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Resumo

No Sistema Nervoso Central (SNC) os oligodendrdcitos sdo as células responsaveis pela
mielinizagdo dos axdnios neuronais. O aparecimento da mielina, uma membrana multilamelar
composta maioritariamente por lipidos e proteinas, constituiu um passo evolutivo importante
para os vertebrados, uma vez que possibilita a rdpida propagacdao dos potenciais de acc¢do,
preservando o diametro axonal e reduzindo os custos metabdlicos da actividade neuronal. Deste
modo, a sua disrupgao ou eventual perda modifica a transmiss3do sindptica entre os neurénios e
inicia um processo degenerativo, afectando as capacidades motoras e cognitivas.

A esclerose multipla (EM) é a doenga desmielinizante de maior prevaléncia mundial. Do
ponto de vista fisiopatoldgico, é caracterizada pela infiltragdo no SNC de leucdcitos sistémicos,
que promovem a destruicdo da mielina em zonas denominadas de placas. Actualmente, ndo
existe cura e as estratégias terapéuticas disponiveis visam exclusivamente a sua componente
imunitaria, sendo apenas parcialmente eficazes a medida que a doenca progride no tempo.
Numa proporgdo considerdvel de doentes, durante a evolugdo clinica da EM é possivel observar-
se remielinizacdo. Assim, a intervengdo neste processo de reparacao espontaneo, que envolve
a proliferacdo e migracgdo de células precursoras de oligodendrdcitos (OPCs) para os locais de
dano, podera constituir uma nova abordagem terapéutica na EM.

A diferenciacdo de oligodendrdcitos é um processo extremamente regulado e dinamico
gue ocorre maioritariamente durante o periodo pds-natal a partir de OPCs do parénquima que
expressam o proteoglicano NG2 (nerve-glial antigen 2). Uma percentagem significativa destas
células permanece num estado proliferativo no SNC adulto, constituindo cerca de 5-8% de toda
a populagdo glial. Durante o processo de remielinizagdo observado em doentes com EM, a
maioria dos oligodendrécitos que sdo recrutados para os locais de dano é derivada destes OPCs
parenquimatosos. No entanto, uma percentagem pequena advém de células estaminais neurais
presentes na zona subventricular (SVZ) situada ao longo dos ventriculos laterais. A SVZ constitui
no SNC dos mamiferos adultos o principal nicho de células estaminais, sendo capaz de dar
origem a neurdnios e células da glia.

A adenosina é um nucledsido enddgeno da classe das purinas que se encontra presente
em todas as células. E produzida sobretudo a partir do catabolismo da adenosina trifosfato (ATP)
e no SNC exibe um papel duplo de regulador homeostatico e de neuromodulador da transmissao
sindptica através da activacdo de quatro receptores metabotrdpicos: A1, Aza, Az € As. Enquanto
que os receptores A; e A; estdo negativamente acoplados a adenilato ciclase, os receptores Aza
e Azs estimulam a actividade desta enzima, aumentando assim a produgdo de adenosina 3’,5’-
monofosfato ciclico (CAMP).

Diferentes estudos comprovaram de forma independente o envolvimento do sistema
adenosinérgico na patogénese da EM. Em particular, foi demonstrado que os receptores Az
estdo sobre-expressos em linfdcitos e na substancia branca destes doentes. Na encefalomielite
auto-imune experimental (EAE), o modelo animal mais usado no estudo da EM, o nivel de
expressdo dos receptores Axa encontra-se também aumentado em linfécitos T e na microglia.



Estes receptores estdo igualmente envolvidos no processo de oligodendrogénese, ja que se
encontra descrito que a sua activacdo inibe a proliferacdo in vitro de OPCs. Dados prévios do
nosso grupo de investigagdo mostraram que a activagdo destes receptores com o agonista
selectivo CGS21680 (30 nM) promove a diferenciagdo de OPCs derivados de neuroesferas da
SVZ. Assim, a presente dissertacao teve por objectivo estudar o possivel papel modulador dos
receptores A,a na oligodendrogénese derivada da SVZ in vivo em condigGes fisioldgicas e ex vivo
na oligodendrogénese derivada do parénquima e SVZ antes e apds insulto desmielinizante com
lisofosfatidilcolina usando culturas organotipicas corticais.

Para estudar o efeito da activacao dos receptores A,a na oligodendrogénese derivada da
SVZ in vivo, introduziu-se no ventriculo lateral direito de ratos Wistar com 6 semanas de idade
uma canula ligada a uma mini-bomba osmética, a partir da qual o agonista CGS21680 (100 nM)
ou veiculo (liquido cefalorraquidiano artificial) foram continuamente administrados durante 28
dias. A proliferacao celular foi avaliada apds duas injec¢Ges intraperitoneais de 5-bromo-2’-
deoxiuridina (BrdU, 100 mg/kg de peso corporal), separadas entre si por intervalos de 2 horas
no ultimo dia de tratamento. Para analisar a migracdo e diferenciacdo celulares, os animais
receberam injeccées de BrdU duas vezes ao dia nos primeiros 3 dias de administracdo
farmacolégica. Os animais foram sacrificados, os seus cérebros removidos e seccionados em
fatias coronais com 30 um de espessura. Posteriormente, procedeu-se a técnica de imuno-
histoquimica por fluorescéncia contra Olig2, um factor de transcricdo cuja expressdo é mantida
em toda a linhagem oligodendrocitica, e BrdU.

Para investigar o efeito da activacao dos receptores A;a na oligodendrogénese ex vivo
derivada da SVZ e parénquima antes e apds um insulto desmielinizante com lisofosfatidilcolina
(LPC, 0.5 mg/ml), preparam-se culturas organotipicas corticais contendo a SVZ e o corpo caloso.
De forma resumida, os cérebros de ratos Sprague-Dawley foram removidos e cortados em fatias
coronais de 400 um de espessura que foram colocadas em cultura sobre membranas semi-
porosas a 37 °C. Realizaram-se dois protocolos experimentais distintos. No protocolo 1, as fatias
foram isoladas de ratos P9 e mantidas em meio MEM até ao dia in vitro (DIV) 4, tendo sido entdo
mudadas para meio Neurobasal-A (NB-A). Ao DIV 6, as fatias foram incubadas com LPC ou
veiculo (etanol) durante 18 horas, tendo-se procedido de seguida ao tratamento farmacoldgico
com o agonista CGS21680 (30 nM) e/ou antagonista ZM241385 (50 nM). Apds 36 horas, as fatias
foram finalmente fixadas. No protocolo 2, as fatias foram isoladas de ratos P14 e mantidas em
meio MEM até ao DIV 1, tendo sido entdao mudadas para meio NB-A e incubadas com LPC
durante 18 horas. Seguiu-se o tratamento farmacoldgico com o agonista CGS21680 (30 nM) e/ou
antagonista ZM241385 (50 nM) e apds 36 horas procedeu-se a fixacdo das fatias. A intensidade
de fluorescéncia da proteina basica de mielina (MBP), um marcador de oligodendrdcitos
maduros, foi medida no corpo caloso das fatias organotipicas.

De forma inesperada, os resultados do estudo in vivo demonstraram que a activacao dos
receptores A;a provoca uma reducdo da proliferacdo de OPCs (células Olig2*BrdU*) na SVZ. Além
disso, o movimento destas células ao longo da via rostro-migratéria (RMS) em direc¢do ao bolbo
olfactivo (OB) encontra-se inibido apds activagdo dos receptores A,a. No entanto, observou-se
gue ndo ha uma alteragao significativa no nimero de OPCs derivados da SVZ presentes no OB
entre animais controlo e tratados com o agonista CGS21680. Por outro lado, os resultados das
experiéncias ex vivo mostraram que a activagdo dos receptores A,a promove a maturagao dos



OPCs na auséncia de um evento desmielinizante, uma vez que se observou um aumento na
intensidade de fluorescéncia de MBP. A incubagdo das fatias com LPC a 0.5 mg/ml durante 18
horas ndo foi suficiente para induzir a desmieliniza¢cdo do corpo caloso. No entanto, o aumento
da intensidade de fluorescéncia de MBP registado com a activacdo dos receptores Az nao foi
replicado quando o tratamento com o agonista se seguiu a incuba¢do com LPC, o que pode
indicar que, mesmo a uma concentracdo insuficiente para provocar desmielinizacao, este agente
tem algum efeito.

Na sua totalidade, os resultados apresentados nesta dissertacao indicam que a activacao
dos receptores A,n modula a oligodendrogénese derivada da SVZ, inibindo a proliferacdo e
migracdo de OPCs para o OB. Contudo, a activacdao destes receptores parece desempenhar um
papel positivo na oligodendrogénese derivada do parénquima, através do aumento da
diferenciagao de OPCs. Esta funcdo dupla dos receptores Az pode revelar-se importante para o
desenho de novas estratégias terapéuticas na EM.
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Abstract

Oligodendrocytes are the cells responsible for myelinating neuronal axons in the Central
Nervous System (CNS). The emergence of the myelin sheath was an important evolutionary step
in vertebrate development, since it allows the rapid propagation of action potentials while
preserving axonal diameter and reducing the metabolic costs of neuronal activity. Thus, its
disruption constitutes a serious health problem, altering the normal signal transmission
between neurons and initiating a degenerative process that affects proper motor and cognitive
ability.

Multiple sclerosis (MS) is the most prevalent demyelinating disease worldwide. It is
primarily characterized by the presence of inflammatory infiltrates, oligodendrocyte death and
destruction of myelin in CNS areas known as plaques. No cure is available and currently the
therapeutic strategies target exclusively its immune component, thus being only partially
effective as disease continues to progress. During the clinical course of MS, attempts at
remyelination occur, with new oligodendrocytes generated mostly from brain parenchymal
oligodendrocyte progenitor cells (OPCs). However, a minority of these OPCs are derived from
neural stem cells (NSCs) present in the subventricular zone (SVZ) along the lateral ventricles.
This spontaneous repair process raises reasonable hopes that recruitment of OPCs towards sites
of injury may constitute a novel therapeutic approach in MS.

Numerous studies have independently established the involvement of the adenosinergic
system in the pathogenesis of MS, specifically of A; and A, adenosine receptors. Moreover,
previous data from our group has demonstrated that activation of A,sRs promoted the
differentiation of oligodendrocytes from neurosphere cultures of postnatal rats. Thus, the
present thesis investigated the possible modulatory role of AsaRs in SVZ oligodendrogenesis in
vivo, under physiological conditions, and in SVZ and parenchymal oligodendrogenesis ex vivo,
using forebrain organotypic slice cultures.

Surprisingly, the results concerning the in vivo experiments demonstrated that activation
of A.aRs decreases the proliferation of OPCs (Olig2*BrdU* cells) in the SVZ. Moreover, the
movement of these cells along the rostral migratory stream (RMS) towards the olfactory bulb
(OB) was impaired following AR activation. However, the number of SVZ-generated OPCs in
the OB was not significantly altered in treated animals when compared to controls. In contrast,
the data regarding the ex vivo experiments suggests that A,aR activation promotes parenchymal
OPC maturation in the absence of a demyelinating event, since an increase in the fluorescence
intensity of myelin basic protein (MBP) was observed.

In summary, the results presented in this thesis indicate that activation of A,;aRs decreases
the proliferation and migration of SVZ-derived OPCs. Moreover, AR activation appears to play
a positive role in parenchymal oligodendrogenesis through increased OPC differentiation in non-
demyelinated organotypic cultures. These biological effects of A.aRs might prove to be
important in the future development of novel therapeutic strategies in MS.
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1. Introduction

1.1 The subventricular zone: a specialized stem cell niche in the adult
mammalian brain

Contrary to long-held doctrine, the adult mammalian brain contains two primary regions
that continue to generate new progenitor cells: the subventricular zone (SVZ) along the lateral
ventricles and the subgranular zone (SGZ) in the hippocampal dentate gyrus (DG).! These
restricted areas represent specialized microenvironments called neurogenic niches, which
regulate the proliferation and differentiation of neural stem cells (NSCs).? Although spatially
separated, both niches are characterized by the presence of developmental morphogens and
signalling pathways, as well as a higher vascular density.?* Whereas NSCs residing in the dentate
gyrus only give rise to granule cells, excitatory neurons that later integrate into the hippocampal
circuitry,* the SVZ represents the largest stem cell niche in the brain and can generate both glial
and neuronal lineages.®
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Figure 1.1 - Lineage tree of embryonic neurogenesis. This lineage tree provides an overview of the hierarchical
relationship and types of cell division involved between neuroepithelial (NE) cells, radial glial (RG) cells and neurons
(N), with basal progenitors (BP) as cellular intermediates in the generation of neurons. Adapted from 6Gétz et al.,
2005.

In the developing brain, neuroepithelial (NE) cells enclosing the neural tube constitute the
ventricular zone (VZ) and at first divide symmetrically on the luminal surface to generate two
daughter cells with the same fate.®’” With the onset of neurogenesis, these stem cells
downregulate epithelial markers and begin to divide asymmetrically, originating another NE cell
and either a neuron (with or without basal progenitors as intermediates) or a radial glial cell
(Figure 1.1).%7 The accumulation of postmitotic neurons and basal progenitors within the
developing telencephalon forms a second germinal layer above the VZ, which is called SVZ.’
Radial glia express molecular and structural phenotypes that are characteristic of the astrocytic
lineage and, in addition to serving as a scaffold along which neurons migrate radially to the
developing cortex, these cells represent a heterogeneous population already committed to
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generating either neuronal or glial progenitor cells.®” The postnatal SVZ is derived from its
embryonic counterpart (Figure 1.2) and lineage tracing studies using adenovirus-mediated gene
transfer in mice have demonstrated that a fraction of radial glia give rise to the adult NSCs,
whereas the remaining acquire an ependymal glial fate.®®
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Figure 1.2 — Macroscopic organization of the postnatal SVZ. The lateral, dorsal and medial walls of the adult SVZ
(right) are derived from their embryonic counterparts (left): lateral and medial ganglionic eminences (LGE) and (MGE),
pallium and septum, respectively.®

The adult SVZ is a highly heterogeneous structure and exhibits a three-dimensional
organization at two scales. At the macroscopic level, the appearance of this niche changes
considerably along the rostro-caudal axis and distinct microdomains generate defined neuronal
subtypes, according to fate specification programs conserved from development.>® Coronal
sections unveil the SVZ as a narrow fissure in the rostral forebrain, which then widens into its
characteristic triangular shape at the mediostriatal level before shrinking again in the temporal
horns, as the hippocampus begins to appear (Figure 1.3).° In addition, NSCs located in the dorsal,
medial and lateral walls of the SVZ are patterned to produce specific subtypes of neurons. At
the cellular level, the postnatal SVZ is described as containing five different cell types defined by
their morphology (Figure 1.4) and molecular markers (Table 1.1): ependymal cells (E cells), B1
astrocytes, B2 astrocytes, transit amplifying progenitor cells (C cells) and neuroblasts (A cells).!

P

v il

1. Rostral/anterior SVZ 2. Intermediate SVZ 3. Mediocaudal SVZ

Figure 1.3 — Macroscopic heterogeneity of the postnatal SVZ. A volumetric reconstruction of the lateral ventricles is
show at the top. Coronal sections of subdivisions 1, 2 and 3 with color-coded walls (red, dorsal; green, lateral; blue,
medial) are shown beneath.®
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Ependymal cells bearing motile cilia line the lateral ventricles, separating the brain
parenchyma from the cerebrospinal fluid (CSF).}2 This array of E cells, however, is non-
contiguous and a small fraction of B1 astrocytes sitting atop contacts the ventricular system by
extending a single, non-motile cilium.!* Additionally, type B1 cells also have a basal process with
end-feet covering blood vessels.?? These cells represent the quiescent NSCs of the SVZ and when
activated divide asymmetrically to produce type C cells which, in turn, rapidly give rise to type A
cells. These migratory neuroblasts travel tangentially from the SVZ through the rostral migratory
stream (RMS), differentiating into subpopulations of interneurons in the granule cell layer (GCL)
and glomerular layer (GL) of the olfactory bulb (OB).1* B2 cells, non-neurogenic astrocytes of the
SVZ, are organized in glial tubes and support neuroblast chain migration.**> A minority of C cells
also originate oligodendrocyte progenitor cells (OPCs), which move radially from the SVZ and
RMS to the overlying white matter tracts of the corpus callosum (CC), striatum and fimbria-fornix
to differentiate into both non-myelinating and myelinating oligodendrocytes. Under normal
conditions, the fraction of oligodendrocytes derived from the SVZ is persistently inferior
compared to the number of neurons that migrate to the OB. However, in the presence of a
demyelinating injury, the turnover of OPCs in the SVZ is markedly increased and these cells travel
to the site of lesion, where they ultimately differentiate into mature oligodendrocytes.®’
Microglial cells are also found within the SVZ where they help sustain the niche by excreting
soluble factors.'®
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Figure 1.4 — Cellular composition and architecture of the adult SVZ. The quiescent stem cells of the SVZ are type B1
astrocytes (blue). Under the appropriate stimulus, B1 astrocytes can divide to originate type C cells (green). In turn,
these transit amplifying cells divide to produce type A cells (red), migratory neuroblasts that travel to the olfactory
bulb. The apical surface of B1 cells has a cilium that contacts the ventricular lumen. The SVZ can be divided into three
domains depending on the spatial arrangement of type B1 cells. Domain | comprises the apical process of B1
astrocytes and the body of multiciliated ependymal cells. Domain Il contains the cell body of most type B1 cells, while
domain Ill encompasses the basal processes of these astrocytes with their end-feet on blood vessels (BV, brown).12

Although largely discredited at the time, the first evidence for postnatal neurogenesis in
mammals was provided by Joseph Altman in the sixties. By injecting rats with *H-thymidine,
autoradiograms and histological studies revealed the presence of mitotic cells in the
subependymal layer of the lateral ventricles and their rostral extension towards the olfactory
bulb.1®2° The constraints involved in the use of a radiolabelled substrate eventually led to the
development of 5-bromo-2’-deoxyuridine (BrdU) immunohistochemistry as an alternative
strategy for the study of adult neurogenesis.?! BrdU is a thymidine analogue that becomes
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incorporated into nuclei undergoing DNA synthesis in the S-phase of mitosis, but not in
proliferating cells at other phases of the cell-division cycle. As a result, multiple pulses of BrdU
are required in order to identify the entire proliferating population in the brain and different
labelling paradigms have been devised to specifically study proliferation, migration and fate of
NSCs. 222

Table 1.1 — Marker expression of the different cell types composing the SVZ. No unique marker exists to distinguish

a specific cell type within the adult SVZ, therefore a panel of markers must be employed. This table presents some of
the most common markers used and the respective cell types labelled within the SVZ.11
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The functional significance of SVZ-derived NSCs in rodents has been well established. A
continuous supply of neuroblasts to the OB provides a mechanism for perceptual learning in
odour-dependent behaviours, such as those related to reproduction.?*2* In humans, however,
the addition of new neurons in the OB appears to be negligible after birth, with NSCs instead
migrating to the striatum.?>%® While the physiological role of this postnatal cell turnover in the
lateral ventricles and striatum remains elusive, it has been demonstrated that a specific
depletion of adult-born cells committed to the neuronal and oligodendroglial lineage occurs in
Huntington’s disease. In addition, the onset of neurodegenerative diseases and necrotic events
can activate or inhibit the proliferative capacity of the SVZ, both in humans and rodents.?”-?®
Altogether, the SVZ is now recognized as an interesting target for therapeutic strategies and the
identification of mechanisms capable of mobilizing and promoting the regenerative potential of
these cells in damaged sites is becoming increasingly important.?

1.2 Oligodendrogenesis: an embryonic and postnatal process

1.2.1 Oligodendrocyte function and maturation

Oligodendrocytes are the glial cells responsible for the myelination of axons in the Central
Nervous System (CNS). The appearance of the myelin sheath was a pivotal event in vertebrate
development, allowing the rapid propagation of action potentials while preserving axonal
diameter and reducing the metabolic costs of neural activity.*® It is a specialized multilamellar
membrane structure composed mainly of lipids, such as cholesterol, and a small set of
proteins.3! The myelinated segments of axons are interrupted by small gaps of exposed axonal
membrane called nodes of Ranvier, which contain a high density of ion channels in order to
regenerate action potentials.3? Oligodendrocytes can myelinate multiple axonal segments unlike
Schwann cells, their cellular counterparts in the Peripheral Nervous System (PNS).3

The differentiation of oligodendroglial cells is a highly regulated process, which can be
classified into four stages according to the differential expression of molecular markers,
increasingly complex morphology and ability to proliferate and migrate: oligodendrocyte
progenitor cells (OPCs), pre-oligodendrocytes, immature or pre-myelinating oligodendrocytes
and mature or myelinating oligodendrocytes (Figure 1.5).3* OPCs generated during development
are proliferative cells and have a remarkable migratory capacity, populating the entire CNS. At
this stage, they present a bipolar morphology and are characterized by numerous markers, such
as platelet-derived growth factor receptor a (PDGFRa), chondroitin sulfate proteoglycan nerve-
glial antigen 2 (NG2) and the transcription factor Olig2. As OPCs begin to develop into pre-
oligodendrocytes, short secondary ramifications emerge from the soma and different antigens,
such as the marker 04, are expressed. With downregulation of the earlier stage markers, namely
NG2 and PDGFRa, expression of 04 persists and immature oligodendrocytes acquire a complex
multipolar morphology. Finally, oligodendrocytes reach the mature or myelinating stage and
become post-mitotic cells with long ramified branches, extending their membranes around the
axons.3*** The expression of some molecular markers, in particular Olig2 and Sox10, is retained
throughout the entire oligodendroglial lineage. Myelination follows an intrinsic developmental
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clock which reflects the sequential expression of myelin basic protein (MBP), proteolipid protein
(PLP), myelin-associated glycoprotein (MAG) and lastly myelin oligodendrocyte glycoprotein
(MOG).3¢

Oligodendrocyte : T
- v Preoligodendrocyte Mature

progenitor cell oligodendrocyte oligodendrocyte

Olig2 oOlig2 oOlig2 oOlig2
Sox10 Sox10 Sox10 Sox10

PDGFRa PDGFRa CNPase CNPase
A2B5 A2B5 GalC GalC
NG2 NG2 RIP MBP
Nestin 04 04 PLP
PSA-NCAM Nkx2.2 MAG

Maturation
Morphological features
Migration

Proliferation

Figure 1.5 — Stages towards oligodendrocyte maturation. These are distinguished by the expression of different
molecular markers, their ability to proliferate, migrate and differentiate and their increasingly complex morphology
into four stages: oligodendrocyte progenitor cells or OPCs, pre-oligodendrocytes, immature or pre-myelinating
oligodendrocytes and mature or myelinating oligodendrocytes. Adapted from 34Barateiro et al., 2014, 3>Coppi et al.,
2015, and 3’Moreira (MSc thesis), 2015.

1.2.2 Origin of embryonic oligodendrocyte progenitors

OPCs in the spinal cord and brainstem are mostly derived from a specialized domain of
the ventral ventricular zone termed pMN.3 This germinal zone is induced to express Olig2, a
basic helix-loop-helix (bHLH) transcription factor essential for oligodendrocyte specification and
development, under the influence of Sonic hedgehog (Shh).>®* These ventrally-generated
oligodendrocyte progenitors inhibit the production of most of their dorsal counterparts. In the
developing brain, the first oligodendrocyte progenitors are generated in the medial ganglionic
eminence (MGE) and anterior entopeduncular area (AEA) in the ventral forebrain at embryonic
day 12.5 (E12.5) in mice, migrating laterally and dorsally to populate the entire cortex after E16.
As development continues, these progenitors are gradually lost and replaced by two waves of
OPCs emerging from the lateral and caudal ganglionic eminences at E15.5 and from the cortex
after birth, respectively.?®*! Thus, in contrast to oligodendrocyte development in the spinal cord,
the dorsal-most lineage prevails in the forebrain while the ventral progenitors are eliminated
postnatally.*
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Cervical spinal cord Telencephalon

Figure 1.6 — Birth and development of oligodendrocyte precursors in the rodent spinal cord and telencephalon. In
the spinal cord, 85% of OPCs are generated from the pMN domain in the ventral ventricular zone (1) at E12.5, while
a second wave of dorsal progenitors (2) arises later at E15. In the telencephalon, the first OPCs emerge in the medial
ganglionic eminence (1) at E12.5 but are subsequently replaced by two waves of progenitors generated in the lateral
and caudal ganglionic eminences (2) at E15.5 and the cortex after birth (3), respectively.*?

1.2.3 Oligodendrocyte progenitors in the postnatal brain

While neurogenesis in mammals is largely an embryonic event, becoming primarily
restricted to the SVZ and DG in the adult, myelination is a postnatal and dynamic process
susceptible to modulation.® In addition, glial progenitor cells persist in both the grey matter and
white matter of the brain.** Indeed, NG2* cells generated during development remain as the
main proliferating cell type in the mature CNS, where they constitute 5-8% of the glial population
and account for as many as 75% of labelled cells in the cortex, hippocampus and corpus callosum
following a 2-hour pulse injection of BrdU.**** These cells are committed to the oligodendroglial
lineage and are responsible for the normal turnover of oligodendrocytes during the animal’s
lifetime, being thus termed adult OPCs.***” Their morphology is remarkably complex, especially
in comparison to their embryonic counterparts, with extensive branching processes that make
contact with synapses and nodes of Ranvier.*® NG2* cells also express glutamine synthetase and
the EAAC1 glutamate transporter and are thus thought to monitor neural activity by modulating
glutamate neurotransmission.*® Such observations are consistent with their proposed role in
maintaining homeostasis in the CNS and evidence has in fact shown that adult OPCs are

recruited to sites of injury, namely following a demyelination event.*®

The adult SVZ constitutes an additional source of OPCs, albeit a minor one in comparison
to the ubiquitous NG2* cells present in the brain parenchyma. In the SVZ, oligodendrogenesis
seems as equally patterned as neurogenesis, with dorsal and lateral aspects considerably giving
rise to more OPCs than the ventrolateral SVZ.*! Furthermore, the proportion of generated OPCs
to neuroblasts also varies along the rostrocaudal axis of the SVZ, since a greater number of
oligodendrocytes is derived from type B cells in its posterior part (ratio of 1 oligodendrocyte to
3 neurons) compared to the anterior SVZ (ratio of 1 oligodendrocyte to 30 neurons).® This
mosaic organization of OPCs in the adult SVZ may reflect the regionalization of the forebrain
during embryonic oligodendrogenesis.>? Activation of the canonical Wnt signalling pathway
stimulates the selective proliferation within the oligodendroglial lineage, without affecting cell
fate of adult NSCs in vivo.>® In contrast, local bone morphogenic protein (BMP) signalling
represses the production of OPCs in favour of neurogenesis.”® Adult NSCs in the SVZ are
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consequently fate-restricted, with neurogenic and oligodendroglial clones arising from distinct
lineages.®! This may be an important aspect in the development of future therapeutic strategies,
for it allows the specific targeting of either progeny in the context of endogenous cell
recruitment following brain injury.

1.3 Multiple sclerosis: an inflammatory demyelinating disease of the
Central Nervous System

1.3.1 Pathology and clinical course of multiple sclerosis

Multiple sclerosis (MS) is the most prevalent demyelinating disease of the CNS. It affects
twice as many women as men and typically presents in adults between the ages of 20 to 45.
While its aetiology is yet to be established, epidemiological studies suggest it arises from a
complex interplay between genetic and environmental factors.>** The comorbidity of other
immune-mediated disorders in patients diagnosed with MS and its association with the major
histocompatibility complex (MHC) genes have been interpreted as evidence that MS is an
autoimmune disease.>¢>7:58

The pathology of MS is characterized by the presence of inflammatory infiltrates within
the CNS and concomitant oligodendrocyte death, destruction of myelin, axonal loss and
gliosis.>>® These lesions are termed plaques and constitute the pathological hallmark of MS.
Plaques can occur in both eloquent and non-eloquent areas. Eloquent sites can present in the
optic pathways, brain stem, cerebellum or spinal cord and are associated with clinical symptoms
such as optic neuritis, paraesthesia, weakness and autonomic motor abnormalities. In contrast,
non-eloquent areas are restricted to other white-matter domains, in particular the cerebral
periventricular zones, and even the cerebral cortex, often remaining clinically silent.6%6263

The clinical course of MS is highly heterogeneous and uncharacteristic of neurological
diseases, instead resembling other auto-immune disorders.®* In approximately 85% of cases,
patients initially present with a relapsing-remitting MS (RRMS) phenotype in which symptomatic
episodes are interrupted by periods of recovery. Following 5 to 25 years, the majority of RRMS
patients develop a secondary progressive form of MS (SPMS) and the acute disabling events are
replaced with a slow but steady increase in symptom severity. However, in 10% of patients the
relapse-remission pattern is absent and symptoms gradually worsen since the beginning. This
clinical course is termed primary progressive MS (PPMS). An even smaller minority of individuals
presents with a progressive-relapsing form of the disease (PRMS), characterized by a steady
increase in symptom severity since onset and punctuated by sudden worsening episodes
without periods of remission.®®> A schematic representation of the possible disability patterns
over time is presented in Figure 1.7.
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Figure 1.7 — Schematic representation of the disability pattern over time in the clinical phenotypes of MS. Relapsing-
remitting MS, the most common clinical phenotype, is characterized by acute symptomatic attacks with recovery
periods in-between episodes. In primary progressive MS, a gradual progression of disability is present from onset.
Progressive-relapsing MS is characterized by a steady increase in disability but with acute disabling events. In
secondary progressive MS, an initial pattern of relapsing-remitting events is observed, which is then replaced with a
slow but steady progression in disability. Adapted from é5Lublin F.D. et al., 1996.

Cumulative axonal injury as a result of inflammatory demyelination and transection
eventually leads to permanent neurological disability in MS patients.®® Thus, all available
disease-modifying therapies with clinical benefit are immunotherapies aiming to restore a state
of immune tolerance in relapsing forms of MS (Table 1.2).5” However, these are only partially
effective and the challenge of addressing the progressive atrophy of demyelinated axons
remains.®®

Remyelination is an observable feature during the course of MS and is associated with
clinical remittances, although the extent to which it occurs is extremely variable between
individuals.®® This spontaneous process results in the histological appearance of “shadow
plaques”, which are characterized by the presence of irregularly thinner and shorter myelin
sheaths than would be expected for a given axon’s diameter (Figure 1.8).7%’! In theory,
regeneration could be achieved by post-mitotic oligodendrocytes that survive a demyelinating
event in spite of losing their myelin sheaths. However, studies have shown this is not the
case.”>’3 Instead, myelin repair involves the proliferation and migration of new cells from the
oligodendroglial lineage towards injured sites.”*’> Here, they must increase the expression of
Nkx2.2 and Olig2, two transcription factors conserved from developmental myelination, in order
to differentiate into functional oligodendrocytes.”® The majority of recruited oligodendrocytes
are derived from NG2* OPCs present in the parenchyma.”””® A smaller contribution arises from
adult NSCs present in the SVZ. Examination of human SVZ in post-mortem MS patient brains
revealed a two to three-fold increase in cell density and proliferation of progenitors committed
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to a glial fate.” Enhanced SVZ activation was also demonstrated in experimental autoimmune
encephalomyelitis, with mobilized cells generating oligodendrocytes and astrocytes in the

lesioned areas.®

Table 1.2 — Approved disease-modifying agents for the treatment of multiple sclerosis. There is currently no cure
for MS, but therapies exist for the reduction of relapses and management of symptoms.8!

Route of Administration

Mechanism of Action

Monoclonal antibody against CD52, a cell surface

Alemt b Int
emtuzuma ntravenous molecule especially present in T and B lymphocytes®?
Dimethyl fumarate Oral Shifts Th1 cell-based immunity to a Th2 cell response33
Fingolimod Oral Inhibits th? mlgre?tlon of Iym;?hocytes to the CNS, by
promoting their retention in the lymph nodes8*
. Binds to MHC molecules and competes with MBP/MHC
Glatiramer acetate Subcutaneous

for T cell-presentation®®

Interferon B-1a and B-1b

Intramuscular and
subcutaneous, respectively

Inhibits T-cell activation and proliferation, as well as
leukocyte migration across the BBB%®

Inhibits the proliferation of T and B lymphocytes,

Mitoxantrone Intravenous macrophages and other antigen-presenting cells and
promotes their apoptosisé’
Monoclonal antibody against a4-integrin, preventing
Natalizumab Intravenous the endothelial transmigration of lymphocytes to the
CNS88
Teriflunomide Oral Blocks the de novo synthesis of pyrimidines, thus

inhibiting the proliferation of T and B cells8®

Nevertheless, remyelination in MS patients is ultimately inefficient at preventing further
disability and the disease continues to progress.?® The mechanisms responsible for this failure
still remain to be completely elucidated, but it is understood that both non-disease-related and
disease-specific factors affect this process.’® For instance, age is known to decrease the

effectiveness of myelin repair by impairing OPC recruitment and differentiation. This is an

especially important aspect, since the course of MS typically spans several decades.®? In addition,

sustained demyelinating insults seem to deplete the available pool of OPCs.®** A more

important contribution, however, stems from environmental cues present in inflamed lesions
that inhibit the differentiation of OPCs into myelin-forming cells.®

10
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Figure 1.8 — Demyelination and remyelination in MS. These images correspond to transverse sections from the adult
rat cerebellar white matter, showing normally myelinated axons, demyelinated axons following injections of ethidium
bromide and remyelinated axons with thinner myelin sheaths.?1

1.3.2 Animal models of multiple sclerosis

Animal models of MS have been extremely important in deciphering the sequence of
events that underlie disease development. Since MS is a complex disorder, distinct clinical and
pathological aspects are usually recapitulated in different model systems. In the inside-out
paradigm, pathological events lead to axonal injury and neurodegeneration, leaving empty
myelin sheaths that are subsequently degraded. Conversely, in the outside-in model, loss of
trophic support following demyelination leaves the axons susceptible to damage. Autoimmune
and viral infection models to either neurons or oligodendrocytes are available to study both
pathways of CNS injury.

Experimental autoimmune encephalomyelitis (EAE) is the most extensively used animal
model of MS.” Incidentally, it was first described in humans as a rare complication of rabies
vaccination, developed by Pasteur in the late nineteenth century. The resulting paralysis,
histologically characterized by perivascular demyelination, was later proven to arise from an
autoimmune response triggered by rabbit spinal cord contaminants present in the vaccine.®
Based on this knowledge, Thomas Rivers developed EAE as an inflammatory demyelinating
animal model in 1933, following immunisation of rhesus monkeys with repeated inoculations of
rabbit brain extracts.%% Since then, active EAE has been induced in a variety of animals, notably
rodents, by immunisation with CNS tissue or myelin-derived peptides in combination with an
adjuvant, which stimulates the host’s immune response to the target antigen.°>192 Alternatively,
passive EAE can be induced in naive recipients by transfer of myelin-specific CD4* T cells from
donor animals. More recently, spontaneous EAE models have been established in transgenic
animals expressing genes that encode T cell receptors and immunoglobulins specific for myelin

proteins,103104

Studies using the EAE model of MS have dictated that following an initial priming and
activation in the peripheral lymphoid organs against myelin-specific antigens, CD4* T cell and
monocytes cross the blood-brain barrier (BBB) and invade the CNS parenchyma, initiating a pro-
inflammatory cascade.'® However, the most prevalent immune cell types in MS lesions are CD8*
T cells and macrophages, with CD4* T cells much less abundant.’% In this context, the viral
demyelinating model induced by infection with Theiler’'s murine encephalomyelitis virus (TMEV)
is a suitable alternative. TMEV, a single-stranded RNA virus from the Picornaviridae family, was

11
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first described in 1934 by Max Theiler following observation of spontaneous flaccid paralysis of
the hind legs in mice.%”1% This natural pathogen of mice can be divided into two subgroups,
GDVII and TO, based on their ability to damage the CNS. The GDVII subgroup consists of highly
virulent strains that cause fatal encephalitis in less than one week. However, infection with
strains from the TO subgroup produces a chronic progressive demyelinating inflammatory
disease, with the first lesions appearing 3 to 4 weeks following intracerebral inoculation.'® In
this MS model, neurological deficits resulting from demyelination depend on the immune

response mediated by CD8* T cells.11®

In addition to the well-established models discussed above, toxins are also suitable as
demyelinating agents. Toxin models, while not faithfully mimicking the complex aetiology of MS,
are nonetheless useful in the study of the mechanisms behind non-autoimmune-induced
demyelination and spontaneous remyelination.!!! In this context, demyelination can be caused
by focal application or systemic administration of the toxin. First described by Carlton in 1966,
the most common agent for systemic demyelination is cuprizone, a copper chelator which is
included in the animal’s diet at a concentration of 0.2%.''>!13 Copper is an essential metal ion
that serves as a cofactor for various metabolic enzymes and its concentration is therefore tightly
regulated inside cells. While the precise mechanism by which cuprizone induces demyelination
has not yet been deciphered, the most consensual hypothesis proposes that copper deficiency
impairs mitochondrial function, leading to increased oxidative stress to which oligodendrocytes
are particularly vulnerable.’**!'* Cuprizone ingestion in mice produces a highly reproducible
pattern of demyelination and after 5 to 6 weeks of treatment, the corpus callosum is almost
entirely void of myelin. Following this acute phase, extensive remyelination occurs within 3 to 4
weeks if cuprizone is removed from the diet. However, if dietary cuprizone consumption

persists, remyelination ultimately fails.'*

Numerous agents have been used to induce focal demyelination in animals, including 6-
aminonicotinamide, bacterial endotoxin, ethidium bromide and lysophosphatidylcholine (LPC),
also referred to as lysolecithin. 116117118119 The most commonly used of these is LPC and its
demyelinating capacity was first demonstrated in CNS tissue in vitro in 1950 by Morrison and
Zamecnik.'? The in vivo effect of LPC was tested at a concentration of 10 mg/ml in myelinated
nerve fibres in the sciatic nerve of adult mice in 1971 and in the white matter of the mouse
spinal cord in 1972 by Susan Hall. In both instances, an initial disruption of the myelin sheath
occurred within 30 minutes of LPC injection and a subsequent demyelinating lesion was
observed.’! Since then, a 1% solution of LPC in isotonic saline has been used to induce focal
demyelination in different areas of the CNS, including the striatum, spinal cord, optic nerve and
corpus callosum. 122123124125 Remyelination is an observable occurrence over the following weeks

at a rate dependent on the age of the animals.12:1%7

LPC is a minor phospholipid present in cell membranes and plasma and its production is
mediated by the action of phospholipase A, (PLA;). This enzyme catalyses the hydrolysis of an
ester bond at the sn-2 position of phospholipids, generating a lysophospholipid and a free fatty
acid, such as LPC and arachidonic acid, respectively.?®12 The metabolism of arachidonic acid by
cyclooxygenase and lipoxygenase generates eicosanoids, a known family of inflammatory
mediators.’3® On the other hand, LPC is rapidly metabolized by lysophospholipase and LPC-
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acyltransferase, lasting only shortly in vivo.'?® Although the demyelinating mechanism of LPC is
not completely established yet, myelin loss is thought to occur by dissolution into progressively
smaller vesicles, rather than as a secondary effect on oligodendrocytes.’*! Moreover, it can act
as a chemoattractant agent for immune cells, recruiting T cells, neutrophils, monocytes and
activating macrophages and microglia.1?>132133 These changes were accompanied by disruption
of the BBB, upregulation of vascular cell adhesion molecule-1 (VCAM-1) and intercellular
adhesion molecule-1 (ICAM-1), and release of chemokines and cytokines.'?*3* However, LPC-
induced demyelination is not an immune-mediated event, since it occurs in mice lacking both T
and B cells. In addition, efficient CNS remyelination is dependent on the action CD4* and CD8* T

cells.r®®

More recently, LPC has also been applied to organotypic slices to study the process of de-
and remyelination.136137.138139 These ex vivo systems preserve CNS explants in long-term cultures
which maintain the critical features of in vivo studies, namely functional synaptic circuitry and
conserved cytoarchitecture, while also allowing control over the extracellular milieu.*® These
aspects are extremely useful in the development of novel active compounds through functional
screening without resorting to whole animal studies.!*®%4! Specifically in the context of MS, ex
vivo systems enable the monitoring of the myelin repair process in a more immune-restricted
environment, thus providing a method for testing the efficacy of a potential remyelinating
therapy.'#** Furthermore, organotypic brain slices have been successfully used in the study of

adult neurogenesis, both in the hippocampus and in the Svz.144145146,147

1.4 Adenosine receptors: a potential target in the treatment of multiple
sclerosis

1.4.1 The dual action of adenosine in the Central Nervous System

Adenosine is an endogenous purine nucleoside present in every cell, where it serves as a
building block of important molecules involved, for instance, in energy metabolism and signal
transduction.® It is predominantly produced from the catabolism of adenosine triphosphate
(ATP).2® Intracellular synthesis occurs by dephosphorylation of adenosine 5’-monophosphate
(AMP) in a reaction catalysed by cytosolic endo-5'-nucleotidases. An alternative source of
intracellular adenosine also arises from the hydrolysis of S-adenyl-L-homocysteine (SAH).?>0151
Subsequently, adenosine can follow several synthetic pathways or be transported out of the cell.
In addition, adenosine can also be generated extracellularly from ATP by the action of several
enzymes, including ecto-5’-nucleotidase. Since the intracellular concentration of ATP is fifty
times higher than AMP’s, a small imbalance in the metabolism of ATP leads to a substantial
increase in the concentration of AMP. As a result, the intracellular generation of adenosine from
cytosolic ATP is considered to represent a sensitive signal of metabolic stress.'>?

In contrast to ATP, adenosine is not traditionally described as a neurotransmitter because
it is neither stored nor delivered through synaptic vesicles upon arrival of an electrical impulse.
Instead, its release in the nervous system is primarily mediated by the action of equilibrative
nucleoside transporters (ENTs) in which the direction of transport depends on the concentration
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gradient between the cytoplasm and extracellular space.’>® However, recent evidence showed
that adenosine is also released upon electrical stimulation by a calcium-dependent and
tetrodotoxin (TTX)-sensitive mechanism, thus suggesting a possible vesicular loading of
adenosine into synaptic vesicles.™ In the extracellular space, adenosine is present at low
concentrations and its accumulation in response to metabolic stress and injury acts through a
regulatory loop to preserve tissue homeostasis by inhibiting cell metabolism.?>>156:157
Additionally, it influences synaptic transmission at the pre- and postsynaptic level by inhibiting

or facilitating neurotransmitter release and de- or hyperpolarising neurons,
158,159

respectively.
Adenosine is thus classified as a neuromodulator.

Adenosine exhibits a dual role in the nervous system as a homeostatic regulator and a
neuromodulator at the synaptic level, through activation of four metabotropic G-protein
coupled receptors (GPCRs): A1, Aza, A2z and A3.° These receptor subtypes are also known as P1
purinergic receptors and their activation mostly modulates the activity of adenylyl cyclase (AC),
an enzyme which catalyses the conversion of adenosine triphosphate (ATP) to cyclic adenosine
3’,5’-monophosphate (cAMP) and pyrophosphate (PP;).}*! cAMP is an important second
messenger which upon binding to its main effector — protein kinase A (PKA) — induces the
dissociation of the catalytic and regulatory subunits of the latter. Substrates for the catalytic
subunits of PKA include metabolic enzymes and transcription factors, such as the cAMP-

response element-binding protein (CREB). cAMP-independent transduction pathways, such as

phospholipase C (PLC) and phosphoinositide 3-kinase (PI3K), can also be involved (Figure 1.9).
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Figure 1.9 — Adenosine receptor signalling pathways. Stimulation of A;R and AsR inhibits AC through activation of
Gi/o proteins and induces PLC-mediated synthesis of inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) via Gg,
subunits. In neurons, A;Rs can also activate K* channels. Activation of A;aR and AsR increases the intracellular
concentration of cAMP through Gg/oi-mediated stimulation of AC. A;aR can also lead to formation of inositol
phosphates under certain circumstances. AxgR-induced stimulation of PLC occurs through Gq proteins. All four
subtypes of ARs can couple to mitogen-activated protein kinase (MAPK), thus giving them a role in cell proliferation,
differentiation and apoptosis.162
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The A; receptor (AiR) is the most abundant of the adenosine receptors (ARs) in the CNS,
being highly expressed in the neocortex, cerebellum, hippocampus and dorsal horn of the spinal
cord.'® Activation of this high affinity receptor mediates the Gi,-dependent inhibition of AC,
thus decreasing the intracellular concentration of cCAMP.1%416> The Ay receptor (A2aR) exhibits a
widespread distribution in the brain and it is extensively expressed in the olfactory bulb, nucleus
accumbens and striatopallidal GABAergic neurons.166:167.168.169 Simjlarly to the A;R, it is also a high
affinity receptor but its activation leads to an increase in intracellular cAMP concentration
through Gs/Gor-dependent AC stimulation.?”® The Az receptor (AzsR) has a low expression level
in the brain and is positively coupled to both ACand PLC through activation of Gs and Gq proteins,
respectively. 1172173 |t js a low affinity receptor and thus remains silent under physiological
conditions, becoming activated when the extracellular concentration of adenosine increases.'’*
The A; receptor (AsR) has relatively low levels of expression in the brain and is more abundant
in the hippocampus and cerebellum.>7¢ |ts activation stimulates PLC and leads to a decrease

in cAMP through inhibition of AC.Y”7 All ARs are expressed in both neurons and glia.t’®17°

The synthesis of agonists and antagonists specific for ARs has been a subject of medicinal
chemistry in the last four decades. In this context, structure-activity relationship studies of these
ligands were crucial to ascertain the biological effects of each AR subtype. Most agonists were
designed as derivatives of the adenosine molecule with modifications at the adenine subunit.
Similarly, the majority of AR antagonists were developed as analogues of xanthines, a class of
compounds to which caffeine belongs (Figure 1.10).1&
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Figure 1.10 - Structural similarity between natural and synthetic ligands of adenosine receptors. CGS21680, a
selective agonist of the AR (Ki=27 nM), presents a phenylethyl group at the N2-position of the adenosine molecule.
The triazolotriazine ZM241385, a selective antagonist of the AaR (Ki=1.6 nM), is closely related to caffeine.162.180

A,a receptors activate several intracellular signalling pathways. As previously mentioned,
A,aR activation promotes the intracellular increase of cAMP, primarily through coupling to
members of the G subfamily. In the striatum, however, the production of cAMP through AR
activation was shown to be dependent on its interaction with G, the olfactory isoform of the
stimulatory G-protein alpha subunit.’® cAMP produced by downstream GPCR-activation of AC
stimulates three main effectors: PKA, the guanine-nucleotide exchange factor EPAC and cyclic-
nucleotide-gated ion channels. The most relevant of these is PKA, a heterotetramer composed
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of two regulatory and two catalytic subunits which is involved in a wide variety of cellular
processes, including metabolism and proliferation. The binding of two molecules of cAMP to
each regulatory subunit releases the catalytic subunits, which are now free to phosphorylate
serine and threonine residues of target proteins. Some of these are metabolic enzymes and the
phosphorylation of glycogen synthase and acetyl CoA carboxylase inhibits glycogen and lipid
synthesis, respectively.'® The catalytic subunits of PKA can also translocate to the nucleus,
where they phosphorylate nuclear targets, such as the cAMP response element binding protein
(CREB).2 This transcription factor binds to DNA sequences termed cAMP response elements
(CRE) and regulates the expression of downstream genes, namely those involved in neuronal
plasticity and long-term memory potentiation (LTP).18418

In addition to the cAMP/PKA pathway, AaR activation also modulates the MAPK signalling
cascade.'® MAPKs are serine/threonine protein kinases which phosphorylate target substrates
implicated in the regulation of cell proliferation, survival and differentiation.®”8 Finally,
activation of A, receptors also stimulates the phosphatidylinositol-3-kinase (PI3K) signalling
pathway.'® PI3Ks constitute a family of enzymes capable of phosphorylating the 3’-OH group of
phosphatidylinositol molecules present in the plasma membrane.’® These phosphorylated
inositol lipids activate various signalling proteins and phosphatidylinositol 3,4,5-trisphosphate
(PIP3) in particular anchors protein kinase B (PKB), a serine/threonine kinase also known as Akt,
to the plasma membrane.'®! Downstream effectors of the PI3K/Akt pathway are involved in the
regulation of cell proliferation, survival and differentiation.'®? For instance, the activity of pro-
apoptotic proteins Bax and Bad is inhibited by PKB.!®® NF-kB, a transcription factor which
regulates the expression of anti-apoptotic proteins Bcl-2 and Bcl-Xy, is also an important effector
of the PI3K/Akt signalling pathway.%

1.4.2 Adenosine receptors in the pathogenesis of multiple sclerosis

The development of both MS and EAE has been associated with dysregulation of the
adenosinergic system. A;R protein expression is significantly decreased in peripheral blood
monocytes and brain macrophages in MS patients, potentially leading to increased activation of
these cells and subsequent CNS inflammation.’*>*® In the animal model, A;R null (A;R7?) mice
developed a more severe form of EAE compared to wild-type (WT) (A:R**) littermates, which
was characterized by exacerbated demyelination, axonal injury and increased activation of
microglia and macrophages.'®” Chronic treatment with caffeine, a non-selective antagonist of all
subtypes of ARs, was shown to attenuate EAE in both mice and rats by upregulating AiR
expression in microglia.’®” 1% Furthermore, high consumption of coffee has been associated with
a lower risk of developing MS in two independent case-control studies in humans.'*®

The exact role of the A;aR in MS pathology remains ambiguous. This receptor is regarded
as the major mediator of adenosine’s anti-inflammatory effects. Its activation supresses key
events underlying immune responses, including leukocyte recruitment, pro-inflammatory
cytokine production and cell proliferation.20%201.202203 Eyrthermore, AxaR upregulation was
observed in lymphocytes from MS patients and in vitro stimulation inhibited the release of the
pro-inflammatory cytokines IL-1B, IL-6, IL-17, TNF-a. and IFN-y.2%* Expression of A;aRs is also
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increased in cerebral white matter of patients presenting with the SPMS form of the disease,
but the significance of this is yet to be unveiled.?® Surprisingly, a study showed that blockage of
the AzaR protected WT mice from EAE induction, most likely by hindering lymphocyte entry to
the CNS.%°® However, the most recent evidence on this matter suggests that the AR plays a
dual and complex role in the progression of EAE. In this animal model, A;aRs were also found to
be upregulated in the CNS, especially in T cells and macrophages/microglia within the inflamed
tissue. Preventive treatment in WT animals with an A,aR-specific agonist delayed the onset of
symptoms, while A;aR activation starting at the peak of EAE exerted the opposite effect and
instead worsened the clinical phenotype. Accordingly, A;aR knockout mice showed accelerated
disease progression and an exacerbated phenotype in the earlier stages. Following this initial
period, A2aR” mice quickly recovered to a disease level equivalent to that of WT animals, even

exhibiting decreased myelin debris accumulation.?”’

As previously mentioned, the AR is a low affinity receptor with reduced levels of
expression in brain. While its role in MS remains unknown, it has been demonstrated that
antagonism of this receptor ameliorates EAE pathogenesis by inhibiting Th17 differentiation
through reduction of IL-6 expression.?® The involvement of the AsR in the pathology of MS and
EAE is also undetermined. Activation of this receptor has been implicated to mediate the
suppression of TNF-a production in microglia following lipopolysaccharide (LPS)-induced
inflammation.?”® However, neutralization of TNF-o. was shown to be detrimental rather than

beneficial to MS patients.?%2!

1.4.3 Adenosine receptors in the process of oligodendrogenesis

A promising therapeutic strategy in the treatment of MS involves the recruitment of OPCs
and their functional maturation in demyelinated sites. In this context, ARs constitute a potential
pharmacological target. OPCs express all four subtypes of ARs and adenosine was shown to
inhibit cell proliferation, instead promoting their differentiation towards pre-myelinating 04*
oligodendrocytes in a concentration-dependent manner following action potential firing.2*2
Furthermore, A;R activation stimulated OPC migration in vitro.?'® In contrast, activation of Az
receptors was discovered to inhibit the differentiation of OPCs isolated from the rat cortex, since
treatment with CGS21680 increased the percentage of NG2* OPCs while decreasing 04" pre-
OLGs and MAG* myelinating oligodendrocytes, without affecting cell viability or proliferation.?*
Thus, adenosine appears to act in vitro as a dual modulator of cortical oligodendrogenesis
through activation of A; and A;a receptors.

The SVZ constitutes a long-lasting source of OPCs in the adult mammalian brain. A study
has shown that AiR activation inhibited postnatal neurogenesis by promoting SVZ-derived
astrogliogenesis as assayed in neurosphere cultures.?'®> However, previous data from our group
demonstrated that activation of the A;aR stimulates SVZ-derived oligodendrogenesis in the
context of the neurosphere assay, without affecting cell death or proliferation. In particular,
pharmacological treatment of SVZ neurospheres with the A;sR agonist CGS21680 (30 nM)
increased the number of Olig2*, NG2*, GalC* and MBP* cells. This outcome was blocked by co-
incubation with the A,aR antagonist ZM241385 (50 nM).*’
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1.5 Aims

MS is a disease with a profound social impact, since it predominantly affects young adults
with progressive neurological disability. Current therapeutic strategies target exclusively its
immune component and are, thus, only partially effective as disease continues to advance while
typically remaining refractory to non-relapsing-remitting subtypes. During the clinical course of
MS, attempts at remyelination occur and new oligodendrocytes are generated from two main
sources: OPCs present in the brain parenchyma and a minority from neural stem cells present in
the SVZ along the lateral ventricles. As a result, a possible approach in the treatment of MS
consists in promoting the remyelination process through increased OPC recruitment, while also
facilitating their differentiation into fully mature cells in inflamed sites.

Numerous studies have demonstrated the involvement of the adenosinergic system in
the pathogenesis of MS. In particular, A; and A,x adenosine receptors regulate the immune
response following a demyelination event. OPC migration and differentiation in injured areas
also appears to be modulated by these receptors. Indeed, results from our group demonstrated
that A;aR activation stimulates SVZ-derived oligodendrogenesis in the neurosphere assay
paradigm, without affecting either cell death or proliferation. Thus, the aim of this work was to
evaluate whether activation of A;aRs can promote the generation of oligodendrocytes from the
SVZ. For this purpose, two experimental approaches were conducted and the role of A;aRs in
SVZ oligodendrogenesis was studied both in vivo, under physiological conditions, and ex vivo,
following a demyelinating insult with LPC.
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2.1 Ethics statement

All the experiments were performed according to European guidelines for the care and
use of laboratory animals (86/609/EEC; 2010/63/EU; 2012/707/EU) and Portuguese law (DL
113/2013) concerning the protection of animals for scientific purposes.

2.2 Invivo studies

Six-week old adult Wistar rats were implanted with a mini-osmotic pump (Alzet 2004,
DURECT Corporation, Cupertino) that was connected to a cannula in the right lateral ventricle
(Figure 2.1). Mini-osmotic pumps were filled with artificial cerebrospinal fluid, aCSF (148mM
NaCl, 3mM KCl, 1.4mM CaClz, 0.8mM MgCl,, 1.5mM Na;HPO4 and 0.2mM NaH,P0,) containing
100nM CGS21680 or with only aCSF, as vehicle (control), with a blunt sterile syringe. The flow
moderator, the catheter tube and cannula were assembled to the mini-osmotic pump with
surgical glue and the whole drug delivery system was then submerged in sterile saline solution
(0.9% NaCl) for 48h at 37°C, in order to ensure a constant pumping prior to pump implantation.
Cannulas were inserted in the lateral ventricle of the right hemisphere at the following
coordinates: anterior-posterior: -0.4mm, medial-lateral: 1.2mm, dorso-ventral: 3.5mm, having
the bregma as a reference. This system delivered CGS21680 (100 nM) or the aCSF at a
continuous flow rate of 0.25ul/h for 28 days without restraining the animals. Control rats were
infused with aCSF only. Following 28 days, animals were sacrificed in order to evaluate cell
proliferation, migration and differentiation. To study cell proliferation, rats received two
intraperitoneal injections of 5-bromo-2’-deoxyuridine (BrdU, 100 mg per kg of body weight) in
the final day of drug administration at 2-hour intervals. Following the last injection, animals were
sacrificed.®’ In contrast, to assess cell migration and differentiation, animals were injected
intraperitoneally with BrdU (100 mg per kg of body weight) twice daily, at 12-hour intervals, in
the first three days after surgery.?’® BrdU was dissolved in a sterile solution of 0.9% NaCl and
1.75% NaOH (0.4M) and administered at 37°C.
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Figure 2.1 — Schematic representation of the experimental protocol employed in the in vivo study of SVZ-derived
oligodendrogenesis. A. Pump loading with CGS21680 (100 nM) in aCSF or aCSF only for control animals with a sterile
syringe. B. Assembling the pump flow moderator, catheter tube and cannula. C. Pieces were fixed with surgical glue
and submerged in sterile saline solution for 48 hours at 37°C for priming. D. The implantation place was set by
exposing the skull with a rostro-caudal incision and drilling a hole with precisely the same diameter as the cannula’s
in the right lateral ventricle. E. Experimental design followed for 28 days to study oligodendrogenesis derived from
the SVZ, using two BrdU-labelling paradigms to evaluate cell proliferation and differentiation. Adapted from 217Eiriz,
PhD Thesis, 2013.

2.2.1 Tissue processing and immunohistochemistry

The procedures regarding surgery, brain fixation and cryosectioning were performed by a
PhD student at our group before the start of this master’s thesis. Briefly, animals underwent
transcardial perfusion under deep anaesthesia with phosphate-buffered saline (PBS) and 4%
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paraformaldehyde (PFA). Brains were removed, post-fixed in the same fixative agent and then
incubated with 15% and 30% sucrose solutions at 4°C overnight. Subsequently, tissue was
embedded in gelatin and cryosectioned into 30-um-thick coronal serial slices containing the
subventricular zone (SVZ), rostral migratory stream (RMS) and olfactory bulb (OB) collected from
the contralateral brain hemispheres to perform immunohistochemistry assays. Coronal sections
were collected in 10 series on top of Superfrost laminas, each series containing an anterior-
posterior reconstruction of the brain formed by sections separated by 300 um. Serial sectioning
allows the visualization of the SVZ’s, RMS’s and OB’s complex morphology and architecture in a
single series, while also permitting the unbiased estimation of volume of a brain region of
interest and the number of cells within it.>#

Slices from a complete series were rinsed three times with 0.1 M phosphate buffer (PB,
0.081M of Na;HPO, and 0.019M of NaH,P0O,4) at 37°C to remove the gelatin, followed by
incubation with hydrochloric acid 2M at the same temperature for 20 minutes to denature DNA
and expose the BrdU epitope for antibody labelling. Neutralization was then carried out with
0.1M borate buffer (pH 8.5) for 10 minutes. Slices were washed two times with PB and incubated
with blocking solution containing 10% fetal bovine serum (FBS) and 0.2% Triton x-100 in PB for
one hour. Subsequently, slices were incubated overnight with the primary antibodies (Table 2.1)
diluted in the same blocking solution at room temperature.

Table 2.1 - Primary antibodies and respective working dilutions used in immunohistochemical staining for the in
vivo experiments

Antigen Species Company Dilution Reference

BrduU
Mouse Dako 1:1000 MO0744
(bromodeoxyuridine)

DCX

Goat .Sa”ta Crluz 1:500 5c-8066
(doublecortin, C-18) Biotechnology
GFAP
Mouse Millipore 1:500 MAB360
(glial fibrillary acidic protein)
Ibal
(ionized calcium-binding adapter Goat Abcam 1:500 AB5076
molecule 1)
Nestin Mouse Abcam 1:500 AB6142
NeuN Rabbit Cell Signaling 1:500 D3S3I
Olig2 Rabbit Millipore 1:1000 AB9610
Sox2
Rabbit Millipore 1:1000 AB5603

(sex determining region Y-box 2)
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Sections were then rinsed three times with 0.1% Triton x-100 in PB (PBT) and incubated
with the respective secondary antibodies (Table 2.2) for two hours at room temperature.
Following one wash with PBT, nuclei were counterstained with DAPI (1:1000). Slices were rinsed
two more times with PBT and once with PB before being mounted in Mowiol medium for
fluorescence imaging.

Table 2.2 — Secondary antibodies and respective working dilutions used in the immunohistochemical analysis for
the in vivo experiments

Antibody Species Company Dilution Reference

Alexa Fluor 488 anti-goat Donkey Life Te.chnologl|es, .T.hermo 1:1000 A11055
Fisher Scientific
Life Technologies, Th

Alexa Fluor 488 anti-rabbit Donkey e e.c no og.les,_ . ermo 1:1000 A21206
Fisher Scientific

Alexa Fluor 568 anti-mouse Donkey Life TthnoIogles, .T.hermo 1:1000 A10037
Fisher Scientific

Alexa Fluor 568 anti-rabbit Donkey Life TthnoIogles, .T.hermo 1:1000 Al0042
Fisher Scientific

2.2.2 Microscopy and cell counting

Fluorescence imaging was performed in two Point Scanning Confocal Microscopes: Zeiss
LSM 710 and Zeiss LSM 880. Z-stacks at 2-um intervals were collected using a 40x objective with
a digital zoom of 0.6 and a 1024x1024 resolution.

Cell counting was performed in the SVZ, RMS and randomly selected fields in the granule
cell layer of the OB (Figure 2.2). Stereological probes with rectangular frames consisting of two
red (rejection) and green (acceptance) lines were manually drawn in serial sections of the OB to
count the number of cells.?*® Zen and Fiji software was used for subsequent image analysis,
including area measurements in the designated regions. Volume was estimated by multiplying
slice thickness (30 um) with the area of interest in the respective maximum intensity projection.
An extrapolation of total SVZ and RMS volume was performed according to Cavalieri’s principle,
which states that any volume can be estimated without bias by multiplying the sum of profile
areas of the brain region of interest with the distance between sections cut at consistent

intervals.®
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Figure 2.2 — Cell counting in the SVZ, RMS and OB. A. Double-labelled cells for BrdU and Olig2 were counted in
coronal sections containing the right lateral wall of the SVZ and RMS. B, C. Stereological probes with counting frames
consisting of two rejection (red) and acceptance (green) lines were manually drawn in randomly selected fields of the
OB.

2.2.3 Statistical analysis

Data are expressed as mean * standard error of the mean (SEM). Results obtained from
control and experimental groups were analysed using an unpaired Student’s t-test, with p<0.05
considered to represent statistical significance. GraphPad Prism software (version 6.01) was
used for the analysis of parametric data.

2.3 Forebrain organotypic slice cultures

To study the role of Aa receptors during a demyelinating event, forebrain organotypic
slice cultures containing the SVZ and corpus callosum (CC) were prepared per the interface
method. Briefly, the brains of Sprague-Dawley rats were removed following decapitation and
400 um-thick coronal slices were obtained using a Mcllwain tissue chopper. While rinsed in ice-
cold modified Gey’s balanced salt solution (GBSS, Gibco) with 1% D-glucose (Sigma), two slices
were carefully separated and placed in each semi-porous membrane insert (Millipore). Cell
culture inserts were kept in six-well trays, each with 1 ml of medium, at 37°C in a controlled
atmosphere of 5% CO; (Figure 2.3).

Semi-porous
membrane

Medium

Figure 2.3 — Experimental procedure for obtaining forebrain organotypic slices containing the SVZ and CC. Brains
were cut into coronal sections and slices containing the SVZ and CC were isolated and placed onto semi-porous
membrane inserts for culturing. Adapted from 21°Armentano et al., 2011.
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Two experimental designs with forebrain organotypic cultures were performed in rats of
different ages, the first with P9 and the second with P14 animals. In protocol 1 (Figure 2.4),
isolated slices were maintained in 50% minimal essential media (MEM, Gibco), 25% of heat-
inactivated horse serum and Earle’s balanced salt solution (EBSS, Gibco), 25 mM HEPES, 36 mM
D-glucose, 1% L-glutamine and 1% antibiotic-antimycotic (Sigma). This MEM medium was
renewed in the first day in vitro (DIV 1) and replaced at DIV 4 by a chemically defined serum-free
Neurobasal-A medium (NB-A, Gibco), supplemented with 25 mM HEPES, 36 mM D-glucose, 2%
B-27, 1% L-glutamine, 1% antibiotic-antimycotic (Sigma). NB-A medium was renewed at DIV 6
and slices were incubated with 0.5 mg/ml of lysophosphatidylcholine (LPC, Sigma) in ethanol at
DIV 7 for 18 hours.'® Slices were then incubated with the A2aR agonist CGS21680 (30 nM, Tocris)
and/or antagonist ZM241385 (50 nM, Tocris) in NB-A medium for 36 hours, following which
fixation was performed.

Fixation

Serum-containing medium Serum-free medium LPC incubation Administration of CG521680 and/or ZM241385

18 hours 36 hours
DIVO DIV 4 DIV7 DIV 8 DIV9

Figure 2.4 — Schematic representation of the culturing protocol 1 using P9 rats. In the first experimental design,
forebrain organotypic slices were placed in serum-containing medium for four days, which was then replaced with
serum-free medium for three days. Incubation with LPC in serum-free medium for 18 hours followed, after which
slices were treated with the A;aR agonist CGS21680 (30 nM) or antagonist ZM241385 (50 nM) for 36 hours.

In protocol 2 (Figure 2.5), slices were isolated and maintained in MEM for one day.
Medium was changed to NB-A the next day and slices were incubated with 0.5 mg/ml of LPC for
18 hours. At DIV 2, medium was renewed and treatment with the AR agonist CGS21680 (30
nM, Tocris) and/or antagonist ZM241385 (50 nM, Tocris) for 36 hours followed, after which
fixation was performed.

Fixation

Serum-containing medium LPC incubation Administration of CG521680 and/or ZM241385

18 hours 36 hours
DIVO DIV1 DIV 2 DIV 3

Figure 2.5 — Schematic representation of the culturing protocol 2 using P14 rats. In this experimental design, slices
remain only one day in serum-containing medium before being incubated with LPC in serum-free medium for 18
hours. Slices were then treated with the A;aR agonist CGS21680 (30 nM) or antagonist ZM241385 (50 nM) for 36
hours.

2.3.1 Tissue processing and immunohistochemistry

Slices were fixed for one hour with 4% PFA diluted in PBS at room temperature, followed
by one-hour incubations in 10% and 20% sucrose solutions. Finally, slices were kept at 4°Cin a
30% sucrose solution in PBS until immunostaining was performed.
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2. Methods

Following fixation, membranes containing tissue sections were cut from cell culture
inserts and put in 24-well plates. Following two PBS washes, slices were incubated in blocking
solution (5% horse serum, 5% FBS and 1% Triton x-100 in PBS) for three hours at room
temperature with gently agitation on an orbital shaker, ensuring blocking and permeabilization
of the tissue in a single step. Subsequently, sections were incubated with the primary antibodies
(Table 2.3) diluted in blocking solution (5% horse serum, 5% FBS and 0.2% Triton x-100 in PBS)
for one day at 4°C.

Table 2.3 — Primary antibodies and respective working dilutions used in the immunohistochemical analysis of
forebrain organotypic slices

Antibody Company Dilution Reference

Rabbit anti-MBP D8X4Q

Cell Signaling 1:200

(myelin basic protein)

Mouse anti-GFAP MAB360

Millipore 1:750

(glial fibrillary acidic protein)

Goat anti-lbal AB5076

(ionized calcium-binding adapter Abcam 1:750

molecule 1)
M ti-BrdU MO0744
ouse anti-erd Dako 1:1000 0
(bromodeoxyuridine)
Rabbit anti-NeuN Cell Signaling 1:750 D3S3lI

Rabbit anti-GFAP G9269

Sigma 1:750

(glial fibrillary acidic protein)

Mouse anti-MAP2 M44C3

Sigma-Aldrich 1:250

(microtubule-associated protein 2)

Rabbit anti-Olig2 Millipore 1:750 AB9610

Slices were then rinsed three times with 0.1% Triton x-100 in PBS (PBST) and incubated
with the respective conjugated secondary antibodies (Table 2.4) for one day at 4°C. Following
three washes in PBST, nuclei were stained with DAPI (1:1000), rinsed and mounted in Mowiol
medium.

25



2. Methods

Table 2.4 — Secondary antibodies and respective working dilutions used in the immunohistochemical analysis of
forebrain organotypic slices.

Antibody Species Company Dilution Reference

Alexa Fluor 488 anti-goat Donkey Life Te.chnolog.les,_'l'_hermo 1:1000 A11055
Fisher Scientific

Alexa Fluor 488 anti-rabbit Donkey Life Te.chnologl|es, .T.hermo 1:1000 A21206
Fisher Scientific

Alexa Fluor 568 anti-mouse Donkey Life Te.chnolog.les,_'l'_hermo 1:1000 A10037
Fisher Scientific

Alexa Fluor 568 anti-rabbit Donkey Life Te.chnologl|es, .T.hermo 1:1000 A10042
Fisher Scientific

2.3.2 Microscopy

To study the role of A;aRs in oligodendrogenesis within the parenchyma and SVZ following
a demyelinating insult with LPC, whole-mount imaging of forebrain slices was performed in the
Leica Z6 APO Macroscope and in the Widefield Fluorescence Microscope Zeiss Axio Observer.
For the purpose of widefield imaging of MBP immunofluorescent staining, the intensity of the
HXP-120 light source and exposure time in the channel of interest were kept at 79.16% and 150
milliseconds, respectively, in every experiment. Area and fluorescence intensity measurements
were performed in the CC region using Zen and Fiji software. Corrected total fluorescence
intensity measurements were performed by subtracting the background noise in three distinct
areas to the integrated density of MBP-staining in the CC. Additionally, representative images of
CNS cell types in these slices were acquired with the Point Scanning Confocal Microscope Zeiss
LSM 880 using a 20x objective and a digital zoom of 2.0.

2.3.3 Statistical analysis

Data are expressed as mean * SEM. Results obtained from control and experimental
groups were analysed using a one-way analysis of variance (ANOVA) followed by Bonferroni’s
multiple comparison test and an unpaired Student’s t-test, with p<0.05 considered to represent
statistical significance. GraphPad Prism software (version 6.01) was used for the analysis of
parametric data.
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3. Results

The putative modulatory role of A;aRs in rat subventricular zone (SVZ) oligodendrogenesis
was investigated using in vivo and ex vivo approaches. In the in vivo studies, the proliferation of
Olig2*BrdU" cells in the SVZ and their migration along the rostral migratory stream (RMS) to the
olfactory bulb (OB) were evaluated under physiological conditions. Moreover, in the ex vivo
experiments the ability of OPCs, within the parenchyma and SVZ, to remyelinate the corpus
callosum (CC) following a demyelinating insult with lysophosphatidylcholine (LPC) was explored.

3.1 Invivo studies

3.1.1 The expression of SVZ cellular markers is not altered following activation of Aza
receptors

The postnatal SVZ is characterized by the expression of specific cellular markers, as
described in the introduction chapter. A qualitative characterization of the SVZ region was
performed by immunohistochemical analysis against different cell markers.

CGS21680 (100 nM) CGS21680 (100 nM)

DAPI  Nestin DAPI Sox2 GFAP DAPI Ibal DAPI DCX NeuN

€GS521680 (100 nM) €GS521680 (100 nM) 20 ym

Figure 3.1 — The expression of SVZ cellular markers is not altered following activation of A,x receptors with
CGS21680 (100 nM). Representative confocal microscopy images of SVZ molecular markers in control and treated
animals, where nuclei were stained with DAPI (blue), immature cells with nestin (red) and Sox2 (green), astrocytes
with GFAP (green), microglia with lbal (green), immature neurons with DCX (green) and mature neurons with NeuN
(red). Abbreviations: DCX doublecortin, GFAP glial fibrillary acidic protein, Ibal ionized calcium-binding adaptor
molecule 1, Sox2 sex determining region Y-box 2.
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3. Results

Continuous administration of the AR selective agonist CGS21680 (100 nM) during 28
days induced no observable effect in the expression of the intermediate filament Nestin, present
in B1 astrocytes and transit-amplifying C cells.?2° Similarly, sex determining region Y-box 2 (Sox2),

221 “and glial fibrillary acidic

a transcription factor involved in the self-renewal capacity of NSCs
protein (GFAP), an intermediate filament expressed in astrocytes???, was also present in both
control and treated animals. The expression of ionized calcium-binding adaptor molecule 1
(Ibal), an actin-binding protein specific of microglia/macrophages®%, is not altered in the SVZ
following administration with CGS21680. Finally, doublecortin (DCX), a microtubule-associated

224

protein unique to neuroblasts??*, and NeuN, a marker of mature neurons?%, are also similarly

expressed in control and CGS21680-treated animals (Figure 3.1).

3.1.2 Olig2*BrdU* cells migrate out of the SVZ along the RMS to the OB under
physiological conditions

Proliferation and migration/differentiation of SVZ NSCs promoted by AR activation was
studied using two different protocols of BrdU administration. To evaluate proliferation, animals
received two BrdU injections in the last day of pharmacological treatment. In contrast to the
paradigm used to evaluate proliferation in the SVZ, BrdU injections in the first three days of
experimental course allowed the study of cell migration of double-labelled NSCs for Olig2, a
transcription factor which is expressed throughout the oligodendroglial lineage, from immature
to myelin-forming oligodendrocytes, and BrdU. Although a minority of these are found within
the striatum and corpus callosum, most Olig2*BrdU* cells born in the SVZ travel to the OB along
the RMS under physiological conditions (Figure 3.2).
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3. Results

DAPI Olig2 BrdU

Figure 3.2 — The majority of Olig2*BrdU* cells migrate along the RMS to the OB under physiological conditions.
Representative images obtained by confocal microscopy of Olig2* (green) and BrdU* (red) cells, with DAPI (blue)
allowing the visualization of nuclei. Most Olig2*BrdU* cells from the SVZ travel through the RMS (A) until reaching the
OB (B), while a minority migrates to the striatum surrounding the SVZ (C) and to the CC (D). Scale bar, 20 um.

Their migration out of the SVZ becomes evident when comparing the number of cells
double-labelled for Olig2 and BrdU in the SVZ of animals subjected to the proliferation versus
differentiation protocols. By normalizing the data to control rats from the proliferation
paradigm, a drastic reduction was observed in the number of Olig2*BrdU* cells per volume of
SVZ in control animals from the differentiation protocol (control-proliferation: (6.32+1.01) x 10°
3 mm3; control-differentiation: (2.69+0.2) x 10*mm3) (Figure 3.3.A). By expressing this data as
a percentage of the control-proliferation mean, a reduction of 95.7%+16.1 was observed in the
number of Olig2*BrdU* cells (control-proliferation: 100.0%+16.1; control-differentiation:
4.3%%0.4, N=3, **p=0.0040) (Figure 3.3.B). Furthermore, a significant decrease in the number
of Olig2*BrdU* cells between proliferation and differentiation protocols in rats administered
with CGS21680 was also observed (CGS21680-proliferation: (2.15+0.54) x 10~ mm™3; CGS21680-
differentiation: (3.06+0.27) x 10* mm3) (Figure 3.4.A). Similarly, by expressing this data as a
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3. Results

percentage of the control-proliferation mean, a difference of 29.2%+8.6 was observed in the
number of Olig2*BrdU" cells between proliferation and differentiation protocols following AzaR

activation (CGS21680-proliferation: 34.0%+8.6; CGS21680-differentiation: 4.8%+0.4; N=3,
*p=0.0273) (Figure 3.4.B).
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Proliferation Protocol -SVZ Differentiation Protocol - SVZ
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Figure 3.3 — Olig2*BrdU* cells migrate out of the SVZ in control animals. Bar graphs depict the number of Olig2*BrdU*
cells expressed per volume of SVZ in mm3 (A) and as a percentage of the control-proliferation mean (B). Data are
expressed as mean + SEM from three animals per group. Statistical significance was assessed by an unpaired Student’s
t-test for comparison with the control: **p<0.01. Representative images obtained by confocal microscopy of Olig2*
(green) and BrdU* (red) cells in the SVZ of control-proliferation (C) and control-differentiation (D) animals, with DAPI
(blue) allowing the visualization of nuclei. Scale bar, 20 um.
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Figure 3.4 — Olig2*BrdU* cells migrate out of the SVZ in CGS21680-treated animals. Bar graphs depict the number of
Olig2*BrdU* cells expressed per volume of SVZ in mm3 (A) and as a percentage of the control-proliferation mean (B).
Data are expressed as mean + SEM from three animals per group. Statistical significance was assessed by an unpaired
Student’s t-test for comparison with the control: *p<0.05. Representative images obtained by confocal microscopy
of Olig2* (green) and BrdU* (red) cells in the SVZ of CGS21680-proliferation (C) and CGS21680-differentiation (D)
animals, with DAPI (blue) allowing the visualization of nuclei. Scale bar, 20 um.

3.1.3 Effect of A.aR activation on the proliferation of NSCs in the SVZ: proliferation
protocol

To evaluate the ability of A,aR activation in regulating SVZ oligodendrogenesis, we first
studied its effect in regulating NSC proliferation in vivo. For this purpose, animals received two
BrdU injections in the last day of drug administration, before being sacrificed and BrdU-positive
cells in control and treatment groups were then counted. It was observed that administration
of the AR selective agonist CGS21680 during 28 days resulted in a tendency towards a
reduction in the number of BrdU-labelled cells in the SVZ (control: (7.78+1.04) x 102 mm3;
CGS21680: (5.43+0.62) x 102 mm3; N=3, ns, p=0.1236) (Figure 3.5.A). By expressing this data as
a percentage of the control mean, this decrease was estimated to be 30.2% (control:
100.0%+13.3; CGS21680: 69.8%+7.9) (Figure 3.5.B).
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Figure 3.5 — Effect of A,aR activation on the proliferation of SVZ NSCs. Bar graphs depict the number of BrdU* cells
expressed per volume in mm3 (A) and as percentage of the control mean (B). Data are expressed as mean = SEM from
three animals per group. Statistical significance was assessed by an unpaired Student’s t-test for comparison with the
control. Representative images obtained by confocal microscopy show proliferative cells stained with BrdU (red) in
the SVZ of control (C) and CGS21680-treated (D) animals, with DAPI (blue) allowing the visualization of nuclei. Scale
bar, 20 pum.

3.1.4 BrdU* cells display unaltered migratory activity along the RMS following A.aR
activation: proliferation versus differentiation protocols

In contrast, the migration of BrdU* cells along the RMS is unaltered in rats administered
with CGS21680. Indeed, the number of BrdU* cells present in the RMS of animals subjected to
the proliferation protocol is only slightly lower following AzaR activation (control: (7.08+0.68) x
102 mm3; CGS21680: (6.10+1.20) x 102 mm3) (Figure 3.6.A). By expressing this data as a
percentage of the control, this non-significant difference was found to be 13.8%%19.4 (control:
100.0%+9.6; CGS21680: 86.2%16.9; N=3, ns, p=0.5164) (Figure 3.6.B). Moreover, using the
differentiation protocol no meaningful differences were observed in the number of BrdU" cells
in the SVZ (control: 100.0%+25.2; CGS21680: 85.7%+31.7; N=3, ns, p=0.7422) (Figure 3.7.B) or
in the RMS (control: 100.0%+17.2; CGS21680: 80.8%+42.1; N=3, ns, p=0.6954) (Figure 3.8.B) of
control and CGS21680-treated animals.
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Figure 3.6 — The migration of BrdU* cells along the RMS of control and CGS21680-treated animals from the
proliferation protocol. Bar graphs depict the number of BrdU* cells expressed per volume of RMS in mm3 (A) and as
a percentage of the control mean (B). Data are expressed as mean + SEM from three animals per group. Statistical
significance was assessed by an unpaired Student’s t-test for comparison with the control. Representative images
obtained by confocal microscopy of BrdU* (red) cells in the RMS of control (C) and CGS21680-treated (D) animals,
with DAPI (blue) allowing the visualization of nuclei. Scale bar, 20 pm.
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Figure 3.7 — The number of BrdU* cells in the SVZ of CGS21680-treated animals is not altered using the
differentiation protocol. Bar graphs depict the number of BrdU* cells expressed per volume of SVZ in mm3 (A) and as
a percentage of the control mean (B). Data are expressed as mean + SEM from three animals per group. Statistical
significance was assessed by an unpaired Student’s t-test for comparison with the control. Representative images
obtained by confocal microscopy of BrdU* (red) cells in the SVZ of control (C) and CGS21680-treated (D) animals, with
DAPI (blue) allowing the visualization of nuclei. Scale bar, 20 um.
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Figure 3.8 — The number of BrdU* cells in the RMS of CGS21680-treated animals is not altered using the
differentiation protocol. Bar graphs depict the number of BrdU* cells expressed per volume of RMS in mm?3 (A) and
as a percentage of the control mean (B). Data are expressed as mean + SEM from three animals per group. Statistical
significance was assessed by an unpaired Student’s t-test for comparison with the control. Representative images
obtained by confocal microscopy of BrdU* (red) cells in the RMS of control (C) and CGS21680-treated (D) animals,
with DAPI (blue) allowing the visualization of nuclei. Scale bar, 20 um.

Supporting the previous observation that migration of BrdU-labelled cells along the RMS
following A,aR activation in rats remains unaltered, no significant differences were found in the
number of BrdU* cells per volume in the OB of control and CGS21680-treated animals subjected
to the differentiation paradigm (control: (9.5842.11) x 10 mm™3); CGS21680: (9.02+2.46) x 10’3
mm3)) (Figure 3.9.A). Moreover, by normalizing the data in regard to number of BrdU* cells in
the OB of control rats, no differences between control and CGS21680-treated animals were
observed using the differentiation protocol (control: 100.0%+22.1; CGS21680: 94.1%+13.1, N
=3, ns, p=0.8296) (Figure 3.9.B).
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Figure 3.9 — The number of BrdU* cells in the OB is not altered following CGS21680 treatment using the
differentiation protocol. Bar graphs depict the number of BrdU-labelled cells per volume (A) and expressed as a
percentage of control (B) in the OB using the differentiation protocol. Data are expressed as mean + SEM from three
animals per group. Statistical significance was assessed by an unpaired Student’s t-test for comparison with the
control. Representative confocal images show BrdU* (red) cells in the OB of control (C) and CGS21680-treated rats
(D) from the differentiation protocol, with DAPI (blue) allowing the visualization of nuclei. Scale bar, 20 pm.

3.1.5 AzaR activation decreases the proliferation of Olig2* cells in the SVZ: proliferation
protocol

The role of A;aRs in SVZ oligodendrogenesis in vivo was then studied by double-
immunostaining against BrdU and Olig2.

It was observed that treatment with CGS21680 (100 nM) for 28 days promoted a
reduction in the percentage of Olig2*BrdU" relative to total BrdU* cells when compared with the
control group (control: 8.3%+1.2; CGS21680: 4.2%+1.2; N=3, ns, p=0.072) (Figure 3.10.A).
Moreover, the number of double-labelled cells per volume of SVZ is also decreased in treated
animals (control: (6.32+1.01) x 10 mm™3; CGS21680: (2.15+0.54) x 10> mm™3) (Figure 3.10.B).
Therefore, when data were normalized to the control group, a statistically significant reduction
of 66.0%+18.2 in proliferating Olig2* cells was observed (control: 100.0%+16.1; CGS21680:
34.0%+8.6; N=3, *p=0.0222) (Figure 3.10C).

36



3. Results

10 ».‘E‘ 0.008 150
= £ g
T 8 b
@ £ 0.006 P
i H 2 2 100
s
D = s 8=
<
= " 8
,; o h EE 50 .
N > = = o R
2 B o g
o 2 o
® o o
° 0
Control CGS21680 Control €GS21680 Control €GS21680

Control €GS21680 (100 nM)
Proliferation Protocgl - SVZ Proliferation Protocol - SVZ

DAPI Olig2 BrduU

Figure 3.10 — A;a receptor activation decreases the proliferation of Olig2*BrdU* cells in the SVZ. Bar graphs depict
the number of Olig2*BrdU* cells expressed as a percentage of total BrdU* cells (A), per volume of SVZ in mm3 (B) and
as a percentage of the control mean (C). Data are expressed as mean + SEM from three animals per group. Statistical
significance was assessed by an unpaired Student’s t-test for comparison with the control: *p<0.05. Representative
images obtained by confocal microscopy of Olig2* (green) and BrdU* (red) cells in the SVZ of control (D) and
CGS21680-treated (E) animals, with DAPI (blue) allowing the visualization of nuclei. Scale bar, 20 um.

3.1.6 Olig2*BrdU* cells display a slower migratory activity along the RMS following
A2aR activation: proliferation versus differentiation protocols

Interestingly, the migration of Olig2*BrdU* cells is inhibited by the activation of Asa
receptors. Indeed, using the proliferation protocol, it was possible to observe that in the RMS
the percentage of Olig2*BrdU" relative to total BrdU* cells in the RMS is similar in control and
CGS21680-treated animals (control: 17.7%+0.7; CGS21680: 16.2%+0.6; N=3, ns, p=0.1914,
Figure 3.11.A). However, the number of double-labelled cells per volume of RMS is slightly
diminished in treated animals comparing with controls (control: (1.25+0.12) x 102 mm3;
CGS21680: (9.78+1.67) x 102 mm3) (Figure 3.11.B). Moreover, when expressing this data as a
percentage of the control mean, there is a tendency towards a reduction of 21.9%+16.4 in the
number of Olig2*BrdU* cells (control: 100%+9.5, CGS21680: 78.1%+13.4, N=3, ns, p=0.2529)
(Figure 3.11.C).
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Figure 3.11 — Migration of Olig2*BrdU* cells along the RMS of control and CGS21680-treated animals from the
proliferation protocol. Bar graphs depict the number of Olig2*BrdU* cells expressed as a percentage of total BrdU*
cells (A), per volume of SVZ in mm3 (B) and as a percentage of the control mean (C). Data are expressed as mean *
SEM from three animals per group. Statistical significance was assessed by an unpaired Student’s t-test for
comparison with the control. Representative images obtained by confocal microscopy of Olig2* (green) and BrdU*
(red) cells in the RMS of control (D) and CGS21680-treated (E) animals, with DAPI (blue) allowing the visualization of
nuclei. Scale bar, 20 um.

These differences become greater and thus statistically significant when analysing
immunostaining results from animals subjected to the differentiation protocol since there is
more time to allow cell migration (Figure 3.12). As such, the percentage of Olig2*BrdU" relative
to total BrdU* cells in the RMS is significantly lower following activation of A,a receptors when
compared with control rats (control: 17.2%+2.6, CGS21680: 5.0%+0.5, N=3, *p=0.0105) (Figure
3.12.A). Moreover, the number of Olig2*BrdU* cells per volume of RMS is also diminished in
CGS21680-treated animals (control: (1.08+0.11) x 103 mm=3; CGS21680: (2.43+1.06) x 10* mm"
3, N=3) (Figure 3.12.B). By expressing this data as a percentage of the control mean, a reduction
of 77.5%+14.5 was observed in the number of Olig2*BrdU* cells in the RMS of CGS21680-
administered rats from the differentiation protocol (control: 100%+8.7, CGS21680: 22.5%+9.8,
N=3, **p=0.0060) (Figure 3.12.C).
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Figure 3.12 — The migratory ability of Olig2*BrdU* cells along the RMS is impaired in CGS21680-treated rats using
the differentiation protocol. Bar graphs depict the number of Olig2*BrdU* cells expressed as a percentage of total
BrdU* cells (A), per volume of SVZ in mm3 (B) and as a percentage of the control mean (C). Data are expressed as
mean + SEM from three animals per group. Statistical significance was assessed by an unpaired Student’s t-test for
comparison with the control: ¥*p<0.05 and **p<0.01. Representative images obtained by confocal microscopy of
Olig2* (green) and BrdU* (red) cells in the RMS of control (D) and CGS21680-treated (E) animals, with DAPI (blue)
allowing the visualization of nuclei. Scale bar, 20 um.

This effect of A,a receptors in impairing Olig2*BrdU* cell migration along the RMS is further
supported by an increased tendency towards their presence in the SVZ of CGS21680-treated
animals from the differentiation protocol (Figure 3.13), as observed by their percentage relative
to total BrdU* cells (control: 5.8%+1.8; CGS21680: 9.0%%3.5; N=3, ns, p=0.4616) (Figure 3.13.A),
number per volume of SVZ (control: (2.69+0.24) x 10* mm3; CGS21680: (3.05+0.28) x 10* mm"
%) (Figure 3.13.B) and normalization to the control mean (control: 100.0%+9.0; CGS21680:
113.5%+10.3; N=3, ns, p=0.3790) (Figure 3.13.C).
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Figure 3.13 — The presence of Olig2*BrdU* cells is increased in the SVZ of CGS21680-treated animals from the
differentiation protocol. Bar graphs depict the number of Olig2*BrdU* cells expressed as a percentage of total BrdU*
cells (A), per volume of SVZ in mm?3 (B) and as a percentage of the control mean (C). Data are expressed as mean +
SEM from three animals per group. Statistical significance was assessed by an unpaired Student’s t-test for
comparison with the control. Representative images obtained by confocal microscopy of Olig2* (green) and BrdU*
(red) cells in the SVZ of control (D) and CGS21680-treated (E) animals, with DAPI (blue) allowing the visualization of
nuclei. Scale bar, 20 um.

3.1.7 Only a minority of Olig2*BrdU* cells born in the SVZ are retained in the Olfactory
Bulb

Lastly, the role of A;aR activation in the differentiation of Olig2*BrdU* cells from the SVZ
was investigated in the OB of healthy rats. For this purpose, the same labelling paradigm used
to evaluate cell migration was employed and double-labelled cells in control and treatment
groups were then counted in the OB.

The number of Olig2*BrdU* cells present in the OB using the differentiation protocol was
significantly scarcer comparatively to the SVZ+RMS of both control and CGS21680-treated
animals that underwent the proliferation paradigm. More specifically, a reduction of 65.8% in
the percentage of double-labelled cells relative to total BrdU* cells was observed in the OB of
control rats (control SVZ+RMS proliferation: 11.1%+0.7; control OB differentiation: 3.8%%0.3;
N=3, *¥**p=0.0009) (Figure 3.14). Likewise, a decrease of 63.5% in the percentage of Olig2*BrdU*
cells relative to total BrdU* cells was found in the OB of CGS21680-treated animals from the
differentiation protocol in regard to the SVZ+RMS of experimental animals using the
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proliferation paradigm (CGS21680 SVZ+RMS proliferation: 8.5%+0.4; CGS21680 OB
differentiation: 3.1%+0.2; N=3, ***p=0.0004) (Figure 3.15).
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Figure 3.14 — The presence of Olig2*BrdU* cells in the OB using the differentiation protocol is decreased in
comparison to the SVZ+RMS with the proliferation protocol in control animals. Bar graph depicts the number of
Olig2*BrdU* cells expressed as a percentage of total BrdU* cells (A). Data are expressed as mean + SEM from three
animals per group. Statistical significance was assessed by an unpaired Student’s t-test for comparison with the
control: ***p<0.001. Representative images obtained by confocal microscopy of Olig2* (green) and BrdU* (red) cells
in the SVZ+RMS using the proliferation protocol (B) and OB using the differentiation paradigm (C) in control animals,
with DAPI (blue) allowing the visualization of nuclei. Scale bar, 20 pm.

41



3. Results

. A
2

2 8-

o

-

o

Q 6
+

=

o

o 4 xxx
‘N —_—

20

[¢) 27

3

0- T
Proliferation Differentiation
SVZ + RMS OB

CGS21680 (100 nM) % CGS21680 (100 nM)
Proliferation Protocol - RMS = Differentiation Protocol - OB

DAPI Olig2 Brdu

Figure 3.15 — The presence of Olig2*BrdU* cells in the OB using the differentiation protocol is decreased in
comparison to the SVZ+RMS with the proliferation protocol in CGS21680-treated animals. Bar graph depicts the
number of Olig2*BrdU* cells expressed as a percentage of total BrdU* cells (A). Data are expressed as mean + SEM
from three animals per group. Statistical significance was assessed by an unpaired Student’s t-test for comparison
with the control: ***p<0.001. Representative images obtained by confocal microscopy of Olig2* (green) and BrdU*
(red) cells in the SVZ+RMS using the proliferation protocol (B) and OB using the differentiation paradigm (C) in
CGS21680-treated animals, with DAPI (blue) allowing the visualization of nuclei. Scale bar, 20 um.

Additionally, the decreased proliferation of double-labelled Olig2 and BrdU cells in the
SVZ following A,aR activation is considerably less evident in the OB only. Particularly, by
normalizing the data in regard to control rats from the proliferation protocol, a reduction of
42.6%+16.0 was observed in the number of Olig2*BrdU* cells per volume in the SVZ and RMS of
CGS21680-treated rats (control SVZ+RMS proliferation: 100.0%+14.2; CGS21680 SVZ+RMS
proliferation: 57.4%%7.4, N=3, ns, p=0.0563) using the same proliferation paradigm (Figure
3.16.A). Furthermore, the percentage of double-labelled cells relative to total BrdU* cells was
decreased by 2.6%+0.9 in the SVZ and RMS of CGS21680-treated animals when comparing with
the SVZ and RMS from control animals using the proliferation protocol (control SVZ+RMS
proliferation: 11.1%+0.7; CGS21680 SVZ+RMS proliferation: 8.5%+0.4; N=3, *p=0.0396) (Figure
3.16.B). However, when comparing the OB of animals from the differentiation protocol
normalized to the mean of controls from the proliferation paradigm, the difference in number
of Olig2*BrdU* cells between control and CGS21680-treated rats (control OB differentiation:
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4.3%+0.7; CGS21680 OB differentiation: 3.4%+0.6; N=3, ns, p=0.3780) is remarkably smaller
(Figure 3.16.A). Similarly, there is no difference in the percentage of double-labelled cells
relative to total number of BrdU* cells in the OB between control and CGS21680-treated rats
using the differentiation protocol (control OB differentiation: 3.8%+0.3; CGS21680 OB
differentiation: 3.1%+0.2; N=3, ns, p=0.1262) (Figure 3.16.B). Importantly, it was possible to
observe that the number of Olig2*BrdU* cells when expressed per volume and total BrdU* cells
is much smaller in the OB compared with the SVZ and RMS in both control and CGS21680-
treated animals.
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Figure 3.16 — Olig2*BrdU* cells in the OB are much sparser when comparing with the SVZ+RMS. Bar graphs depict
the number of Olig2*BrdU~ cells expressed as a percentage of the control mean from the proliferation protocol (A)
and of total BrdU* cells (B). Data are expressed as mean + SEM from three animals per group. Statistical significance
was assessed by an unpaired Student’s t-test for comparison with the control: *p<0.05.

3.1.8 Activation of A,a receptors induces no effect in SVZ or RMS volume

The observed effects in proliferation and migration of Olig2*BrdU* cells could be due to
changes in SVZ and/or RMS volumes following A,aR activation. However, this was shown not to
be the case, since no differences between control and CGS21680-treated animals in volume of
SVZ (control: 1715141902 mm?3; CGS21680: 16708+2103 mm?3; N=6, ns, p=0.8790) (Figure
3.17.A) and RMS (control: 7836+1138 mm?3, CGS21680: 8401+1144 mm3, N=6, ns, p=0.7334)
(Figure 3.17.B) were found.
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Figure 3.17 — SVZ and RMS volumes are not altered following CGS21680 treatment. Bar graphs depict SVZ (A) and
RMS (B) volume in mm3. Data are expressed as mean + SEM from six animals per group. Statistical significance was
assessed by an unpaired Student’s t-test for comparison with the control.
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Additionally, an extrapolation of global SVZ and RMS volumes was performed according
to Cavalieri’s principle (Figure 3.18). The latter states that any volume can be estimated without
bias by multiplying the sum of profile areas of the brain region of interest with the distance
between sections cut at consistent intervals.?'® Thus, volumes were extrapolated by multiplying
the sum of SVZ or RMS areas with the distance between sections (300 um). Therefore, the total
volume of SVZ for controls was estimated to be 1.48x10° + 2.90x10° mm? and for CGS21680-
treated animals was 1.47x10° + 2.94x10° mm? (N=6, ns, p=0.9798) (Figure 3.18.A), while the RMS
global volume was 6.90x10° + 1.53x10° mm? while CGS21680-treated animals was 7.28x10° +
1.44x10° mm?3, respectively (N=6, ns, p=0.8603) (Figure 3.18.B).
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Figure 3.18 — Total SVZ and RMS volumes are not altered following CGS21680 treatment as estimated based on
Cavalieri’s principle. Bar graphs depict SVZ (A) and RMS (B) estimated total volume in mm?3. Data are expressed as
mean + SEM from six animals per group. Statistical significance was assessed by an unpaired Student’s t-test for
comparison with the control.

Since the results mentioned previously regarding the number of Olig2* and BrdU* cells in
the OB could be due to differences in sampling volume of this region, a final comparison
between the two groups was made. No statistically significant difference was observed between
the means of OB volume sampled from control and CGS21680-treated animals (control:
70559+17545 mm?3, CGS21680: 69333+19378 mm?3, N=3, ns, p=0.9648) (Figure 3.19A).
Furthermore, by normalizing to the mean sampling volume from control animals no differences
were observed in OB volume (control: 100.0%+24.9; CGS21680: 98.3%+27.5; N=3, ns, p=0.9648)
(Figure 3.19B).
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Figure 3.19 — OB volume is not altered following CGS21680 treatment. Bar graphs depict the volume of OB (A) and
expressed as percentage of control (B). Data are expressed as mean + SEM from three animals per group. Statistical
significance was assessed by an unpaired Student’s t-test for comparison with the control.
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3.2 Exvivo studies

3.2.1 Culturing conditions affect SVZ architecture and organization

Forebrain SVZ-containing organotypic slices from P9 rats maintained in culture for 9 days
revealed a rearrangement which was macro- and microscopically different from freshly
dissected slices. In fact, tissue re-organization was remarkably conspicuous in the SVZ, with cells
occupying the space of the lateral ventricle. Moreover, heterogeneity in rearrangement
between slices was observed, as demonstrated by the high degree of variability in SVZ areas
(Figure 3.20).

1 mm

Control - Protocol 1 Control w/ ethanol — Protocol 1 LPC (0.5 mg/ml) - Protocol 1

Figure 3.20 — Organotypic forebrain slice cultures obtained from P9 rats are macroscopically rearranged when
maintained in culture for 9 days (Protocol 1). Tissue rearrangement is independent of experimental condition (A:
control; B: vehicle, ethanol; C: LPC, 0.5 mg/ml) and is entirely evident in the SVZ of these slices. Abbreviations: CC
corpus callosum, SVZ subventricular zone. Scale bar, 1 mm.

Therefore, we hypothesized that this unexpected reorganization could be dependent on
culturing time. Consequently, a shorter experimental design in which slices obtained from P14
rats were maintained in culture for 3 days was implemented. In this new protocol, slice
architecture is considerably more preserved, with the SVZ clearly distinguishable from the
surrounding striatum and corpus callosum. However, heterogeneity between slices persists
(Figure 3.21) and the morphology of the SVZ appears altered in these slices comparatively to its
in vivo counterpart, as analysed by immunofluorescent staining in the previous sections.
Interestingly, organotypic slices, obtained using protocol 2, remain thicker than those from
protocol 1.
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1 mm

Control — Protocol 2 Control w/ ethanol — Protocol 2 LPC (0.5 mg/ml)— Protocol 2

Figure 3.21 — Organotypic forebrain slice cultures obtained from P14 rats are not macroscopically rearranged when
maintained in culture for 3 days (Protocol 2). Tissue architecture is more preserved in slices from this second
experimental design. Abbreviations: CC corpus callosum, SVZ subventricular zone. Scale bar, 1 mm.

3.2.2 The expression of neuron, astrocyte, microglia and oligodendrocyte markers is
retained in organotypic slices following treatment with LPC

A qualitative assessment of CNS cell types present in slices obtained from P9 (Protocol 1)
and P14 (Protocol 2) rats in the corpus callosum (CC) was performed by immunofluorescent
staining against typical markers of neurons, astrocytes, oligodendrocytes and microglia.

Neurons in organotypic slice cultures were visualized with an antibody against NeuN, a
protein exclusively located in the nuclei and perinuclear cytoplasm of CNS neurons.?”® No
apparent differences in either size or number of NeuN* cells appear to exist above the CC
between control and LPC-incubated slices in their respective culturing protocols (Figure 3.22).
However, neurons using protocol 1 seem considerably more numerous and larger than their
counterparts from protocol 2.

Additionally, neurons in organotypic slices were also stained with an antibody against the
microtubule-associated protein-2 (MAP-2), a cytoskeleton protein present in the dendrites of
functional neurons.??® Regarding the culturing protocols, no significant differences were seen in
the number and morphology of dendrites above the CC between control and LPC-incubated
slices. However, dendrites in the first protocol appear to be denser and more numerous than
those from the second one (Figure 3.23).
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Figure 3.22 — Neuronal size and number is not altered by LPC treatment. Representative images obtained by confocal
microscopy of NeuN* (green) cells above the corpus callosum of forebrain organotypic slice cultures, with DAPI (blue)
allowing the visualization of nuclei. No apparent differences in size or number between control and LPC-treated slices
were discerned in protocol 1 (A) or 2 (B). Scale bar, 20 um.

Control - Protocol 1 Control w/ ethanol — Protocol 1 LPC (0.5 mg/ml) - Protocol 1

Control —Protocol 2 Control w/ ethanol — Protocol 2 LPC (0.5 mg/ml) - Protocol 2

DAPI MAP2

Figure 3.23 — Neuronal morphology is not altered by LPC treatment. Representative images obtained by confocal
microscopy of MAP2* (red) cells above the corpus callosum of forebrain organotypic slice cultures, with DAPI (blue)
allowing the visualization of nuclei. No differences in the number and morphology of dendrites between control and
LPC-treated slices were observed in protocol 1 (A) or 2 (B). Scale bar, 20 um.
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Subsequently, astrocytes in organotypic slices were observed with an antibody against
the glial fibrillary acidic protein (GFAP). The upregulation of this intermediate filament protein
is necessary for astrogliosis, a process following injury in which astrocytes acquire a reactive
phenotype characterized by hypertrophy of their soma and thicker cellular processes.??7:228
When comparing the morphology of GFAP* astrocytes between control and LPC-incubated slices
in respect to the culturing conditions, no differences in size of their soma and cellular processes
were observed beneath the CC. However, the expression of GFAP appears to be increased in
slices from the first protocol in comparison to those from the second one (Figure 3.24).

Control - Protocol 1 Control w/ ethanol — Protocol 1 LPC (0.5 mg/ml) — Protocol 1

Control - Protocol 2 Control w/ ethanol — Protocol 2 LPC (0.5 mg/ml) - Protocol 2

DAPI GFAP

Figure 3.24 — Astrocyte morphology is not altered by LPC treatment. Representative images obtained by confocal
microscopy of GFAP* (red) cells beneath the corpus callosum of forebrain organotypic slice cultures, with DAPI (blue)
allowing the visualization of nuclei. No distinction in the number and morphology of astrocytic processes and
expression of GFAP between control and LPC-treated slices in protocol 1 (A) and 2 (B) was observed. Scale bar, 20
um.

The presence of microglia in organotypic slices was evaluated by immunohistochemistry
against the ionized calcium-binding adaptor molecule 1 (lbal). In the CNS, this protein is
exclusively expressed in resting and activated microglia.??>%3° When analysing the number and
morphology of Ibal* cells between control and LPC-incubated slices, no apparent differences
were observed above the CC with respect to the culturing protocols (Figure 3.25). Microglia
appear to have a ramified morphology, with thin processes branching from their soma,

characteristic a resting state.?%!
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Control - Protocol 1 Control w/ ethanol — Protocol 1 LPC (0.5 mg/ml) - Protocol 1

LPC (0.5 mg/ml)— Protocol2  2°F™
DAP! Ibal

Control —Protocol 2 Control w/ ethanol — Protocol 2

Figure 3.25 — Microglial number and morphology are not altered by LPC treatment. Representative images obtained
by confocal microscopy of Ibal* (red) cells above the corpus callosum of forebrain organotypic slice cultures, with
DAPI (blue) allowing the visualization of nuclei. No apparent differences in the morphology and number of microglia
between control and LPC-treated slices were discerned in protocol 1 (A) or 2 (B). Scale bar, 20 um.

Finally, oligodendrocytes in organotypic slices were observed by immunostaining against
the oligodendroglial lineage marker Olig2. No apparent distinction in the number of Olig2* cells
was observed beneath the CC between control and LPC-incubated slices within each culturing
protocol (Figure 3.26). However, slices from P14 rats (protocol 2) seem to exhibit a higher
percentage of Olig2* cells in regard to those obtained from P9 animals (protocol 1).

Therefore, since the general morphology of organotypic slices containing the SVZ is better
preserved using protocol 2, we have pursued the project with this protocol.
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Figure 3.26 — Oligodendrocyte size and number is not altered by LPC treatment. Representative images obtained by
confocal microscopy of Olig2* (green) cells beneath the corpus callosum of forebrain organotypic slice cultures, with
DAPI (blue) allowing the visualization of nuclei. No apparent distinction in the number of oligodendrocytes between
control and LPC-treated slices was discerned in protocol 1 (A) or 2 (B). Scale bar, 20 um.

3.2.3 Most proliferative cells in forebrain organotypic slices belong to the astrocytic,
oligodendroglial and microglial lineage

As previously mentioned in section 3.2.1., organotypic slices containing the SVZ are
remarkably proliferative in culture. Attempting to identify the cells which are proliferating, slices
were incubated with BrdU in the last 36 hours of culture and a double immunostaining against
BrdU together with NeuN, GFAP, Olig2 and Ibal was performed. Proliferative cells from SVzZ-
containing organotypic slices do not give rise to neurons in culture in the CC, since double-
labelled cells for BrdU and NeuN were not observed (Figure 3.27.A). However, double-positive
cells for BrdU and either GFAP (Figure 3.27.B), Olig2 (Figure 3.27.C) and Ibal (Figure 3.27.D) were
visualized, indicating that proliferative cells in the CC of these slices are astrocytes (BrdU*GFAP*),
oligodendrocytes (BrdU*Olig2*) and microglia (BrdU*lbal*).
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DAPI NeuN BrdU DAPI GFAP BrdU
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DAPI Olig2 BrduU DAPl lbal BrdU

Figure 3.27 - Proliferative cells in forebrain organotypic slices from P14 rats are astrocytes, oligodendrocytes or
microglia. Representative images obtained by confocal microscopy of BrdU-labelled cells in the corpus callosum of
organotypic control slice cultures. Proliferative cells were identified by double-immunostaining against BrdU (red)
and NeuN (A, green), GFAP (B, green), Olig2 (C, green) or Ibal (D, green). White arrows indicate double-labelled cells.
Scale bar, 20 um.

3.2.4 AzaR activation promotes myelination in the corpus callosum in the absence of a
demyelinating event

The initial aim of the current project was to evaluate the effect of AR activation upon
the ability of SVZ-derived OPCs to remyelinate the CC following a demyelinating insult. However,
since BrdU incorporation occurs throughout the entire extent of forebrain slice cultures and an
unexpected high number of BrdU-labelled cells in control conditions are also immune-reactive
for Olig2, it was decided to assess the entire pool of OPCs, comprising both parenchyma and
SVZ-derived precursors. For this purpose, the fluorescence intensity of myelin basic protein
(MBP) was measured in the corpus callosum of forebrain organotypic slice cultures (Figure 3.28).

Before evaluating the outcome of A;aR activation in the process of remyelination, the role
of these receptors in myelinogenesis was first assessed. It was observed that incubation of
forebrain organotypic slices with the selective agonist CG521680 (30 nM) for 36 hours resulted
in a tendency towards an increase in total fluorescence intensity of MBP per area of corpus
callosum regarding controls (control: 100.0%%27.6; CGS21680: 136.6%+12.7; N=3, ns,
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p=0.8355). In contrast, blocking of A,aRs with the selective antagonist ZM241385 (50 nM) did
not alter the MBP-staining intensity in the corpus callosum of forebrain organotypic slices
(ZmM241385: 116.0%+22.2, N=3, ns, p>0.9999) (Figure 3.28).
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Figure 3.28 — A,aR activation promotes myelination in the corpus callosum in the absence of a demyelinating event.
A. Bar graph depicts the corrected total fluorescence intensity of MBP per corpus callosum area in SVZ-containing
organotypic slices, expressed as a percentage of control. Data are expressed as mean * SEM from three slices per
group. Statistical significance was assessed by a one-way ANOVA followed by Bonferroni’s correction for multiple
comparisons with the control. Representative images obtained by widefield fluorescence microscopy of MBP-stained
(green) organotypic slices incubated with ethanol (B), CGS21680 (C) and ZM241385 (D). Scale bar, 1 mm.

3.2.5 Treatment with LPC for 18 hours at a concentration of 0.5 mg/ml does not induce
demyelination in rat forebrain slices

Subsequently, the effect of incubation with LPC (0.5 mg/ml) during 18 hours in the
fluorescence intensity of MBP staining in the corpus callosum of ex vivo slices was evaluated
(Figure 3.29). Treatment with LPC (0.5 mg/ml) for 18 hours in slices from P14 rats did not induce
demyelination, since no significant differences were observed in the intensity of MBP staining in
the CC. By normalizing the corrected total fluorescence intensity of MBP per area of corpus
callosum in LPC-incubated slices it was possible to observe that, indeed, LPC treatment did not
induce demyelination when compared to control slices (control: 100.0%+27.6; LPC:
108.7%%21.2; N=3, ns, p=0.8141).
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Figure 3.29 — LPC did not induce demyelination of forebrain organotypic slices. A. Bar graph depicts the corrected
total fluorescence intensity of MBP per corpus callosum area in SVZ-containing organotypic slices, expressed as a
percentage of control. Data are expressed as mean + SEM from three slices per group. Statistical significance was
assessed by an unpaired Student’s t-test for comparison with the control. Representative images obtained by
widefield fluorescence microscopy of MBP-stained (green) organotypic slices incubated with ethanol (B) and LPC (C).
Scale bar, 1 mm.

3.2.6 A2aR activation or inhibition did not promote myelination in the corpus callosum
following LPC incubation

Although LPC did not induce demyelination, we studied whether A;aR modulation could
induce myelination following exposure to this toxin (Figure 3.30).

It was observed that treatment with the selective agonist CGS21680 (30 nM) in slices
incubated with LPC did not alter the fluorescence intensity of MBP in regard to the respective
control (LPC: 108.7%+21.2; LPC + CGS21680: 80.0%+14.0; N=3, ns, p>0.9999). Similarly,
incubation with the selective A,aR antagonist ZM241385 (50 nM) after exposure to LPC did not
modify the staining intensity of MBP comparatively to LPC-treated slices (LPC: 108.7%+21.2; LPC
+ ZM241386: 121.9%+7.3; N=3, ns, p>0.9999). Finally, simultaneous treatment with the A;aR
agonist and antagonist, CGS21680 (30 nM) and ZM241385 (50 nM), respectively, also did not
change the fluorescence intensity of MBP in regard to the corresponding control (LPC:
108.7%+21.2; LPC + CGS21680 + ZM241385: 65.8%+12.8, N=3, ns, p>0.9999).
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Figure 3.30 — AR activation or inhibition did not promote myelination in the corpus callosum following LPC
incubation. A. Bar graph depicts the corrected total fluorescence intensity of MBP per corpus callosum area in SVZ-
containing organotypic slices. Data are expressed as mean + SEM from three slices per group. Statistical significance
was assessed by a one-way ANOVA followed by Bonferroni’s correction for multiple comparisons with the control.
Representative images obtained by widefield fluorescence microscopy of MBP-stained (green) slices incubated with
ethanol (B), CGS21680 (C), ZM241385 (D), LPC (E), LPC + CGS21680 (F), LPC + CGS21680 + ZM241385 (G) and LPC +
ZM241385 (H). Scale bar, 1 mm.

Since the results obtained above could be due to variations in size, a final comparison
between groups regarding corpus callosum area relative to total slice area was performed
(Figure 3.31). However, no significant differences were found between groups (control:
100.0%+17.3; CGS21680: 98.8%+6.1; ZM241385: 102.4%%5.5; LPC: 110.6%; LPC + CGS21680:
95.3%+11.2; LPC + CGS + ZM: 98.0£0.8; LPC + ZM: 91.2%+3.3; N=3, ns, p>0.9999).
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Figure 3.31 — Corpus callosum area relative to total ex vivo slice area is not altered. Bar graph depicts the corpus
callosum area per total slice area in SVZ-containing organotypic slices. Data are expressed as mean = SEM from three
slices per group. Statistical significance was assessed by a one-way ANOVA followed by Bonferroni’s correction for
multiple comparisons with the control.
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4. Discussion

The subventricular zone (SVZ) is the largest stem cell niche in the adult mammalian brain
capable of generating both glial and neuronal precursors. A potential strategy in the treatment
of neurodegenerative disorders involves the recruitment of these SVZ progenitors towards sites
of injury. Multiple sclerosis (MS), the most prevalent demyelinating disease of the CNS, has a
profound social impact, since it predominantly affects young adults, particularly women, with
progressive motor and cognitive disabilities. No cure is available and current therapeutic
strategies target exclusively its immune component, thus being only partially effective as disease
continues to progress, while non-relapsing-remitting subtypes of MS remain refractory. During
the clinical course of MS, attempts at remyelination occur, with new oligodendrocytes
generated from brain parenchymal OPCs and a minority from NSCs in the SVZ. Therefore, this
spontaneous repair process raises reasonable hopes that recruitment of OPCs towards sites of
injury may constitute a novel therapeutic approach in MS at overcoming remyelination failure.

Numerous studies have independently established the involvement of the adenosinergic
system in the pathogenesis of MS, specifically of A; and A, adenosine receptors. Moreover,
previous data from our group has demonstrated that activation of A;aRs with the agonist
CGS21680 (30 nM) promotes the differentiation of oligodendrocytes from neurosphere cultures
derived from rat postnatal SVZ. Thus, the present thesis aimed to explore the role of AzARs in
modulating oligodendrogenesis in the SVZ, both in vivo under physiological conditions and ex
vivo following a demyelinating insult with LPC.

To investigate the outcome of A;aR activation in modulating SVZ oligodendrogenesis in
vivo, proliferation and migration/differentiation were assessed separately using two different
labelling strategies with BrdU. While proliferation in the SVZ was evaluated following two
intraperitoneal injections of BrdU in the last day of drug administration, separated by 2-hour
intervals, NSC migration and differentiation were examined by injecting rats with BrdU twice a
day at 12-hour intervals in the first three days of treatment. Immunohistochemical processing
was performed for BrdU and Olig2, the latter a marker of the entire oligodendroglial lineage.

Unexpectedly, in vivo administration of the AR agonist CGS21680 (100 nM) promoted a
significant decrease in the proliferation of Olig2*BrdU* cells in the SVZ. Simultaneously, a
tendency towards a reduction in the number of proliferating cells in the SVZ was also observed
upon activation of A;aRs, which might explain the results concerning the diminished proliferation
of Olig2*BrdU* cells. Under non-pathological conditions, Olig2*BrdU* cells derived from the SVZ
migrate mostly towards the OB, instead of the CC or striatum. However, their migratory ability
along the RMS is impaired following continuous activation of A,s receptors for 28 days. The
migration of BrdU* cells, on the contrary, is not altered in animals which were administered with
the A2aR agonist CGS21680. The observed results were shown not be due to variations in size
and volume of the aforementioned brain regions following A,aR activation, since no differences
were found between the two groups of animals.

No published evidence exists regarding the role of A;aRs in SVZ oligodendrogenesis yet.
However, recent literature has demonstrated that A:R activation negatively modulates SVZ
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neurogenesis in vivo, as observed by a decrease in the number of DCX*BrdU* neuroblasts in the
SVZ and OB and NeuN*BrdU* neurons in the OB. In turn, A;Rs promote SVZ astrogliogenesis in
vivo, as seen by an increase in the number of S100B*BrdU* cells in the OB.?*> Since A:Rs are
negatively coupled to cAMP and A,aRs positively modulate the intracellular concentration of this
second messenger, these adenosine receptors are usually related to opposing effects in
numerous biological events, including maturation of oligodendrocyte progenitors. Indeed, as
previously mentioned in the introduction chapter, it has been demonstrated that AiRs inhibit
the proliferation of cortical OPCs in culture, while promoting their differentiation into pre-
myelinating 04* cells.?’> However, AR activation was shown to inhibit OPC differentiation,
since treatment with CGS21680 (100 nM) increased the percentage of NG2* progenitors while
decreasing 04* pre-OLGs and MAG* myelinating cells.?** Moreover, AjR activation was also
shown to promote the migration of isolated OPCs in vitro.?'* As such, the published literature
indirectly corroborates the results regarding proliferation and migration of Olig2*BrdU* cells in
the SVZ and RMS following activation of A,aRs. However, the therapeutic potential of A,aRs
needs to be considered also in the larger and more complex framework of MS, not only in its
ability to interfere with the process of SVZ oligodendrogenesis. It should be remembered that
MS is an immune-mediated disease and animal studies using the EAE model suggest that these
receptors exert a dual function, with peripheral A;aR lymphocyte expression being beneficial
and A,aR activation in the CNS detrimental.2%6207

Although most literature describes that OPCs migrate radially from the SVZ and RMS to
populate the overlying white matter tracts, particularly in the CC and striatum following a
demyelinating event, no relevant numbers of Olig2*BrdU* cells were found in these brain
regions. Moreover, a study has shown that NG2* progenitors from the SVZ in mice migrate along
the RMS, differentiating into 04* and CNP* oligodendrocytes in the GCL of the OB.2*2 Thus, it is
likely that under physiological circumstances, which do not activate the SVZ, the RMS represents
the default migratory pathway for BrdU* cells derived from the SVZ, which explains the near
absence of Olig2*BrdU"* progenitors in the CC or striatum.

Only a minority of Olig2*BrdU* cells derived from the SVZ are found in the OB of both
control and treated rats following the experimental time course of 28 days, an observation
which may have different possible explanations. For instance, it could reflect the loss of Olig2
marker expression as these cells begin to differentiate. Indeed, while the transcription factor
Olig2 is present throughout the entire oligodendroglial lineage, its expression is not exclusive of
oligodendroglial cells. In the early embryonic stages, Olig2* cells from the medial ganglionic
eminence (MGE) of the basal forebrain mostly differentiate into inhibitory GABAergic and
excitatory cholinergic neurons.?*?34 By contrast, Olig2* cells constitute a mixed population of
glial progenitors in the late fetal telencephalon.?®® In the neonatal forebrain, most GFAP*
astrocytes express Olig2, with a gradual downregulation of this transcription factor occurring as
these cells complete their development at later stages.?*® Moreover, Olig2* cells in the postnatal
SVZ differentiate entirely into astrocytes and oligodendrocytes, with migratory progenitors
lining the RMS and possibly encompassing part of the astrocyte population which forms the glial
tubes that support neuroblast migration towards the OB.%” Consequently, in this scenario, the
negligible number of Olig2*BrdU" cells that reach the OB reflects the loss of Olig2 expression as
these progenitors differentiate into astrocytes. Alternatively, or perhaps even simultaneously, it
could reflect the survival rate of new incoming cells, which is modulated by both intrinsic and
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extrinsic mechanisms acting in the local environment to maintain homeostasis. As a matter of
fact, proliferating and migrating cells exceed the growth rate of the OB, with a peak of new cells
reaching this structure one month following BrdU labelling in the SVZ. Programmed cell death
of these young cells has been demonstrated to co-exist with neurogenesis to regulate the

growth of neuronal populations in the OB.2%®

To investigate the outcome of AR activation in modulating SVZ oligodendrogenesis ex
vivo, forebrain organotypic slice cultures containing the SVZ and CC were performed according
to the interface method. Ex vivo cultures have been widely used in neuroscience to investigate
the cellular and molecular mechanisms involved in different processes of the brain, including
those of adult neurogenesis, in a three-dimensional system that preserves tissue architecture.
Surprisingly, however, SVZ-containing organotypic slices from P9 rats and maintained in culture
for 9 days (Protocol 1) underwent extensive reorganization, with cells proliferating and
migrating to occupy the space of the lateral ventricles. This aberrant behaviour rendered the
architecture of the slices macro- and microscopically unrecognizable, thus preventing the use of
this ex vivo system as a model for the study of SVZ oligodendrogenesis. Rearrangement was
hypothesized and later shown to be dependent on culturing time, since a shorter experimental
design of 3 days with slices obtained from P14 rats (Protocol 2) allowed these to better preserve
their original morphology. However, some degree of tissue disorganization at the level of the
SVZ was also observed. Myelination is essentially a postnatal process, which is not yet completed
in P9 rats and is recapitulated in vitro throughout most of the culturing time of organotypic
slices.?® Furthermore, the onset of myelination in the corpus callosum of rats, as evaluated by
MBP* immunohistochemistry, was previously described to occur at postnatal day (PD) 7, with a
statistically significant increase in myelin deposition observed at PD 14.2° When Protocol 2 was
implemented, the switch from P9 to P14 rats was necessary.

As organotypic slices are placed onto the semi-porous membrane inserts, these tend to
flatten with culturing time, reducing their thickness and closing the space corresponding to the
lateral ventricles. Moreover, NSCs are multipotent cells endowed with an extraordinary ability
to proliferate and migrate. Indeed, although not shown in the results section, a tremendous
number of proliferative BrdU* cells were observed in slices from both protocols. When slices
from protocol 2 were incubated with BrdU for 36 hours and later double-stained against
common neuronal, astrocytic, oligodendroglial and microglial markers, it was observed that
these proliferative cells mostly differentiated into astrocytes, oligodendrocytes and microglia in
the CC. This is not a surprising result, since it is known that culture of organotypic hippocampal
slices strongly promotes the activation of glial cells.?** From this perspective, the rearrangement
of the SVZ is not an unreasonable result, although it should be noted that cell proliferation in
our slices does not exclusively occur in the SVZ. Literature on ex vivo systems aimed at

t242,243,244,245,246,247,248 219' none r.efer.

investigating SVZ neurogenesis exis and except for one article
the reorganization seen in this thesis. However, it must be referred that many of these studies
used acute sagittal instead of long-term coronal sections, instead evaluating neuroblast
migration along the RMS, and thus the number of proliferative NSCs in such cases is consistently
less abundant.?*#243244 Moreover, in studies which reported the use of long-term coronal

cultures, no images from the SVZ were in fact shown,245246:247.248
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A qualitative analysis of CNS cells types present in slices obtained from both protocols was
performed by immunofluorescent staining against common markers for neurons (NeuN and
MAP2), astrocytes (GFAP), oligodendrocytes (Olig2) and microglia (Ibal). No differences in either
number or morphology of neurons, astrocytes or microglia in the CC were seen between control
and LPC-incubated slices of each culturing protocol. However, neurons appeared more
abundant and the expression of GFAP was upregulated in slices from protocol 1. As already
described, organotypic slices flatten with culturing time and, therefore, their thickness
decreases, as observed in this thesis and reported by different studies.?*>?*° Since slices from
the protocols 1 and 2 were maintained in culture for nine and three days, respectively, the
decreased thickness of slices from the former might account for these observations. In contrast,
the percentage of Olig2* oligodendrocytes seemed higher in slices from protocol 2, which might
be correlated with the more extensively myelinated CC of P14 animals in regard to P9 rats. No
differences were observed between protocols in the number of microglia, with cells appearing
to retain a ramified morphology both in control and LPC-treated slices.

Since the complex three-dimensional architecture of the SVZ is not maintained in culture
and a high number of proliferative cells is present in the entire forebrain slice following BrdU
incubation, with a considerable percentage of these immune-reactive for Olig2, the initial aim
of establishing an ex vivo model for the study SVZ oligodendrogenesis was abandoned. Instead,
the role of A;aRs in modulating the ability of both parenchymal and SVZ-derived OPCs to
remyelinate the CC following an insult with LPC was investigated using protocol 2. It should be
noted, however, that most OPCs present in these slices are derived from the parenchyma and
not from the SVZ.

Rather than counting Olig2*BrdU" cells, the fluorescence intensity of MBP, a marker of
mature myelinating oligodendrocytes, was measured in the CC of forebrain organotypic slices.
In the absence of a prior insult with LPC, incubation of slices with the A,aR agonist CGS21680 (30
nM) promoted a tendency towards myelination in the CC, as observed by increased MBP
fluorescence intensity, which was not observed following treatment with the antagonist
ZM241385 (50 nM). These results appear to be in disagreement with the paper authored by
Coppi and collaborators, in which A;aR activation was demonstrated to inhibit OPC
differentiation. However, it should be noted that isolated cortical OPCs were used in this study,
instead of organotypic slice cultures. It has been shown that organotypic slices exhibit
progressive astrogliosis, which in turn delays OPC differentiation in these cultures.?®! Indeed, the
effect of AsaRs in modulating immune responses is well documented. A;aR activation inhibits
nitric oxide production by astrocytes in response to stimulation with LPS/IFN-gamma or TNF-
a/IL-1B. In microglia, activation of A;aRs promotes their proliferation, increases the production
of cyclooxygenase 2 (COX-2) and induces the retraction of their processes, which in turn can be
beneficial to the resolution of inflammation.?*? Thus, in this scenario, A,aR activation inhibits the
differentiation of oligodendrocytes in isolated cortical OPCs, while promoting their maturation
in the more complex environment of organotypic slices, through an indirect effect mediated by
other cells.

Surprisingly, incubation with LPC at a concentration of 0.5 mg/ml during 18 hours did not
induce demyelination in forebrain organotypic slices obtained from P14 rats. Literature on this
matter is consensual in that in every single study using LPC to demyelinate organotypic slices, a
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concentration of 0.5 mg/ml was used during 17-18 hours.3%?>3 However, these studies were
performed in cerebellar slices obtained from P8/P10 mice and it is likely that the forebrain
organotypic slices obtained from P14 rats used in this thesis are in fact more myelinated.

Although LPC did not induce demyelination in our slices, we investigated the modulatory
effect of AuaRs in oligodendrogenesis following incubation with this agent. Neither activation nor
inhibition of A,aRs induced myelination in the CC of slices. However, the increased MBP
fluorescence intensity observed after incubation with CGS21680 was not replicated when AzaR
activation followed treatment with LPC, which might indicate that even at a concentration that
is not sufficient to induce measurable demyelination, LPC is indeed having some effect.

In summary, the results presented in this thesis indicate that activation of A.aRs
modulates oligodendrogenesis in the SVZ by inhibiting OPC proliferation and migration in vivo.
However, A;aR activation appears to play a positive role in parenchymal oligodendrogenesis
through increased OPC differentiation. This dual role of A;aRs might prove to be important for
the development of novel therapeutic strategies in MS.
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5. Conclusions and Future Perspectives

Multiple sclerosis (MS) is the most common demyelinating disease worldwide and is
characterized by the presence of inflammatory infiltrates, oligodendrocyte death and myelin
destruction in areas known as plaques. No cure is available and current therapeutic strategies
target exclusively its immune component, thus being only partially effective as disease develops.
During its clinical course, remyelination attempts occur with new oligodendrocytes generated
mostly from brain parenchymal oligodendrocyte progenitor cells (OPCs). However, a minority of
OPCs is derived from neural stem cells (NSCs) present in the subventricular zone (SVZ) along the
lateral ventricles. This spontaneous repair process raises reasonable hopes that OPC recruitment
towards sites of injury may constitute a novel therapeutic approach in MS. In this context, the
adenosine A;aR has assumed a significant role, since numerous studies have independently
established its ability to modulate oligodendrogenesis in vitro and its involvement in the
pathogenesis of MS animal models.

The results presented in this dissertation demonstrate that adenosine A,aRs are capable
of modulating oligodendrogenesis in vivo and ex vivo. Specifically, A2aR activation inhibits the
proliferation and migration to the olfactory bulb of OPCs derived from the SVZ, while promoting
the differentiation of oligodendrocytes in the parenchyma. Thus, A;aRs may constitute a novel
and promising therapeutic approach in the treatment of MS. However, future work is necessary
to properly dissect the complex interplay between AzaRs and oligodendrogenesis. In the context
of this thesis, further immunohistochemical analysis in the in vivo experiments with markers
specific of cells in the final stages of oligodendrocyte development would elucidate the effect of
AxaR activation in the differentiation of OPCs from the SVZ. Moreover, since incubation with LPC
at 0.5 mg/ml proved to be insufficient to demyelinate forebrain organotypic slices from P14 rats,
evaluating the fluorescence intensity of MBP with increasing concentrations of LPC would help
to determine the optimal concentration of this agent to induce demyelination. Subsequently,
treatment of slices with the agonist and/or antagonist of A,aRs would provide new insights into
the biological effects of these receptors following a demyelinating event.
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