells to the CC. Data for CT and ST showed no
significant differences between CTRL and EAE groups, while for the SVZ, a big variability was
observed in the controls, unabling a conclusion regarding NG2*BrdU* cells in SVZ. Therefore,
further samples have to be analysed, in an attempt at understanding if there is indeed a
decrease in NG2"BrdU* cells in the SVZ, or if there are no alterations in NG2*BrdU" cells in
this region. Since the NSCs present in the SVZ are mainly responsible for generating
neuroblasts and immature neurons, an immunohistochemistry for DCX was performed. Our
preliminary data, of an apparent decrease in DCX staining in EAE brain slice, seem to be in
accordance to what has been described in literature, that these precursors tend to generate
oligodendrocytes instead of neuronal cells in the EAE model*®®. Interestingly,
Soundarapandian and colleagues showed that the oligodendrocyte-specific zinc finger
transcription repressor Zfp488 would promote the differentiation of SVZ NSCs into OLGs,
when overexpressed in the cuprizone animal model?°. Moreover, in vitro assays using anti-
sera from EAE mice and neural precursor cells performed by Kesidou and co-workers
demonstrated that EAE anti-sera triggers the apoptotic pathway of the neural precursors,
rendering them unable to perform remyelination due to the immune response associated with
EAE?!,

Together, these results highlight the urgency of finding a mechanism to potentiate the

proliferation, differentiation and survival of OPCs derived from SVZ NSCs in MS.
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CHAPTER 5 - CONCLUSIONS AND FUTURE
PERSPECTIVES
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This work aimed at characterizing the EAE mouse model as well as adult
oligodendrogenesis in this model. Clinical scores and behavioural characterization of the EAE
model, suggested that motor impairment is proportional to the score of the disease.
Notwithstanding, only tests evaluating motor function were performed, and it would be
interesting to study, in the future cognitive performance in this animal model, since cognitive
deficits have been described?'?. Also, it is fundamental to optimize model induction as soon as
possible, not only regarding the expertise of the experimenter or the drugs used, but also the
animal housing. Behavioural test dates must be predefined based on the clinical scores, to
allow for comparison between batches studied.

Cellular and molecular data showed an increase in the levels of the pro-inflammatory
cytokine TNFa, together with a tendency for increased IL-1B. Furthermore, a tendency for
increased cell survival in the SVZ, CC and CT was observed, accompanied by a significant
increase in NG2*BrdU* cells in the CC. Using flow cytometry for the characterization of immune
cells in the CNS in EAE mice would also be an adequate approach, since it would allow for the
measure of different immune cells types and also of cytokines produced by them. Myelin
protein parameters did not denote any alteration and the likely reason for this was the late date
for animal sacrifice, that allowed endogenous remyelination. One of the goals of this work was
to fully characterize the clinical progression of the model through registering the clinical scores
along the experimental protocol. Notwithstanding, for successful characterization of the
inflammatory and myelin cellular components, animals need to be sacrificed at the peak of
EAE onset, for an adequate characterization of the changes created by the EAE model. Also,
increasing the sample size not only for the tests regarding inflammation and myelination but
also for the oligodendrogenesis studies would be of an added value. This would allow to
observe the relationship between the changes in oligodendrocyte cell populations and the
remyelination process. In fact, it would be important to ascertain whether the tendencies we
observed in this work are indeed confirmed or, contrarily to what has been previously
described, rendered insignificant. Furthermore, cell proliferation should be assessed using
different proliferation markers, such as Ki67, or alternatively a specific protocol of BrdU
administration in the last day of the experiments.

Altogether, this work allowed the characterization of the oligodendrogenesis process and
of the EAE model throughout time, together with its behaviour traits and some of the cellular
components. Performing the optimizations here described will allow further conclusions, thus
granting future studies in our group using this model and the modulation of adult

oligodendrogenesis as a candidate for MS.
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In Fig. 26 are depicted the main conclusions of this work.

-

Motor impairment is proportional to the
EAE clinical score e

Inflammatory cytokine TNFa levels are significantly
increased in EAE SPF animals, and a tendency for
increased levels of IL-1B is also present
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— ./\.. T——
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Fig. 26 - Schematic summary of the main findings of this work. (A) Motor impairment evaluated
through the OF, RR and PT is proportional to the EAE clinical score of the animal. (B) Pro-inflammatory
cytokine levels were assessed by ELISA: TNFa showed a significant increase in EAE SPF animals.
Concomitantly, IL-1B levels tend to increase for EAE SPF mice. (C) When evaluating adult
oligodendrogenesis in EAE mice, cell survival tended to increase in the SVZ, CC and CT of EAE mice.
Moreover, an increase in NG2*BrdU* cells in the CC was also observed, which translates in cell
migration from the SVZ to the CC.
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