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Resumo 
A Esclerose Múltipla (EM) é uma doença autoimune, crónica e inflamatória que afeta o 

sistema nervoso central (SNC) e é considerada a doença neurológica não traumática e 

incapacitante mais comum em adultos jovens. Estima-se que em todo o mundo existam, 

aproximadamente, 2.3 milhões de pessoas com EM. A EM enquadra-se nas doenças 

associadas ao sistema imunitário, uma vez que a sua ativação resulta na formação de 

lesões focais no SNC e na neuroinflamação que, consequentemente, conduz à 

desmielinização e lesão axonal. Estudos recentes demonstraram que a molécula 

inflamatória S100B, quando libertada em quantidades excessivas, está relacionada com 

processos inflamatórios e desmielinizantes. Curiosamente, usando o modelo ex vivo de 

desmielização, a inibição do S100B através de um fármaco específico, a pentamidina, 

mostrou benefícios a nível dos processos inflamatórios, apontando o S100B como possível 

alvo terapêutico.  

Este trabalho focou-se na modulação do S100B, pela utilização da pentamidina no 

modelo animal de EM, a Encefalopatia Autoimune Experimental (EAE), onde previamente 

demonstrámos o envolvimento do eixo S100B-RAGE. O nosso principal objetivo baseou-se 

no estudo do papel da pentamidina no modelo in vivo da EM, a fim de melhorar o curso da 

doença e prevenir a desmielinização e a neuroinflamação. 

Inicialmente, observámos que os animais tratados com pentamidina desenvolveram 

uma menor disfunção motora e tiveram uma recuperação mais rápida. Com este tratamento 

conseguimos ainda prevenir a perda de mielina. Verificámos, também, que o tratamento 

com a pentamidina levou a um aumento do marcador de oligodendrócitos (OL) maturos 

(MBP) e uma diminuição do número de células progenitoras NG2+. Neste modelo 

demonstrámos ainda que os animais induzidos com EAE têm uma significativa ativação de 

astrócitos e microglia, confirmada pela elevada densidade de células GFAP+ e Iba1+, 

respetivamente. O tratamento com pentamidina preveniu ambas as ativações, diminuindo a 

reatividade glial, assim como a expressão de S100B e consequente resposta pro-

inflamatória. 

Em suma, os nossos resultados permitem-nos concluir que a proteína inflamatória 

S100B está envolvida na patologia associada à EM e que, usando um tratamento profilático 

com pentamidina, conseguimos prevenir os efeitos tóxicos associados à patogénese da 

doença. Assim, a inibição do S100B pode ser uma nova estratégia terapêutica não só para 

reduzir o dano associado à patologia da EM, mas também melhorar a recuperação. 
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Abstract 
Multiple Sclerosis (MS) is a complex chronic immune disease in the central nervous 

system (CNS), causing neurological disability in young people aged between 20 to 40 years. 

It is considered one of the world’s most common neurological disorder that affect 

approximately 2.3 million people worldwide. The disease symptoms result from attacks that 

damaged the nerve fibers in the CNS, due to the overactivation of the immune system. 

Furthermore, the inappropriate activation of the immune system results in focal lesions on 

CNS, inflammation and destruction of myelin sheaths of neurons, main features of MS 

pathology. Recently, the inflammatory molecule S100B, in toxic levels, was directly 

correlated with demyelination and inflammatory processes using an ex vivo demyelinating 

model. The beneficial outcome of its inhibition with pentamidine, an S100B-binding drug, in 

our demyelinating model indicates S100B as an emerging therapeutic target in MS. 

In here, we aimed to target S100B in the animal model of MS, the experimental 

autoimmune encephalomyelitis (EAE), once we already demonstrated the involvement of 

S100B-RAGE axis. Indeed, we will use EAE to study whether by targeting S100B we may 

ameliorate the disease course and MS-like pathogenesis.  

Firstly, we observed that the animals treated with pentamidine reach a lower disease 

clinical score and have a faster recovery. Moreover, histological analysis showed that EAE-

induced animals have an increased percentage of demyelination, which was reduced upon 

pentamidine treatment. These results were corroborated by the loss of MBP marker, as well 

as protein expression when compared with pentamidine treated mice. Regarding gliosis, 

pentamidine decreased glia reactivity (both astrocytes and microglia) and the density of 

S100B-expressing astrocytes in EAE-induced animals. Furthermore, the inflammatory 

response was attenuated in pentamidine treated animals preventing the exacerbated 

expression of pro-inflammatory cytokines and even increasing the anti-inflammatory 

response.  

Overall, our results indicate that S100B is involved in MS pathology and that, by using 

pentamidine, we could prevent the detrimental effects of this protein when in pathological 

levels. So, its inhibition may be a new therapeutic strategy not only to reduce damage but, 

hopefully, to improve recovery.  
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I - INTRODUCTION 
 

 
1. Multiple Sclerosis: an overview 

 
Multiple Sclerosis (MS) is an autoimmune, inflammatory and neurodegenerative 

demyelinating disorder of the central nervous system (CNS) white and grey matter (Hafler, 

2004). MS is the most common cause of non-traumatic disability among young adults 

between 20 to 40 years, besides traumatic injury (Raffel et al. 2016). According to World 

Health Organization (WHO), in Europe, the estimated prevalence is about 80 per 100 000 

people and, worldwide, over 2.5 million people suffer with MS (WHO, 2008). Particularly in 

Portugal, recent studies estimated a prevalence around 56.2 per 100 000 people (De Sá et 

al., 2012; Kobelt et al., 2017). Despite its prevalence, MS has also a high social, labor and 

economic impact. Once it is a non-traumatic neurological disability among young adults, the 

early loss of work ability and the increase incapacity overtime has an average cost of 13 € 

billion per year (Sobocki et al., 2007). 

MS is a complex disease and it is well-characterized by 1) focal lesions on CNS; 2) 

neuroinflammation; and 3) destruction of myelin sheaths of neurons (Costantino et al., 2008). 

Generally, the pathophysiology is correlated with the inappropriate activation of the immune 

system that leads to the disruption of the blood-brain barrier (BBB) becoming more 

permeable and allowing the infiltration of immune cells within the CNS parenchyma (Howard 

and Weiner, 2009; Ransohoff, 2012). The activation of microglia, oxidative stress, 

mitochondrial dysfunction, and the release of cytotoxic mediators are considered the main 

consequences of immune cell invasion (Compston and Coles, 2008; Obermeier et al., 2013). 

Furthermore, all of these processes promote more inflammation, formation of demyelinated 

plaques, axonal degeneration, followed by loss of motor function, namely paralysis 

(Compston and Coles, 2008). 

Demyelination has been described as a hallmark of autoimmune and inflammatory 

responses (Merrill and Scolding, 1999). The loss of myelin sheaths of neurons has serious 

consequences at both cognitive and motor levels. Symptomatically, depending on the nerve 
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attacked in the CNS, the beginning of MS starts with common features such as muscle 

weakness, fatigue, cognitive impairment, ataxia, visual disturbances and vertigo (Koriem, 

2016; Raffel et al., 2016). Besides these common well-known signs of the disease, patients 

can also develop neuropsychiatric symptoms that are highly prevalent and frequently 

disregarded in clinical settings (Haussleiter et al., 2009). Diaz-Olavarrieta et al. shown that 

95% of the relapsing-remitting MS (RRMS) patients develop neuropsychiatric symptoms, 

highlighting for depression (79%), anxiety (37%) and irritability (35%) (Diaz-Olavarrieta et al., 

1999).     
Regarding all research, the etiology of MS is still not fully understood. Although, several 

investigators believe that the cause of developing MS disease involves a combination of 

environmental exposure and genetic susceptibility (Compston and Coles, 2008). Infections 

with Epstein-Barr virus, low sunlight exposure, smoking and vitamin D deficiency are some of 

the main environmental factors associated with the disease (Compston and Coles, 2008; 

Raffel et al., 2016). Meta-analysis studies have shown a direct association between smoking 

and MS susceptibility but, further studies are needed to completely understand its 

association with disease progression (Handel et al., 2011). Recently, it was also reported 

that human MS-derived microbiota contains factors that can contribute to the pathogenesis of 

the disease (Berer et al., 2017). Concerning genetic susceptibility, the Human Leukocyte 

Antigen gene was the one identified and strongest related with the risk of developing MS  

(Didonna and Oksenberg, 2015). 

 

1.1. Disease Course of Multiple Sclerosis 
 

The disease course of MS shows high heterogeneity among patients and within the 

same patient, remaining an unpredictable disease and the main cause of irreversible 

neurologic disability (Compston and Coles, 2008). In 1996, the US National Multiple 

Sclerosis Society Advisory Committee on Clinical Trials in Multiple Sclerosis defined four 

clinical subtypes: 1) relapsing-remitting (RR); 2) primary progressive (PP); 3) secondary 

progressive (SP); and 4) progressive relapsing (PR) (Figure I.1) (Lublin et al., 2014). More 

recently, the Committee decided that the category PRMS should be eliminated and the 

patients are now categorized as PP patients (Lublin, 2014; Lublin et al., 2014).   

RRMS is the most common form of MS, affecting approximately 80-90% of the 

patients. It is characterized by complete or partial recovery between relapses (or “attacks”) 

(Hafler, 2004). The periods between relapses are characterized by lack of disease 

progression. However, due to the failure of the CNS to remyelinate and regenerate axons, 

focal neurological deficits and persistent symptoms start to accumulate (Miller and Leary, 

2007).  
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SPMS appears after an initial RR disease course and it is characterized by relapses 

with apparent recovery, although the symptoms become progressive and remission is no 

longer obtained. In this MS subtype, the disease pathology is described  by chronic CNS 

inflammation, incapacity to remyelinate, gliosis and, neuronal and axonal degeneration 

(Hampton et al., 2008).  

Around 10-15% of MS patients develop PPMS without passing through RR phase. At 

this stage, it comes the worst prognosis because patients experience an increase attack 

frequency with poor or without recovery (Nylander and Hafler, 2012). At least, a small 

percentage (»10%) of patients develop PRMS with clear acute relapses with or without full 

recovery, where the periods between relapses are characterized by continuous progression 

(Lublin et al., 2014). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure I. 1: Schematic representation of Multiple Sclerosis disease course over time  (Lublin, 
2014).  The relapsing-remitting (RR) disease course is characterized with regular clinical attacks. With 
time, the relapses become less frequent, the recovery is incomplete, and the patients’ disability is 
accompanied by a decrease of brain volume or brain atrophy. 

The development of MS pathogenesis is highly connected with inflammatory and 

neurodegenerative phases. In progressive phenotypes, the neurological decline is 

accompanied by CNS atrophy, decreasing brain volume (Figure I.1). Disease-modifying 

therapies (DMTs), such as interferon and glatiramer acetate, are first-line treatments that are 

able to reduce the frequency of relapses, slowing down the accumulation of physical 

disability (Compston and Coles, 2008). Furthermore, the newest DMTs, namely Natalizumab 

and Fingolimod, are proven to help in both prevention of the formation of inflammatory 

lesions, decrease the number and severity of clinical attacks, and slow the accumulation of 
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disability (Section 1.3.) (Axisa and Hafler, 2016).  Unfortunately, there are no effective 

therapeutic options that completely help in patients’ disability and promote remyelination. So, 

it is essential to find safe and efficient therapeutic options in order to combat physical and 

cognitive symptoms and improve life quality for MS patients.  

 

1.2. Features of cellular and molecular mechanisms involved in 
Multiple Sclerosis immuno-pathophysiology 

The physiological pattern of MS comprise two main steps: 1) myelin sheath destruction 

and formation of lesions in the CNS; and 2) inflammation (Koriem, 2016). In addition to the 

autoreactive immune cells, the major pathological mechanisms associated with brain atrophy 

and related with a permanent clinical disability are axonal degeneration, neuronal loss, 

gliosis and oligodendrocyte (OL) dysfunction (Compston and Coles, 2008; Howard and 

Weiner, 2009).  
 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 
Figure I. 2: Schematic representation of CNS inflammatory cascade in Multiple Sclerosis. T cells 
must be activated in the periphery and gain access to the CNS where they are reactivated by antigen 
presenting cells (APCs). Cytokines secretion and metalloproteinases (MMPs) are responsible for the 
disruption of the blood-brain barrier (BBB) allowing the migration of immune cells (CD4+ and CD8+ T 
cells, and B cells) to CNS parenchyma. Within CNS, activated CD4+ T cells secrete pro-inflammatory 
cytokines, CD8+ T cells produce granzymes and perforins and B cells secret autoantibodies 
consequently creating an inflammatory environment, leading to myelin, oligodendrocyte and axonal 
damage. The reactivation of T cells also triggers astrocytes and microglia reactivity that release 
cytokines, chemokines and reactive oxygen species (ROS) contributing for the demyelination process. 
IFN – Interferon; NO – Nitric oxide; Th – T helper cell; TGF – Transforming Growth Factor 
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1.2.1. Immunopathology underlying immune cell infiltration 
 
Generally, autoimmune disorders such as MS, arise when the immune system loses its 

tolerance ability and become unresponsiveness to antigens or over activated against self-

molecules attacking its own tissues (Goverman, 2009). The pathology of MS is highly related 

to the increase migration of peripheral immune cells (T and B cells) through the brain 

physical barrier, the BBB, due to its disruption. The increased secretion of pro-inflammatory 

molecules leads to an increase permeability of the barrier expanding the recruitment of 

immune cells and, furthermore promoting more inflammation and tissue damage (Figure I.2) 
(Dendrou et al., 2015). 

The existence of T cells that are reactive against self-myelin proteins, namely  myelin 

basic protein (MBP) and myelin oligodendrocyte glycoprotein (MOG), have a crucial role in 

the development of autoimmunity and CNS disorders (Goverman, 2009). Thus, the 

dysregulation of T cell responses and the failure to suppress effector T cells causes 

excessive immune activation resulting in pathology (Joller et al., 2012).  

CD4+ T cells are the central mediators of the adaptive immune response, being 

responsible for cytokine secretion and cellular defenses against a pathogen. When triggered 

by antigen-presenting cells (APCs), naïve T cells can differentiate into regulatory T (Treg)  

cells and T helper (Th) cells, namely Th1, Th2, and Th17, that differ depending on the 

cytokine production and function (Fletcher et al., 2010; Zhu et al., 2010). Both Th1 and Th17 

cells are described to be pathogenic, once they are responsible for the secretion of high 

amounts of pro-inflammatory cytokines, promote inflammatory responses and contribute to 

autoimmunity. Additionally, Treg cells exert an important role in the maintenance of 

immunosuppression, keeping pathogenic Th1 and Th17 cells in check (Leung et al., 2010). 

Treg cells and its transcription factor, FoxP3, have a critical role in autoimmunity acting as 

main regulators of cytokine production and in the inhibition of T cell activation (Fontenot et 

al., 2003). 

Overall, in MS-related immunopathology, the Th cells are increased, while Treg cells 

are reduced not being able to suppress Th1 and Th17 pro-inflammatory activity (Zhu et al., 

2010). Once, FoxP3+ Treg cells can suppress the activation, proliferation and effector 

functions (cytokine production) of immune cells, it makes it a powerful target in the 

prevention of disease (Sakaguchi et al., 2010). Infiltrating CD4+ T cells are also able to 

promote OL damage following demyelination (Section 1.2.2.1.) and glial activation (Section 
1.2.2.2.), through the action of soluble inflammatory and cytotoxic mediators (Dendrou et al., 

2015).  

In addition to CD4+ T cells, CD8+ T cells can also have both suppressive and cytotoxic 

functions (Wootla et al., 2012). Their interaction with the major histocompatibility complex 
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(MHC) class I antigens is the way to induce their response and react against autoantigens, 

for example, MBP. CD8+ T cells also secrete great amounts of molecules, such as 

granzymes and perforins which will induce cellular  damage (Friese and Fugger, 2009; 

Wootla et al., 2012). Recent evidences suggested a correlation between the release of 

perforin and the axonal injury present in MS plaques (Howe et al., 2007; Wootla et al., 2012). 

Curiously, histopathological studies also indicate that these cells are most common in MS 

patients’ brain being present in higher number than CD4+ T cells (Dendrou et al., 2015). 

B cells are also important supporters of the immune system. They are multifunctional 

cells being involved in natural, adaptive and autoantibody production (Hampe, 2012). During 

an immune response, B cells can acquire APCs phenotype and can interact with T cells 

either by activation or inhibition, producing inflammatory cytokines (Hampe, 2012). Curiously, 

the number of infiltrating B cells in CNS when compared to T cells, is higher and it is thought 

to be related with MS progression (Dendrou et al., 2015). The cytokines produced by B cells 

have an impact on mechanisms of immunity and autoimmunity, modulating the migration of 

dendritic cells, activating the migration of macrophages, exerting regulatory functions and 

providing stimulatory signals (Hampe, 2012). Studies also revealed an increase release of 

pro-inflammatory cytokines and a decrease of anti-inflammatory cytokines in MS patients, 

corroborating that B cells are associated with MS (Bar-Or et al., 2010). Nowadays, several 

studies also revealed a relation between the presence of B cells and the immunopathology of 

MS. For instance, the production of autoantibodies by B cells is a way of diagnosis that can 

be detectable in the cerebral spinal fluid (CSF) and more than 50% of demyelinating lesions 

in MS patients are characterized by the deposition of pathogenic antibodies that target the 

OL (Yanaba et al., 2008; Dendrou et al., 2015). Moreover, in progressive phenotypes of MS, 

it was found the presence of meningeal B-cell follicles containing germinal centers, which 

can be considered a hallmark of chronic inflammation (Magliozzi et al., 2004; Dendrou et al., 

2015). 
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Figure I. 3: Adaptive immune system. CD4+ T cells can differentiate into three subtypes, T helper 
cell (Th)1, Th2, Th17, and iTreg cells, based on the cytokine microenvironments.  B cells and Th2 
cells are correlated with humoral immunity and anti-inflammatory responses. In opposite, the Th1 and 
Th17 cells are mainly related with pro-inflammatory responses. The CD8+ T cells exert both cytotoxic 
and suppressive functions. FoxP3 - Forkhead box protein 3; IL – Interleukin; IFN – Interferon; ROR – 
Retinoid-related Orphan Receptor; STAT – Signal Transducer and Activator of Transcription; TGF – 
Transforming Growth Factor; Treg – Regulatory T cell 

 
1.2.1. Pathophysiological characteristics of the CNS 

 
MS refers to “multiple scars” that accumulate in regions of the brain and spinal cord 

(SC). As it was referred previously, the pathogenesis of MS is highly heterogeneous and it is 

mainly associated with the disruption of the BBB, leading to immune cells invasion within the 

CNS (Howard and Weiner, 2009; Macchi et al., 2015). Consequently, the activation of T cells 

and CNS glia, as well as the large secretion of pro-inflammatory cytokines and chemokines 

will have an impact in the immunologic and neurologic forms of the disease, leading to 

myelin damage (Figure I.2) (Macchi et al., 2015). 

Demyelinated areas, known as focal plaques, in the white and grey matter, SC and 

cortex, are the main pathologic hallmarks of MS patients (Section 1.2.2.3.) (Koriem, 2016). 

In RRMS, focal inflammation and demyelination are responsible for the white matter (WM) 

lesions.  In addition to inflammatory lesions, CNS atrophy and increased axonal loss are also 

associated with the progressive phenotypes of MS and, therefore with the development of 

SPMS (Dendrou et al., 2015). 
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1.2.1.1. Neurons and oligodendrocytes as main victims in demyelination 
 
Neurons are the main cells of the CNS with cell bodies in the grey matter (GM). 

Although the morphology can differ in some features, they all contain three common principal 

regions. Each neuron is composed by a soma that is extended into multiple branched 

processes called dendrites, and then, an axon that sends outgoing signals to the other cells 

(Saladin, 2014). The neurons are the main cells responsible for the undergoing 

communication of the nervous system with the other parts of the organism, through three 

main processes: 1) excitability, and the ability to respond and detect stimuli; 2) conductivity, 

and the capacity to react quickly reaching other cells; and 3) secretion, that is the 

transmission and release of neurotransmitters. Importantly, the propagation of signals is 

dependent of either the formation of myelin by OLs and the nodes of Ranvier, that are 

unmyelinated areas, where sodium channels regulate electrical impulse conduction (Bradl et 

al. 2010, Mitew et al. 2014).  

Furthermore, neuroglia are the supportive cells of the brain, SC, and peripheral nerves. 

OLs are specialized glial cells that provide support and insulation to neurons in the CNS by 

enwrapping the axons with myelin sheaths, providing them protection and nutritional support 

(Merrill and Scolding, 1999). They are known as the myelinated cells of the CNS comprising 

about 5 to 10% of the total glia population. Myelin formation occurs when oligodendrocyte 

precursor cells (OPCs), migrate through the CNS and differentiate into mature OL. During OL 

maturation, there are four transitional stages that can be identified according to the migratory 

capacity, morphology and expression of specific markers (Barateiro and Fernandes, 2014). 

Firstly, it occurs the generation of OPCs, followed by the differentiation into 

preoligodendrocytes (or late OPCs) that, overtime, become immature OL and, finally, mature 

OL. OPCs are highly proliferative cells with increased migratory capacity being the main 

source for OL replacement and myelin repair. They also express high levels of platelet-

derived growth factor-receptor a and proteoglycan neuro-glia antigen (NG)-2 and they are 

characterized by their short multipolar ramifications (Barateiro and Fernandes, 2014; 

Armada-Moreira et al., 2015). Since late OPCs express the same markers as OPCs, they 

can also be identified by NG2 staining. In immature (or pre-myelinating) OL, the cell 

morphology starts to change becoming cells with longer ramified branches. Moreover, 

mature OLs starts to form compact enwrapping sheaths around the axons, being responsible 

for the expression of myelin proteins (Podbielska et al., 2013; Barateiro and Fernandes, 

2014). Overall, the proliferation and migratory capacity decrease, the cell morphology 

changes and different markers can be identified during OL development (Barateiro and 

Fernandes, 2014).  
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As it was mentioned above, the myelin sheaths provide insulation around nerve fibers. 

Concerning its synthesis, OL and Schwann cells are the responsible entities within the CNS 

and the peripheral nervous system, respectively (Chamberlain et al. 2016). Full myelination 

of axons is only completed in adolescence, being accompanied with a progressively increase 

of the WM volume in the brain. The composition of myelin comprises about 20% proteins, 

mainly MBP and proteolipid protein (PLP), and 80% lipids, such cholesterol, phospholipids 

and glycolipids (Saladin, 2014). Besides MBP and PLP, MOG is also present with less 

abundance, although it is the one that induces strongest responses in MS patients  (Grau-

López et al., 2009; Podbielska et al., 2013).  

Regarding myelin repair, transcription factors and Rho-family of small guanosine 

triphosphatases (Rho GTPases) are some of the molecules that are involved in the 

processes. Olig1 and Olig2 are two transcription factors important in the regulation of 

oligodendrogenesis (Armada-Moreira et al., 2015).  Indeed, experiments using knock-out 

strains of these genes have shown a direct relation with the generation of OL complex 

morphologies that fail to myelinate (Olig1) and a failure in the synthesis of OPC (Olig2) (Lu et 

al. 2002, Maire et al. 2010). Overall, these experiments revealed the importance of these 

genes in the regeneration of OL and, possibly, in remyelination (Chamberlain et al., 2016). 

Relatively to Rho GTPases, cell division cycle (cdc)-42, Ras-related C3 botulinum toxin 

substrate (Rac)-1, and Ras homologous member (Rho) A are the main subfamilies described 

to regulate the changes in cellular morphology during OL differentiation (Laura Feltri et al., 

2008; Barateiro and Fernandes, 2014). Indeed, Rho-GTPases are implicated in a variety of 

cellular processes, such as in cell polarization, transcriptional and membrane transport 

regulation. Particularly in the CNS, cdc42 and Rac1 act as positive regulators of 

morphological changes being increased during OL differentiation, while RhoA protein act as 

negative regulator inhibiting the process of elongation (Liang, 2004). 

MS is the most common chronic demyelinating disease, once it is incapable of 

spontaneous remyelination in progressive and later stages of MS, which are known to be 

more neurodegenerative than inflammatory. Demyelination is associated with a failure to 

regenerate OL and replace myelin, exacerbating axonal loss and leading to 

neuroinflammation (Chamberlain et al., 2016). Indeed, the myelin sheaths play a vital role in 

the maintenance of axonal homeostasis, stability, and integrity (Merrill and Scolding, 1999; 

Mitew et al., 2014).  
 

1.2.1.2.  Neuroinflammation and glial activation 
 
Besides gradual neuroaxonal loss and brain atrophy, inflammation is also present 

during the clinical course of MS. Briefly, the development of inflammation in MS is mainly 

mediated by T cells and activated macrophages/microglia (Lassmann et al., 2007). This 
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process starts with the transmigration of autoreactive CD4+ T cells through the BBB into the 

CNS where they are reactivated by microglia that act as APCs. This is accompanied by the 

release of pro-inflammatory cytokines which activate and recruit immune cells. Within the 

pro-inflammatory environment, occur the mechanisms that mediate myelin, OL and axon 

damage, leading to neurologic dysfunction (Figure I.2) (Naegele and Martin, 2014).  

Neuroinflammation act as a consequence of neuronal degeneration eliciting the 

production and release of pro-inflammatory cytokines (Hirsch and Hunot, 2009; Xanthos and 

Sandkühler, 2013). Besides the presence of cytokines, neuroinflammation is also mediated 

by chemokines, secondary messengers, nitrogen species and reactive oxygen species 

(ROS). CNS glia, including microglia and astrocytes, are also responsible for the production 

of these mediators (Xanthos and Sandkühler, 2013; DiSabaro J. et al., 2016). Their 

accumulation can amplify both inflammatory and immune responses contributing to an 

exacerbation of demyelination and neurodegeneration (Lassmann et al., 2007). In active and 

chronic lesions of MS patients, CD4+ and CD8+ T cells, and activated microglia are the main 

infiltrated components (Herz et al., 2010).  

Microglia are the central mediators of neuroinflammation being 10% of the CNS 

population and are present in the parenchyma of a healthy brain (DiSabaro J. et al., 2016). 

They are known as the resident macrophages of the CNS and act as the first line of defense 

against brain injury, responding to dangerous signals and initiating inflammatory responses 

(Domingues et al., 2016). Microglial reactivity to external stimuli can be reparative, however, 

when uncontrolled can lead to an exacerbate release of neurotoxic and pro-inflammatory 

factors (Fernandes, Miller-Fleming, & Pais, 2014). The neurotoxic substances that are 

produced, promote and support axonal damage, leading to a progressive neurodegeneration 

(Dendrou et al., 2015). Consequently, when CNS homeostasis start to change, microglia 

becomes overactivated leading to morphologic alterations, microgliosis, increasing the 

expression of mediators and become phagocytic cells (Caldeira et al., 2014; Fernandes et 

al., 2014).  

Regarding morphological changes, as a consequence of brain injury, microglia change 

from a highly branched vigilant state (healthy conditions) to a more amoeboid or rounded 

reactive form, reducing the complexity of their shape  (Petersen and Dailey, 2004; Koriem, 

2016). Importantly, these morphological changes can be observed by staining for ionized 

calcium binding adaptor molecule (Iba)-1, a specific marker of microglia. Moreover, 

depending on the stimuli, the duration and the environment they encounter, microglia can 

acquire different phenotypes: 1) a classic neurotoxic phenotype (M1); and 2) an alternate 

anti-inflammatory phenotype (M2) (Fernandes, Miller-Fleming, & Pais, 2014 ). These 

changes allow them to participate in the cytotoxic response, immune regulation and injury 

resolution. 
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M1 microglia phenotype is associated with acute infection being essential for the 

defense against microorganisms. Principally, M1 consists of a pro-inflammatory phenotype 

associated with cytotoxic responses (Goldmann and Prinz, 2013). It is well-characterized by 

the release of pro-inflammatory cytokines and can be influenced by T cells, mainly by its 

subtype, Th1 cells. Interferon-g, which is released from Th1 cells, and lipopolysaccharide are 

the main inducers of M1 proliferation. When induced, microglia release inflammatory 

mediators, including interleukin (IL)-1b, IL-6, IL-12, and inducible nitric oxide synthase (iNOS) 

(Table I.1) (Goldmann and Prinz, 2013; Salter and Stevens, 2017).  

Contrariwise, M2 microglia phenotype plays a crucial role in tissue repair, in the 

secretion of extracellular matrix proteins and growth factors, promoting phagocytosis and 

contributing to remyelination processes (Correale, 2014). Microglia can also acquire this 

phenotype by interplay with Th2 cells, once they release some anti-inflammatory cytokines, 

such as IL-4 and IL-10. This phenotype is characterized by the expression of high levels of 

arginase and transforming growth factor-b, which is related to the protective role of Th2 cells 

and the induction of Treg cells (Kettenmann et al., 2011; Goldmann and Prinz, 2013). In 

addition, M2 microglia phenotype can be subdivided into three main classes, M2a, M2b, and 

M2c that have different functional properties and specific markers. Specifically, M2a 

microglia phenotype is responsible for phagocytosis and tissue repair, regeneration and 

remodeling; M2b or immunoregulatory phenotype is stimulated by immune complexes and is 

related with the modulation of different conditions of inflammation; and the M2c, also known 

as an acquired-deactivating phenotype, is associated with an increased neuronal loss (Table 
I.1)  (Brites and Vaz, 2014).  

Microglia have been associated with the development of cortical GM lesions in 

progressive MS. Also, M1 phenotype promote even more neuroinflammation and 

demyelination with an increase clinical disability (Correale, 2014). Studies have also shown a 

protective role of microglia during active phases of demyelination. Anti-inflammatory M2 

microglia containing ingested-derived lipids are prone to contribute for the resolution of 

inflammation, producing anti-inflammatory cytokines and growth factors that can inhibit 

further lesion development and promoting regeneration (Boven et al., 2006). Indeed, the 

switch from M1 to M2 polarization play an important role in remyelination processes, once 

there is a secretion of neurotrophic and regenerative factors, promoting OL differentiation 

and recruitment (Miron et al., 2013; Miron and Franklin, 2014). Also, in the peak of the 

disease, there is an increased expression of the cell surface markers cluster differentiation 

(CD)-45, CD86 and MHC-II, which is a consequence of the response to demyelination 

(Goldmann and Prinz, 2013).  Although, CNS myelination depends not only on microglia but 

also on the crosstalk between astrocytes and oligodendrocytes 
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Table I. 1:  Microglia subtypes and the respective inflammatory mediators and phenotypic 
markers.  
 

Phenotype M1 (classical) M2 (alternative-activated) 
Subtype M1 M2a M2b M2c 

Functions Pro-inflammatory Anti-
inflammatory Immunoregulatory Immunosuppressive 

Released 
inflammatory 

mediators 

IL-1b; IL-6; TNF-a; 
iNOS 

IL-10; IL-4; 
TNF-b 

IL-10; TNF-a; IL-
1b; IL-6 IL-10; TNF-b 

Phenotypic 
markers MHC-II; CD45; CD86 FIZZ1; Arg1; 

SOCS-1 SOCS-3 Arg1; SOCS-3 

Function 
- Antigen presentation; 
- Secretion of toxic 

molecules 

- Myelin phagocytosis; 
- Secretion of regenerative factor; 
- Promotion of OL differentiation and remyelination 

Arg – Arginase; FIZZ1 – Protein found in inflammatory zone; IL – Interleukin; iNOS – Inducible Nitric Oxide 
Synthase; MHC – Major Histocompatibility Complex; OL – Oligodendrocytes; TNF – Tumor Necrosis Factor; 
SOCS – Suppressor Cytokine Signaling 
 

Additionally to microglia, astrocytes are also great supporters of the CNS, providing a 

physical and metabolic environment for neuronal activities. They exert roles as 

immunocompetent cells by secreting neurotrophic and/or neurotoxic factors, namely S100B 

protein, or augmenting the immune response (Miljković et al., 2011). They respond to all 

sorts of CNS insults, undergoing a transformation called “reactive astrogliosis”, and therefore 

altering their morphology and expression. In several neurodegenerative disorders or after 

brain injury, it is observed the glial scar formation which is known to be the outcome of this 

reactivity (Sofroniew, 2009; Hamby and Sofroniew, 2010). Recently, it was revealed that 

neuroinflammation is also responsible for the induction of two different phenotypes of 

astrocytes, A1 and A2, as well as in microglia. Indeed, the A1 phenotype represent a gain of 

neurotoxic functions, destroying neurons and mature OLs; and the A2 phenotype mostly 

upregulate neurotrophic factors developing a protective environment (Liddelow et al., 2017). 

Relatively to specific molecular markers, the glial fibrillary acid protein (GFAP) expression is 

essential for the identification and characterization of astrocytes in healthy and pathological 

tissues (Sofroniew and Vinters, 2010).  

Concerning the role of astrocytes in health and disease, the activation and loss of 

vessels coverage represent early lesions and it is accompanied with BBB dysfunction, which 

is a hallmark of MS progression. They are also responsible for cytokines production, namely 

IL-12, IL-23 and IL-25, being capable of regulate the differentiation of CD4+ T cells into a 

more pro-inflammatory phenotype and promoting a cytotoxic activity of CD8+ T cells. 

Moreover, B cells activation can also be controlled by astrocytes through the B cell activating 

factor, which is known to be increased in MS lesions (Domingues et al., 2016).  
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1.2.1.3. Neuropathology: White matter and grey matter lesions 
 
Besides all immunopathology and neuroinflammation present in MS immune-

pathogenesis, this disease is characterized by focal demyelinated lesions in the brain and 

SC WM and also in GM. This so called “plaques” can be distinguished accordingly to their 

immunological activity or by the infiltration of immune cells, in WM or GM, respectively (Table 
I.2) (Lassmann et al., 2007; Prins et al., 2015). Pathologically, both white and grey matter 

lesions are highly heterogeneous, varying among patients in their location, shape and size.  

Concerning WM lesions, anatomical localization explain some neurological symptoms 

diagnosed in MS patients, namely visual dysfunction, auditory impairment, and motor and 

sensory deficits (Prins et al., 2015). Again, the early lesions are quite heterogeneous and it is 

thought to arise from T-cell mediated inflammation alongside with antibody deposition, 

activation of complement, loss of myelin proteins and dysfunction of OL unit (Popescu and 

Lucchinetti, 2015).  

Although MS is known as a WM disease, GM demyelination has also been described. 

GM cortical lesions are also present in the pathogenesis of human MS, specifically in the 

cerebral cortex, deep GM structures (thalamus and hippocampus), cerebellum and SC. It is 

known that the presence of this lesions can explain certain cognitive impairments, present in 

almost 50% of patients carrying MS disease (Bö et al., 2007; Prins et al., 2015). Briefly, 

cortical demyelinated lesions can be classified either by leukocortical, intracortical or subpial, 

based on their location (Popescu and Lucchinetti, 2015). Cortical pathology is also 

associated with meningeal aggregates, an increase neuronal loss and neurite injury, which is 

reflected in both progression and irreversible clinical disability (Lucchinetti et al., 2011).  

Inflammation, demyelination and axonal loss are the pathological hallmarks present in 

all MS stages. Overall, in WM lesions, OLs are known to be the initiators of lesion formation, 

together with a prominent astrogliosis and morphological changes of microglia (Bö et al., 

2013). Therefore, chronic demyelinated GM lesions have lack of inflammatory infiltration and, 

when compared to WM lesions, it is observed less activation of both microglia and 

astrocytes. Regarding demyelination, it is more extensive in GM than WM, however there is 

no correlation between them (Bö et al., 2013; Prins et al., 2015). Overtime, MS 

neuropathology changes, being mainly influenced by demyelinating activity, disease severity 

and clinical course, as well as by the use of therapeutic interventions. 
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Table I. 2: Main characteristics of white and grey matter lesions, in multiple sclerosis patients. 

CNS – central nervous system; Ig – immunoglobulin; GM – grey matter; WM – white matter 
 

1.3. Diagnosis, Biomarkers and Current Treatments of Multiple 
Sclerosis 

In initial phases of the disease, the number of relapses and the development of 

different symptoms is used as a primary diagnosis. An early and precise diagnosis of MS is 

very important once there are no effective treatments, and overtime becomes more difficult to 

reduce neurodegeneration. The primary assessment is supported by magnetic resonance 

imaging (MRI) (Hafler, 2004). Although MRI is an ambiguous technique, give us information 

about WM lesions via evaluation of T2-hyperintense lesions and gadolinium-enhancing T1 

lesion (Nylander and Hafler, 2012). Using the contrast enhancing agent, gadolinium, it is 

possible to detect damages in the BBB, indicating active lesion areas (Polman et al., 2011). 

Recently, the Magnetic Resonance Imaging in Multiple Sclerosis (MAGNIMS) society has 

proposed a standardized MRI protocol to assist in the diagnosis of MS, excluding other 

similar pathologies (Filippi et al., 2016).  The analysis of CSF also provides supportive 

 White matter lesion Grey matter lesion 

CNS regions 

Optic nerves and frontal lobe tracts; 
Brainstem and cerebellum; 
Periventricular WM; 
Spinal cord 

Motor cortex; 
Cerebellum; 
Spinal cord 

Cell influx Infiltrating T cells and macrophages Little or no inflammatory cells; 
Ectopic B-cell follicles 

T cell site of 
entry Blood-brain barrier 

Meninges, choroid plexus, or 
subarachnoid space. 

Glial cell 
characteristics 

Higher number than in GM; 
Microglial activation; 
Astrogliosis; 
Oligodendrocyte loss 

Less number than in WM; 
Less microglia activation and 
astrogliosis; 
Oligodendrocytes damage 

Pathological 
pattern of lesions 

Pattern I – 15% of MS patients; T cell 
and macrophage infiltration, active 
demyelination and activated microglia; 
Pattern II – 58% of MS patients; same 
as above, but with IgG deposition and 
activation of complement; 
Pattern III – 26% of MS patients; 
infiltrating inflammatory cells and 
microglia, no IgG deposition, and loss of 
OLs; 
Pattern IV – rare; nonapoptic death of 
OL, absence of remyelination 

Cortical demyelinating lesions: 
Type I – leukocortical lesions that 
include both WM and deeper 
cortex; highly inflammatory; 
Type II – intracortical lesions; 
located within the cortex, centered 
on blood vessels, and do not 
extend to the surface of the brain or 
subcortical WM; 
Type III – subpial lesions; extend 
from the pia into the deeper cortical 
layers 

Clinical 
implications 

Visual, auditory and organ dysfunction, 
such bladder and bowel; 
Motor and sensory deficits 

Increase motor and sensory 
symptoms; 
Cognitive impairment 
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evidence. This test includes the count of white blood cells, which is usually seven times 

higher in patients than in healthy people; and the presence of oligoclonal bands by 

electrophoresis, which is also higher in MS patients once the immune system is over 

activated producing great amounts of auto-antibodies (Link and Huang, 2006; Brownlee et 

al., 2016). Neurophysiological testing of evoked potentials in the visual, sensory and auditory 

pathway is also used as a supportive evidence of MS, being less invasive than a lumbar 

puncture. These diagnoses allows the identification of silent lesions and the analysis of 

prolonged latency reflects demyelination zones (Brownlee et al., 2016). 

During disease course, a variety of events occur, and the use of biomarkers give us a 

precise, sensitive and reliable form of control, detecting disease activity and assessing 

therapeutic efficacy. Biomarkers are related to the measurement of proteins, lipids and 

nucleic acids in the blood or CSF reflecting disease-related or drug-related processes (Harris 

and Sadiq, 2014). These molecules are part of MS diagnosis, for instance through the 

analysis of oligobands in CSF and white matter T2-T1 lesions by MRI (Housley et al., 2015). 

The release of soluble markers associated with neurodegeneration and glial activation are 

also considered biomarkers. Several CSF biomarkers, such as CXCL13 and S100B, have 

been related to certain pathologic processes underlying disease activity and disease 

progression (Axisa and Hafler, 2016; Barateiro et al., 2016). Once B cells are involved in MS 

disease, CXCL13 is a biomarker that indicates the humoral immune response and serve as a 

measure of the therapeutic efficacy of B-cell targeting therapies (Förster et al., 1996). S100B, 

an astrocyte proliferation marker, is also one potential biomarker of neuronal and glial cell 

damage (Section 2) (Axisa and Hafler, 2016). Besides its importance as a biomarker for MS 

diagnosis, previous research from ongoing work of our group have shown that S100B is 

augmented in CSF, serum and post-mortem plaques of MS patients, being considered a 

potential therapeutic target to reduce MS pathogenesis (Section 2.2.) (Barateiro et al., 

2016). 

Therapeutic approaches to MS are based on altering the function of the immune 

system, either by using immunosuppressive drugs or by modulating molecules. However, 

these strategies are only successful in early stages of MS disease, not having effective 

therapeutic options for progressive phenotypes. A complex disease, such MS, require 

treatments that influence both neuro-restoration, remyelination, neuro-protection and 

inflammation (Howard and Weiner, 2009). Currently, there are 13 DMTs that have been 

approved for the treatment of MS by Food and Drug Administration (FDA) (Vargas and Tyor, 

2017). Dimethyl fumarate (DMF) is one of the latest first-line approved drugs to treat 

relapsing forms of MS. The mechanism underlying this drug is not fully understood, although 

it is known that DMF can downregulate T cell proinflammatory responses and can also be 

implicated in the balance between pro- and anti-inflammatory B cell responses (Li et al., 
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2017). When first-line therapies fail to work, the second-generation therapies, such as 

Natalizumab and Fingolimod, provide more effective disease control, although with 

significant adverse effects (Raffel et al., 2016). Natalizumab, a monoclonal antibody, binds to 

a cell adhesion molecule (anti-a4b1 integrin) expressed on the surface of lymphocytes and 

monocytes, preventing inflammatory cells from entering the brain through the BBB 

contributing to inflammation and causing WM lesions (Yednock et al., 1992; Miller et al., 

2003). Fingolimod, an immunomodulatory drug, is the first approved DMT for relapsing forms 

of MS.  Indeed, this drug sequester autoreactive lymphocytes in lymph nodes reducing cell 

infiltration in the CNS (Groves et al., 2013). Fingolimod, as well as Natalizumab, decrease 

disability and reduces relapses frequency by approximately 50% of clinical exacerbations in 

RR phases.  In the last few years, clinical trials in MS establish the importance of B cells as 

therapeutic targets in this disease (Raffel et al., 2016). Furthermore, immune reconstitution 

therapy (IRT) has been the new investment for MS treatment, once it provides the ability to 

induce long-term remission, and thus, a possibility of a cure. This kind of therapy has high 

efficacy, however it is only an option in RR disease course, once we observe a recurrence of 

inflammatory activity. Recently, alemtuzumab, a monoclonal antibody, was the first IRT 

licensed by the European Medicines Agency and FDA and has shown promising results as a 

rescue therapy or as first line drug in severe-onset MS (Gallo et al., 2017). Although, the 

future goal in MS therapy should pass through combined therapy either by limiting the 

immune cell infiltration but also preventing neuroinflammation and neurodegeneration, which 

correlates directly with clinical symptoms and disease progression.  

 

2. S100B  
 
S100 proteins are a family of calcium (Ca2+)-binding to EF-hand domains that trigger 

conformational changes and allow interactions with other proteins. These proteins are 

thought to be Ca2+ sensors, modulating biological activity via Ca2+ binding (Michetti et al., 

2012). Curiously, this family of proteins was termed S100 once it is soluble in 100% 

saturated ammonium sulfate solution (Rothermundt et al., 2003). Currently, it is known that 

S100 proteins can act either through intracellular regulators and extracellular signaling. 

Intracellularly, they are involved in the regulation of protein phosphorylation; cell growth and 

motility; cell cycle; transcription, differentiation and cell survival; and can promote 

inflammation and migration through interaction with target proteins including enzymes, 

receptors, transcription factors and nucleic acids. On the other hand, extracellular S100 

proteins can act in both autocrine and paracrine manner via activation of surface receptors, 

namely through the receptor for advanced glycation end products (RAGE) (Michetti et al., 

2012; Donato et al., 2013). Both trophic and toxic effects of extracellular S100B are mediated 
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in the brain by RAGE. In the human brain, S100B occurs in a multimeric state in human 

brain, and the most prominent form is a tetramer. Indeed, binding studies revealed that 

tetrameric S100B binds to RAGE with higher affinity than dimeric S100B (Ostendorp et al., 

2007a). 

RAGE is responsible for the interaction with a large number of ligands belonging to the 

S100 family. It is a member of the immunoglobulin (Ig) superfamily being expressed at low 

levels in normal tissues and it is involved in inflammatory disorders. Its gene is located within 

the MHC class II locus, which is associated with the activation of innate immunity, acting as a 

pattern recognition receptor (Xie et al., 2008). Structurally, RAGE consists of: 1) three 

extracellular Ig-like domains (one N-terminal and two C-type Ig domains); 2) a 

transmembrane helix; and 3) a intracellular negatively charged C-terminal tail (approximately, 

42 amino acids) (Ostendorp et al., 2007a; Xie et al., 2008). RAGE can bind to products of 

non-enzymatic glycoxidation, b-sheet fibrils characteristic of amyloid, proinflammatory-like 

mediators such as S100 family, and amphoterin. It is important to highlight that RAGE 

binding to receptors does not accelerate degradation but can begin a period of cellular 

activation leading to inflammation (Schmidt et al., 2001). RAGE and its high expression is 

also related to a variety of diseases, namely Alzheimer’s disease, diabetes and inflammatory 

diseases (Ostendorp et al., 2007a).  

During pathological conditions, S100 proteins are mainly found in biological fluids, and 

can be used as biomarkers. Specifically, S100B, a small Ca2+-binding protein, is one of the 

S100 proteins that can be used as biomarker of disease diagnosis being detected in CSF or 

in peripheral blood, including for MS disease (Section 2.2.) (Villarreal et al., 2014; Barateiro 

et al., 2016). Upon S100B binding, there is an activation of RAGE expression, expanding 

S100B levels that is found to be increased in several tumors, aging diseases, chronic 

epilepsy or HIV infection, and in acute and chronic inflammatory diseases (Ostendorp et al., 

2007a; Donato et al., 2009; Villarreal et al., 2014).  
 

2.1. Intracellular and Extracellular role of S100B  
 
As it was mentioned above, S100B is a member of the S100 family of Ca2+-binding 

protein that can exert both intracellular and extracellular functions (Brozzi et al., 2009). 

S100B is a 10,5 kDa protein located on chromosome 21q22.3 and it is abundant in the 

nervous system, where it is mainly expressed by astrocytes, mature OLs and Schwann cells 

(Huttunen et al., 2000; Adami et al., 2001).  

Within cells, S100B is located in the cytoplasm and it is associated with membranes 

and certain cytoskeleton elements. Moreover, S100B act as Ca2+ sensors and as a stimulator 

of cell proliferation and migration; an inhibitor of apoptosis; and it also contributes to the 
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regulation of the microtubules assembly/disassembly and type III intermediate filaments 

(Brozzi et al., 2009; Donato et al., 2013). Additionally, it is also involved in the regulation of 

energy metabolism, cell proliferation and differentiation, and regulation of cell morphology in 

neurons and glial cells (Figure I.4) (Rothermundt et al., 2003; Deloulme et al., 2004; 

Kleindienst et al., 2007). Overall, it is quite evident that S100B plays a protective role if it acts 

within the cells, as an intracellular regulator, at physiological levels 

 

 
 

 

 
 

 

 
 

Figure I. 4: Schematic representation of S100B intracellular effects in CNS neurons and glial 
cells, including astrocytes, microglia and oligodendrocytes. Intracellularly, S100B acts as a 
signaling molecule promoting neuronal proliferation, oligodendrocyte differentiation, astrocyte 
morphology and helps in microglia/astrocyte migration. X-ray structure of human Ca2+-S100B, in 
Protein Data Bank. 

 
In the CNS, S100B is constitutively secreted by astrocytes. The secretion is mediated 

and regulated by metabolic stress conditions or upon exposure to agents, namely, serotonin 

agonists, low levels of glutamate, lysophosphatidic acid or pro-inflammatory cytokines 

(Brozzi et al., 2009; Donato et al., 2009). Actually, extracellular S100B might be dependent 

on the activation of RAGE, that is present on the cell surface (Donato et al., 2009). 

Extracellularly, S100B also acts in neurons, astrocytes, and microglia where it has 

different effects, depending on its concentration (Figure I.5). Indeed, S100B protein is also 

known to have double-life, acting either as a neurotrophic or neurotoxic molecule. 

Physiological conditions in the brain are shown to be around nanomolar (nM) concentrations. 

At this concentration, S100B exert trophic effects mainly protecting hippocampal neurons, 

stimulating neuronal outgrowth mediated by RAGE-dependent activation, and preventing 

motor neurons degeneration (Huttunen et al., 2000; Gerlach et al., 2006). Besides neurons, it 

also affects microglia and astrocytes in different manners. In an autocrine way, S100B 

promote astrocyte proliferation and survival (Rothermundt et al., 2003; Donato et al., 2013). 

However, in microglia, it attenuate the activation being implicated in the regulation of its 

activity (Adami et al., 2001; Donato et al., 2013). 

Contrariwise, upon injury S100B can achieve micromolar (µM) concentrations, which is 

associated with neurodegenerative or apoptosis-inducing effects (Rothermundt et al., 2003). 

Astrogliosis is one of the consequences, in parallel with iNOS expression, nitric oxide (NO) 



 19 

and pro-inflammatory cytokines (IL-1b and tumor necrosis factor (TNF)-a) secretion 

(Huttunen et al., 2000). Astrocyte exposure to S100B induces several alterations in its 

morphology toward a reactive stellate phenotype. Neuronal apoptosis also occurs through 

S100B interaction with RAGE causing high levels of ROS accompanied by its release, 

followed by activation of caspase cascade (Rothermundt et al., 2003; Gerlach et al., 2006). 

In addition, S100B has also the ability to induce microglia activation and, therefore contribute 

to NO release and to create a pro-inflammatory cytokine environment (Donato et al., 2009). 

Evidences suggest that extracellular S100B effects can promote gliosis via RAGE/Rac-1-

Cdc42 pathways and activate nuclear factor kappa B (Villarreal et al., 2014). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure I. 5:  Schematic representation of S100B extracellular effects in CNS neurons and glial 
cells, namely astrocytes and microglia. Upon exposure to glutamate, LPA, serotonin agonists and 
TNF- a, S100B is released from astrocytes exerting paracrine and autocrine effects. Depending on its 
concentration, nanomolar (left) or micromolar (right), S100B can have both trophic or toxic effects, 
respectively. IL – Interleukin; LPA – Lysophosphatidic acid; NO – Nitric Oxide; ROS – Reactive 
Oxygen Species; TNF – Tumor Necrosis Factor 

S100B protein has been extensively studied over the past years, and there is no doubt 

between the intracellular and extracellular effects in the nervous system cells. The 

relationship between S100B, neurodegeneration, and neuroprotection comes from data 

obtained through the analysis of extracellular effects. The release of S100B from astrocytes 

can be reduced by augmenting the levels of glucose following by inhibition of Src kinase, or 

just upon treatment with high doses of glutamate (Donato et al., 2009). Furthermore, the 

S100B therapeutic neutralization through inhibitors, namely antagonists, drugs and specific 



 20 

antibodies, could be a good strategy to overcome neurodegeneration and inflammation 

associated with the toxic effects of this molecule (Section 2.3.).  
 

2.2. S100B and Multiple Sclerosis  
 

MS is a heterogeneous disease involving either neuroinflammation, glial activation and 

oligodendrocytes pathology. The presence of S100B within the CNS and its elevated levels 

in biological fluids of several pathological conditions, made S100B a protein candidate for a 

potential biomarker.  

Moreover, Michetti and his collaborators were the first group to detect S100B in 

extracellular biological fluids, particularly in the CSF of MS patients, in the acute phase of 

exacerbation, however, almost undetectable during remission (Michetti et al., 1979). Another 

study showed that, there is a significant trend of the CSF S100B levels during disease 

progression, more elevated in RRMS decreasing in SPMS and even lower in PRMS, in 

accordance to the decrease of an inflammatory status. It was also shown the presence of 

S100B in acute lesions of post-mortem brain tissues of patients with RRMS (Petzold et al., 

2002). Furthermore, studies also described that patients with increased S100B levels 

reflected both axonal and glial pathology, while after immunosuppressive therapies the levels 

decreased  (Bartosik-Psujek et al., 2011). Indeed, after these findings showing the 

importance of S100B in different phases of disease progression, this protein gained some 

status in MS research once can serve as diagnostic and prognostic biomarker and can be 

used as a tool to monitor immunosuppressive treatments.  

Some ongoing work in our group increased the interest in this protein. In human CSF 

and serum samples from MS patients, it was confirmed a significant increase of S100B levels 

at the time of diagnosis and that it is highly upregulated in active and chronic MS lesions of 

post-mortem samples, mainly in astrocytes. Moreover, RAGE expression was predominantly 

observed in macrophages/microglia in active lesions. Using an ex vivo demyelinating model, 

it was demonstrated that S100B is overexpressed and released upon demyelination, 

alongside with the activation of astrocytes and microglia (Barateiro et al., 2016). Once it was 

revealed the relevance of this protein in MS, it is of our interest to find therapeutic 

approaches to neutralize and diminish the levels of pathological S100B. 

 

2.3. Therapeutic approaches to neutralize S100B 
 
Taking in advantage the presence of S100B in several events within CNS and its direct 

implication in the MS disease, further studies were done to see its significance as a 

therapeutic target.  

Therapeutic antibody-mediated neutralization of S100B is one of the promising 
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approaches that shown interesting results in reducing the effects of extracellular S100B at 

µM concentration. Recent work of our group showed that incubation of brain slices with anti-

S100B antibody partially prevented the demyelination caused by lysophosphatidylcholine 

(LPC), reduced astrogliosis and prevented cytokine and inflammasome expression (Barateiro 

et al., 2016). 

Additionally, S100B can be neutralized through a RAGE-specific antagonist, FPS-ZM1. 

Results from the co-incubation of S100B with RAGE antagonist showed the reduction of 

S100B toxic effects, namely by the prevention of S100B-induced OPC differentiation and OL 

morphological maturation arrest, loss of axonal integrity and, consequently myelination 

impairment. This strategy also supported the role of S100B-RAGE engagement on the 

creation of an inflammatory environment. Indeed, this study also described that, by using an 

ex vivo de novo demyelinating model, co-incubation with µM levels of S100B and RAGE 

antagonist, decreased both myelination and inflammation (Santos et al., 2018).  

Furthermore, studies were also performed to elucidate whether S100B-RAGE axis 

were indeed involved in mechanisms underlying MS pathology. Using organotypic cerebellar 

slice cultures incubated with RAGE antagonist, FPS-ZM1, have shown to promote OL 

differentiation and maturation and, actually, be protective against both demyelination and 

axonal injury. Additionally, the inhibition of S100B-RAGE axis was able to prevent gliosis 

and, subsequently the inflammatory milieu. Given these results, we were able to clarify the 

role of these axis and that, therefore, its blockage could be a potential new therapeutic 

strategy (unpublished data, Santos, G., 2018. PhD thesis).  

Once previous results have shown the role of S100B-RAGE axis, studies were 

performed using an ex vivo demyelinating model treated with pentamidine, an antiprotozoal 

drug, with a specific affinity to the S100B molecule (Markowitz et al., 2004; McKnight et al., 

2012). This drug was first identified in 1930 for the treatment of Pneumocystic carinii and it is 

already a FDA approved drug (Sands et al., 1985). These studies have shown that 

pentamidine not only prevented demyelination by blocking toxic S100B, but also prevented 

the exacerbated expression of pro-inflammatory cytokines, and therefore supported 

remyelination (unpublished data, Pascoal, P. 2017. Master thesis). These preliminary results 

showed that this drug is able to neutralize toxic S100B preventing its destructive effects in 

MS-like pathogenesis. 

Collecting all data, further studies should be done using an animal model of MS, to 

further clarify the potential pharmacological targeting of S100B in MS disorder (Section 3). 
So, it is of great interest to explore whether these strategies may ameliorate MS-like 

pathogenesis and immune response, becoming a new way of therapeutic intervention, 

improving patients’ life. 
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3. Experimental models to study Multiple Sclerosis  
 
The unsatisfactory and ineffective therapy for the treatment of MS as well as the 

complete knowledge of its pathophysiology, led to the development of experimental models 

that mimic some hallmarks of disease. Mice and rats are the more used animal models, once 

they are easy to manipulate and genetically closeness to humans, being the preferential 

target to study and develop human diseases.  

In MS research, it has been used a variety of animal models to study either 

inflammation, autoimmunity, demyelination and remyelination, considering each of the 

pathogenic process for both relapsing MS (inflammatory) and for chronic progressive MS 

(neurodegenerative). Among the different experimental animal models used to study MS, the 

experimental autoimmune encephalomyelitis (EAE) is the most frequently used in research. 

Besides EAE, there are two major categories of animal models that can be used: 1) the 

virus-induced chronic demyelinating disease model; and 2) the toxic-induced model of 

demyelination (Section 3.1.) (Denic et al., 2011). Besides all good things that the in vivo 

models bring to MS research, they represent an extensive cost, either economically or 

ethically (Mix et al., 2010). To overcome this issue, cerebellar organotypic slice cultures have 

also been used to mimic demyelination and inflammatory processes when exposed to toxins, 

namely LPC, in the absence of the immune system response (Doussau et al., 2017).  

Due to the heterogeneity of MS, it is not possible for a single animal model to capture 

and incorporate the spectrum of human MS and its variability in clinical, radiological, 

immunological, pathological and genetic features (Mix et al., 2010; Procaccini et al., 2015). 

However, over time, there is an increased interest in discovering useful and relevant animal 

models that allow the study of either immune- and CNS-pathological mechanisms of MS 

concerning its therapeutic and reparative treatments. 
 

3.1. In vivo Animal Models 
 
Regarding in vivo models, the three most studied animal models of MS summarized in 

Table I.3 are (Denic et al., 2011): 

1) The EAE, that is useful to study CNS inflammation, immune surveillance and 

immune-mediated tissue injury (Section 3.1.1.); 
2) The virus-induced model of demyelination, using Theiler’s Murine Encephalomyelitis 

Virus (TMEV), to reproduce chronic disease course and to study the role of axonal injury and 

repair (Section 3.1.2.); 
3) The toxic-induced model of demyelination, using cuprizone and LPC, to study the 

mechanisms of demyelination and remyelination (Section 3.1.3.). 
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Table I. 3: Characteristics of the different in vivo models of multiple sclerosis.  

LPC- Lysophosphatidylcholine; PLP – Proteolipid Protein; MOG – Myelin Oligodendrocyte Glycoprotein; TMEV – 
Theiler’s Murine Encephalomyelitis Virus 

 

3.1.1. Experimental Autoimmune Encephalomyelitis: immunity and 
inflammation 

As it was mentioned above, EAE is the most extensively and widely studied animal 

model of autoimmune and inflammatory disorders. It provides a flexible, rapid and potent 

platform for research, once there are many features that resemble for clinical MS (Ransohoff, 

2012). EAE is the animal model more versatile of autoimmune nature, without the 

involvement of viruses and toxins (Batoulis et al., 2011). Besides the positive things, recent 

criticism of EAE has been made since there were promising results that have shown to be 

inefficient in human MS, suggesting a more careful use of the model (Denic et al., 2011).  
The induction of inflammation and demyelination can be observed through active 

immunization with auto-antigens derived from CNS proteins, such as PLP, MOG, and MBP, 

or by passive transfer of encephalitogenic T cells between animals of the same species 

(Teixeira et al., 2005; Rangachari and Kuchroo, 2013). Briefly, immunization is performed 

using adjuvants and by subcutaneous (s.c.) injections containing synthetic peptides derived 

from myelin protein. Consequently, there is the activation of peripheral antigen-specific T 

cells that enter in the CNS confronting myelin antigens and therefore, inducing disease 

(Denic et al., 2011). Although complete Freund’s adjuvant (CFA) alone is able to induce 

strong inflammatory responses, exert immunomodulatory functions and increase the 

permeability of BBB, when added to pertussis toxin (PTx) result in a more severe and reliable 

form of disease (Teixeira et al., 2005; Procaccini et al., 2015).  

The oscillatory symptoms and clinical courses can be variable depending on the 

genetic background, the source and dose of antigenic material and, even the immunization 

protocol itself. Emphasizing the different genetic background, currently, there are two mice 

strains more frequently used, namely the SJL/J mice and C57BL/6 mice (Batoulis et al., 

2011; Ransohoff, 2012). Briefly, the SJL/J mice can be immunized by synthetic PLP139-151, 

Model of MS Mechanism Application Involved cells 
Experimental 
Autoimmune 

Encephalomyelitis 

Immunization with a specific 
myelin protein (PLP139-151 or 
MOG35-55) 

Myelin destruction; 
neuroinflammation, and 
immune system activation 

T cells, B cells, 
and microglia 

Virus-induced model  Intracerebral infection with 
picornavirus, such as TMEV 

Study of axonal damage, 
and inflammatory-induced 
demyelination 

Glial cells, and 
T cells 

Toxic-induced model Feeding 0.2% cuprizone, or 
LPC injection 

Study of de- and re-
myelination processes 

 
Glial cells 
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showing patterns of relapses following recovery and so, reproducing the RR-MS disease 

course. This model provided proof of the central role of CD4+ T cells in the immune 

pathogenesis (McRae et al., 1992; Whitham et al., 1991). EAE is mostly induced in C57BL/6 

mice using MOG35-55 peptide. In here, it is important the dosage under specific conditions, 

since the type of disease that is reproduced can change depending on it. Indeed, a high and 

low concentration of peptide reproduce chronic-progressive EAE and RR-EAE, respectively 

(Berard et al., 2010). This model contributed to the study on the immune pathogenesis of 

MS, revealing the contribution of B cells, CD8+ and CD4+ T cells and CNS glia cells 

(Rangachari and Kuchroo, 2013). In addition to this mice models, it can also be used 

knockout strains to elucidate the role of some involved cells and targets, namely S100B 

protein. It is also important to highlight that, in classic EAE model clinical changes are 

evaluated by a standardized 5-points scale, further explained in detail (II – Methods) (Berard 

et al., 2010; Batoulis et al., 2011).  

Although EAE is commonly used in research as a model for MS, it has some limitations 

and some differences relatively to lesions in MS (Table I.4). For instances, in EAE lesions, 

CD4+ T cells are predominantly in the perivascular infiltrates, while in human MS lesions the 

predominant immune cells are CD8+ T cells (Hauser et al., 1986).  Both Th1 and Th17 cells 

can induce classic EAE, however Th17 cells are responsible to induce a more severe form of 

EAE; indeed, both cells have been identified in the CNS and CSF of MS patients (Jager et 

al., 2009; Batoulis et al., 2011; Procaccini et al., 2015). Moreover, EAE does not reproduce 

relapses which difficult the study of remyelination. Histologically, this model is mainly 

described by inflammatory infiltration in the brain and SC WM accompanied with focal 

demyelination; while MS is mainly a brain disease characterized by focal demyelinated 

plaques in the cerebral, cerebellar cortex and also, in the SC (Day, 2005; Ransohoff, 2012). 

Besides its limitations, EAE model changed the course of MS understanding and research, 

contributing to the knowledge of autoimmunity and neuroinflammation with the final aim of 

developing novel therapeutic approaches.  

 
3.1.2. Virus-induced demyelination model: virus as a critical 

environmental susceptibility factor  
Molecular mimicry mechanisms have been linked with the pathogenesis of many 

autoimmune disorders, including MS. It was reported that Epsein-Barr Virus, Measles Virus, 

and Human Herpesvirus 6 organisms are capable of molecular mimicry mechanisms using 

myelin as target (Oldstone, 2005). Viruses have been linked to MS as a critical 

environmental susceptibility factor and to study its contribution the virus-induced 

demyelination model was developed (Miller et al., 1996).  
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TMEV is a mouse enteric pathogen with a single stranded RNA picornavirus. TMEV 

have two main strains, 1) a highly virulent that cause fatal encephalitis, and 2) a less virulent 

that is used as a murine model of MS. The last model can develop both monophasic and 

persistent neurologic disease, and a biphasic that reproduce chronic demyelinating lesions 

(Denic et al., 2011).  

Briefly, TMEV infects macrophages and CNS glial cells during chronic phases, being 

directly involved in demyelination. This model provides us the origin of some behavioral signs 

following by demyelination of murine CNS; although, the pathogenesis of TMEV-induced 

myelination differs from what it is seen in MS (Ransohoff, 2012). Unlike what happens in 

EAE model, the disease is always chronic-progressive in susceptible mice and can only be 

induced in mice, and not in other different species such as other rodents and primates (Table 
I.4) (Procaccini et al., 2015).  

 

3.1.3. Toxic-induced models of demyelination: processes of focal 
de- and re-myelination 

To fulfill the limitations in the EAE model, namely the absence of remyelination, the 

toxic-induced model of demyelination was developed. This is an alternative in vivo model that 

use toxins not to mimic MS disease, but to study the processes of focal de- and re-

myelination (Table I.4) (Denic et al., 2011). 

One of the most used is cuprizone known as a copper chelator that is able to promote 

copper deficiency and, therefore myelin damage. This toxin has as main target mature OLs 

inducing demyelination without affecting other cell types present in the CNS. Concisely, 

animals are fed with 0.2% cuprizone during 4 to 6 weeks causing dysfunction of 

mitochondrial complex and toxicity of OLs. Then, cuprizone administration is suppressed, 

which allows the generation of new OLs from the pool of OPCs and the formation of myelin 

sheaths, promoting remyelination (Matsushima and Morell, 2001).  

Moreover, we can also study focal demyelination through the injection of a toxin LPC, 

an activator of phospholipase A2. This toxin induces high focal areas of demyelination due to 

toxic effects on myelin sheaths, without affecting adjacent cells or axons. Like cuprizone, 

after a few weeks, complete remyelination occurs (Jeffery and Blakemore, 1995). 

These models brought to research more knowledge about important processes in MS 

disease, namely the understanding of de- and re-myelination. Indeed, these models also 

brought the capability of isolate lesions as discrete events with spatiotemporal predictability, 

providing insights into the cellular and molecular mechanisms (Miller and Fyffe-Maricich, 

2010; Ransohoff, 2012). However, they fail in the absence of ongoing immune activity, an 

important contribute to MS disease (Batoulis et al., 2011). 
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Table I. 4: Advantages and limitations of the different in vivo models used to study multiple 
sclerosis disease.  

Animal Model Advantages Limitations 

EAE 

Flexible, potent and rapid platform for 
research; 
Histopathology in accordance with MS 
lesions; 
Immunization induce autoreactive 
inflammatory T cells infiltration of the 
CNS; 
Good model to study autoimmunity, 
neuroinflammation, cytokine biology and 
immunogenetics 

 
Remyelination cannot be well 
studied; 
EAE is a disease of subpial spinal 
cord white matter, whereas MS is a 
brain disease with prominent 
demyelination of the cerebral and 
cerebellar cortex 
 

Virus-induced 
model 

 
Demyelination is immune-mediated; 
Some viruses are proved to be related to 
MS susceptibility; 
The clinical manifestation is very similar to 
chronic-progressive MS 

 

The pathogenesis (demyelination) 
differs from that in MS; 
TMEV can only be induced in mice 
and does not cause pathology in 
humans 

Toxic-induced 
models 

Study of cellular and molecular 
determinants of remyelination; 
Provides insights into the determinants of 
OL cell death, without affecting other cells 

Absence of ongoing immune 
activity, as seen in MS 

CNS – central nervous system; EAE – Experimental Autoimmune Encephalomyelitis; MS – Multiple Sclerosis; OL 
– oligodendrocyte; TMEV – Theiler’s Murine Encephalomyelitis Virus 

 
All together and taking advantages of recent findings (Section 2.3.), we decided to test 

one way of neutralizing S100B through a specific S100B-binding drug, pentamidine.  To 

accomplish this, we will use as an in vivo model of MS, the EAE, once it is the one that 

mimics in more detail the entrance of immune cells in the CNS leading to demyelination and 

neuroinflammation. Indeed, initial studies using the EAE model were done to 

demonstrate/validate the role of S100B and RAGE axis. Furthermore, results show a 

remarkable increase in S100B and its receptor expression, as well as gene expression of 

pro-inflammatory cytokines (unpublished data, Pascoal, P. 2017. Master thesis). 
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4. Aims 
 

The main purpose of this project is to understand the role of the inflammatory 
molecule S100B in MS-like pathogenesis and, hopefully reduce or even prevent 
disease severity by using a drug-modifying therapy (pentamidine). To accomplish this 

objective, we will use the MS in vivo autoimmune and inflammatory model, EAE, and 

evaluate animal clinical score and CNS pathogenesis. The specific aims are: 

1) To understand whether the binding of the drug pentamidine to S100B may 
reduce EAE clinical score. For this we will use, a cohort of animals that will be 

divided in two groups: 1) the vehicle group, EAE-induced; and 2) the treated group, 

EAE-induced and treated with pentamidine since the day of induction. The clinical 

score will be evaluated daily following a 5-scale, until the end of the treatment. 

Body weight will be also measured.  
2) To evaluate if S100B targeting decrease CNS pathogenesis in the 

inflammatory EAE model. We will measure the areas of demyelination and 

myelin-related molecules by histopathological staining and immunostaining, 

respectively. In this phase, glial cells activation and inflammatory status will be also 

assessed.  
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II – MATERIAL AND METHODS 
 
 

1. Animals 
 
To perform EAE studies, we used female C57BL/6 mice acquired from Instituto de 

Medicina Molecular (IMM), with 8-10 weeks of age. The animals were kept in a controlled 

environment at 21ºC and 55-67% humidity, on 12- hours light/dark cycles and fed with food 

and water in ad libitum diet. Furthermore, before starting the experiments, the animals were 

in acclimatization conditions for one week to adapt to the new conditions and avoid animal 

stress.  

Animal care followed the recommendations of European Convention for the Protection 

of Vertebrate Animals Used for Experimental and other Scientific Purposes (Council Directive 

86/609/EEC) and National Law 1005/92 (rules for protection of experimental animals). All 

animal procedures were approved by the Institutional Animal Care and Use Committee and 

the national animal affairs regulatory office (Direção Geral de Alimentação e Veterinária). 

The best efforts were made to minimize the number of animals used and their suffering. 

 

2. Experimental Autoimmune Encephalomyelitis  
 
C57BL/6 mice were divided into two different groups (total number per group = 5): 1) 

vehicle group, the EAE-induced group receiving daily saline; and 2) treated group, the EAE-

induced group receiving daily pentamidine (4 mg/kg body weight, 2.4 mg/ml daily, via i.p.; 

Sigma-Aldrich, Merck). EAE was induced in female C57BL/6 mice with 8 to 10 weeks of age. 

On day 0, mice were immunized by a s.c. injection with 125 µg of MOG35-55 (1.25 mg/mL) 

peptide emulsified in CFA supplemented with 4 mg/mL of heat-inactivated Mycobacterium 

tuberculosis. The MOG35-55/CFA emulsion was injected in both sides of the groin of the 

mouse with 100 µL. Additionally, to achieve full immunization, the mice were immediately 

injected intravenously with 100 µL of PTx (200 ng/100 µL) in phosphate buffer (PBS) on the 
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day of induction and 48 hours later, as described in Figure II.1. All animals were injected 

with the MOG35-55/CFA emulsion and PTx, in the same conditions. During the induction 

procedure, the mice were anesthetized to reduce stressful situations. Immediately after the 

induction, the vehicle and treated group were injected via intraperitoneal (i.p.) with PBS and 

pentamidine, respectively. 

For 30 days after induction, all mice were weighted and monitored daily. Clinical signs 

of EAE were also assessed using a scale ranging from 0 to 5 grades that is characterized by 

an ascending paralysis beginning at the tail (score 1), followed by limb and forelimb (score 2 

and 3, respectively), leading to quadriplegia (score 4) and death (score 5). A more detailed 

description is given in Table II.1. Importantly, the EAE model was generally considered a 

success if its score exceeded the score 2.  

At day 31, the animals were sacrificed, and tissues (specifically, brain and SC) were 

collected to perform histochemical, immunofluorescence and biochemical analyses, as it will 

be described below.  

 
 
 
 
 
 
 

Figure II. 1: Global schematic EAE induction timeline, in C57BL/6 mice with 8-10 weeks age. To 
achieve full EAE immunization, an emulsion composed by MOG35-55 peptide and CFA was injected via 
subcutaneous at day 0. In addition, PTx toxin was also injected intravenously, at day 0 and 48 hours 
after. Alongside with mice immunization, PBS and pentamidine were injected in the respective 
animals’ group (e.g. Vehicle group and Treated group). Weight and clinical score were also daily 
assessed during the experiment. 31 days post-induction, the mice were sacrificed, and blood, spinal 
cord and brain were collected. CFA – Complete Freund’s Adjuvant; EAE – Experimental Autoimmune 
Encephalomyelitis; I.P. – intraperitoneal injection; MOG – Myelin Oligodendrocyte Glycoprotein; PBS – 
phosphate buffer; PTx – Pertussis Toxin 

 
 
 
 
 

 
 
 
 
 

Strain: C57BL/6 wild-type mice
Age: 8-10 weeks age

Groups: vehicle group and treated group

30 day0 day 2 day

EAE immunization
MOG35-55 + CFA
PTx

9 day 14 day 19 day

Profilatic treatment with PBS or pentamidine (4mg/kg), I.P. injection

PTx

Clinical score, following a standardized 5-points scale

Remission – Partial RecoveryInitial symptoms Disease onset
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Table II. 1: Detailed clinical score with respective clinical observations. Euthanasia is 
recommended after the mouse score 4.0 after 2 days. When the mouse is euthanized because of 
severe paralysis, the last clinical evaluation score is given for the respective mouse for the rest of the 
experiment.  

EAE Clinical 
Score Clinical Observations 

0.0 
No obvious changes in motor function compared to non-immunized mice. When 
picked up by base of tail, the tail has tension and is erect. Hind legs are usually 
spread apart. When the mouse is walking, there is no gait or head tilting. 

0.5 Tip of tail is limp. When picked up by base of tail, the tail has tension except for the 
tip. Muscle staining is felt in the tail, while the tail continues to move. 

1.0 
Limp tail. When picked up by base of tail, instead of being erect, the whole tail 
drapes over finger. Hind legs are usually spread apart. No signs of tail movement 
are observed.   

1.5 
Limp tail and hid leg inhibition. When picked up by base of tail, the whole tail drapes 
over finger. When the mouse is dropped on a wire rack, at least one hind leg falls 
through consistently. Walking is very slightly wobbly. 

2.0 

Limp tail and weakness of hind legs. When picked up by base of tail, the legs are 
not spread apart, but held closer together. Walking has a clearly apparent wobbly. –
OR– 
Mouse appears to be at score 0.0, but there are no obvious signs of head tilting 
when the walk is observed. The balance is poor. 

2.5 

Limp tail and dragging of hind legs. Both hind legs have the same movement, but 
both are dragging at the feet. –OR–   
No movement in one leg and it is completely dragging, but movement in the other 
leg.  

3.0 

Limp tail and complete paralysis of hind legs. –OR–   
Limp tail and almost complete paralysis of hind legs. One or both hind legs are able 
to paddle, but neither is able to move forward. –OR–   
Limp tail with paralysis of one front and one hind leg. 

3.5 

Limp tail and complete paralysis of hind legs. In addition to: 
Mouse is moving around the cage, but when placed on its side, is unable to right 
itself. Hind legs are together on one side of the body. –OR–   
Mouse is moving around the cage, but the hind quarters are flat.  

4.0 Limp tail, complete hind legs and partial front leg paralysis. Mouse is minimally 
moving around the cage but appears alert and feeding. 

4.5 
Limp tail, complete hind legs and partial front leg paralysis, no movement around 
the cage. Mouse is not alert and has minimal movement. The mouse barely 
responds to contact.  

5.0 Mouse is complete paralyzed.  

EAE – Experimental Autoimmune Encephalomyelitis 
 

3. Histological analysis 
 
After performing the in vivo procedures, animals of both groups were weighted and 

then, sacrificed. Mice were anaesthetized with a non-lethal dose of isoflurane, a commonly 

used anesthetic, and intracardially perfused through the left heart ventricle with 4% of 
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paraformaldehyde (PFA) using a peristaltic pump. Mice brain was removed and 

fixed/preserved in PFA at 4ºC. Therefore, the samples were cryoprotected with 40% sucrose 

in PBS and then, snap-frozen in TissueTekÒ OCTÔ compound (Sakura Finetek Europe, 

Netherlands). Finally, the samples were cross-sectioned with serial coronal cryostat sections 

with 20 µm thickness, at -20º C (Cryostat Leica CM S3050) and collected in both glass slides 

and in 24-well plates as free-floating. 

The slices were stained for Luxol Fast Blue (LFB) and hematoxylin staining and 

visualized by light microscopy to assess the degree of demyelination and cells infiltration, 

respectively. The slices were allowed to dry overnight (approximately, 16 hours) at room 

temperature (RT). Then, they were incubated with 0.1% LFB solution in 96% ethanol and 

10% acetic acid, overnight, at 56.ºC. To clean the excess stain, the slices were washed with 

distilled H2O. In addition, tissue differentiation was performed using 0.05% lithium carbonate 

solution followed by 70% ethanol, and these steps were repeated until the white and gray 

matter were distinguishable. The slices were then rinsed with distilled H2O and 

counterstaining with hematoxylin, for 10 minutes, at RT, and rinsed with tap water for 5 

minutes. Hydrochloric acid was also used to differentiate the slices followed by water one last 

time, for 5 minutes. Finally, dried samples were mounted with Entellan (Merck, K12572938). 

The images were taken on an optical microscope, Leica DC 100 camera (Leica, Wetzlar, 

Germany) with x10 magnification under a bright field. Then, the level of myelination was 

quantitatively evaluated by determining the percentage of brain area that was stained with 

LFB staining, using the ImageJ (Fiji Is Just) software. 

 

4. Immunohistochemistry procedure  
 
After brain sectioning, slices in glass slides were post-fixed in 4% PFA for 10 minutes 

following by washing three times with PBS 10 minutes each. Then, to permeabilize the 

tissue, the slices were incubated with 0.25% Triton X-100 in PBS for 10 minutes and then, 

incubated with blocking solution containing 5% bovine serum albumin, 5% fetal bovine serum 

and 0.1% Triton X-100 in PBS solution for one hour, at RT. After blocking, the slices were 

probed with the primary antibody (Table II.2) diluted in the blocking solution, for 

approximately 48 hours, at 4ºC. Following incubation, the slices were washed three times for 

10 minutes each with PBS, and therefore incubated with the appropriate secondary 

fluorescence antibodies for approximately 2 hours, at RT. The secondary antibodies were 

also diluted in blocking solution (Table II.3). Afterwards, the slices were washed three times 

for 10 minutes each with PBS and incubated with 4’,6-diamidino-2-phenylindole (DAPI) 

(1:1000, approximately 5 minutes) to stain the cell nuclei. Finally, the slices were washed 

three times for 5 minutes each with PBS and then, mounted using Fluoromount-G (Southern 
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Biotech, Birmingham, AL) for fluorescence/confocal microscopy. Fluorescent images were 

obtained by confocal microscopy using Leica DMi8-CS inverted microscope with Leica LAS 

X software. Furthermore, the different z-stacks were merged and analyzed with ImageJ (Fiji 

Is Just) software. 

 
Table II. 2: List of primary antibodies used in immunohistochemistry procedures. Marker and its 
respective target.  The table also highlights for the dilution used and primary Ab host and brand.  

Marker Target Primary Antibody: 
dilution, host and brand 

NG2 
Neuron-glia 2 Immature oligodendrocytes 1:100 Rabbit Millipore 

AB5320 
MBP 
Myelin Binding Protein Mature oligodendrocytes 1:200 Rat BioRad 

MCA409S 
Iba-1 
Ionized calcium-binding 
adapter molecule 1 

Microglia 1:250 Rabbit Wako 
019-19741 

GFAP 
Glial fibrillary acidic 
protein 

Astrocytes 1:100 Mouse 
 

NovoCastra 
6035278 

S100B S100B 1:250 Rabbit DAKO 
Z0311 

 
 

Table II. 3: Secondary antibodies used in immunohistochemistry procedures.  

Secondary Antibody Host and brand Dilution 
Alexa 488, green 

anti-rabbit 
Invitrogen 

Goat, A11008 

1:500 
Alexa 594, red 

anti-mouse 
Invitrogen 

Goat, A11005 
Alexa 594, red 

anti-rat 
Invitrogen 

Donkey, A21209 
 

Using Image J software, it was possible to evaluate immature and mature OLs, 

astrogliosis and microglia activation. The number of positive cells for each type was counted 

from merged z-stacks. Approximately, 6-7 z-stacks were taken per slice per condition, 

reducing variation in image acquisition. Furthermore, three specific regions were analyzed 

that are usually related to demyelination and inflammation: region I – fimbria, region II – 

internal capsule, and region III – perivascular space (Figure II.2). Indeed, NG2, S100B, 

GFAP and Iba-1 positive cells were counted in the determined regions, and the results were 

given by the mean cell number for each region. Regarding oligodendrogenesis, the 

percentage of area marked with MBP staining was measure and normalized to the area of 

each region.  
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Figure II. 2:  Representative brain coronal slice indicating the evaluated regions: fimbria (I), 
internal capsule (II), and perivascular space (III). 

 

5. Gene expression levels 
 
To determine the expression levels of genes, isolation of total RNA was done from EAE 

slices using RiboZolTM reagent method, according to the manufacture’s guidelines (VWR Life 

Science, USA). Following RNA extraction, the RNA concentration and purity was checked 

using NanoDrop ND-100 Spectrophotometer (NanoDrop Techonologies, Wilmington, DE, 

USA). 

 

5.1. Semi-quantitative RT-PCR (qRT-PCR) 
 
After RNA isolation and quantification, the samples were reversibly transcribed into 

complementary DNA (cDNA) using Xpert cDNA Synthesis Mastermix kit (GRiSP), under 

manufacturer’s instructions. Furthermore, the cDNA was amplified by semi-quantitative RT-

PCR (qRT-PCR) on a 7300 Real-Time PCR System (Applied Biosystem, Madrid, Spain) by 

the excitation and emission of Xpert Fast SYBR Mastermix (GRiSP). The cycle conditions 

were previously optimized: 50ºC for 2 minutes, 95.ºC for 10 minutes followed by 40 cycles at 

95ºC for 15 seconds and 62ºC for 1 minute. The PCR was performed in 384-well plates, in 

which each sample was performed in duplicate. The sequences used as primers are listed in 

the Table II.4. b-actin was used as an endogenous control to normalize the expression 

levels. 
Semi-quantification of the transcription level of the genes was measured using ∆∆Ct 

comparative method. This value shows the cycle number extrapolated from the intersection 

between the amplification curve and the threshold line, known as the Ct value. The results 

were normalized to the endogenous gene, b-actin, and were obtained by the formula, 2-∆∆Ct. 

For each sample, ∆Ct was calculated by the difference between the Ct value of the gene of 

interest and the mean Ct value of b-actin. Then, ∆∆Ct value of one sample was achieved by 
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the difference between its ∆Ct value and the ∆Ct value of the sample chosen as reference, in 

our case the vehicle group (EAE induced+saline). 
 

Table II. 4: List of the primers used for each sample.  

Gene Primer 
Forward Reverse 

PSD-95 cgaggatgccgtggcagcc catggctgtggggtagtcagtgcc 

SYP tcaggactcaacacctcagtgg aacacgaaccataagttgccaa 
TNF-a tactgaacttcggggtgattggtcc cagccttgtcccttgaagagaacc 

IL-1b caggctccgagatgaacaac ggtggagagctttcagctcata 

IL-10 atgctgcctgctcttactga gcagctctaggagcatgtgg 

b-actin gctccggcatgtgcaa aggatcttcatgaggtagt 

IL – interleukin; PSD-95 – Postsynaptic protein density 95; SYP – Synaptophysin; TNF – Tumor Necrosis Factor 
 

6. Protein expression analysis 
 
To characterize protein expression, total protein extraction from slice homogenates 

was performed. Slice tissues were dissociated using RIPA (Radio-Immunoprecipitation 

Assay) buffer followed by sonication and centrifugation at 12,000 g for 10 minutes, at 4ºC. 

After the extraction of proteins, total protein concentrations were measured using the BCA 

protein assay kit following manufacture’s guidelines (Pierce™ BCA Protein Assay, 

ThermoFisher Scientific), and stored at -80ºC. 

 

6.1. Western Blot 
 
Protein samples were prepared with buffer containing 0.25 M Tris-base (pH 6.8), 4% 

(w/v) sodium dodecyl sulphate, 40% (v/v) glycerol, 0.2% (w/v) bromophenol blue and 1% 

(v/v) b-mercaptoethanol following by heating during 5 minutes, at 100ºC. The samples were 

loaded in equal amounts, separated on a Tris-Tricine gel and then, transferred to a 

nitrocellulose membrane (Amersham Biosciences, Piscataway, NJ, USA). The membranes 

were incubated in blocking solution with 1% Tween 20-Tris buffered saline (T-TBS) in 5% 

(w/v) non-fat milk, for 1 hour at RT. Therefore, the membranes were incubated overnight at 

4ºC with the primary antibody mentioned in Table II.5. In the following day, membranes were 

washed and incubated in the same blocking buffer as above with the secondary antibody 

(Table II.6), for 1 hour, at RT. After washing, the membranes were incubated using 

WesternBright Sirius reagent (Advansta, Menlo Park, CA, USA) for 1 minute. The bands 

were detected and visualized in ChemiDoc™ (Bio-Rad Laboratories, Hercules, CA, USA) 

equipment. The relative intensities of the protein bands were analyzed using ImageLab™ 

analysis software (Bio-Rad Laboratories). Results were normalized to the expression of  b-

actin. 
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The membranes were reutilized, following incubation with the stripping buffer 

containing Tris-base pH 6.8, SDS, b-mercaptoethanol and HCl for 30 minutes, at 50ºC, in 

order to start a new immunoblotting protocol.  

 
Table II. 5: List of primary antibodies used in western blot procedures. Marker and its respective 
target.  The table also highlights for the dilution used and primary Ab host and brand. 
 

Marker Target Primary Antibody: 
dilution, host and brand 

NG2 
Neuron-glia 2 Immature oligodendrocytes 1:250 Rabbit Millipore 

AB5320 
MBP 
Myelin Binding Protein Mature oligodendrocytes 1:250 Rat BioRad 

MCA409S 

S100B S100B 1:750 Rabbit DAKO 
Z0311 

b-actin b-actin 1:10000 Mouse Sigma 
A5441 

 
Table II. 6: Secondary antibodies used in western blot procedures. 

Secondary Antibody Host and brand Dilution 

Anti-rabbit HRP 
Santa Cruz Biotechnology 

sc-2004 

1:5000 Anti-mouse HRP Santa Cruz Biotechnology 
sc-2004 

Anti-rat HRP 
Santa Cruz Biotechnology 

sc-2032 

 
7. Statistical Analysis  

 
In the present project, all results are presented as mean ± standard error of the mean 

(SEM). The differences between treatment conditions were established by two-tailed 

unpaired Student’s t t-test with Welch’s correction, using GraphPad Prism 6.0 for Mac OS X 

(GraphPad Software, La Jolla California USA, www.graphpad.com), as appropriate. 
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III - RESULTS 
 
 

1. Pentamidine reduce the severity and improves recovery of 
chronic-EAE in C57BL/6 mice 
 
S100B-RAGE axis has been described as an important target in neuroinflammatory 

disorders, including MS. In vivo and ex vivo studies demonstrated that, at micromolar 

concentrations, this axis is involved in either neuronal impairment and oligodendrogenesis 

processes, but also in glia activation and in the creation of a pro-inflammatory environment 

(Santos et al., 2018). As it was mentioned above, recent studies using the ex vivo 

demyelinating model demonstrated the protective role of pentamidine, a S100B-binding drug, 

being able to reduce demyelination and neuroinflammation (unpublished data, Pascoal, P. 

2017. Master thesis). So, to clarify the role of this drug in the in vivo model, we used the EAE 

model, where we also previously verified increased levels of S100B expression upon EAE 

induction. 

For this, we used a cohort of animals that were divided in 2 groups: EAE-induced group 

receiving daily saline (EAE), and EAE-induced receiving daily doses of pentamidine 

(EAE+Pnt; 4 mg/kg body weigh; according to previously used in another mice study Esposito 

et al., 2012) initiated following mice immunization with MOG35-55. Once the EAE model 

display motor symptoms (as described in Table II.1), we also monitored the animals clinical 

score until the end of the experiment, as well as mice body weight (Figure III.1).  
EAE induction was performed as diagramed in Figure II.1. The mice, from both groups, 

were observed for a period of 30 days after immunization. The EAE animals developed an 

acute form of EAE equivalent to score 3 and 4, which peaked around days 17-18 post-

immunization. The disease onset was followed by a slight spontaneous recovery around day 

21-23 post-immunization without full motor recovery. Actually, 70-80% of the vehicle group 

showed clinical symptoms superior to 2, meaning that EAE induction was successful. In 

comparison to EAE-induced animals, the EAE+Pnt developed the disease onset later, 
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reaching score 2 approximately in day 20, and showed a less severity in motor symptoms. 

Curiously, in the end of the experiment, 70% of the EAE mice treated with pentamidine, 

EAE+Pnt, presented a clinical score equal to 0 or 1, correspondent to normal motor function 

and initial loss of tail movement. Furthermore, as can be observed, the treatment started in 

the same day as EAE immunization, which seems to indicate a delay of the appearance of 

first clinical signs in EAE+Pnt mice (Figure III.1 A). 
The first few days post-EAE induction animals suffered an overall decrease of mice 

body weight, that can be due to the stressful situation during EAE induction procedure. Upon 

the emergence of first clinical signs (around day 10), the EAE group continue to lose body 

weight in a more marked way than the EAE+Pnt group, difference that was maintained until 

the end of the experiment (Figure III.1 B). However, the variability between experiments was 

elevated, and so further studies should be done to find a pattern in body weight loss and 

disease severity. 

 

 
 
 
 
 
 

 
 
Figure III. 1: Pentamidine treatment ameliorates EAE clinical score and animal weight loss. (A) 
Clinical observations of vehicle (EAE) and treated (EAE+Pnt) group during 30 days after mice 
immunization. Treatment with pentamidine started in the day of immunization, and these animals 
showed not only a delayed of first clinical signs but also in disease onset. The clinical score is a 
numeric value related to disease severity that was given during each day of the experiment following a 
5-point standardized scale. (B) For 30 days, body weight was also measure in both EAE and EAE+Pnt 
animals. Results are expressed as mean ±SEM of n=5 per group, in two independent experiments. 
Pnt – Pentamidine; SEM - standard error of the mean 

 

Indeed, we can conclude that prophylactic treatment with the S100B-binding drug, 

pentamidine, did 1) affect the disease onset, 2) ameliorate EAE disease course, and 3) 

improve recovery. 
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2. Pentamidine leads to a significant prevention of myelin loss 
in EAE-induced animals but no changes in synaptic markers 
 
Commonly, the EAE model is one of the animal models used to study and understand 

autoimmune and inflammatory features and, furthermore, it is a powerful resource for the 

development of new therapeutic approaches. One of the main characteristics of this model is 

the destruction of normal and healthy myelin sheaths resulting in demyelination and, 

consequently, axonal damage (Day, 2005). Indeed, to assess the effect of pentamidine on 

CNS damage, we next performed histopathological analyzes of brain sections, using LFB 

and hematoxylin staining (Figure III.2).  
In EAE group, as can be observed in Figure III.2 A, there is a loss of LFB-associated 

blue coloration when compared to the EAE+Pnt one that is directly related to increased 

demyelination levels. Furthermore, to confirm the obvious loss of myelin, quantification of the 

area occupied by LFB staining was performed. As expected, EAE animals showed an 

augmented damage of myelin sheaths, which was significantly prevented upon treatment 

with pentamidine. Actually, we observed an almost 70% increase in myelin content in the 

EAE+Pnt animals when compared to EAE group Figure III.1 B.     

 

 
 
 
 
 
 
 
 
 
 

 
Figure III. 2: Pentamidine attenuates EAE-induced demyelination in brain slices. (A) 
Representative images of demyelinated regions in both EAE and EAE+Pnt groups. Luxol fast blue 
stain (LFB, blue) for myelin show a loss of myelin in EAE-induced group, which it is not observed in 
animals treated with pentamidine. Bregma: 0.82 mm. Scale bar: 400 µm.  (B) Graph bars represent 
quantitative analyzes of the percentage of area occupied by LFB staining. Results are expressed as 
mean ±SEM of n=5 per group. **p<0.01 vs EAE. Pnt – pentamidine; SEM – standard error of the 
mean 
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and if pentamidine treatment could prevent it. For these, we evaluated gene expression of 

two commonly used markers for pre- and post-synaptic neuronal compartments, 

synaptophysin for presynaptic vesicles and postsynaptic density protein (PSD)-95 for 

dendritic spine formation, respectively, by qRT-PCR (Figure III.3).  
Although no significant changes were observed, animals treated with pentamidine 

(EAE+Pnt) showed a slight decrease in synaptophysin mRNA expression (0.79-fold). In 

accordance, preliminary data following western blot analysis, also demonstrated that 

synaptophysin protein expression was decreased (data not shown). On the other hand, the 

PSD-95 mRNA expression levels showed a tendency to be augmented in animals treated 

with pentamidine (1.3-fold), possibly indicating a potential neuroprotective effect 

 
 
 
 
 
 
 
 
 

 
Figure III. 3: Pentamidine treatment slightly alters the expression of synaptic genes. Relative (A) 
synaptophysin and (B) PSD-95 (postsynaptic protein density 95) mRNA levels were determined by 
qRT-PCR with the ∆∆Ct method. The results were normalized to b-actin. Results are expressed as 
mean ±SEM of n=5 per group. Pnt – pentamidine; SEM – standard error of the mean 

 
Together, these results suggest that the inhibition of S100B through pentamidine may 

prevent demyelination and have a partial effect on axonal injury.  

 

3. Pentamidine prevents oligodendrogenesis impairment 
caused by EAE insult 
 
OLs are known as the myelinating cells of the CNS, resulting from the activation, 

proliferation, migration and differentiation of OPCs. Pathological processes of MS lead to 

dysfunction and apoptosis of OL following demyelination and neurodegeneration. Given the 

importance of OLs, one of the new therapeutic treatments that is arising is related to the 

promotion of remyelination, through oligodendrogenesis processes (Chamberlain et al., 

2016). Knowing that, we decided to address the role of pentamidine as a preventing drug for 

oligodendrogenesis impairment. For these, immunostaining for immature and mature OL 

(NG2 and MBP marker, respectively) was performed followed by quantification of total area, 
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in the case of MBP, or positive cells, for NG2, in three specific demyelinating regions, as 

mentioned in Figure II.2. The results were normalized to the total area of each region. 

Additionally, to corroborate immunostaining results, protein expression analysis of the same 

markers was performed by western blot (Figure III.4). 
Confirming our previous results, EAE insult caused a loss of mature OL in 

demyelinated areas, which was significantly prevented in EAE+Pnt treated animals. As 

shown in Figure III.4 A, the area occupied by MBP marker, augmented in all analyzed 

regions in animals treated with pentamidine (1.87-fold, P<0.01 (region I), 1.33-fold, P<0.05 

(region II), and 1.29-fold, P<0.05 (region III)).  Moreover, the loss of mature OL was 

accompanied with an increased number of NG2+ cells, indicative of their proliferation and 

accumulation in response to the pathological damage, or delay in the differentiation ability 

into mature OL. Prophylactic treatment with pentamidine helped in the maintenance of 

healthy myelin, preventing the occurrence of “normal” demyelination due to EAE insult. As 

we prevented the loss of mature OL, EAE+Pnt mice showed a decrease in number of NG2+ 

cells in the fimbrias (0.74-fold, region I) and internal capsule (0.74-fold, region II) of treated 

animals.  These results were corroborated by protein expression of OL markers as shown in 

Figure III.4 D and E. Indeed, when compared to the vehicle group, we observed an 

increased expression of MBP (1.36-fold) and a decreased expression of NG2 (0.43-fold) in 

EAE+Pnt mice, although not significant (Figure III.4 F and G). 
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Figure III. 4: EAE induced de novo oligodendrogenesis impairment is prevented by 
pentamidine treatment. (A) Brain sections were immunostained for mature oligodendrocytes (myelin 
basic protein, MBP, red) and immature oligodendrocytes (neuron-glia antigen 2, NG2, green) and 
evaluated in three different regions, fimbria (I), internal capsule (II) and perivascular zone (III). Nuclei 
were counterstained with DAPI (blue). Magnification: 20x. Scale bar: 90 µm. Graph bars represent the 
area occupied by (B) MBP and (C) NG2 staining in three specific areas. Representative results of (D) 
MBP and (E) NG2 in total brain homogenates, analyzed by western blot. Graph bars represent the fold 
change for (F) MBP and (G) NG2 using scanning densitometry normalized to b-actin. Results are 
expressed as mean ± SEM of n=5 per group, in two independent experiments. *p<0.05, and **p<0.01 
vs. EAE. Pnt – pentamidine; SEM – standard error of the mean 
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EAE induction reduced the percentage of MBP, in favor of an increase of immature 

NG2+ cells indicating a possible replacement of the lost cells. Curiously, this scenario was 

reverted in animals submitted to pentamidine treatment, EAE+Pnt. Indeed, these results 

suggest that pentamidine can also act in the prevention of mature OLs loss and in the early 

recruitment of progenitor’s cells. 

 

4. Pentamidine prevents astroglial reactivity and increased 
S100B expression in EAE-induced animals 
 
Alongside with myelin degeneration, MS and EAE model are characterized by an 

activation of both astrocytes and microglia. Regarding astrocytes, they are known as the 

CNS cell type that highly express and secrete S100B (Sofroniew and Vinters, 2010). Indeed, 

previous results from our lab showed increase astrogliosis and S100B expression levels 

followed EAE-insult (unpublished data, Pascoal, P. 2017. Master thesis). Knowing this, we 

aimed to evaluate whether pentamidine could prevent astrogliosis and the increased levels of 

S100B.  So, we decided to double stain both EAE and EAE+Pnt slices for a commonly used 

astrocytic marker (GFAP) and S100B. As it was mentioned in the previous section, positive 

cells were counted and quantified in three particular regions (Figure II.2) that are highly 

related to demyelination. The results were normalized to the area of each region. 

EAE insult caused a marked astrocytic activation, seen by an elevated number of cells 

expressing GFAP, S100B and expressing both S100B+/GFAP+, namely at the fimbria and 

internal capsule. Interestingly, pentamidine treatment significantly reduced the number of 

GFAP+ cells (0.67-fold, P<0.01 (I); 0.64-fold, P<0.01 (region II); and 0.35-fold, P<0.001 

(region III)), together with a decrease of S100B+ cells (0.71-fold, P<0.05 (region I), 0.74-fold, 

P<0.05 (region II), and 0.40-fold, P<0.001 (region III)), namely in perivascular zone  (Figure 
III.5 B and C).  In accordance, EAE+Pnt animals also showed reduced levels of 

S100B+/GFAP+ cells (0.69-fold (region I); 0.72-fold, P<0.05 (II); and 0.44-fold, P<0.01 (III)), 

essentially in the perivascular area (Figure III.5 D). Moreover, exposure to pentamidine 

prevented the elevated levels of cells expressing S100B, meaning that this drug might be 

inhibiting S100B binding to RAGE, preventing its own expression. In accordance, protein 

expression of S100B (0.85-fold) was also exhibiting the same pattern (Figure III.5 E and F).  
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Figure III. 5: Pentamidine significantly prevents astrogliosis and the high expression of S100B 
elicited by EAE induction. (A) Brain sections were immunostained for astrocytes (glial fibrillary acidic 
protein, GFAP, red) and S100B (green), and evaluated in three different regions: fimbria (I), internal 
capsule (II) and perivascular zone (III). Nuclei were counterstained with DAPI (blue). Magnification: 
20x. Scale bar: 90 µm. Graph bars represent the quantification of the relative number of (B) GFAP+, 
(C) S100B+ and (D) GFAP+/S100B+ cells per area (mm2), in three specific areas. (E) Representative 
results of S100B in total brain homogenates, analyzed by western blot. (G) Graph bars represent the 
fold change obtained for S100B using scanning densitometry normalized to b-actin. Results are 
expressed as mean ±SEM of n=5 per group, in two independent experiments.  *p<0.05, **p<0.01, and 
***p<0.001 vs. EAE.  Pnt – pentamidine; SEM – standard error of the mean 
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As already known, EAE induction enhances the levels of cells expressing S100B and 

GFAP. These results suggest that pentamidine treatment reduced the number of cells 

expressing S100B, as well as the presence of reactive astrogliosis, known to be a S100B-

related inflammatory response. 

 

5. EAE-induced microglia activation is prevented by 
pentamidine 
 
As mentioned above, S100B is involved in both astrocytes and microglia reactivity. 

Regarding microglia, recent studies have shown that, after demyelination insult, there is an 

increase microglial number and a change in their morphology to a more amoeboid state, so 

called pro-inflammatory phenotype (Barateiro et al., 2016). Knowing that, we decided to 

evaluate the degree of reactive microgliosis resulting from EAE insult and upon pentamidine 

treatment. Indeed, we performed double immunostaining of both EAE and EAE+Pnt slices 

with antibodies for both MBP and Iba-1, a commonly used marker for microgliosis (Figure 
III.6).  

As expected, EAE group revealed a marked microgliosis, showing increased numbers 

of Iba1+ cells. This consequence of EAE induction appear to be significantly diminish in 

animals treated with pentamidine (0.56-fold, P<0.05 (region I);0.71-fold (region II); 0.67-fold, 

P<0.05 (region III)), mainly in the fimbrias and the perivascular zones (Figure III.6 B). 

 
 
 
 
 
 
 
 
 

 
 

 
Figure III. 6: EAE insult induces a reactive microgliosis, which is prevented by pentamidine 
treatment. (A) Brain sections were immunostained for mature oligodendrocytes (myelin basic protein, 
MBP, red) and microglia (ionized calcium-binding adapter molecule 1, Iba1, green) and evaluated in 
three different regions, fimbria (I), internal capsule (II) and perivascular zone (III). Nuclei were 
counterstained with DAPI (blue). Magnification: 20x. Scale bar: 90 µm. (B) Graph bars represent the 
quantification of the relative number of Iba1+ cells per area (mm2). Results are expressed as mean 
±SEM of n=5 per group, in two independent experiments. *p<0.05 vs. EAE. Pnt – Pentamidine; SEM – 
standard error of the mean 
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Regarding microglia, EAE induction promoted microglia activation. However, this effect 

was prevented in EAE+Pnt animals, suggesting that pentamidine is an effective drug in the 

prevention of both microglial and astroglial activation. 
 

6. Pentamidine prevents the inflammatory response induced 
by EAE insult  
 
Alongside with demyelination and neurodegeneration, micromolar concentrations of 

S100B, can activate CNS glia, mainly microglia and astrocytes, leading to the production and 

release of pro-inflammatory cytokines (Donato et al., 2009). Knowing these, we wanted to 

assess the effect of pentamidine on the inflammatory response. So, we next extracted total 

RNA from both animals slices and analyzed gene expression of pro-inflammatory cytokines, 

namely TNF-a, IL-1b, and anti-inflammatory cytokine, as IL-10, by qRT-PCR.  

As depicted in Figure III.7 A, gene expression of both pro-inflammatory TNF-a and IL-

1b cytokines were significantly decreased in the EAE+Pnt group when compared to the EAE-

induced group (0.16-fold, P<0.001; and 0.62-fold, P<0.05, respectively). Additionally, we also 

observed a vast increase in IL-10 mRNA expression levels (6.80-fold, p<0.05) in animals 

treated with pentamidine, suggesting an induction of a strong anti-inflammatory response 

(Figure III.7 B).  

 
 
 
 
 
 
 
 
 

 
 
Figure III. 7: Pentamidine alters the inflammatory profile resulted from EAE insult, reducing the 
expression of pro-inflammatory cytokines, and increasing the expression of anti-inflammatory 
cytokine. Relative (A) TNF-a and IL-1b, and (B) IL-10 mRNA levels were determined by qRT-PCR 
with the ∆∆Ct method. The results were normalized to b-actin.  Results are expressed as mean ±SEM 
of n=5 per group. *p<0.05, and ***p<0.001 vs. EAE.  IL – interleukin; Pnt – pentamidine; SEM – 
standard error of the mean; TNF – tumor necrosis factor 

Together, these data show that EAE induction promote an exacerbated pro-

inflammatory response. Moreover, pentamidine treatment was able to prevent the pro-

inflammatory environment, suggesting a possible role as an anti-inflammatory drug.  
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Overall, our results showed that pentamidine, a S100B-binding drug, can act either in 

the prevention of demyelination and mature OL loss, but also in both astrocytes and 

microglia reactivity. As we reverted the glial reactivity scenario, we were able to prevent the 

exacerbated expression inflammatory factors (as TNF-a and IL-1b), suggesting a shift from 

the pro-inflammatory environment to a more anti-inflammatory one. Moreover, animals 

induced with EAE and treated with pentamidine reached a lower clinical score and had a 

faster recovery, suggesting that this drug may be used as a new therapeutic strategy for MS 

with a broaden efficacy.  
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IV - DISCUSSION 
 
MS is known as a complex inflammatory demyelinating autoimmune disorder of the 

CNS. Regarding disease pathogenesis, glial reactivity, inflammation, OL toxicity and axonal 

degeneration culminate in the formation of demyelinated plaques, a major hallmark of MS 

(Compston and Coles, 2008). In the past few years, S100B has been linked to a range of 

neuroinflammatory and neurodegenerative disorders (Ostendorp et al., 2007b). In the case of 

MS, we showed that S100B is elevated in both CSF and serum of MS patients, being 

upregulated in active and chronic lesions. Additionally, we recently showed a correlation 

between abnormal levels of S100B and its impact in demyelination and inflammatory 

processes, using an ex vivo demyelinating model (Barateiro et al., 2016). Besides all 

research involved to find new drugs, the complexity of the disease difficult the emergence of 

efficient and safe treatments.  

The presence of S100B in the brain and its implications in MS pathogenesis developed 

a great interest in our research as a potential therapeutic target. Through an ex vivo 

demyelinating model, we demonstrated three different ways of neutralizing S100B, through 

antibody-mediated therapy directed to S100B (Barateiro et al., 2016), use of S100B receptor 

RAGE-specific antagonist FPS-ZM1 (Santos et al., 2018) and drug therapy, using the 

S100B-binding drug pentamidine (unpublished data, Pascoal, P. 2017. Master thesis). 

Although all therapies demonstrated to be efficient in the reduction of S100B toxic effects, we 

were very interest in the preventive/protective effect of pentamidine. Indeed, S100B inhibition 

with this drug have showed promising results in the ex vivo demyelinating model, once we 

were able to prevent both demyelination and inflammation, but also support remyelination 

(unpublished data, Pascoal, P. 2017. Master thesis). So, here we provided preliminary 

evidence for the preventive effect of pentamidine in vivo, using the EAE model, a common 

animal model to study MS.  

As previously mentioned, the EAE model is extensively used to study 

neuroinflammation and neurodegeneration related to MS disease. Firstly, we wanted to 
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understand whether prophylactic treatment with pentamidine could prevent EAE clinical 

disability. EAE-induced animals showed a chronic disease course that was maintained along 

the experiment. The same was not observed in EAE+Pnt animals, where we see an 

attenuation of the clinical score together with an increase of myelin preservation. Overall, we 

demonstrated that pentamidine improves clinical outcome and recovery, which led us to 

hypothesized that S100B inhibition may have a direct CNS-specific effect.  

The EAE model is characterized by severe demyelination, inflammation and 

neurodegeneration. Indeed, using LFB staining, we observed a marked decrease in myelin 

content in the EAE group. The almost absence of pathology was detected in mice treated 

with pentamidine, thus preventing the disease and subsequent histological damage. Thus, 

our data is in line with previous results using ex vivo models demonstrating that augmented 

S100B levels produced by a demyelinating insult can interfere in this process, once its 

inhibition prevented the loss of myelin. Alongside with demyelination, the EAE insult is known 

to have an effect in both axonal damage and neuronal disability. Studies showed synaptic 

impairment caused by MOG immunization, either by the reduction of pre-synaptic proteins 

(e.g. synaptophysin), but also through the reduction of post-synaptic proteins (e.g. PSD-95) 

(Zhu et al., 2003). In addition, overexpression of S100B in several neurological disorders has 

been related to chronic neuronal damage, and moreover to its involvement in synaptic 

plasticity processes (Nishiyama et al., 2002). Indeed, we previously observed that EAE-

induced animals, when compared to non-induced ones, have reduced levels of both 

synaptophysin and PSD-95 (unpublished data, Pascoal, P. 2017. Master thesis). 

Surprisingly, comparatively to EAE-induced mice, animals treated with pentamidine showed 

an apparent pre-synaptic degeneration as revealed by synaptophysin reduction, while post-

synaptic expression levels were upregulated. The PSD-95 increased expression levels in 

later disease onset may represent a compensatory mechanism, as already described in 

other studies (Savioz et al., 2015). Nevertheless, further studies should be performed, for 

instance the use of electrophysiology, to demonstrate whether pentamidine is able to prevent 

synaptic loss and neuronal degeneration, and improve brain network communication.  

The failure in the formation of new myelin sheaths onto demyelinated axons leads to 

the formation of multifocal sclerotic plaques. The progressive development of MS and EAE 

disease is accompanied by OL destruction and further oligodendrogenesis impairment. Due 

to inflammation, the mature OLs, which are the main source of myelination, are destroyed in 

the demyelinating regions and the repair depends on the recruitment of OPCs to the injured 

areas (Aharoni et al., 2008). Concordantly, in a previous study we confirmed that EAE-

induced mice showed an overall decrease of mature OL seen by the loss of MBP staining, 

that was accompanied with an increase number of NG2+ precursor cells (unpublished data, 

Pascoal, P. 2017. Master thesis). Upon the inhibition of S100B through pentamidine 
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treatment, the EAE-induced animals showed a reverted scenario, with a prevention of mature 

OL loss and an overall decrease in cells expressing NG2, although not significant. Moreover, 

recent studies revealed that, besides the use of NG2 as a marker for OPCs in studies of 

myelin repair, it is also known that NG2 is expressed by macrophages and pericytes in 

demyelinated lesions (Moransard et al. 2011; Cejudo-Martin et al. 2016). Indeed, NG2 is 

prominently accumulated within and around areas of leukocyte infiltration (Moransard et al., 

2011). Curiously, we observed an accumulation of NG2+ cells in the perivascular regions, 

known to be the place where exists abundant cell infiltration. Nevertheless, toxic levels of 

S100B have detrimental effects in oligodendrogenesis processes inhibiting OL differentiation 

and maturation, as previously reported by us (Santos et al., 2018) and so, may directly affect 

remyelination delaying myelin formation (Barateiro et al., 2015). Therefore, through 

pentamidine specific binding, we were able to prevent oligodendrogenesis dysfunction and 

consequently, demyelination. Additional studies should be performed to understand the dual 

properties of this drug in the prevention of myelin loss or, even more attractively, in the 

remyelinating processes. 

As pointed out already, in parallel with OL damage and synaptic injury, the EAE model 

is characterized by concomitant microglia activation, followed by severe astrogliosis. As 

already described by Donato et.al, S100B can affect neurons, astrocytes and microglia via 

engagement of RAGE and, curiously, micromolar concentrations of S100B can lead to 

astrocyte proliferation and migration (Brozzi et al., 2009). In agreement, EAE-induced mice 

showed severe astrocytosis in specific demyelinated regions, which was significantly 

prevented in EAE+Pnt mice. These results go in line with previous ex vivo demyelinating 

studies that demonstrated that pentamidine was capable of inducing a significant decrease in 

GFAP expression and so, preventing astrocyte activation (unpublished data, Pascoal, P. 

2017. Master thesis.). Concordantly, in previous studies we also observed an elevated 

number of S100B+ cells in the EAE-induced animals, in parallel with high number of S100B+ 

astrocytes, known as the main producers, when compared to non-induced animals 

(unpublished data, Pascoal, P. 2017. Master thesis). Interestingly, using pentamidine we 

were also able to prevent the expression of increased S100B levels known to occur upon 

EAE insult. In fact, S100B targeting by pentamidine was already tested in other 

neurodegenerative disease models where S100B is increased, such as the Alzheimer’s 

disease model, where pentamidine showed to reduce both S100B expression as well as its 

receptor, RAGE (Cirillo et al., 2015).  

S100B exerts extracellular functions that are mediated by RAGE, transducing different 

effects on a variety of cell types with different outcomes (Donato et al., 2009). Microglia, as 

well as S100B, can exert both trophic and toxic effects depending on the external stimuli. 

Moreover, upon demyelination, microglia are activated and rapidly migrate to the site of injury 
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for clearing out myelin debris to further help in remyelination (Lampron et al., 2015). Indeed, 

even after 30 days post-induction, we observed an elevated and acute number of cells 

expressing Iba1, a marker for microglia, that was significantly higher than in non-induced 

animals (unpublished data, Pascoal, P. 2017. Master thesis). Curiously, microglia were 

mostly seen in demyelinated areas, suggesting a possible recruitment of microglia, known as 

CNS resident cells, in an attempt to clear damaged myelin. In fact, several studies reported 

the importance of microglia as phagocytic cells, showing that its clearance properties goes 

with a pro-regenerative contribution to the events occurring upon CNS damage (Neumann et 

al., 2009). Interestingly, pentamidine prevented microglia activation which may account for a 

preventive role in disease initiation and subsequent myelin damage. With these results, we 

may speculate that pentamidine by acting on S100B, may indirectly prevent both astrocytes 

and microglia activation.  

Regarding inflammation, S100B triggers gliosis promoting the release of pro-

inflammatory cytokines which are deleterious for OL and may exacerbate demyelination 

(Barateiro et al., 2015). Typically, microglia M1 phenotype tend to release pro-inflammatory 

cytokines, as IL-1b and TNF-a, while microglia M2 phenotype release anti-inflammatory 

factors, namely IL-10. In accordance, our previous results showed that EAE-induced animals 

have an increased expression of both pro-inflammatory cytokines (IL-1b and TNF-a), and a 

reduction in anti-inflammatory cytokines expression when compared to non-induced animals 

(unpublished data, Pascoal, P. 2017. Master thesis). Here, we observed that pentamidine 

treatment was able to ameliorate the inflammatory environment produced by EAE induction, 

since it significantly prevented the release of pro-inflammatory cytokines, namely IL-1b and 

TNF-a. In fact, this pentamidine effect was already observed in our ex vivo demyelinating 

studies (unpublished data, Pascoal, P. 2017. Master thesis.) and also in experimental 

models of Alzheimer’s disease (Cirillo et al. 2015). Furthermore, pentamidine treatment also 

increased the expression of the anti-inflammatory cytokine IL-10. Interestingly, this 

interleukin, that is expressed by regulatory T cells, play an important role in preventing 

uncontrolled T cell-mediated tissue destruction and its mRNA expression in the CNS is 

increased during recovery phases of EAE, indeed exerting a role in EAE disease course 

(Samoilova et al., 1998; Cua et al., 2001). Overall, pentamidine was able to modulate the 

inflammatory environments preventing the production of inflammatory cytokines as seen 

upon disease induction and, more importantly, having anti-inflammatory properties, favoring 

a less pro-inflammatory milieu which may improve remyelination.  

Collectively, these results suggest that pentamidine, given as a prophylactic treatment, 

change the disease outcome reducing the clinical score and preventing severe 

demyelination. Together with the prevention of astrocyte and microglia reactivity, this 
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treatment avoided the exacerbated release of pro-inflammatory factors and, inversely, 

induced the expression of anti-inflammatory ones. Alongside with the ex vivo studies, these 

results using the in vivo model of MS reinforces the concept that S100B is involved in 

MS/EAE pathology and that its inhibition, using pentamidine, can be a good therapeutic 

strategy to reduce CNS damage and, hopefully, improve recovery. 
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Concluding Remarks 
 

In previous ex vivo demyelinated studies, we demonstrated that pentamidine have 

beneficial effects in the prevention of demyelinating and inflammatory pathogenesis.  Then, 

with EAE studies, we ensured that S100B-RAGE axis was active, as well as inflammation 

and demyelination, two main characteristics of MS disease. Further curiosity emerged, and, 

with this thesis, we aimed to understand the role of S100B in EAE-pathogenesis and, 

hopefully, prevent disease severity by drug-modifying therapy using pentamidine.  

In the first part of our EAE study, we day-by-day followed the mice and accompanied 

an increased loss of motor function in EAE-induced animals, which was not that severe in the 

group treated animals with pentamidine. Indeed, prophylactic treatment with pentamidine did 

ameliorate EAE clinical score and improved a faster recovery. Regarding CNS pathogenesis, 

S100B targeting prevented demyelination and, subsequently, OLs impairment. Along with a 

decrease in astrocytes and microglia activation, we also prevented exacerbated expression 

of pro-inflammatory cytokines, favoring an anti-inflammatory environment. Taking all 

together, our data suggest that pentamidine confers neuroprotection upon EAE insult and 

may be used as a modulator of inflammation. More attractively, pentamidine is already an 

FDA approved drug, which allow a potential drug repositioning for MS and, optimistically, a 

new hope for MS patients.  

However, further studies with EAE and pentamidine administration should be 

performed to understand possible immunomodulatory and remyelinating properties of the 

drug. As a part of the CNS, it would also be interesting to investigate the role of pentamidine 

in SC pathogenesis, once it is one of the main areas affected in the EAE model. Recently, it 

was reported that transgenic overexpressing S100B animals, have impaired learning and 

electrophysiological disturbances, suggesting that S100B may also affect cognition. Indeed, 

behavior and cognitive studies should also be done, as well as electrophysiology, to assess if 

pentamidine may also prevent EAE-associated psychopathology. Until now, we can conclude 
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that pentamidine is a good preventive, and hopefully a therapeutic strategy as well, to reduce 

EAE-severity and CNS damage.  
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Figure IV. 1. Schematic representation of the major findings in this thesis. In vivo studies were 
performed using an animal model of multiple sclerosis, the experimental autoimmune 
encephalomyelitis (EAE), where the cohort of animals were divided in two groups: EAE-induced group 
receiving daily saline Vehicle group (A) and EAE-induced receiving daily doses of pentamidine 
Treated group (B). EAE induction lead to an increase disease severity, known to be associated with 
an increase clinical disability. The EAE pathology showed a severe loss of myelin sheaths 
(demyelination), accompanied with a loss of mature oligodendrocytes (OL, myelin basic protein, MBP) 
and a recruitment of immature OL (neuron-glia 2, NG2), known as oligodendrocytes precursor cells 
(OPCs). Moreover, we also observed an increased in glial reactivity confirmed by the increased 
density of GFAP and Iba1 positive cells, as well as an exacerbated expression of pro-inflammatory 
cytokines favoring a more inflammatory environment. These results go in line with preliminary data 
comparing non-induced and EAE-induced animals (unpublished data. Pascoal, P. 2017. Master 
thesis.). Interestingly, we found that inhibition of S100B, through an S100B-binding drug, pentamidine, 
could prevent disease severity (maximum clinical score observed was 2) and improve a faster 
recovery. Modulating S100B expression, we prevented the loss of myelin sheaths and 
oligodendrogenesis impairment, decreased gliosis and shifted the inflammatory environment to a more 
anti-inflammatory one. In opposite to the vehicle group, pentamidine treatment inhibited the overall 
detrimental effects of increased S100B levels, known to contribute to MS-like pathology. 
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