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Abstract 

Amyotrophic lateral sclerosis (ALS) is a motor neuron (MN) disease comprehending 

critical neuroinflammatory pathways, where microglia and astrocytes play a crucial role. ALS 

onset events are largely unknown and identification of disease steps during progression and 

dissemination, including the possible role of exosomes, are not clarified.  

Several models were used to improve data validity and deepen knowledge in ALS. We 

identified innovative targets to regulate microglia M1 polarization, including NLRP3-

inflammasome, HMGB1 alarmin and MFG-E8/lactadherin, and demonstrated the sorting of 

microglial microRNA(miR)-155/miR-146a into exosomes. We showed that ALS NSC-34 MNs 

and their exosomes are enriched in miR-124, which are captured and drive early N9-

microglia M1 polarization, with later development of M1/M2 subpopulations containing 

increased miR-124/miR-146a/miR-155. Moving from in vitro models to the spinal cord of the 

SOD1G93A ALS mouse model, we observed that depressed intercellular communication and 

increased miR-155 were early disease events preceding the inflammatory status of the 

symptomatic stage. Upregulated CX3CL1-CX3CR1, connexin-43/pannexin-1 and miR-

124/miR-125b/miR-146a/miR-21 emerged as candidate targets for pathological 

neuroinflammation. Reduced MN number, together with aberrant/reactive astrocytes showing 

deficient glutamate transporters and GFAP, additionally characterized such state. Differently 

deregulated profiles of microglia isolated from the spinal cord of 7-day old SOD1G93A mice, 

after short- and long-term cultures, highlighted that cells present transient phenotypes 

accordingly to ALS environmental progression-stimuli and ultimately acquire a less 

responsive phenotype to stimulation. Astrocytes isolated from these mice promoted diverse 

inflammatory polarized subtypes in wild-type and ALS microglia, thus accounting to microglia 

heterogeneous populations, while strengthened deregulated microglia-astrocyte cross-talk as 

part of ALS neurodegenerative mechanisms.  

Our studies in ALS models reveal early promising biomarkers and novel targets to control 

excessive neuroinflammation and spread, including exosomal microRNAs. Due to multiple 

microglia phenotypes induced by MNs and their exosomes, and by reactive astrocytes, in the 

ALS disease, differentiated and combined therapeutic approaches may be recommended. 

 

 

 

Keywords: Microglia subpopulations; Inflamma-miRs; Neuron-Glia interplay & Exosome 

trafficking; ALS biomarkers; SOD1G93A-experimental models 
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Resumo 

A Esclerose Lateral Amiotrófica (ELA) é a terceira doença neurodegenerativa mais 

comum, caracterizada pela disfunção e morte dos neurónios motores superiores e inferiores 

do córtex motor, do tronco cerebral e da medula espinhal, com uma forte componente 

neuro-inflamatória. Os doentes com ELA sofrem de fraqueza e atrofia muscular progressiva 

e acabam por falecer por falência respiratória cerca de 3-5 anos após o aparecimento dos 

primeiros sintomas. Embora a maioria dos casos de ELA seja de etiologia desconhecida 

(esporádicos) diferentes mutações ocorrem em cerca de 10% dos doentes com a ELA 

familiar. Mutações na proteína superóxido dismutase 1 (SOD1) representam 20% dos casos 

familiares e 2% dos esporádicos, constituindo a base dos modelos de estudo da ELA. A 

doença é ainda incurável. De facto, o riluzole (que previne a excitotoxicidade do glutamato), 

aprovado pela Food and Drug Administration (FDA), apenas prolonga a vida dos doentes em 

alguns meses. Daí a procura de novas soluções terapêuticas, tanto mais que o edaravone 

(com ação anti-oxidante), recentemente aprovado pela FDA, para além de efeitos 

secundários marcados, é de eficácia discutível. Para além de não haver medicamentos que 

melhorem os sintomas ou atrasem a progressão da doença, o diagnóstico definitivo da ELA 

pode ser demorado (cerca de 11 meses), em grande parte por não haver biomarcadores 

precoces. A principal causa destas problemáticas reside no desconhecimento das causas 

subjacentes à doença. 

Tal como noutras doenças neurodegenerativas, os agregados e inclusões de proteínas 

com enrolamento incorreto constituem características neuropatológicas da ELA. Apesar da 

toxicidade direta destes agregados não estar esclarecida, associa-se à doença muitos 

outros fatores, como: disfunção da mitocôndria, stresse oxidativo, excitotoxicidade mediada 

pelo glutamato e alterações no metabolismo do ácido ribonucleico (RNA). A 

neuroinflamação e a gliose assumem também grande relevância na patologia da ELA e 

amostras de autópsias de doentes com ELA evidenciam ativação da microglia, as células 

imunes do sistema nervoso central. Modelos animais demonstraram que estas células, 

juntamente com os astrócitos, possuem um fenótipo reativo e pro-inflamatório e contribuem 

para a morte dos neurónios motores. No entanto, os mecanismos de sinalização que 

despoletam a ativação das células gliais e a libertação de fatores neurotóxicos não são 

totalmente conhecidos. Mais ainda, sendo que a maior parte dos estudos são focados na 

fase sintomática da doença, muito pouco se sabe sobre os mecanismos patofisiológicos que 

precedem o aparecimento dos sintomas. Recentemente, tem-se explorado o papel dos 

exossomas na transmissão de proteínas/RNAs célula-a-célula. Apesar de se saber que os 

exossomas neuronais transportam proteínas com enrolamento incorreto para outras células, 
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incluindo a própria SOD1, disseminando a doença, muito pouco se sabe sobre o seu 

envolvimento na propagação da resposta inflamatória, e quase nada na patologia da ELA. 

O trabalho experimental desenvolvido nesta tese focou-se, entre outros, no papel dos 

exossomas e dos microRNAs (miRNAs) associados à inflamação em modelos diversos de 

ELA, com o objetivo de:  

(i) Caracterizar as vias de sinalização envolvidas na polarização da microglia de um 

estado vigilante para um fenótipo pro-inflamatório M1, usando a linha celular 

microglial N9 e estimulação com lipopolissacarídeo (LPS) (Capítulo II), para 

esclarecer, mais tarde, os mecanismos de ativação destas células transfetadas com 

a proteína SOD1 com a mutação G93A (SOD1G93A), (tal como proposto no Capítulo 

VII); 

(ii) Identificar os processos de ativação/desativação da microglia N9 na presença de 

exossomas libertados por neurónios motores, usando a linha celular NSC-34 

transfetada para expressar SOD1G93A (NSC-34/SOD1G93A) (Capítulo III); 

(iii) Analisar os fatores inflamatórios envolvidos na reatividade dos astrócitos/microglia, 

bem como e na desregulação da comunicação intercelular, usando a medula 

espinhal de murganhos SOD1G93A, quer na fase pré-sintomática, quer na 

sintomática, para identificar alvos terapêuticos específicos e biomarcadores de cada 

fase (Capítulo IV);  

(iv) Contribuir para o esclarecimento dos processos de ativação/desativação microglial 

na medula espinhal de murganhos SOD1G93A, com sete dias de vida, considerando 

o tempo em cultura (curto ou prolongado) e a ação de astrócitos SOD1G93A reativos 

obtidos do mesmo modelo (Capítulo V). 

Os resultados obtidos no Capítulo II respeitam à polarização da microglia N9 para o 

fenótipo M1, identificado em doenças neurodegenerativas como a ELA, por estimulação com 

LPS. Nesta condição a microglia sobre-expressa marcadores característicos do fenótipo M1, 

adquire uma morfologia amebóide, prolifera e perde a capacidade de migrar para o 

quimioatrator ATP. Encontram-se ativadas as vias de sinalização dependentes do recetor 

tipo toll 4 (TLR4), do fator nuclear-kappa B (NF-κB) e ainda do inflamassoma NOD-like 

receptor pyrin domain containing 3 (NLRP3), havendo libertação da metaloproteinase 9 

(MMP-9) e da alarmina high mobility group box 1 (HMGB1). A microglia polarizada em M1 

revelou maior capacidade fagocítica e aumento da produção e libertação do fator milk fat 

globule-EGF factor 8 (MFG-E8). De assinalar, os resultados pioneiros demonstrando que a 

microglia N9 tratada com LPS tem expressão elevada de miRNA (miR)-155/miR-146a e 

diminuída de miR-124, perfil esse que mostrou ser reproduzido nos exossomas por ela 

libertados.  



 

xxix 
 

No Capítulo III, demonstrámos que os exossomas provenientes dos neurónios motores 

NSC-34/SOD1G93A recapitulavam a sobre-expressão do miR-124 igualmente observado nas 

células e que eram preferencialmente captados pelas células da microglia N9, induzindo 

diversos fenótipos microgliais. O primeiro contacto da microglia com os exossomas 

manifesta-se na indução de um fenótipo M1 que progride para a existência de várias 

subclasses de microglia às 24 h, como sejam os subtipos M1, M2 e uma população com 

características de células senescentes. Esta heterogeneidade de fenótipos é também 

suportada pelo aumento simultâneo de miR-155, miR-146a e miR-124, este último bastante 

elevado sugerindo que possa ter sido transportado dos neurónios motores para a microglia 

pelos exossomas. A ativação do NF-κB e a diminuição da capacidade fagocítica da microglia 

foram observados em todas as condições experimentais, demonstrando serem mecanismos 

importantes na resposta da microglia N9 aos exossomas das células NSC-34/SOD1G93A. 

Deste modo, este estudo indica que a transferência de exossomas entre os neurónios 

motores e a microglia pode constituir uma forma de propagação da doença e de sinalização 

da disfunção neuronal para células recetoras dos exossomas, ao mesmo tempo que destaca 

o miR-124 como um alvo a ser modulado. 

No Capítulo IV, determinámos marcadores inflamatórios na medula espinhal do 

murganho transgénico SOD1G93A, tanto na fase pré-sintomática (4-6 semanas de vida), 

como sintomática (12-14 semanas de vida) da doença. Observámos que na fase pré-

sintomática, havia sub-expressão de proteína glial fibrilar ácida (GFAP), de S100B, de 

citocinas inflamatórias e de marcadores do fenótipo M2 microglial, a qual foi já considerada 

noutras situações como uma tentativa de travar o dano na fase precoce da doença 

neurodegenerativa. Na fase sintomática, pelo contrário, verificou-se existir uma elevação de 

um grande grupo de marcadores de inflamação, incluindo os inflama-miRNAs. Diferentes 

fenótipos da microglia coexistiam nesta fase, embora o M1 fosse prevalente. A elevação de 

S100B e de conexina-43, juntamente com diminuição dos transportadores de glutamato, 

foram consideradas como devidas ao fenótipo reativo dos astrócitos. Dada a consistência do 

aumento de miR-155 e diminuição de MFG-E8 em ambas as fases estudadas, estas 

moléculas surgem como biomarcadores da ELA, para além de potenciais alvos terapêuticos. 

Nestes incluímos também o inflamassoma NLRP3, o HMGB1, o miR-125b, o eixo 

recetor/quimiocina motivo C-X3-C (CX3CR1/CX3CL1), a conexina-43 e a panexina-1. 

Por fim, no Capítulo V, demonstrámos que as células da microglia, obtidas da medula 

espinhal de murganhos SOD1G93A com 7 dias, apresentam diferentes estadios de ativação, 

consoante o tempo em cultura. Se mantidas por um período curto, apresentam um fenótipo 

M1, semelhante ao encontrado na fase sintomática do ratinho SOD1G93A. Contudo, transitam 

para uma mistura de fenótipos e adquirem características disfuncionais quando mantidas 

mais tempo em cultura, à imagem do indicado para as fases finais da doença, com perca da 
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capacidade de resposta a estímulos e com fenótipos que não são nem M1, nem M2. Os 

astrócitos dos mesmos animais confirmaram o seu fenótipo reativo e aberrante ao 

manifestarem aumento de S100B, bem como diminuição de GFAP e do transportador do 

glutamato 1 (GLT-1). Quando em co-cultura com a microglia induzem um fenótipo pro-

inflamatório na microglia WT e levam a fenótipos heterogéneos na microglia SOD1G93A, onde 

se incluem as polarizações M1 e M2. Curiosamente, a comunicação entre astrócitos e 

microglia SOD1G93A mostrou ser essencial para haver sobre-expressão do inflamassoma 

NLRP3 e libertação do HMGB1. 

Em suma, os resultados alcançados nesta tese esclarecem as alterações da homeostasia 

antes do aparecimento dos sintomas associados à ELA e os componentes inflamatórios da 

fase sintomática. A microglia mostrou transitar de um estadio inicial “imuno-suprimido”, para 

uma polarização M1 e depois para fenótipos heterogéneos e até disfuncionais. Os astrócitos 

com um fenótipo reativo e aberrante mostraram causar alterações do fenótipo e das vias 

inflamatórias na microglia, como também aconteceu através dos exossomas libertados de 

neurónios motores. O trabalho realizado selecionou novos alvos terapêuticos para a 

descoberta de fármacos para a ELA e identificou o miR-155 e o MFG-E8 como 

biomarcadores precoces da doença. Tendo em conta os diversos mecanismos observados e 

a heterogeneidade fenotípica da microglia no decurso da doença, acreditamos que a 

estratégia terapêutica deve considerar o uso combinado de medicamentos dirigidos a vários 

alvos e ter em conta características específicas de cada estadio da doença. 

 

 

 

 

 

 

Palavras-chave: Subpopulações microgliais; MicroRNAs inflamatórios; Comunicação 

Neuro-Glial & Tráfego mediado por exossomas; Biomarcadores da ELA; Modelos 

experimentais com mutação SOD1G93A 

 

 

 



 
 

 

 

 

 

 

 

Chapter I 

 

GENERAL INTRODUCTION 

 

 

  



 
 

 
 

 



General Introduction 
 

 

3 Chapter I 

1. Microglial physiology in the CNS: phenotypes, drivers, and 

activation 

Microglia are the typical immune cells within the central nervous system (CNS) and were 

first described by Pio del Rio Hortega in 1932. These non-neuronal cells exhibit a small cell 

soma with highly branched processes (Kettenmann et al. 2011), accounting for 5-20% of 

total glial cells (Arcuri et al. 2017; Vilhardt 2005). They populate CNS parenchyma 

throughout both white and gray matter (Kabba et al. 2017), although environment 

specificities underlie microglia region heterogeneity. As a unique non neuronal population, 

microglia belong to the mesodermal lineage that enter the brain during embryonic 

development (Ginhoux and Prinz 2015). 

The way we envision microglia functionality nowadays overlap with the first observations 

of del Rio Hortega. Microglia are constantly monitoring their microenvironment and each 

specific cell only screens its confined space (Kettenmann et al. 2011). Through the ability to 

recognize a wide variety of signals, microglia are extremely sensitive to tissue disturbances 

and can change their morphology, as well as the expression profile and functional behavior 

upon stimulation, acquiring an activated phenotype (Colton 2009; Obst et al. 2017). Once 

activated, microglia initiate an inflammatory reaction in order to eliminate and contain the 

damage restoring tissue homeostasis. However, when facing an intense or chronic stimulus, 

microglia continuous production of inflammatory mediators can cause neuronal damage, 

leading to a neuroinflammatory environment with a feed-forward loop progression. Indeed, 

microglia-mediated neuroinflammation has been associated with different neurodegenerative 

conditions including Alzheimer’s disease (AD), Parkinson’s’ disease (PD) and amyotrophic 

lateral sclerosis (ALS). 

Despite being the first line of defense against pathogenic organisms, and the sensors of 

CNS homeostasis (Nimmerjahn et al. 2005), accumulating evidence indicate their crucial role 

for CNS physiology and development, as well as for neuronal circuitry formation and 

maintenance.  

 

1.1. Microglia origin and CNS distribution 

In his first publications, del Rio Hortega already suggested that microglial cells would be 

originated from the mesoderm and that they enter the developing brain with an amoeboid 

morphology. At that time, other authors also believed that microglia developed from the 

neuroepithelium like the other CNS cells. However, due to morphological and biochemical 

similarities between microglia, monocytes and macrophage populations, soon the scientific 

community accepted their myeloid origin (Arcuri et al. 2017; Ginhoux and Prinz 2015).  
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While in the following years it was believed that circulating monocytes entered the brain 

and differentiated into microglial cells whenever needed, increasing evidence showed that, in 

fact, microglia was originated from myeloid progenitors localized in the embryonic yolk sac, 

which is now established. These cells migrate to the brain rudiment around embryonic day 

8.5-9 (E8.5-9), initially by interstitial migration and later via the circulatory system (Nayak et 

al. 2014), and the adult microglia population proliferates and differentiates from the initial 

embryonic progenitors (Alliot et al. 1999; Ginhoux et al. 2010) through the ability to self-

renew (Perdiguero et al. 2015). Globally, three developmental stages that occur in synchrony 

with brain development under distinct regulatory circuits were recently indicated (Matcovitch-

Natan et al. 2016): an early stage (E10.5 to E14), pre-microglia (E14 to postnatal day 9) and 

adult microglia (4 weeks and onwards). In the spinal cord, the microglial complex morphology 

characterized by several extensions and ramifications was indicated to take place at E15.5 

(Rigato et al. 2011). Importantly, the expression of colony stimulating factor-1 receptor (CSF-

1R) is essential to determine the embryonic fate of microglia (Ginhoux et al. 2010) and 

microglia development is also dependent on the transcription factors PU.1 and interferon 

regulatory factor 8 (IRF8) (Kierdorf et al. 2013).  

In humans, embryonic hematopoiesis starts around day 19 of estimated gestational age 

(EGA) in the yolk sac, where cells are committed to the erythro-myeloid lineage (Brites et al. 

2015). Then, this process moves to the liver at 4-5 weeks of EGA, and finally to the bone-

marrow (10.5 weeks), where it remains until adulthood. The fact that microglial-like cells are 

observed in the fetuses’ brain at 3 weeks of EGA underlines their yolk-sac derivation 

(Hutchins et al. 1990). In the spinal cord, microglia first appear at 9 weeks of EGA. Microglia 

distribution and differentiation continue until they became well-differentiated ramified cells 

around 35 weeks (Ginhoux et al. 2013).  

 In the first two postnatal weeks, mouse microglia proliferate at higher rates and 

distributes across the entire CNS regions, where they acquire their typical ramified shape. 

The specific CNS region determines imbalance in microglial numbers and morphology 

(Tambuyzer et al. 2009). Higher microglia density was found in grey vs. white matter, namely 

in hippocampus, olfactory telencephalon, basal ganglia and substancia nigra. Whereas 

ramified microglia are mostly located at the neuropil, longitudinal branched cells are aligned 

with axons of nerve fibers tracts (Lawson et al. 1990). More recently, it was reported that 

microglia density did not change between mouse cortex and spinal cord (Zhang et al. 2008); 

however, independent studies showed that microglia are less numerous in the spinal cord (Li 

et al. 2016b; Nikodemova et al. 2014). Data are missing regarding the distribution of 

microglia in the normal human adult CNS, as the majority of studies have been performed in 

pathological conditions. Immunostaining of brain samples from non-neurological associated 

damage showed that microglia numbers vary across brain regions in a 10-fold variation 
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(Mittelbronn et al. 2001; Olah et al. 2011) but, contrary to rodents, white matter is more 

populated than the grey matter. Interestingly, even within a specific region, microglial cells 

can have different phenotypes (Olah et al. 2011).  

 

1.2. Microglial markers: classical and new perspectives 

As descendents of myeloid precursor, microglia express specific macrophage markers 

that have been recognized for years (Kettenmann et al. 2011). These markers include F4/80, 

cluster of differentiation 11b (CD11b), ionized calcium-binding adaptor molecule 1 (Iba1) and 

C-X3-C chemokine receptor 1 (CX3CR1). CD39 and CD163 have also emerged as novel 

microglial markers (Butovsky et al. 2015; David and Kroner 2011). Within the brain, however, 

the discrimination between microglia and perivascular macrophages has been difficult, 

creating some uncertainty in microglial functions in vivo. Until recently, the low expression of 

CD45 in microglia was the segregation point as macrophages expressed high levels of this 

marker (Ginhoux and Prinz 2015). Nonetheless, novel transcriptome-based studies, 

reviewed in Sousa et al. (2017), have uncovered new specific transcripts that allow to 

distinguish microglia from other myeloid cells as well as other CNS cells, both in mice 

(Butovsky et al. 2014; Hickman et al. 2013; Zhang et al. 2014) and humans (Butovsky et al. 

2014; Galatro et al. 2017). These markers are summarized in Table I.1.  

 
 

Table I.1 - Microglia unique or enriched markers compared to other macrophages or CNS cells  

 

 

 

 

 

 

 

 

 

 

 

 

CD, cluster of differentiation; HLA-DR, human leucocyte antigen-D; ITGAM, integrin subunit alpha M. 

 

Importantly, although rodent and human microglia functionality differs in certain aspects 

(Wolf et al. 2017), there are evidences of close gene signatures between them. Interestingly, 

Classical microglial markers Novel transcriptome signatures 

 

Rodents 

CD11b 

CD39 

CD163 

CX3CR1 

Iba1 

F4/80 

CD45
low

 

 

 

 

Humans 

CD14 

CD16 

CD32 

CD40 

CD68 

CD163 

CD45 

ITGAM (CD11b) 

HLA-DR 

 

 

Rodents 

Camp 

Ccr5 

Cd53 

Crybb1 

Csf1r 

Cx3cr1 

 Fcrls 

Gpr34 

Gpr84 

Xexb 

Itgb5 

Ly86 

Olfml3 

P2ry12 

P2ry13 

PU.1 

S100a8 

 

 

S100a9 

Sall1 

Selplg 

Siglech 

Smad7 

Socs3 

Rnase4 

Tgfb1 

Trfbr1 

Tmem119 

Trem2 

Tyrobp 

miR-342-3p 

miR-99a 

miR-125b-5p 

 

 

Humans 

Aif1 (Iba1) 

Axl 

Csfr1 

Cx3cr1 

C1qa 

Itgam (Cd11b) 

Gas6 

Gpr34 

Mertk 

P2ry12 

Pros1 

Spi1 (PU.1) 

Tmem119 

Trem2 

Tyrobp 
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a data base was recently created where transcriptomes of glial cells, including microglia can 

be found (Holtman et al. 2015). As it will be addressed later, microglia transcriptome also 

changes throughout brain regions. 

 

1.3. Microglial function in CNS homeostasis 

During development, primitive macrophage amoeboid morphology underlies one of the 

most important microglial specialized functions: phagocytosis. Indeed, accumulating 

evidences indicate that microglia actively contribute to normal neuronal maturation and CNS 

development [for review see Mosser et al. (2017)]. Actually, microglia are responsible for the 

elimination of neuronal and glial cells, as almost 50% of these newly formed cells are 

eliminated in the developing CNS (Wolf et al. 2017), as well as by synaptic pruning during 

postnatal development (Paolicelli et al. 2011). Among other functions, microglia are also able 

to exert trophic actions in developing postnatal neurons (Ueno et al. 2013) and to promote 

neurogenesis in neural stem cells (NSC) from the subventricular zone (SVZ) (Walton et al. 

2006). Interestingly, microglia was shown to equally exert a compensatory self-repairing 

mechanism associated with their pro-neurogenic role in chronic neurodegeneration (De Lucia 

et al. 2016).  In humans, the regional distribution of microglia in the embryonic and fetal 

period strongly correlates to their role in synaptic pruning and clearance of neuronal debris 

(Monier et al. 2007). Human microglia is also able to promote NSC proliferation and survival 

in vitro (Liu et al. 2013a).  

In 2005, two important reports changed the view of microglia latency under physiological 

conditions, the so called “resting” or “quiescent” phenotype. Microglia is in fact constantly 

moving their highly branched cellular ramifications making contact with all the surfaces that 

lie within their environment. These studies used in vivo two-photon microscopy in transgenic 

mice expressing enhanced green fluorescent protein (GFP) in Cx3cr1 locus and showed that 

microglia processes were remarkably motile, continuously undergoing extension, withdrawal 

and cycles of de novo formation (Davalos et al. 2005; Nimmerjahn et al. 2005). Moreover, 

Nimmerjahn and colleagues (2005) also demonstrated that the brain parenchyma is 

completely screened by microglia once every few hours. Besides this highly dynamic 

surveillance, microglia also biochemically sense and interpret their environment. Through a 

variety of surface receptors, such as receptors for cytokines or chemokines, receptors for 

complement fragments, immunoglobulins, adhesion molecules and inflammatory stimuli, 

microglia can sense subtle changes (Nimmerjahn et al. 2005), being able to quickly respond 

to any insult to CNS homeostasis.  

Several lines of evidence have indicated that microglia play a role in synaptic plasticity in 

the adult CNS, which give rise to the concept of “quad-partite” synapse (Schafer et al. 2013). 
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During parenchyma monitoring, microglia establish direct contact with neuronal synapses, 

with both axon terminals and dendritic spines (Wu et al. 2015b). These interactions usually 

occur for 5 min, once per hour, but variations in neuronal activity positively correlate with 

microglia synapse scavenging (Tremblay et al. 2010; Wake et al. 2009). Additionally, small 

dendritic spines can be eliminated by microglia, highlighting their function in synaptic shaping 

(Tremblay et al. 2010). In vitro, microglia conditioned media is able to induce long  N-methyl-

D-aspartate (NMDA) receptor mediated excitatory postsynaptic currents (EPSCs) in cortical 

slice cultures and long-term potentiation (LTP) in hippocampal neurons (Schafer et al. 2013), 

further indicating microglia active contribution to neuronal activity and synaptic transmission. 

Finally, microglia can also exert trophic effects in neurons promoting growth, 

differentiation and circuitry formation by releasing a set of neurotrophic factors including 

neurothrophins, brain-derived neurotrophic factor (BDNF), glial-cell derived neurotrophic 

factor (GDNF), and insulin growth factor 1 (IGF-1), among others (Kettenmann et al. 2011; 

Kim and de Vellis 2005). 

Importantly, the surveying state of microglia is maintained through intimate interactions 

with their CNS neighbors, especially neurons. The factors involved in microglia-neuron cross-

talk will be addressed later in this Chapter. 

 

1.4. Defining microglia activation: from neuroprotection to neurodegeneration 

Any disturbance on CNS physiology, either by the sudden presence or abnormal 

concentration of a given factor, or even any disruption in environment inhibitory signals, can 

activate microglia. Of notice, the term “activation” does not mean that they were latent or 

resting (discussed above), but rather indicate a shift between states, as previously suggested 

(Hanisch and Kettenmann 2007). Microglia activation is an adaptive process specific for each 

stimulus and CNS region, and can lead to neuroprotective or neurotoxic outcomes. As it will 

be detailed in the following sections, microglia activation includes change of morphology and  

functional behavior, as well as alteration of the transcriptional program and production of 

inflammatory mediators (Kettenmann et al. 2011). 

 

1.4.1. Morphology 

Transformation of microglia morphology, from the surveillant ramified shape to an 

amoeboid morphology, has been used for long as the first indicator of microglia activation 

(Kreutzberg 1996; Tambuyzer et al. 2009). The overall shape transition includes retraction of 

processes and reduced morphological complexity (Kettenmann et al. 2011). Different 

morphologies and denominations have been proposed, including bipolar or rod-shape, 

bushy, primed, hypertrophic, amoeboid and dystrophic (Au and Ma 2017; Streit et al. 2004; 
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Torres-Platas et al. 2014; Zhang et al. 2008). While these shapes where recently observed in 

normal mouse and adult human brains (Torres-Platas et al. 2014), the loss of ramified 

morphology has been mostly associated with pathological conditions. The specific role of 

each morphology is, however, largely unknown. Some studies indicate that amoeboid 

microglia is acquired upon lipopolysaccharide (LPS) challenge (Papageorgiou et al. 2016), 

an endotoxin present in Gram-negative bacteria’s membranes. Such morphology was found 

in AD and PD human samples (Doorn et al. 2013), as well as in mouse models of traumatic 

brain injury (TBI) (Loane and Kumar 2016) and ischemic stroke (Morrison and Filosa 2013). 

As recently reviewed, bipolar/rod-shape microglia seems to be associated with early 

neurodegenerative processes encompassing neuroprotective functions (Au and Ma 2017). 

Dystrophic morphology is characterized by disintegration of the cytoplasm, a process called 

cytorrhexis, accompanied by fragmentation of processes and loss of fine branches. Such 

degeneration was observed in human aged microglia (Streit et al. 2004), and described to be 

important in age-related disorders, such as AD (Brites 2015; Mosher and Wyss-Coray 2014).  

 

1.4.2. Migration, phagocytosis and autophagy 

Under physiological conditions, microglia is constantly screening their microenvironment, 

a process designated as motility (Davalos et al. 2005; Nimmerjahn et al. 2005). Upon injury, 

microglia rapidly extend their multiple processes towards the affected area without 

translocation of cell body. Microglia in surrounding areas can also be recruited and migrate 

towards the lesion site (chemotaxis). Both motility and chemotaxis are orchestrated by 

multiple chemotatic compounds, as indicated in Figure I.1. These include chemokines, such 

as C-C motif chemokine ligand 2 (CCL2) [also known as monocyte chemoattractant protein 1 

(MCP-1)] and fractalkine [or C-X3-C chemokine ligand 1 (CX3CL1)], and ATP, among others 

(Calvo and Bennett 2011; Davalos et al. 2005; Madry and Attwell 2015), that can be released 

by neuronal and non-neuronal cells. Several studies have tried to discover the pathways 

underlying microglia migration ability that culminate with actin reorganization and 

polymerization (Fan et al. 2017). ATP-mediated microglial chemotaxis requires activation of 

P2Y12 (Haynes et al. 2006) and P2X4, with downstream activation of phosphoinositide 3-

kinase (PI3K) pathway (Ohsawa et al. 2007; Ohsawa et al. 2010), and involves Ca2+ 

signaling (Lim et al. 2017). Interestingly, in acute spinal cord injury (SCI), nitric oxide (NO) 

mediates microglia migration to the lesion site, a process also mediated by ATP in vivo (Dibaj 

et al. 2010). It was recently showed that CCL2 induces migration of BV2 microglial cells 

through activation of c-jun and activating transcription factor 1 (ATF-1), probably following 

mitogen-activated protein kinase/extracellular signal-regulated kinase (MEK/ERK) and PI3K 

signaling pathways (Bose et al. 2016). Moreover, novel players are being discovered, such 

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwivxeqRhqDVAhUM7RQKHWBMASQQFggiMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPhosphoinositide_3-kinase&usg=AFQjCNFThUAMfdqXbJfGsXmv9lB46XJj_g
https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwivxeqRhqDVAhUM7RQKHWBMASQQFggiMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPhosphoinositide_3-kinase&usg=AFQjCNFThUAMfdqXbJfGsXmv9lB46XJj_g
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as triggering receptor expressed on myeloid cells 2 (TREM2), as indicated by reduced 

chemotaxis of Trem2-/- microglia (Mazaheri et al. 2017). Importantly, once in the damaged 

area, microglia become activated, acquire an amoeboid effector shape and lose their 

chemotactic ability (Orr et al. 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.1 - Microglial phagocytosis and migration are regulated by a number of specific ligand-receptor 

interactions. PS exposed at the surface of damaged neurons or neuronal debris can be recognized by several 

microglial receptors as an “eat-me” signal inducing microglia phagocytosis. These receptors include TIM4, 

MERTK/Gas6 complex and the adaptor molecule MFG-E8, which can be released and establish a bridge 

between PS and αvβ3 integrin. Calreticulin is another “eat-me” signal that is recognized by LRP. Other ligand-

receptor pairs involved in phagocytosis include UDP leaking from injured and C3b that opsonizes neurons by 

binding de-sialylated glicoproteins, which can be recognized by P2Y6 receptors and C3R, respectively. Whereas 

these interactions induce phagocytosis without pro-inflammatory responses, recognition of DAMPs by TLRs 

promotes the engulfment of extracellular material. Interestingly, although the TREM2 has been linked to distinct 

neuropathological conditions, its specific ligands remain unknown. In order to maintain the microglial 

steady/surveillance state, neurons also express “do not eat-me” signals, such as CD47 and polysialylated 

proteins recognized by microglial SIRPα and SIGLECs, respectively. Microglia recruitment to the sites of injury is 

mediated by different receptors as well. Stressed neurons release ATP, a well-known chemotactic agent that 

stimulates microglia migration through purinergic P2Y12 and P2X4 receptors. Finally, a number of chemokines also 

mediate microglia chemotaxis. For example, CCL2 binds specifically to CCR2 while CXCR3 recognizes different 

chemokines such as CCL21 and CXCL10. 

PS, Phosphatidylserine; TIM4, T-cell immunoglobulin mucin 4; MERTK, MER receptor tyrosine kinase; Gas6, growth-arrest 

specific factor-6; MFG-E8, milk-fat globule endothelial growth factor E8; LRP, low-density lipoprotein receptor-related protein; 

C3R, C3 receptor; DAMPs, danger-associated molecular patterns; TLRs, Toll-like receptors; TREM2, triggering receptor 

expressed on myeloid cells 2; CD47, cluster of differentiation 47; SIRPα, signal regulatory protein alpha; SIGLECs, sialic acid-

binding immunoglobulin-like lectins. 
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Phagocytosis is an endocytic mechanism involving vesicular internalization of solid 

particles, including pathogens and cellular debris, and is one of the most vital microglial 

functions. Microglia can phagocytose neural precursor cells during development 

(Cunningham et al. 2013), as well as synapses in neuronal circuitry formation (Paolicelli et al. 

2011) and in physiological conditions (Tremblay et al. 2010), together with entire neurons 

and cellular debris upon injury, preventing inflammatory reactions and damage spread 

(Brown and Neher 2014; Neher et al. 2012). Importantly, microglia can also engulf live, 

possible healthy neurons, a process called phagoptosis (Neher et al. 2012). 

Phosphatidylserine (PS), which is confined to the inner leaflet of the neuronal plasma 

membrane, can be exposed at the surface of stressed or injured neurons in reversible or 

irreversible ways (Arcuri et al. 2017). As it constitutes an “eat-me” signal, PS can be 

recognized by different microglial receptors including T-cell immunoglobulin mucin 4 (TIM4) 

(Miyanishi et al. 2007), MER receptor tyrosine kinase (MERTK)/ growth-arrest specific factor-

6 (Gas6) complex (Wu et al. 2005) and the adaptor molecule milk-fat globule endothelial 

growth factor E8 (MFG-E8) (Figure I.1). MFG-E8 can be released by microglia and establish 

a bridge between PS at the surface of neurons and microglial vitronectin receptors (VNRs), 

mainly αvβ3 integrin (Hanayama et al. 2002). To note, however, that at high concentrations, 

the MFG-E8 molecules can bind to PS and to integrins, thus inhibiting the bridge of both cell 

types (Kruse et al. 2010). Upregulation of MERKT or MFG-E8 occurs during brain ischemia 

and inflammation being involved in delayed neuronal death (Neher et al. 2013), highlighting 

the protective role of these receptors. As detailed in Figure I.1., microglia phagocytosis may 

involve other receptor-ligand pairs, as well (Arcuri et al. 2017; Napoli and Neumann 2009).  

TREM2 belongs to the immunoglobulin family and induces phagocytosis of cellular debris. 

Nevertheless, the exact signal that TREM2 recognizes remains to be clarified (Brown and 

Neher 2014; Takahashi et al. 2005), though it was recently showed that it can sense a 

number of lipids, including PS (Wang et al. 2015b), as well as nucleic acids (Kawabori et al. 

2015). While these receptors mediate a “silent” phagocytosis that occurs concomitantly with 

the secretion of anti-inflammatory factors (Neumann et al. 2009), activation of Toll-like 

receptors (TLRs) also stimulate microglia phagocytic ability. TLRs are crucial to recognize 

pathogens, as well as protein aggregates, such as amyloid-β (Aβ) fibrils (a pathological 

hallmark of AD), thus stimulating their elimination (Fu et al. 2014; Xiang et al. 2015). 

Although microglia phagocytosis is primarily protective, because TLR-mediated phagocytosis 

courses with the release of pro-inflammatory mediators, this mechanism may contribute to 

the pathogenesis of neurodegenerative diseases. In fact, LPS-stimulated microglia is able to 

phagocytose live neurons, both in vitro and in vivo, which was prevented by Mfge8 knock-out 

(Fricker et al. 2012), and Aβ was similarly shown to induce microglia engulfment of viable 

neurons in culture (Tahara et al. 2006). On the other hand, loss of phagocytic ability can 
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cause accumulation of apoptotic/necrotic material and spread of inflammation (Arcuri et al. 

2017; Neher et al. 2012). It has been shown that inefficient clearance of myelin debris after 

focal demyelinating insult impairs remyelination. Recently, Kawabe and coworkers (2017) 

showed that MFG-E8 can bind Aβ promoting its endocytosis. However, MFG-E8 levels are 

reduced in the brain of AD patients and mouse models, suggesting a role for decreased 

phagocytic ability and Aβ accumulation. Importantly, the expression of “don’t eat-me signals” 

in neurons also contribute to regulate microglia phagocytosis, as reviewed in Arcuri et al. 

(2017). Furthermore, several phagocytosis-associated gene variants are being considered as 

risk factors to develop AD, including CD33, alipoprotein E (APOE) and complement receptor 

type-1 (CR1). Additionally, TREM2 variants were associated with the risk to develop both AD 

and ALS (Cady et al. 2014; Neumann and Daly 2013). 

Although the role of autophagy in microglia behavior is largely unknown, recent studies 

have established some connections between autophagy and microglia inflammatory 

response (Su et al. 2016). In brief, autophagy (that comprises three types: macroautophagy, 

microautophagy and chaperone-mediated autophagy) is a process where cytoplasmic 

material is captured in a membrane vesicular structure, the autophagosome, and delivered 

for degradation upon fusion of the autophagosome with lysosomes (Menzies et al. 2017; 

Plaza-Zabala et al. 2017). After digestion, the breakdown products are reintegrated in the cell 

metabolism. The autophagic machinery encompasses more than 35 proteins, commonly 

designated as autophagy-related proteins (Atgs), such as beclin-1 (Atg6) and light chain 3 

(LC3, Atg8) (Budini et al. 2017; Plaza-Zabala et al. 2017). Whereas essential for cell 

homeostasis, autophagy can be induced under stress conditions, including nutrient 

starvation, endoplasmic reticulum (ER) stress or mitochondrial damage, among other, in 

order to restore normal cell functions. As post-mitotic cells, neuronal survival is critically 

influenced by the ability to eliminate intracellular toxic material, and defects in autophagy 

have been reported in many neurodegenerative pathologies (Menzies et al. 2017). Several 

lines of evidence indicate that autophagy can regulate microglia activation (Su et al. 2016). 

Inhibition of autophagy in vitro promoted activation of nuclear factor-kappa B (NF-κB) and 

release of pro-inflammatory cytokines in BV2 and primary mouse microglia, while LPS-

induced microglia response was suppressed by an autophagic inducer (Ye et al. 2017). 

Additionally, autophagy rescued neuronal cell death caused by α-synuclein-mediated 

microglia activation (Bussi et al. 2017). Jin and colleagues (2017) recently showed that LC3 

and beclin-1 were increased in activated microglia after TBI, but when autophagy was 

inhibited, microglia activation and neuronal death were more pronounced. Together, these 

findings suggest that autophagy can be beneficial to restrain microglia overactivation and 

neurotoxicity. 
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Autophagy and phagocytosis share similarities in the process of vesicular formation and 

material digestion. However, despite recent evidences showing that LC3 can be allocated to 

the formation of the phagosome upon phagocytosis in macrophages, this interaction was 

never studied in microglia (Plaza-Zabala et al. 2017). 

 

1.4.3. Microglial receptors 

As extensively reviewed by Kettenmann and his colleagues (2011), microglia express a 

wide variety of receptors and channels that underline their extraordinary sensitivity. Despite 

the well-known chemokines [C-C motif (CC) and C-X-C motif (CXC)] and cytokines 

[interleukin (IL), tumor necrosis factor-alpha (TNF-α) and interferon (IFN)] receptors, involved 

in microglia chemotaxis to lesion sites and regulation of the inflammatory response, the 

expression of neurotransmitter receptors, including adenosine receptors, glutamate 

receptors, cholinergic receptors, P2X and P2Y receptor, Alpha-Amino-3-Hydroxy-5-Methyl-4-

Isoxazole Propionic Acid (AMPA) and Gamma Amino Butyric Acid (GABA) receptors 

(Guruswamy and ElAli 2017; Kettenmann et al. 2011), highlight microglia as modulators of 

neuronal synaptic transmission. Microglia can also recognize both pathogen- and danger-

associated molecular patterns (PAMPs and DAMPs, respectively) through pattern-

recognition receptors (PPRs). Lectin and mannose receptors, nucleotide binding and 

oligomerization domain (NOD)-like receptors (NLRs) and TLRs constitute this group (Banjara 

and Ghosh 2017; Kettenmann et al. 2011). Because DAMPs, also called alarmins, comprise 

host intracellular molecules and represent injury once in the extracellular space, activation of 

TLRs signaling pathways has been observed in different CNS pathologies, including ALS, 

PD and stroke (Paschon et al. 2015). Moreover, as it will be further addressed, microglia 

express unique receptors that enable specialized cross-talk with neurons. 

 

1.4.3.1. The cytosolic NLRP3-inflammasome 

Inflammasomes consist in intracellular multimolecular complexes involved in inflammation 

and have been described in neurons, astrocytes and microglia (Walsh et al. 2014). 

Inflammasome mediators include the adaptor apoptosis-associated speck-like protein 

containing a CARD (ASC), Caspase-1, responsible for cleavage of pro-IL-18 and pro-IL-1β 

into their active forms, and the NLRs (Walsh et al. 2014). Among the different NLRs 

described, NLR pyrin domain containing 3 (NLRP3) is the best characterized and it is 

specialized in the recognition of DAMPs (He et al. 2016b), such as ATP (Mariathasan et al. 

2006), uric acid crystals (Martinon et al. 2006) and Aβ fibrils (Halle et al. 2008). NLPR3-

inflammasome assembly occurs in a two-step signal process (He et al. 2016b; Walsh et al. 

2014), as evidenced in Figure I.2. Activation of TLRs induces translocation of NF-κB into the 
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nucleus, with the subsequent transcription of NLRP3 and pro-IL-1β genes. A second signal, 

comprising ATP or mitochondrial reactive oxygen species (ROS), stimulates the formation of 

the complex where NLRP3 recruits ASC, which in turn recruits and activates caspase-1. The 

mechanisms underlying complex assembly are still not completely clarified but it was recently 

demonstrated that phosphorylation of the NLRP3 pyrin domain is required for NLRP3-ASC 

interaction (Stutz et al. 2017). AD, multiple sclerosis (MS) and ALS pathogenesis have been 

linked to higher expression of NLRP3-inflammasome components (Barateiro et al. 2015; 

Song et al. 2017). Interestingly, Bezbradica and colleagues (2017) recently showed that 

sterile stimulation (two DAMP signals) induces weaker and delayed NLRP3-inflammasome 

activation than bacterial-associated signals revealing a specific inflammasome response 

under neurodegenerative conditions. 

 

 

 

 

 

 

 

 

 

 

 

Figure I.2 - NLRP3-inflammasome activation mechanism. Activation of TLRs induces transactivation of NF-κB 

and the transcription of several pro-inflammatory genes. Among them are NLRP3 and IL-1β in its inactive pro-

form (pro-IL-1β). Then, a second signal that includes DAMPs and mitochondrial ROS, for example, triggers the 

oligomerization of NLRP3 that is mediated by the NBD. The PYD of NLRP3 mediates protein-protein interactions 

between the LRR and the ASC (also contains a PYD) and, in turn ASC recruits caspase-1 by protein-protein 

interactions between CARD domains. After cleavage, active caspase-1 induces the maturation of pro-IL-18 and 

pro-IL-1β into their mature forms.  

TLRs, toll-like receptors; NF-κB, nuclear factor-kappa B; NLRP3, NOD-like receptor pyrin domain containing 3; IL, interleukin; 

DAMPs, danger-associated molecular patterns; ROS, reactive oxygen species; NBD, nucleotide-binding domain; PYD, pyrin 

domain; LRR, carboxy-terminal leucine-rich repeat; ASC, adaptor apoptosis-associated speck-like protein containing a CARD. 

 

1.4.4. Production of inflammatory mediators 

As the resident immune cells within the CNS, microglia responses encompass the release 

of inflammatory mediators that either stimulate (pro-inflammatory), or inhibit (anti-

inflammatory) inflammation, including cytokines, chemokines, ROS, DAMPs or alarmins and 

matrix metalloproteinases (MMPs) (Könnecke and Bechmann 2013; Lan et al. 2017; 
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Ransohoff and Perry 2009; Tambuyzer et al. 2009). Stimulation of TLR2 and TLR4 induces a 

pro-inflammatory response through activation of NF-κB, activator protein 1 (AP1) and 

interferon regulatory factor 3 (IRF3) (He et al. 2014; Lehnardt 2010). These transcription 

factors induce IL-1, IL-1β, TNF-α, IL-6 and IFN-γ gene expression and further production of 

ROS and NO (Kraft and Harry 2011). Once in the extracellular space, these cytokines will 

potentiate the inflammatory response by binding to their specific receptors. At the same time, 

MMP-2 and -9, as well as the chemokines CCL2 and CXCL10, to mention some, are 

additionally released contributing to extracellular matrix degradation and recruitment of 

microglia from the neighboring areas, respectively (Könnecke and Bechmann 2013; 

Tambuyzer et al. 2009; Zhao et al. 2017). It has also been shown that high mobility group 

box 1 (HMGB1) can be actively released by activated immune cells (Eun et al. 2013; Wu et 

al. 2012b). HMGB1 is mainly located at the nucleus, but shuttles between the nucleus and 

cytoplasm, exerting important biological activities that include nucleosome stability, gene 

transcription or autophagy stimulation, as extensively reviewed in Kang et al. (2014). Once 

released to the extracellular space, usually upon cell death (Magna and Pisetsky 2014), 

HMGB1 acts as an alarmin activating pro-inflammatory actions in microglia by binding to 

TLR2/4 or receptor for advanced glycation end products (RAGE), among others. 

Interestingly, HMGB1 release from immune cells occurs through a variety of pathways, 

including a NLRP3-inflammasome-dependent via (Lamkanfi et al. 2010). In opposite, 

microglia also release anti-inflammatory and neuroprotective agents, such as IL-4, IL-10, IL-

13 and transforming growth factor-β (TGF-β). Such release requires the activation of signal 

transducer and activator of transcription (STAT) 3 and 6, and/or peroxisome proliferator 

activated receptor (PPARγ) pathway (Zhao et al. 2017). The release of such molecules is 

essential to reengage microglia into surveillant functions and to restore homeostasis after a 

toxic insult. 

 

1.5. Microglia phenotypic plasticity  

Until few years ago, microglial activation was defined as a switch-on/off process, but 

nowadays it is clear that microglia show incredible functional plasticity encompassing diverse 

phenotypes (Brites and Vaz 2014; Kettenmann et al. 2011). The different states of microglia 

polarization have started to be defined according to the activation of macrophage upon 

recognition of specific stimulus that induced the extremes of pro- vs. anti-inflammatory 

properties. As indicated in Table I.2, at least 7 phenotypes are currently categorized: 

surveillant (M0), classical activation or pro-inflammatory (M1) and alternative activation or 

anti-inflammatory (M2) [divided in wound-healing/anti-inflammatory (M2a), immunoregulatory 

(M2b) and acquired deactivation (M2c)], primed and dystrophic. As above mentioned the 
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surveillant phenotype, also known as M0 or steady state, is used to an alert, but not 

activated, microglia that controls CNS homeostasis (Nimmerjahn et al. 2005). The M1 

phenotype is induced by LPS, or other TLRs agonists, as well as by IFN through TLR4/NF-

κB and IFN receptors (IFNRs)/cytokine-activated Janus kinase (JAK)/STAT signaling, 

respectively (Chhor et al. 2013; Subramaniam and Federoff 2017). Hence, it is characterized 

by an increased production of pro-inflammatory cytokines, chemokines, proteases and redox 

species, like NO (Colton 2009; Kraft and Harry 2011). This phenotype is associated with 

neurotoxicity in cases of prolonged inflammatory environment and has been linked with 

neurodegeneration in PD and ALS, thus constituting a target for modulation (Song and Suk 

2017; Subramaniam and Federoff 2017). The M2a phenotype is engaged in anti-

inflammatory actions and is associated with repair after brain damage (Cherry et al. 2014). 

M2b is a regulator of the immune response that shares M1 and M2 properties and is induced 

by TLR agonists and immune complexes (Bell-Temin et al. 2015; Chhor et al. 2013). Finally, 

the M2c phenotype is required to restore CNS homeostasis, being promoted by TGF-β, IL-10 

or even by phagocytosis of cell debris (Brites and Vaz 2014; Colton 2009; Wilcock 2012). 

The currently used microglial phenotypic markers are detailed in Table I.2.  

Interestingly, whereas peripheral immune cells die after an M1-polarization, microglia 

have the ability to switch from the M1 to the M2 phenotype, and vice-versa. Concomitant 

high levels of inducible nitric oxide synthase (iNOS or NOS2) and arginase 1 (Arg1) in 

microglia were recently discovered after TBI and described as a transitional phenotype that 

the authors denominated as Mtran (Kumar et al. 2016). Therefore, the discrimination 

between distinct phenotypes is complex not only because they share markers and functions, 

but also due to the existence of transitional states. Recently, the M1/M2 polarization 

dichotomy started to be questioned since it cannot explain all the features of microglia 

reactivity under pathological circumstances (Ransohoff 2016). In fact, in vivo microglia face a 

multitude of signals, rather than a controlled in vitro polarization. Therefore, mounting 

evidence suggest that microglia acquire either a disease-specific or a mixture of phenotypes 

in vivo (Chiu et al. 2013; Peferoen et al. 2014b; Vincenti et al. 2016; Weekman et al. 2014). 

Although these limitations have to be taken into account, studying microglial phenotypes 

have evidenced important links between microglia activation and neurodegeneration, and 

microglia activation and disease progression stage (Subramaniam and Federoff 2017; Tang 

and Le 2016; Walker and Lue 2015). Most of the knowledge came from rodent microglia 

behavior, but the few reports that study human microglia indicate similar polarization 

features, as summarized in Table I.2. 

Finally, primed and dystrophic/senescent microglia have been characterized as age-

related phenotypes [reviewed in Deleidi et al. (2015), Koellhoffer et al. (2017) and Niraula et 

al. (2016)]. Primed microglia is described as having exacerbated pro-inflammatory responses 
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upon LPS challenge (Godbout et al. 2005), which is associated with the low-grade chronic 

inflammation in the aged CNS, designated as inflammaging (Deleidi et al. 2015). Throughout 

lifespan microglia are challenged by different situations that determine their primed state. 

This can be demonstrated by repetitive LPS injections where the first injection produces low 

levels of IL-1β and IL-12, whereas the second produces a much higher amount (Püntener et 

al. 2012). Markers of this phenotype include major histocompatibility complex class II (MHC-

II), CD68 and TLRs together with downregulation of IL-10 and CD200 (Frank et al. 2006; 

Godbout et al. 2005; Letiembre et al. 2007). It has also been proposed that the chronic 

inflammation may also trigger the loss of microglia function (Koellhoffer et al. 2017) and 

lesions over the lifespan accelerate brain aging and bit-by-bit determines a dysfunctional 

microglia that lose their homeostatic and/or repairing capacity (Lourbopoulos et al. 2015). 

Thus, together with inflammaging, immunosenescence is also an aged-related feature. The 

major hallmarks of dystrophic microglia in the aged human brain are process shortening and 

enlargement, deramification of fine branches and cytorrhexis (Streit et al. 2004). Additionally, 

it was shown that microglia in the aged brain have lower ability to scavenge the brain, as well 

as to phagocytose (Rawji et al. 2016). While associated with normal aging mechanisms, 

these alterations in microglia underline microglia-mediated neurotoxicity in a variety of 

neurodegenerative and neuropsychiatric disorders (Deleidi et al. 2015). Overall, coexistence 

of heterogeneous microglia phenotypes have been found in several neurodegenerative 

diseases associated with chronic neuroinflammation and aging, and their effect in 

exacerbating neurodegeneration or inability to maintain homeostasis need to be further 

addressed in future studies. 

 

1.5.1. Inflamma-miRNAs involved in regulation of microglia phenotype 

MicroRNAs (miRNAs) are small, single stranded non-coding RNAs involved in regulation 

of gene expression at a post-transcriptional level. They directly bind to the 3’ untranslated 

region (UTRs) of a specific mRNA leading to repression of protein expression or induction of 

mRNA degradation (approximately 80% of miRNAs). MiRNA biogenesis occurs as canonical 

or non-canonical pathways, as detailed in Figure I.3. In the first case, miRNAs are 

transcribed from introns of protein-coding genes by RNA polymerase II into primary 

transcripts (pri-miRNAs) that fold as a hairpin loop structure. Then, pri-miRNA is converted to 

a shorter pre-miRNA by the enzymes Drosha and DiGeorge syndrome critical region gene 8 

(DGCR8). In the second one, miRNAs transcripts, called mirtrons, are directly converted to 

pre-miRNAs by splicing. Pre-miRNAs are transported to the cytoplasm by exportin 5 and the 

formation of miRNA/miRNA* duplexes are catalyzed by Dicer. Whereas the complementary 

miRNA* strain is released and degraded, the mature miRNA (~22 nucleotides) binds to 
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Argonaute proteins and is incorporated in the RNA-induced silencing complex (RISC). This 

miRNA-RISC complex is finally transported by importin 8 to the specific target mRNA (Krol et 

al. 2010; O'Connell et al. 2010; Ponomarev et al. 2013; Tomankova et al. 2011). 

MiRNAs play a central role in various biological processes including cellular differentiation, 

proliferation and survival (Ponomarev et al. 2013; Tomankova et al. 2011). Recently, the role 

of miRNAs in inflammation has been growing in interest. As reviewed in Tomankova et al. 

(2011), deregulation of miRNAs in the immune system may lead to sustained inflammation 

and, consequently, to chronic inflammatory diseases. Indeed, microglia phenotypes have 

been associated to variable expression of miRNAs, called inflammation-related miRNAs or 

inflamma-miRNAs, including miR-155, miR-125b, miR-101, miR-689, miR-21, miR-124, miR-

145 and miR-146a, among others (Cardoso et al. 2012; Freilich et al. 2013; Ponomarev et al. 

2011; Saba et al. 2012). Activation of pro-inflammatory pathways mediated by TLRs is 

associated with an increased expression of miR-155, miR-146a and miR-21 though their 

functions have different outcomes (He et al. 2014). Although in some situations it can inhibit 

MyD88 or NF-κB, exerting anti-inflammatory effects, miR-155 is a typical inducer of pro-

inflammatory responses (Wu et al. 2016b). MiR-155 was shown to target multiple genes 

associated with the anti-inflammatory function of microglia. To name just a few, the 

suppressor of cytokine signaling 1 (SOCS1) involved in negative regulation of TLR/NF-κB 

transduction pathway, the SMAD2 that is a regulator of TGF-β signaling, and the 

transcription factor CCAAT/enhancer-binding protein beta (C/EBPβ) associated to the 

expression of Arg1, IL-10 and CD206 (Cardoso et al. 2012; Obora et al. 2017; Ponomarev et 

al. 2013). In opposite, miR-146a and miR-21 are involved in restoration of normal 

environment after damage. By targeting interleukin-1 receptor associated kinase 1 (IRAK1) 

and TNF receptor associated factor 6 (TRAF6), miR-146a negatively regulates the TLR2 

transduction pathway in microglia (Saba et al. 2012). Relatively to miR-21, it is indicated to 

stimulate IL-10 production through repression of programmed cell death 4 (PDCD4) 

expression in macrophages (Sheedy et al. 2010). Importantly, miR-21 also regulates the pro-

apoptotic proteins Fas ligand (FasL), as well as phosphatase and tensin homolog (PTEN), 

thus promoting cell survival (Wu et al. 2016b). Moreover, miR-125b and miR-101 were 

recently associated with microglia pro-inflammatory properties (Guedes et al. 2013). In 

particular, SMAD3, IRF4 and A20 are part of miR-125b regulation network. While the 

inhibition of the first two promote the expression of TNF-α, MHC-II, CD80 and CD86, that of 

A20 suppress NF-κB activation (Guedes et al. 2013; Parisi et al. 2013; Parisi et al. 2016). As 

one of the highest expressed miRNAs in the brain, mainly in neurons, miR-124 is required to 

maintain microglia in the surveillant state (Ponomarev et al. 2011). This effect is, in part, due 

to its capacity to keep low the levels of C/EBPα, as well as of CD45, MHC-II and iNOS. 

Additionally, miR-124 is able to downregulate M1-associated markers and to promote the M2 
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microglia phenotype (Ponomarev et al. 2011; Veremeyko et al. 2013), while suppressing 

microglia innate immunity by targeting TRAF6 (Qiu et al. 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.3 - Inflamma-miRNAs production and gene regulation networks. Translocation of NF-κB, AP1 and 

IRF3 occur downstream of the activation of the TLR4 signaling pathway and induces the transcription of pro-

inflammatory genes, including the inflammatory-related microRNAs (inflamma-miRNAs) miR-155, miR-146a and 

miR-21. MiR-155 potentiates the inflammatory environment by targeting the SOCS1 that inhibits TLR/NF-κB 

signaling pathway, the SMAD2 that is an inducer of TGF-β pathway and the transcription factor C/EBP-β, which 

induces the expression of anti-inflammatory genes. In opposite, TLR4, IRAK1 and TRAF6 are part of the gene 

regulation network of miR-146a highlighting its role in restraining microglia inflammatory responses. Likewise, 

decreased expression of PDCD4, upon miR-21 recognition, potentiates the production of IL-10. Whereas miR-124 

targets C/EBP-α (transcription factor inducer of pro-inflammatory genes) and TRAF6, promoting anti-inflammatory 

actions, miR-125b acts together with miR-155 enhancing inflammation. Among the targets of miR-125b, A20 

represses TLR/NF-κB signaling pathway and SMAD3 is involved in TNF-α expression. Biogenesis of miRNAs 

includes multiple and highly regulated mechanisms that start with the transcription of protein-coding regions by 

RNA polymerase II. In the canonical pathway, primary miRNA transcripts (pri-miRNA) are processed into a 

shorter pre-miRNA by the enzymes Drosha and DGCR8. In the non-canonical pathway, miRNAs are encoded in 

short introns (miRtrons) that are directly converted to pre-miRNAs by splicing. Pre-miRNAs are then transported 

to the cytosol by exportin 5 and converted to miRNA/miRNA* duplexes by DICER. The guided strand is then 

incorporated into RISC complex (miRNA* follows degradation) and binds to the UTR of target mRNAs inducing 

translation repression (partial complementarity) or mRNA degradation (near-perfect pairing).  

NF-κB, nuclear factor-kappa B; AP1, activator protein 1; IRF3, interferon regulatory factor 3; TLR4, toll-like receptor 4; SOCS1, 

suppressor of cytokine signaling 1; TGF-β, transforming growth factor-beta; C/EBP, CCAAT/enhancer-binding protein; IRAK1, 

interleukin-1 receptor associated kinase 1; TRAF6, tumor necrosis factor receptor associated factor 6; PDCD4, programmed cell 

death 4; DGCR8, DiGeorge syndrome critical region gene 83’; UTR, untranslated region; mRNA, messenger RNAs. 
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Table I.2 - Rodent and human microglia phenotypic markers 

Rodent microglia Human microglia 

Inducers Effectors Refs Inducers Effectors Refs 

M1 pro-inflammatory 

 

LPS 
IFN-γ 

 

Markers 
CD80,CD86 
MHC II 
C/EBPα 
iNOS 
 

Inflammation 
IL-6, IL-1β, 
IL-12 
TNF-α, NO  
CCL2, CXCL10 

 

miRNAs 
miR-155 
miR-101 
miR-125b 
low miR-124 

 

(Chhor et al. 
2013);(Wilco
ck 2012); 
(Freilich et al. 
2013); 
(Guedes et 
al. 2013) 

 

LPS + IFN-γ 
TNF-α + IFN-γ 
G-CSF 
followed by 
LPS + IFN-γ 
 

 

Markers 
CD80 
CCR7 
CD14 
MHC II 
 

Inflammation 
IL-6,IL-12 
IL-1β 
TNF-α 

 

 

miRNAs 
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Among the inflamma-aging miRNAs, recent data indicate that miR-155, miR-146a and 

miR-21 are associated with DNA damage response-induced senescence that is observed 

under neurodegenerative conditions (Olivieri et al. 2015). Whereas miR-155 may inhibit or 

promote senescence depending on the specific gene expression program (Olivieri et al. 

2015), miR-146a is upregulated in aged mice promoting macrophage dysfunction (Jiang et 

al. 2012), as well as in in vitro aged-microglia (Caldeira et al. 2014), being considered a 

marker of cell senescence. 

 

1.6. In vitro models to study microglia activation 

Microglia activation has been studied in vivo, in vitro and ex vivo. While in vivo microglia 

responses are constantly influenced by the surrounding environment, in vitro studies allow a 

more focused understanding of specific features of microglia biology, such as the release of 

inflammatory mediators, polarization specificities or chemotactic movement (Sousa et al. 

2017; Stansley et al. 2012). Both primary microglia cultures, obtained from the cortex of 

newborn mice or rats, and more recently form adult rodents, and microglia secondary cell 

lines, developed by genetic immortalization of primary cells, are commonly used to explore 

microglia functioning in normal or pathological circumstances (Sousa et al. 2017). Primary 

microglia are able to produce pro- and anti-inflammatory responses depending on the 

stimulus, to phagocytose and migrate towards chemoattractants and, so, to induce 

neuroprotective or neurotoxic mechanisms (Caldeira et al. 2014; Neniskyte et al. 2011; 

Nikodemova and Watters 2011). However, despite the efforts, primary cultures still produce 

low number of cells and they are time-consuming. In this context, mouse BV2 cells 

(immortalized via v-raf/v-myc carrying retrovirus) (Blasi et al. 1990) and N9 cells (v-myc or v-

mil of the avian retrovirus MH2) (Righi et al. 1989a) have been the most used lines. These 

cells are also able to perform typical microglial functions (Bussi et al. 2017; Cardoso et al. 

2012; Mazaheri et al. 2017) and, although with some differences mainly in the length of 

responses, their behavior is similar to primary microglia (Nikodemova and Watters 2011; 

Stansley et al. 2012). The disadvantages in the use of cell lines rely on their increased 

proliferation and adhesion as well as on their homogeneous responses, which limit the 

representation of microglia diversity in vivo. Reported differences in microglia behavior in 

vivo or in vitro conditions may be caused by the fact that microglia are always activated to 

same extend when in culture and may lose their specific homeostatic gene signature (Bohlen 

et al. 2017; Butovsky et al. 2014). In fact, the interaction with neighboring cells, crucial for the 

modulation of microglial reactivity (Hanisch and Kettenmann 2007), is absent. Altogether, 

these particularities should be taking into account when manipulating microglia in culture, in 

order to correctly evaluate their behavior. 
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Other useful models to study microglia reactivity include mixed and cocultures with 

neurons or other glial cells, and the usage of ex vivo organotypic slice cultures (OSCs). 

Cocultures allow the study of interaction among two cell types by soluble factors, whereas 

mixed cultures have the increased advantage of also allowing the assessment of ligand-

receptor interactions. The OSCs are the closest model to explore microglia function in their 

biological environment, both in physiology (Vinet et al. 2012) or pathology, such as in MS 

(Barateiro et al. 2015), as the three dimensional architecture of the brain is maintained. 

Contemporary studies have started to explore microglia activation after acute isolation 

followed by transcriptomic analysis (Hirbec et al. 2017). The most common isolation 

procedures are fluorescent-activated cell sorting (FACS), usually based on CD11b positive 

and CD45 low expression, laser capture microdissection (LCM), and CD11b positive 

magnetic beads separation (few studies). After isolation, transcriptome analysis can be done 

by microarrays or RNA NextGen sequencing (NGS) (Hirbec et al. 2017). These techniques 

had a huge impact on the knowledge of microglia biology enabling the identification of novel 

microglial markers, as well as disease-specific and stage-specific behaviors (Butovsky et al. 

2014; Chiu et al. 2013; Hickman et al. 2013), as already mentioned. Interestingly, the novel 

single-cell RNA sequencing approach is contributing to the idea that distinct microglial 

populations coexist in a variety of situations (Matcovitch-Natan et al. 2016). 

Primary microglial cultures form human embryos and post-mortem individuals, as well as 

production of human cell lines (such as HMO6 or CHME3), have been additionally 

accomplished. Importantly, the development of new isolation techniques is continuous and 

very recently, Mizzee and colleagues (2017) have published a fast method to isolate and 

study the phenotype of post-mortem human microglia. Finally, the generation of human 

induced pluripotent stem cells (iPSCs) from skin fibroblasts (Takahashi et al. 2007) has 

opened new avenues in the neuroscience field and personalized medicine. Together with 

neuron and astrocytes differentiation, protocols for iPSCs-derivation into microglia-like cells 

are now being developed (Abud et al. 2017; Pandya et al. 2017).  

 

2. Interactive networks between microglia and other CNS cells: 

homeostasis and injury  

In normal CNS, microglia physiology is intimately regulated by the environment they 

encounter. Therefore, interaction with neurons as well as with astrocytes, oligodendrocytes, 

pericytes and endothelial cells are able to modulate microglia behavior. Since they are the 

vigilant cells of CNS homeostasis, any alteration in a specific cell type can activate microglia. 

In this section, the cross-talk between microglia and their CNS neighbors and how it may 

influence microglia phenotype will be described. 
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2.1. The fundamental cross-talk with neurons 

Intercellular communication between neurons and microglia is mediated either by soluble 

or membrane-anchored factors that are recognized by specific receptors and are essential 

for maintaining the surveillance phenotype of microglia. The inhibitory or calming signals 

produced by neurons, namely CD200 and CX3CL1, can shape microglia responses and 

restrain their activation through binding to their specific receptors CD200R and CX3CR1, 

respectively, which have immunoreceptor tyrosine-based inhibition motifs (ITIMs) (Kabba et 

al. 2017; Ransohoff and Perry 2009; Zhao et al. 2017). Hoek and colleagues (2000) have 

shown that microglia in CD200-deficient mice exhibit a constitutively active phenotype with 

an increased subset of amoeboid phagocytic morphology and elevated levels of CD45 and 

complement receptor type-3 (CR3). More recently, it was additionally showed that Cd200-/- 

microglia polarize towards the M1-phenotype with increased levels of TLR4 and NF-κB 

(Denieffe et al. 2013). CX3CL1-CX3CR1 signaling has been the focus of several studies 

since the outcome of such interaction strongly depends on the physiological/pathological 

context (Cardona et al. 2006b; Limatola and Ransohoff 2014; Paolicelli et al. 2014). Mainly 

associated with neuroprotection, this axis is involved in numerous mechanisms, including 

synaptic pruning, neurogenesis and migration. Cx3cr1-/- mice were shown to exhibit high 

number of immature dendritic spines and inactive synapses during development, as well as 

reduced neuronal progenitors in neurogenic niches (Paolicelli et al. 2011). Disrupted 

CX3CL1 signaling also results in about 30% reduction in the process speed, as evidenced by 

observation of microglia dynamics in ex vivo time lapse imaging of mouse retina explants 

(Liang et al. 2009). This cross-talk axis is also important to maintain microglia viability, as 

showed in an in vitro study where CX3CL1 prevented microglia apoptosis (Boehme et al. 

2000). Importantly, CX3CR1 knock-out was shown to aggravate neuronal loss in mouse 

models of PD and ALS, highlighting the role of CX3CR1 in reducing microglia pro-

inflammatory responses (Cardona et al. 2006b). Moreover, CX3CL1 can exist as a soluble 

(cleaved by ADAM 10, 17 and occasionally by MMP-9), or membrane-bound factor, which is 

proposed to stimulate different microglial responses (Wolf et al. 2013), although further 

investigation is needed to clarify this issue. Reports indicate that this axis may participate in 

neurotoxic mechanisms as well. In mouse models of brain ischemia, CX3CL1-deficiency 

conferred neuroprotection by reducing infarction volume and mice mortality rate (Soriano et 

al. 2002), while CX3CR1 reduced expression was shown to decrease microglia activation 

and related production of IL-6, IL-1β and TNF-α (Liu et al. 2015b). Injection of Aβ1-40 fibrils in 

the hippocampus revealed to upregulate CX3CR1, together with microglia activation and IL-

1β production, which was reverted by CX3CR1 suppression, restoring synaptic plasticity and 

mice cognitive capacity (Wu et al. 2013). 
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Other cross-talk interactions between neurons and microglia include signal regulatory 

protein alpha (SIRPα) and its ligand CD47, as well as sialic acid-binding immunoglobulin-like 

lectins (SIGLEC) that recognize polysialylated proteins. Now concerning the SIRPα-CD47 

axis, it has been referred to regulate migration, phagocytosis and immune homeostasis, 

while SIGLEC signaling attenuates microglia neurotoxicity (Kettenmann et al. 2011; Zhao et 

al. 2017). Both ligands also constitute “don’t-eat-me” signals that inhibit microglia 

phagocytosis (Arcuri et al. 2017; Brown and Neher 2014). Recently, it was showed that the 

neuronal soluble factors CSF-1 and IL-34, recognized by CSF-1R are critically important for 

microglia survival and maintenance of surveillance function (Wohleb 2016). 

Upon injury, neurons often release increased amounts of ATP and UDP, which can be 

sensed by microglia leading to their activation (Davalos et al. 2005; Koizumi et al. 2007). As 

previously mentioned, ATP is recognized by P2Y12 receptor (Haynes et al. 2006). It induces 

microglia chemotaxis that by facing an increased gradient of ATP become neurotoxic (Inoue 

2002). Release of UDP, instead, induces phagocytic ability through P2Y6 receptor (Lim et al. 

2017). In addition, CX3CL1 cleavage (Chapman et al. 2000) and exposure of PS (Neniskyte 

et al. 2011) in injured neurons are leading events inducing microglial migration to damaged 

areas and clearance of neurons, respectively. Finally, neurons also upregulate a number of 

chemokines, including CCL21 and MCP1 that are recognized by CCR7/CXCR3 and CCR2, 

in order to recruit microglia to lesion sites (Kettenmann et al. 2011; Zhang et al. 2017). Under 

more severe situations, microglia are stimulated by DAMPs that are released upon neuronal 

death, mainly by necrosis since apoptosis usually occurs in an immunological silent manner 

(Pisetsky 2013). These factors include ATP and HMGB1, among others (Banjara and Ghosh 

2017), which activate microglia through TLRs, RAGE and the NLRP3-inflammasome 

initiating an inflammatory response that although firstly neuroprotective, may trigger 

neurotoxicity in chronic situations. Interestingly, several of these neurodegenerative 

conditions are caused by accumulation of misfolded and aggregated proteins, such as Aβ 

and phosphorylated Tau in the case of AD, α-synuclein in PD, and copper-zinc superoxide 

dismutase 1 (SOD1) and TAR-DNA binding protein 43 (TDP-43) in ALS, that can also be 

recognized by microglia as danger signals (Block et al. 2007). Given the bi-directional 

signaling of neuron-microglia interaction, the activated microglia may release molecules that, 

in turn, will harm neurons. IL-1β and TNF-α are among the cytokines able to bind to neuronal 

IL-1R and TNFRs inducing changes in neuronal activity, as well as inducing 

neurodegeneration. In addition, release of ROS is a well-known neurotoxic mechanism 

mediated by activated microglia (Block et al. 2007). Therefore, neuron-microglia 

communication can induce a deleterious vicious circle that will perpetuate the neurotoxic 

injury, a crucial mechanism for the genesis of neurodegeneration. 
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2.2. A triad of glial cells in an immune privileged environment 

Besides neurons, microglia share the CNS environment with the other glial cells 

(astrocytes and oligodendrocytes), as well as with endothelial cells, which are the main 

component of BBB and blood-spinal cord barrier (BSCB). Since microglia surveillance 

function is collectively maintained by a multitude of soluble and membrane-bound factors, all 

these cell types influence microglia phenotype in physiological conditions. In case of injury, 

the interplay between them likely contributes to microglia activation and vice-versa. 

Astrocytes are the most frequent glial cell, accounting for 30% of the total CNS cells and 

have a star-shaped morphology (Sofroniew and Vinters 2010). They perform a number of 

vital functions for neuronal support that include release of neurotrophic factors and energy 

substrates, including the clearance of neurotransmitters (mainly glutamate) from the synaptic 

cleft. Together with microglia, they participate in the neuroimmune response and synapse 

modulation. Astrocyte end-feet are also structural elements of the BBB. Amongst the factors 

produced by astrocytes, TGF-β is a contributing element for microglia surveillance. It was 

shown that it reduces microglia production of pro-inflammatory cytokines and ROS. Together 

with CSF-1, IL-34 and cholesterol TGF-β was shown to promote microglia viability and their 

ramified morphology (Bohlen et al. 2017; Liu et al. 2011). Astrocytes have the ability to 

communicate through Ca2+ waves by transporting inositol triphosphate (IP3) and ATP through 

gap-junctions (formed by docking of two hemichannels in the membranes of adjacent cells) 

(Montero and Orellana 2015). This mechanism can spread to microglia (Schipke et al. 2002; 

Verderio and Matteoli 2001). Connexin-43 (Cx43) is a major element of astrocytic gap-

junctions, although also existing in microglia together with other hemichannels, enabling the 

release of a set of small molecules and its uptake by neighboring cells, such as glutamate or 

prostaglandin E2 (PGE2), [reviewed in Gajardo-Gomez et al. (2016) and Montero et al. 

(2015)].  

Being the sensor of the CNS, several lines of evidence indicate that microglia activation 

precedes astrocyte reactivity in a number of neuropathological circumstances that include 

experimental autoimmune encephalomyelitis (EAE), AD, ALS and neuropathic pain (Liu et al. 

2011). Therefore, most of the studies have been focused on microglia-to-astrocytes signaling 

in neurodegeneration and data regarding the influence of astrocytes on microglia activation 

are missing. Very recently, it was shown that neurotoxic astrocytes (termed A1 astrocytes by 

the authors) are observed in AD, PD, MS and ALS. This phenotype was shown to be induced 

by activated microglia through the release of Il-1α, TNF and C1q (Liddelow et al. 2017). In a 

manganese-mediated neurotoxicity model, activation of microglial NF-κB was demonstrated 

to be crucial to induce astrocyte reactivity, followed by the release of pro-inflammatory 

cytokines and chemokines (Kirkley et al. 2017).  Moreover, soluble factors released upon 
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Aβ25-35-mediated microglia activation stimulate Cx43-dependent release of ATP and 

glutamate that induce neuronal death via opening of the hemichannel Pannexin-1 (Panx1) 

(Orellana et al. 2011). Interestingly, this Aβ peptide was also able to induce increased 

surface levels of Cx43 and Panx1 in microglia (Orellana et al. 2011), highlighting an 

important cross-talk between microglia-astrocytes-neurons mediated by hemichannels. 

Nonetheless, once astrocytes are reactive they can also exacerbate microglial responses 

towards neurodegeneration. As partners in immune responses, astrocytes influence 

microglia activation status by the secretion of cytokines and chemokines. For instance,  

CCL2 was shown to induce microglia polarization towards the M1-phenotype in a CCR2-

dependent manner in vitro (He et al. 2016a) and in vivo (Xu et al. 2017). A novel signaling 

pathway was recently described, consisting in the activation of NF-κB in astrocytes with 

consequent release of C3, as observed in AD mouse models. C3 is recognized by microglial 

C3aR and inhibits their phagocytic ability and clearance of Aβ, thus promoting a worsened 

disease scenario (Lian et al. 2016).  

The major function of oligodendrocytes is to enwrap axons with myelin sheaths, which is 

essential for the conductance of neuronal action potentials and have the important ability to 

renew the multi-layered plasma membrane that form the myelin (Kabba et al. 2017; Peferoen 

et al. 2014a). Although not much is known regarding the cross-talk between microglia and 

oligodendrocytes in homeostatic conditions, a recent study showed that a specific microglia 

population exists in developing white matter regions in the adult brain, which was shown to 

contribute to the maintenance of oligodendrocyte progenitor cells (OPC) (Hagemeyer et al. 

2017). Interestingly, M2-microglia derived factors were also shown to induce 

oligodendrogenesis (and neurogenesis) from neural stem/progenitor cells through activation 

of PPARγ pathway (Yuan et al. 2017), as well as to promote OPC differentiation during 

remyelination (Miron et al. 2013). In contrast, due to their high metabolic rate and energy 

demands, oligodendrocytes are extremely vulnerable to pro-inflammatory factors (mainly 

TNF-α) and ROS derived from activated microglia (Domingues et al. 2016; Peferoen et al. 

2014a). This issue has been demonstrated after LPS challenge (Domingues et al. 2016), in 

SCI (Lee et al. 2015a) and in the mouse EAE (Yeo et al. 2012). While microglia activation 

influences the survival and differentiation of oligodendrocytes, these myelinating cells can 

also express CD200 what suggests their involvement in microglia vigilant function (Koning et 

al. 2009). On the other hand, under stress, oligodendrocytes can produce several 

chemokines (such as CXCL10, CCL2 and CCL5) and cytokines (including TNF, IL-6 and IL-

8) that recruit microglia to the site of injury  and induce their activation, as reviewed in 

Peferoen et al. (2014a). It is well known that communication between neurons and 

oligodendrocytes is mediated by exosomes that transfer metabolites, proteins and genetic 

material (Frühbeis et al. 2013). Interestingly, selective transfer of exosomes from 
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oligodendrocytes to microglia was also demonstrated, and indicated to occur by 

macropinocytosis (Fitzner et al. 2011). 

The restricted and unique environment of the CNS is maintained by the BBB and BSCB. 

Endothelial cells linked by tight/adherence junctions are the key element enabling physical 

separation of blood circulation from CNS parenchyma. Pericytes, together with the basement 

membrane, astrocytes and microglia were shown to contribute to the barrier properties, being 

collectively denominated as neurovascular unit (Keaney and Campbell 2015). Once more, 

the interplay between microglia and endothelial cells has been mostly explored in the context 

of pathology (Dudvarski Stankovic et al. 2016). In fact, LPS-activated microglia increased the 

permeability of the BBB in a co-culture model (Sumi et al. 2009). Amongst the microglia-

derived mediators that have the ability to open the BBB are ROS, MMP-9 and vascular 

endothelial growth factor (VEGF), which have been consistently reported (Dudvarski 

Stankovic et al. 2016). Moreover, microglia can also be recruited either by endothelial cells or 

by serum proteins, such as fibrinogen, that enters the brain upon BBB disruption (Davalos et 

al. 2012). Impaired BBB also facilitates the entrance of peripheral immune cells into the CNS 

parenchyma. Of notice, a recent study showed that cultured microglia exposed to serum, 

change their transcriptional program exhibiting increased proliferation and phagocytic ability 

(Bohlen et al. 2017), what suggests that these CNS-blood barriers have also an impact in 

maintaining microglia surveillance state. 

Major cross-talk players between microglia and the neighborhood neurons, astrocytes and 

oligodendrocytes are depicted in Figure I.4. 

 

2.3. Soluble factors vs. extracellular vesicles 

The majority of studies concerning intercellular communication in the CNS have been 

focused either on the release of soluble factors that are recognized by specific receptors in 

adjacent cells, or on membrane-bound ligand-receptor interface, as described in the former 

sections. Although described in the 70s, cellular interplay by extracellular vesicles (EVs) in 

neurodegenerative conditions has only gained increased attention over the last years (Levy 

2017; Thompson et al. 2016). Studies using cellular condition media (or in other words, the 

secretome) to explore cell-to-cell communication previously disregarded the existence and 

influence of EVs. Lately, the importance of EVs has become evident once they are 

considered not only determinants in intercellular cross talk, but also as mediators in disease-

spreading and as tools for biomarker and therapeutic research (Brites and Fernandes 2016; 

Rufino-Ramos et al. 2017; Thompson et al. 2016).  
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Figure I.4 - Intercellular communication regulates microglia responses in CNS homeostasis and injury. 

Under physiological conditions, interplay between neurons and glial cells are critically important to maintain 

microglia normal scavenging functions. The neuron-microglia axis CX3CL1-CX3CR1, CD200-CD200R and CD47-

SIRPα are major contributors to restrain microglia activation. To note that CD200 can be expressed by 

oligodendrocytes, as well, and that microglia are able to internalize exosomes derived from these myelinating 

cells, considered to be important to maintain the normal CNS environment. Astrocytes produce TGF-β that upon 

binding to its microglial receptor promotes microglia ramified morphology and survival. Additionally, these glial 

cells are known to communicate via gap-junctions, which allow the direct passage of small molecules, such as 

ATP. During injury, neurons expose PS, release ATP, UDP and chemokines, and CX3CL1 is cleaved by 

ADAM10/17 and by MMP-9, resulting in its shedding from the membrane. All these molecules are recognized by 

microglia and induce a programmed response involving the activation of TLRs, P2 receptors and CX3CR1, 

together with phagocytosis, migration and secretion of inflammatory mediators. Damaged oligodendrocytes and 

activated astrocytes then release a number of cytokines and chemokines, which are able to activate microglia 

through additional TNFR/IL-1R. Finally, activation of microglia under stressful conditions may similarly derive from 

infiltrating T-lymphocytes and serum proteins that enter the CNS upon disruption of the BBB and/or the BSCB.  

CX3CL1-CX3CR1, C-X3-C motif chemokine/receptor; CD, cluster of differentiation; CD200R, CD200 receptor; SIRPα, signaling 

regulatory protein alpha; TGF-β, transforming growth factor beta. PS, phosphatidylserine; MMP-9, matrix metalloproteinase 9; 

TLRs, toll-like receptors; TNFR/IL-1R, TNF and IL-1 receptors; BBB, blood-brain barrier; BSCB, blood-spinal cord barrier. 

 

EVs are formed by a lipid bilayer surrounding a fluid-filled lumen that carries proteins, 

RNA, miRNAs, DNA and metabolites, sometimes reflecting the cell of origin. Almost all cells 

secrete EVs that have been categorized, according to their biophysical properties and 

biogenesis, as ectosomes or microvesicles, exosomes and apoptotic bodies. Apoptotic 

bodies have irregular shapes, vary between 50-5000 nm in diameter and are released from 

cells undergoing apoptosis with the main function of eliminating degradation products and 

cellular waste. Microvesicles and exosomes, although important for the elimination of 

unnecessary cellular components and toxic products from the cell (Xiao et al. 2017), actively 
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participate in the transfer of molecules between the donor cell and the recipient cell (Budnik 

et al. 2016; Kalra et al. 2017). Microvesicles are large vesicles (50-2000 nm) that are 

released directly from the plasma membrane by outward budding. Exosomes are very small, 

ranging between 40-150 nm in diameter and have an endocytic origin being released upon 

fusion of the multivesicular bodies (MVBs) with the plasma membrane (Kalra et al. 2017). 

Several reports suggest that exosomes have specific markers, allowing to distinguish them 

from microvesicles, but accumulating evidences indicate that their protein content highly 

overlap (Thompson et al. 2016). The combination of size, morphology and protein content 

analysis is, therefore, being used to more accurately characterize exosomes (Sheller et al. 

2016). Biogenesis details, specific markers and functions of exosomes will be described in 

the next section.  

Neurons, oligodendrocytes, astrocytes, microglia and endothelial cells are able to secrete 

EVs (Budnik et al. 2016; Dozio and Sanchez 2017). Although EV functions in the CNS have 

been explored in the context of neurodegenerative conditions, we must not forget that they 

have an important role in normal CNS physiology. Neurons release neurotransmitter 

receptors and miRNAs by EVs as a regulatory mechanism for excitability and synaptic 

plasticity, respectively (Budnik et al. 2016). Also, neuronal-to-astrocyte transfer of miR-124 in 

exosomes was shown to enhance excitatory amino acid transporter 2 (EAAT2), also known 

as glutamate transporter 1 (GLT-1) (Morel et al. 2013), which regulates the clearance of 

glutamate after synaptic transmission. Interestingly, EVs released by microglia were shown 

to mediate neuronal excitability by inducing the release of synaptic vesicles in presynaptic 

terminals (Antonucci et al. 2012). Oligodendrocytes-derived exosomes are loaded with 

myelin basic protein (MBP) and stress-related proteins, offering support to neurons in 

normal, as well as in stress conditions (Kramer-Albers et al. 2007). These exosomes are 

cleared by microglia in an immunological silent manner (Fitzner et al. 2011). Both astrocytes 

and microglia release microvesicles enriched in IL-1β upon ATP recognition through P2X7 

receptors (Bianco et al. 2009), and TNF-α was shown to induce the release of EVs from 

astrocytes (Wang et al. 2017a). Recently, a proteomic study evidenced that human brain 

endothelial cells release microvesicles and exosomes with different protein content, 

influencing distinct systems in the CNS (Dozio and Sanchez 2017). Under pathological 

circumstances, EVs have been mainly described as vehicles associated to the elimination of 

aggregated and misfolded proteins that additionally contribute to disease dissemination after 

uptake by distant recipient cells (Thompson et al. 2016).  
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2.3.1. Is there a role for exosomes in neurodegeneration? 

Biogenesis of exosomes starts with the formation of endocytic vesicles from the plasma 

membrane, as depicted in Figure I.5. These early endosomes accumulate intraluminal 

vesicles (ILVs) through invagination of the endosome membrane originating the MVBs. This 

inward budding mechanism can occur via Endosomal Sorting Complexes Required for 

Transport (ESCRT)-dependent and independent pathways, in that the former is the most 

common. As the name itself suggests, these complexes also participate in cargo sorting, 

although this process is still largely unknown. Alternative pathways include the involvement 

of the lipids ceramide and phosphatidic acid, and tetraspanins (Hessvik and Llorente 2017; 

Kalra et al. 2017). After formation, the MVBs can fuse with lysosomes following to 

degradation, be recycled in the Golgi apparatus or proceed to exocytosis, releasing the ILVs 

upon fusion with the plasma membrane, which are thereafter called exosomes. Whereas 

exosomes release occurs physiologically within the CNS, stress and injury are known to 

influence exosome secretion and their content (Hessvik and Llorente 2017). Exosomal 

composition can reflect the cell of origin at some extends, but recent findings indicate that 

they are enriched in proteins related with their endosomal origin. These proteins have been 

considered as exosomal markers and include Alix and TSG101 (proteins of the ESCRT 

complexes), the tetraspanins CD9, CD63 and CD81, flotillin-1 (involved in membrane fusion 

and component of lipid rafts), MHC class I and II, and the heat-shock proteins HSP70 and 

HSP90. Exosomes are also enriched in cholesterol, sphingomyelin, ceramide and PS (Kalra 

et al. 2017; Thompson et al. 2016). Today, tracing the cellular origin of exosomes has 

become possible thanks to new technologies such as Multiplex proximity extension assay 

(Larssen et al. 2017). Most importantly is the possibility that the content of exosomes reflects 

what the cell is experiencing, what turns circulating exosomes as liquid biopsies and 

noninvasive biomarkers in early detection and diagnosis of neurodegenerative diseases. 

Exosomal cargo is composed by miscellaneous proteins, lipids, RNA [small RNAs and 

messenger RNAs (mRNAs)]. Yet controversial, the transport of DNA and mitochondrial DNA 

was also reported. Although it is reasonable to believe that part of the cargo is randomly 

loaded in the cytosol that fills exosomal lumen, late studies have revealed some mechanisms 

by which specific proteins or miRNAs are internalized (Hessvik and Llorente 2017). 

Ubiquitination is recognized by ESCRT machinery and was reported to target proteins  

integrated in exosomal cargo (Cheng and Schorey 2016). Additionally, Villarroya-Beltri and 

colleagues (2013) showed that miRNAs, with a specific sequence motif (EXOmotif), were 

recognized by sumoylated heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1), 

which determined their packaging into exosomes. Once in the extracellular space, exosomes 

can be internalized by different mechanisms, namely, membrane fusion, where the content of 
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exosomes is released into the cytosol, and endocytosis either by phagocytosis, 

macropinocytosis, clathrin-, caveolin- and lipid raft-mediated. The underlying mechanisms 

following internalization are yet to be clarified, but it is known that exosomes can fuse either 

with the endosomal membrane releasing their content or with lysosomes. For instance, the 

degradation of Aβ located on the surface of exosomes was referred to occur after their 

transported through the endocytic pathway to microglial lysosomes (Yuyama and Igarashi 

2017). Anyway, the preferential uptake mechanism seems to depend on the recipient cell. In 

addition, exosomes can also induce receptor-mediated signaling transduction (Abels and 

Breakefield 2016; Mulcahy et al. 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.5 - Exosome biogenesis and markers. Microvesicles result from the direct budding of the plasma 

membrane, ranging between 100-1000 nm in diameter. As part of the endocytic pathway, exosome biogenesis 

starts with the formation of the early endosome by invagination of the plasma membrane. Through the same 

process, the endosome accumulates intraluminal vesicles, which depend either on the ESCRT machinery or on 

the ceramide and phosphatidic acid or tetraspanins. Once the multivesicular body is completely formed it can 

follow three routes: proceed to the Golgi Apparatus for recycling, fuse with the lysosome for degradation, or fuse 

with cell membrane releasing the ~100 nm vesicles entitled exosomes. While still under investigation, this 

exocytic pathway is mediated by Rab GTPases.  Whereas exosomal cargo includes cell-specific information 

(proteins, mRNAs, miRNAs and other non-coding RNAs), they also carry a set of proteins linked to their 

biogenesis. These include CD63, CD9, CD81 (tetraspanins), ceramide, flotilin-1 and phosphatidylserine (lipid-

rafts), Alix, Tsg101 and ubiquitinated proteins (endosomal proteins), MHC-I and -II, Hsp and adhesion molecules.  

ESCRT, Endosomal Sorting Complexes Required for Transport; mRNAs, messenger RNAs; CD, cluster of differentiation; MHC 

major histocompatibility complex class I and II; Hsp, heat shock proteins. 

 

Exosomes have been implicated in a number of pathologies and important data have 

come from cancer investigation. Late studies have evidenced that exosomes contribute to 

disease dissemination by transporting mutant and misfolded proteins in a cell-to-cell basis or 
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even to distant areas where these proteins accumulate and cause damage (Levy 2017; Soria 

et al. 2017). In ALS, Grad and colleagues (2014b) have demonstrated that mutant SOD1 

(mSOD1) and aggregated human wild type (WT) SOD1 are released from a motor neuron 

cell line (NSC-34) through exosomes and transmitted to naïve NSC-34 cells. It was 

additionally shown that TDP-43 is released from N2a and primary neurons via exosomes as 

a defensive mechanism of TDP-43 clearance, and brain-derived exosomes from patients 

revealed to induce nuclei-cytoplasm shuttling of TDP-43 in neurons (Iguchi et al. 2016), 

which is a hallmark of ALS-linked TDP-43 toxicity. With the same approach, Wang and 

coworkers (2017b) recently showed that Tau is transferred between neurons, and that Tau-

containing exosomes isolated from the CSF of AD patients promote Tau aggregation in 

cultured neurons. N2a-shed exosomes also contain Aβ and exosomal proteins were 

identified in amyloid plaques of brain specimens from AD patients (Rajendran et al. 2006). 

Finally, exosomes were also shown to carry and propagate α-synuclein (Ngolab et al. 2017). 

Accumulation and aggregation of the protein were mainly observed in neurons.  

MiRNAs are emerging as central exosomal cargo for their potential in modulating the 

function of recipient cells by regulating gene expression. In fact, studies have evidenced that 

horizontal transfer of miRNAs can modulate the function of recipient cells. For instance, 

Alexander and collaborators (2015) showed that miR-155 and miR-146a are transferred 

between immune cells in vitro and in vivo. MiR-155 potentiated the inflammatory response in 

recipient cells whereas miR-146a restrained activation. Additionally, exosomes from breast 

cancer cells (Chen et al. 2014) and glioblastoma cells (van der Vos et al. 2016) were able to 

confer chemoresistance to sensitive cells and microglia-phenotype alteration, respectively, 

which was suggested to be in part mediated by intercellular miRNA transfer.  

 

3. Region-dependent diversity of microglia in the CNS  

Early since the discovery of microglia by del Rio Hortega, microglia heterogeneity 

amongst brain areas were already suggested. Although some studies have shown regional 

differences, the specificities of microglia population and the physiological significance of such 

diversity across the CNS are still poorly understood. Lawson and colleagues (1990) 

described different morphologies comparing microglia from grey (radially branched) and 

white matter (longitudinal architecture). They additionally identified a round-shape microglia 

with short processes in areas where the BBB was lacking and associated with a higher level 

of basal activation (Olah et al. 2011), probably due to the interaction with serum proteins 

(Bohlen et al. 2017).  

At the molecular level, it was demonstrated that microglial surface markers, including 

CD11b, CD40, CD45, CD80, CD86, CXCR3 and CCR9, were differentially expressed among 
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the striatum, hippocampus, cerebral cortex, cerebellum and spinal cord (de Haas et al. 

2008). For example, CD11b was higher in spinal cord vs. cerebral cortex, and the 

hippocampus has much less CD80 expression than the cerebral cortex. In vitro, microglia 

obtained from different brain regions also evidenced dissimilar expression profiles of 

inflammatory mediators, either non-stimulated (Ren et al. 1999), or after LPS challenged 

(Kim et al. 2000), highlighting different susceptibilities to neuroinflammation-mediated 

damage. Indeed, ATP-stimulated microglia presented region-specific levels of neurotoxicity, 

being cortical and hippocampal the ones bearing stronger toxic effects (Lai et al. 2011). A 

recent genome wide study comparing microglia isolated from the cerebral cortex, 

hippocampus, striatum and cerebellum of adult mice have evidenced that region-dependent 

diversity mainly rely in metabolic and immune regulatory functions (Grabert et al. 2016). 

While microglia from all regions exhibit a CD11+F4/80+CD45low profile, as well as core 

signature genes (such as Tmem119, Csf1r and Cx3cr1), cortical and striatum-derived 

microglia had the transcriptional profile that mostly deviated from cerebellar microglia. 

Additionally, microglia obtained from the hippocampus and the cerebellum showed a more 

immune alert phenotype that differs from the classical and alternative polarization states. 

Expression of sensome proteins, associated with the sensing of endogenous ligands and 

microbes (Hickman et al. 2013), were increased in the cortex and striatum microglia when 

compared to the other regions.  

Interestingly, unique microglial phenotypes were described in the cortex anchored at the 

initial segment of axons (Baalman et al. 2015), in the SVZ (Ribeiro Xavier et al. 2015) and in 

basal ganglia (De Biase et al. 2017). Accumulating evidence also point gender differences as 

a crucial contributor to microglia response diversity (Nissen 2017; Wolf et al. 2017), although 

researchers have only began to explore this issue. 

Neurotransmitters have been hypothesized amongst the potential signals that determine 

the specific microglial behavior in each region. Indeed, the expression of neurotransmitters in 

specific neuronal populations as well as the expression of microglial neurotransmitter 

receptors differ across the CNS (Wolf et al. 2017). For instance, noradrenaline, but not 

dopamine, modulates microglia release of IL-6 and TNF-α after LPS stimulation (Färber et al. 

2005). Altogether, because specific neuronal populations are affected in different 

neurodegenerative conditions, such as the dopaminergic neurons in PD or motor neurons in 

ALS, the specificities of microglia phenotype in each region may also be involved in the 

underlying disease-specific mechanisms. 

 



General Introduction 
 

 

33 Chapter I 

3.1. Specificities of the spinal cord 

Microglia processes are highly motile in the spinal cord white matter, illustrating their 

scavenging functions under normal conditions (Dibaj et al. 2010). Differences in microglia 

expression patterns between the brain and spinal cord, although very limited, have been 

reported in rodents. Taken together, spinal microglia was shown to express elevated levels 

of CD11b (de Haas et al. 2008; Li et al. 2016b), CD45, CD86 and CCR9, CD11c and MHC-II 

(Li et al. 2016b), galectin-3 and Mcp-1 (Nikodemova et al. 2014), and Tnfa (Crain and 

Watters 2016; Nikodemova et al. 2014), whereas Bdnf, Il-10, Ifnbeta (Crain and Watters 

2016) and Il-6 (Nikodemova et al. 2014) were similar to cortical microglia. The expression of 

P2y12 was, in opposite, found to be decreased in spinal cord vs. cerebral cortex-derived 

microglia (Crain and Watters 2016), possibly reflecting a decreased ATP-mediated 

chemotactic ability. These findings suggest a more pro-inflammatory phenotype of microglia 

in the spinal cord, although dependent on specific mechanisms. Nonetheless, when exposed 

to LPS, brain-derived microglia were shown to release higher amounts of TNF-α, IL-1β and 

NO than spinal microglia. Li and coworkers (2016b) additionally showed that spinal and brain 

microglia respond differently to the anti-inflammatory minocycline in a chronic neuropathic 

pain model. Minocycline was able to attenuate spinal microglia response following spared 

nerve injury, but not of microglia from pre-frontal cortex, highlighting that microglia responses 

to damage are region-dependent.  

Another important aspect potentially affecting microglia behavior resides in the intrinsic 

characteristics of BSCB. When compared to the BBB, the BSCB evidenced higher 

permeability to tracers and cytokines, and decreased expression of both tight (ZO1 and 

occluding) and adherens junctions (VE-cadherin and β-catenin) (Bartanusz et al. 2011; 

Reinhold and Rittner 2017). This vulnerability may add on the factors contributing to a higher 

basal activation of microglia at the spinal cord over that at the cortical region, and to easier 

infiltration of peripheral immune cells. 

 

3.2. Pathologies involving microglia activation in the spinal cord 

MS, SCI, neuropathic pain, ALS and motor neuron diseases are amongst the pathologies 

that affect the spinal cord and involve microglia activation. MS is a chronic demyelinating 

disorder driven by autoimmunity against myelin components. Intensive inflammation, axonal 

damage, gliosis and recruitment and activation of T-cells are key pathological hallmarks in 

focal demyelinated lesions, both in brain and spinal cord (Barateiro et al. 2015; Luo et al. 

2017; Tiftikcioglu et al. 2017). In MS patients’ samples, iNOS-expressing microglia (referred 

as M1-polarization) was found in both active and chronic lesions (Miron et al. 2013). 

Interestingly, accumulating evidence indicate a neuroprotective role for microglia in MS since 
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phagocytosis of neuronal and myelin debris are essential for remyelination (Domingues et al. 

2016). Miron and colleagues (2013) showed that a transformation towards the M2 microglial 

phenotype during efficient remyelination was essential to oligodendrocyte differentiation. In a 

EAE mouse model, it was recently demonstrated that spinal microglia have a M1-profile 

(CD16/CD32) in the grey matter, whereas in the white one both M1 and M2 subtypes are 

observed (Shimizu et al. 2016). Also, treatment with nimodipine (a dihydropyridine known as 

an L-type calcium channel antagonist) induced spinal microglia apoptosis, increased 

remyelination and attenuated the clinical course of an EAE mouse model (Schampel et al. 

2017). 

More specific for the spinal cord, SCI has been largely associated with traumatic events, 

but it can also been developed due to tumors or infections, such as the Human 

Immunodeficiency Virus (HIV). Injury severity and location determine the symptoms that can 

vary between mild sensory/motor weakness, paraplegia or quadriplegia (Hirbec et al. 2017; 

Saghazadeh and Rezaei 2017). Microglia are the first responders upon injury and can exert 

neuroprotective or neurotoxic effects (David and Kroner 2011). Phagocytosis of cellular 

debris is referred as a pro-regenerative event, while production of IL-1β and TNF-α, which 

occurs 30 min after SCI in humans, or NO, account for a pro-inflammatory environment 

(David and Kroner 2011; Dibaj et al. 2010; Greenhalgh and David 2014; Yang et al. 2004). 

Using RNA-Seq and pathway analysis, a recent study showed that microglia/macrophages 

responses were time- but not severity-dependent. Upregulation of neuroprotective genes 

was observed in the first days post-injury, whereas both neurotoxic and neuroprotective 

genes were overexpressed alongside (Noristani et al. 2017). This inflammatory status is 

referred as secondary injury contributing to spread the initial damage to other spinal cord 

areas. 

A growing body of evidence indicates that spinal microglia contribute to mechanisms 

leading to neuropathic pain. Briefly, this chronic condition arise from several nerve damage 

situations, including cancer, infection, trauma [such as SCI or peripheral nerve injury (PNI)], 

and diabetes, and is characterized by hyperexcitability of neurons at the dorsal horn of the 

spinal cord (indicated in Figure I.6). Spontaneous pain, hyperalgesia (increased pain 

perception of noxious stimuli), and tactile allodynia (pain hypersensitivity to normally 

innocuous stimuli), are the main symptoms (Tsuda 2016; Tsuda et al. 2017). Microglia 

activation in the dorsal horn occurs faster after PNI and directly contributes to pain 

hypersensitivity in models of neuropathic pain caused by PNI or diabetes (Narita et al. 2006; 

Pabreja et al. 2011). Research efforts have showed that the axis neuronal ATP - microglial 

P2X4 receptor and CX3CL1-CX3CR1 are crucial to mediate microglia-induced pain (Tsuda et 

al. 2017; Zhang et al. 2017). Pharmacological blockade of P2X4 receptor in the spinal cord 

reverted PNI-tactile allodynia and intrathecal delivery of P2X4-stimulated microglia induces 
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allodynia in normal rats (Tsuda et al. 2003). CX3CL1-pain facilitation has been demonstrated 

by a number of studies and CX3CR1 knock-out reduces microglia activation, revert 

mechanical allodynia and attenuate pain hypersensitivity after spinal nerve damage (Clark et 

al. 2007; Gu et al. 2016; Staniland et al. 2010). Upon activation, microglia released factors 

disrupt the normal excitatory or inhibitory synaptic transmission in dorsal horn neurons, which 

result in excessive stimulation and pain symptoms. BDNF, TNF-α and IL-1β are among the 

factors mediating this effect (Tsuda et al. 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.6 - Corticospinal tract components affected in ALS and mouse models. ALS affects both upper 

motor neurons that project axons from the motor cortex to the brainstem and spinal cord and the lower motor 

neurons that connect the corticospinal tract to the muscles. The corticospinal tract crosses the spinal cord at its 

ventral side where the grey matter is designated as ventral horn and the white matter as ventral funiculus. The 

sensory spinal nerves cross the spinal cord at its dorsal side, where the cell bodies of the sensory neurons are 

accumulated in the DRGs. While distinct signs and symptoms result from degeneration of upper or lower motor 

neurons, ALS patients suffer from muscle weakness that starts in a specific region and then spreads throughout 

the body. Transgenic mice expressing the mutation G93A in the human protein SOD1 (SOD1
G93A

) were 

developed in 1994 (Gurney et al. 1994) and have been the most studied ALS model. Recently, other models have 

been developed based on overexpression of human WT FUS (FUS
WT/WT

) (Mitchell et al. 2012) and of human WT 

TDP-43 (TDP-43
WT

) combined with mutant TDP-34
Q331K

 (Mitchell et al. 2015), and on a repeated expansion of 

C9ORF72 (Liu et al. 2016b). These models reflect the most common mutations in ALS and the mice develop 

progressive disease resembling the human condition, with features specific for each mutation such as inclusions 

of the disease-causing protein.  

SOD1, superoxide dismutase 1; FUS, fused in sarcoma; TDP-43, TAR DNA-binding protein; C9ORF72, chromosome 9 open 

reading frame 72; DRGs, dorsal root ganglions. 

 

hSOD1G93A (1994)

hFUSWT/WT (2013)

BAC C9ORF72 (2016)

DRG

VH

Onset:11 weeks

End-stage: 16/18 weeks

Hind-limb def icitsUpper Motor Neuron

Signs

Spasticity

Weakness

Preserved ref lexes in 

wasted limb

Symptoms

Stif fness

Slowed movement

Spasms

Lower Motor Neuron

Signs

Fasciculations

Muscle wasting

Muscle weakness

Symptoms

Cramps

Fasciculations

Wasting/weakness

VF

hTDP-43WTxQ331K (2015)

Onset: 3 weeks

End-stage: 8/10 weeks

Hind-limb def icits

Onset: 4 weeks

End-stage: 12 weeks

Hind-limb def icits

Disease development: 

20-40 weeks

Hind-limb def icits 

FTD

DRG, dorsal root ganglion

VH, ventral horn

VF, ventral funiculus

Motor cortex

Brainstem

Spinal cord

FTD, frontotemporal dementia



General Introduction 
 

 

 

 36      Chapter I 

In opposite to the dorsal sensory network of the spinal cord, the ventral side controls the 

motor function. Upper motor neurons (UMN) extend their axons from the motor cortex into 

the brainstem and spinal cord where they contact with and stimulate the lower motor neurons 

(LMN) collectively forming the corticobulbar and corticospinal tracts. The last is characterized 

by large cell somas at the ventral horn while their processes widen into the peripheral 

nervous system to innervate the muscles, as schematically represented in Figure I.6. Motor 

neuron diseases, including spinal muscular atrophy (SMA) and ALS, are devastating and 

highly incapacitating disorders that also have an inflammatory component (Dharmadasa et 

al. 2017). As it will be further addressed, ALS progression is tightly associated with 

neuroinflammatory mechanisms with microglia directly contributing to motor neuron death 

(Frakes et al. 2014; Taylor et al. 2016), but there is a lack of research on this topic regarding 

other motor neuron disorders. For instance, the only studies focused on inflammation in SMA 

showed that inflammatory cytokines are elevated in SMA patients, and that microglia are 

activated in one SMA mouse model, but not in another more severe one (Deguise and 

Kothary 2017). 

Overall, spinal microglia can exert different functions depending on the type of lesion or 

neurodegenerative process. While acute injury seems to promote both neurotoxic and 

neuroprotective/regenerative actions, chronic conditions are mainly associated with 

microglia-mediated neurodegeneration. 

 

4. The role of microglia in Amyotrophic Lateral Sclerosis (ALS) 

4.1. Overview on the etiology, epidemiology and clinical manifestation of ALS  

ALS is a fast-progressing, neurodegenerative and lethal MND that was first described by 

the neurologist Jean-Martin Charcot in 1869. The pathological hallmark of ALS is the 

premature and selective death of UMN and LMN in the motor cortex, brainstem and spinal 

cord, which leads to muscle denervation and dysfunction (Boillée et al. 2006a). Importantly, 

whether ALS is in fact one disease, a syndrome or a spectrum of diseases is still a matter of 

debate (Al-Chalabi and Hardiman 2013; Dharmadasa et al. 2017; Grad et al. 2017). In the 

majority of cases considered as the “typical” ALS or just ALS, patients exhibit both UMN and 

LMN damage and, depending on where first symptoms occurred, designated as bulbar 

(facial, mouth/jaw and tongue muscles) or limb onset, which is the most common. Bulbar 

palsy associated to the localized involvement of the facial and mouth muscles, usually 

progresses towards UMN and LMN damage. Predominant UMN or LMN injury characterizes 

primary lateral sclerosis and progressive muscular atrophy, respectively (Dharmadasa et al. 

2017; Grad et al. 2017).  
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ALS has a heterogeneous clinical presentation as the first symptoms depend on the 

location of the initial damage, which usually locates at the face, arms and legs, and rarely at 

the trunk and respiratory muscles. The discrete affected region at the onset spreads to 

neighboring areas and throughout the progression of the disease, patients usually suffer from 

general muscle atrophy and weakness (Figure I.6), muscle cramps and fasciculations 

(random and spontaneous twitching of muscle fibers), dysarthria (difficult speech control) and 

dysphagia (difficulty of swallowing). Ultimately, patients die by respiratory failure usually 

within 3-5 years from the first clinical manifestation (Kiernan et al. 2011). A reduced survival 

time is associated with older age at symptom onset, bulbar-onset and early involvement of 

respiratory muscles.  

The mean age of onset of ALS is between 55-65 years, although some juvenile cases 

were also reported (Sheerin et al. 2014; Zou et al. 2012). Men are frequently more affected 

than women in a ratio of approximately 1.5-1. Worldwide ALS incidence and prevalence 

accounts for 2-3 and 6-8 per 100 000 individuals, respectively, although specific regions 

evidence higher estimates, such as Japan and the Pacific island Guam (Chiò et al. 2013). 

Nevertheless, the majority of studies have been performed in Europe and the United States 

of America (USA), and a new epidemiologic screening around the world is required. 

Nowadays, it is estimated that 700-800 people in Portugal suffer from ALS. 

While the majority of ALS cases have unknown origin (classified as sporadic, sALS), in 5-

10% cases of ALS it is caused by inherited genetic mutations, which are designated as 

familial ALS (fALS) and usually transmitted in an autossomal dominant fashion with high 

penetrance (Roggenbuck et al. 2016; Taylor et al. 2016). Mutations in SOD1, that account for 

20% of the genetic forms, were the first reported and are the basis of the most studied in 

vitro and in vivo models of ALS (Gomes et al. 2008; Gurney 1994; Van Den Bosch 2011; 

Veyrat-Durebex et al. 2014). More recently, increased evidences suggest that RNA-binding 

proteins and alterations in RNA processing are powerful contributors to ALS pathogenesis 

(Ling et al. 2013). In fact, impaired RNA metabolism and processing were associated with 

mislocation of the nuclear TDP-43 or fused in sarcoma (FUS) in motor neurons, and were 

observed in both fALS and sALS patients (Kiernan et al. 2011; Taylor et al. 2016). A 

revolutionary finding in the ALS field was the presence of a non-coding GGGGCC 

hexanucleotide repeat in the first intron of the chromosome 9 open reading frame 72 

(C9ORF72) gene (DeJesus-Hernandez et al. 2011; Renton et al. 2011) that accounts for 

about 40% of fALS and 7% of sALS (Majounie et al. 2012). Several other mutations are 

observed in ALS, including in the genes HNRNPA1, SQSTM1, ANG or OPTN, some of which 

are indicated in Table I.3. Interestingly, fALS-linked mutations, as well as misfolded SOD1, 

are also found in sALS patients (Bosco et al. 2010; Lattante et al. 2012), suggesting the 
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presence of common pathogenic mechanisms in both genetic and sporadic forms (Table I.3). 

In fact, fALS and sALS are clinically indistinguishable.  

Of notice, the pathogenesis of frontotemporal dementia (FTD), which is characterized by 

neuronal death in frontal and temporal cortices triggering compromised judgment and 

executive skills, clearly overlaps with the one of ALS, not only at clinical, but also at the 

genetic level. C9ORF72 expansion is observed in 25% of familial FTD and in 88% of MND-

FTD patients. Additionally, 50% of ALS patients present cognitive impairment, 15% of which 

have the symptoms of FTD (Dharmadasa et al. 2017; Grad et al. 2017; Majounie et al. 2012). 

Ubiquitinated TDP-43 inclusions are also a common feature linking ALS and FTD (Ling et al. 

2013; Neumann et al. 2006). 

 

Table I.3 - Genes involved in ALS cases 

Gene Protein Function 
% of fALS 

cases 
First reported in 

fALS cases 
Reported in 
sALS cases 

SOD1 
Superoxide 
dismutase 1 

Superoxide 
dismutase 

20% (Rosen 1993) 
(Gamez et al. 

2006) 

ANG Angiogenin Ribonuclease <1% 
(Greenway et al. 

2006) 
(Greenway et 

al. 2006) 

TARDBP 
TAR DNA-binding 
protein 43  

RNA-binding protein 5% 
(Sreedharan et al. 

2008) 
(Sreedharan et 

al. 2008) 

FUS Fused in sarcoma RNA-binding protein 5% (Vance et al. 2009) 
(Zou et al. 

2012) 

OPTN Optineurin Autophagy adaptor 4% 
(Maruyama et al. 

2010) 

(van 
Blitterswijk et 

al. 2012) 

C9ORF72 
Chromosome 9 open 
reading frame 72 

Guanine nucleotide 
exchange factor? 

~40% 
 

(DeJesus-Hernandez 
et al. 2011) 

(Renton et al. 
2011) 

UBQLN2 Ubiquilin 2 Autophagy adaptor <1% (Deng et al. 2011) 
(Deng et al. 

2011) 

SQSTM1 Sequestosome 1 Autophagy adaptor <1% (Fecto et al. 2011) 
(Fecto et al. 

2011) 

PFN1 Profilin 1 Actin-binding protein <1% (Wu et al. 2012a) 
(Wu et al. 

2012a) 

HNRNPA1 hnRNP A1 RNA-binding protein <1% (Kim et al. 2013) 
(Kim et al. 

2013) 

TBK1 
Serine/threonine-
protein kinase TBK1 

Regulates autophagy 
and inflammation 

? 
(Freischmidt et al. 

2015) 
(Cirulli et al. 

2015) 

fALS, familiar ALS; sALS, sporadic ALS 

 

Although the exact mechanism of disease pathogenesis remains unclear, ALS is 

recognized as a multifactorial disease comprising protein inclusions and altered molecular 

pathways within motor neurons but also involving inflammation and the activation of non-
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neuronal cells, including astrocytes, microglia and oligodendrocytes. The mechanisms 

involved in motor neuron degeneration in ALS will be detailed in the following sections. 

 

4.1.1. Diagnosis: focusing on the issue of biomarkers 

Diagnostic delay is still an issue in ALS, as approximately an 11 month-period is usually 

required to ascertain a final ALS diagnosis. This delay has a huge impact on ALS patients as 

it limits appropriate health care, entrance at clinical trials and effectiveness of the available 

therapeutic agents (Nzwalo et al. 2014). Definite ALS diagnosis is still based on 

symptomatology and differential diagnosis according to the revised El Escoria criteria and the 

more recent Awaji criteria (updated in 2008 from the former) (De Carvalho et al. 2008). The 

Awaji criteria postulate the involvement of both UMN and LMN in 1 bulbar and 2 spinal 

regions or 3 spinal regions, as the former criteria. Additionally, it implies that 

neurophysiological recordings should be considered alongside with clinical information, and 

that fasciculation potentials are a crucial symptom (Costa et al. 2012; De Carvalho et al. 

2017). Importantly, consultation with expert neurologists was indicated to reduce the delay in 

a definite diagnosis (Nzwalo et al. 2014). However, the discovery of novel biomarkers, mainly 

for the earlier stages of the disease, is an urgent need that depends on a better knowledge of 

ALS pathophysiological mechanisms.  

Biomarkers constitute a measurable biological characteristic that reflect a biological or 

pathological condition and their discovery have been focused on body fluids (cerebrospinal 

fluid (CSF), blood, urine and saliva), due to their accessibility (Vu and Bowser 2017). 

Although the literature is not extensive, some potential biomarkers for ALS have been 

described, including neurofilament proteins, inflammatory mediators and miRNAs (Chen and 

Shang 2015; Vu and Bowser 2017). Neurofilaments are important constituents of motor 

neuron cytoskeleton that have been shown to accumulate during ALS pathogenesis. Upon 

motor neuron death, large amounts of neurofilaments are released to the CSF and blood. 

Several studies showed that both phosphorylated neurofilament heavy chain (pNFH) and 

neurofilament light chain (NFL) are elevated in the CSF and blood of ALS patients when 

compared to healthy or diseased controls, indicating their reliability as biomarkers for ALS 

(Boylan et al. 2013; Chen et al. 2016; Lu et al. 2015; Reijn et al. 2009). Interestingly, they 

have also been pointed out as indicators of prognosis. Higher levels in blood are associated 

with faster progression (Boylan et al. 2013; Lu et al. 2015). In addition, the combination of 

low levels of IL-10 and high levels of IL-6, granulocyte macrophage (GM)-CSF, IL-2, and IL-

15 in the CSF distinguishes ALS from disease controls (Mitchell et al. 2009). Recently, the 

levels of TNFR1, TNF-α, IL-6, IL-1β, IL-8 and VEGF were also found increased in the blood 

of ALS patients comparing to controls (Hu et al. 2017). 
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The emerging role of miRNAs in different neurodegenerative diseases, including ALS, has 

highlighted their potential use as biomarkers. Although only a few studies have been 

performed, decreased CSF levels of thirteen miRNAs (for example, miR-115b-5p, miR-21-5p 

and miR-122-3p), together with increased miR-181-5p were found in sALS patients 

compared with healthy controls (Benigni et al. 2016). More recently, Waller and collaborators 

(2017) showed that miR-206 and miR-143-3p were increased and miR-374b-5p was 

decreased in the serum of ALS patients. While in the first study, the biological significance of 

the deregulated miRNAs requires further elucidation, in the last the authors suggest muscle 

denervation and degeneration as the cause. 

Magnetic resonance imaging (MRI), functional MRI, magnetic resonance spectroscopy 

and positron emission tomography (PET) are among the neuroimaging techniques that have 

been considered for ALS diagnosis, due to their non-invasive approach (Chen and Shang 

2015). In particular, novel PET targets and tracers have been developed to identify different 

pathological hallmarks, such as excitotoxicity and synaptic density, and a lot of effort has 

been dedicated to neuroinflammation (Tronel et al. 2017; Willekens et al. 2016). Specifically 

directed to microglia, the 18 kDa translocator protein (TSPO) is the most used microglial 

target in clinical use, although present in other myeloid cells as well, to which PET 

radioligands are being developed (Michell-Robinson et al. 2015). Interestingly, based on the 

ability to distinguish microglial TGF-β receptor from macrophages (Butovsky et al. 2014) it is 

expected that new PET radioligands for this surface target will be developed.  

As previously referred, a promising strategy is also the use of exosomes as disease 

biomarkers, which has been showing positive outcomes in colorectal and lung cancer. More 

recently, researchers have begun to explore the content of exosomes as a biomarker for 

neurodegenerative conditions (Thompson et al. 2016). For example, proteomic analysis 

showed that exosome-associated syntetin 1 was abundant in samples from PD patients 

when compared to healthy controls (Tomlinson et al. 2015). One of the main advantages is 

the recognition of the producing cell by the expression of cell-specific proteins in the 

exosomes (Thompson et al. 2016). 

 

4.2. Transgenic mouse models resembling a human condition 

Based on the mutations found in fALS patients, several in vivo models have been 

generated. Genetic engineering of SOD1, TDP-43, FUS and C9ORF72 mutations has been 

conducted in mice, rats, zebrafish, fruitflies, canines and pigs [extensively reviewed in 

Picher-Martel et al. (2016)]. Because mice carrying SOD1 mutations have been the most 

extensively studied model in ALS, this section will be focused on SOD1-based pathology. 
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Clinical presentation of SOD1-ALS patients includes the most diverse well-described 

symptoms and it is poorly correlated with the specific mutation or the individuals within a 

family. Although the mean age of onset and disease progression rate also varies, patients 

with SOD1 mutations usually experience asymmetric weakness in one limb. Cognitive 

impairment is also rarely observed (Eisen et al. 2008; Millecamps et al. 2010). Different 

symptoms and progression rates can be detected when comparing fALS patients with distinct 

disease-causing proteins. SOD1 mutations determine later onset and longer lifespan than 

FUS mutations, the last being associated with the juvenile form of the disease. Whereas the 

affected region at onset in patients with SOD1 mutations is mainly the lower limbs, in TDP-

43-ALS patients the first symptoms occur in the upper limbs. Patients with GGGGCC repeat 

expansion in C9ORF72 gene have the highest percentage of bulbar-onset and, together with 

FUS, have lower disease duration than other fALS-causing mutations (Millecamps et al. 

2012; Millecamps et al. 2010). 

The first mouse model carrying a SOD1 mutation was created in 1994 and expressed a 

substitution of a glycine over an alanine in position 93 (G93A) (Gurney et al. 1994), thereafter 

designated as SOD1G93A mice. These mice develop progressive motor neuron disease 

recapitulating most of the clinical and neuropathological observations in patients. Motor 

deficits in Rotarod and Hangwire tests are observed around 3 months of age indicating 

hindlimb tremor and weakness. These first symptoms progress to hyper-reflexia and, due to 

motor neuron degeneration and muscle innervation, to paralysis and death after 4 months. 

Although SOD1 mutations in patients are associated with slow-progressing course, this 

mutation is associated with an early-onset and fast-progressing disease. Regarding 

pathogenic mechanisms, intracytoplasmic ubiquitinated SOD1 inclusions and gliosis are 

observed in mice SOD1G93A, recapitulating the observations in SOD1-ALS patients (Hayashi 

et al. 2016; Kato et al. 2000).  

More recently, three newly created mouse models for FUS (Mitchell et al. 2012), TDP-43 

(Mitchell et al. 2015) and C9ORF72-associated ALS (Liu et al. 2016b) were shown to 

develop progressive motor neuron disease and to reproduce the pathological hallmarks of 

the disease in each specific genotype. The creation of these novel ALS mouse models have 

increased the tools to explore the neuropathological mechanisms associated with motor 

neuron degeneration, which increases the hope for discovering novel biomarkers and 

targets, as well as new possibilities for testing new therapies. 

 

4.3. Molecular pathways involved in motor neuron degeneration 

Protein aggregation and formation of cytoplasmic inclusions are characteristic of motor 

neuron degeneration in ALS, which is transversal to fALS and sALS. SOD1 and FUS 
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inclusions are observed in patients with each specific disease-causing mutation (Rosen 

1993; Vance et al. 2009). The repeated expansion in C9ORF72 gene can sequester RNA-

binding proteins that accumulate in RNA foci and originate dipeptide repeats (DPR) through 

repeat-associated non-AUG (RAN) translation forming toxic inclusions (Taylor et al. 2016). 

Interestingly, TDP-43 aggregation is observed in almost all ALS cases (Ling et al. 2013). 

Although the mechanisms are not fully understood, insights into the toxicity associated with 

protein aggregation have been mostly investigated in SOD1 models. 

SOD1 is a ubiquitous small antioxidant protein which catalyses the dismutation of 

superoxide radicals in hydrogen peroxide and oxygen. More than 170 mutations in SOD1 

were already described in ALS cases (http://alsod.iop.kcl.ac.uk). Conformational instability 

and inappropriate folding leading to the formation of protein aggregates is indicated as the 

cause of SOD1-mediated toxicity (gain-of-function) (Pasinelli and Brown 2006). In fact, 

dismutase activity did not correlate with disease pathogenesis. Interestingly, a recent study 

identified non-native SOD1 trimers as the toxic species involved in motor neuron death 

(Proctor et al. 2016). SOD1 aggregation seems to be an early event in the disease 

pathogenesis and SOD-containing aggregates increase in abundance with disease 

progression (Bruijn et al. 1998). As shown in Figure I.7, several other interrelated 

mechanisms have been implicated in motor neuron atrophy in ALS, including oxidative stress 

(Mitsumoto et al. 2008; Shaw et al. 1995), mitochondrial dysfunction (Igoudjil et al. 2011; 

Sasaki and Iwata 2007; Vaz et al. 2015), ER stress (Atkin et al. 2008), impaired axonal 

transport and NF disorganization (De Vos et al. 2007), glutamate excitotoxicity (Spreux-

Varoquaux et al. 2002; Vucic et al. 2008), impaired proteosome and autophagy (Kabashi et 

al. 2004; Tripathi et al. 2017), and Golgi fragmentation (Atkin et al. 2008). After the discovery 

of TDP-43 mutations and its presence in inclusions in about 90% of ALS patients, altered 

RNA metabolism, including biogenesis of miRNAs, gained a crucial attention (Paez-

Colasante et al. 2015; Robberecht and Philips 2013). The majority of these mechanisms 

occur very early in ALS pathogenesis being observed before disease onset in mouse 

models. 

A number of studies have been linking SOD1 accumulation with other disrupted 

mechanisms. For instance, SOD1 aggregates are known to sequester proteins such as the 

heat-shock proteins (Hsp) (Shinder et al. 2001), the poliubiquitine protein p62 (Gal et al. 

2007) and the anti-apoptotic protein B-cell lymphoma 2 (BCL2) (Pasinelli et al. 2004), 

inducing reduced chaperone function, insufficient clearance of intracellular proteins and 

apoptotic-cell death, respectively. Mounting evidences showed that mSOD1 can accumulate 

at the intermembrane space and outer membrane of mitochondria causing vacuolation, 

alteration in morphology, mitochondrial dysfunction and degeneration (Igoudjil et al. 2011; 

Tafuri et al. 2015).  
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Figure I.7 - Molecular mechanisms involved in motor neurodegeneration in ALS. Mutated superoxide 

dismutase 1 (mSOD1) accumulation and aggregation promotes the disruption of several interrelated molecular 

pathways within motor neurons. UPR is elicited due to the formation of aggregates causing ER stress, together 

with overwhelming of the proteasome and autophagy defects. Golgi fragmentation and alterations of vesicular 

trafficking have been reported as well. Accumulation of mSOD1 also occurs in mitochondria promoting energy 

impairment, as well as increased production of ROS, thus contributing to oxidative stress in the motor neuron. 

Glutamate accumulation in the extracellular space can induce excitotoxicity with high Ca
2+

 entry, which further 

contribute to mitochondrial dysfunction. Impaired axonal transport is as well observed with the accumulation of 

neurofilaments, which may induce axonal retraction, and alterations in dynein- and kinesin-mediated transport. 

Although not directly related to mSOD1-mediated motor neuron injury, altered RNA metabolism is observed in 

different ALS models being a transversal mechanism of toxicity in motor neurons. Importantly, it was reported that 

the expression of MMP-9 is determinant for motor neuron death in ALS. Finally, special features of motor neurons 

may confer increased vulnerability to injury, namely the existence of high metabolic rate and intense mitochondria 

activity in their long axons with consequent intrinsic oxidative stress, the presence of AMPA receptors lacking the 

GluR2 subunit (impermeable to calcium ions entry), and reduced heat shock proteins which increases motor 

neuron susceptibility to protein misfolding and formation of aggregates.  

UPR, unfolded protein response; ER, endoplasmic reticulum; ROS, reactive oxygen species; Ca
2+

, calcium; MMP-9, matrix 

metalloproteinase-9; GluR2, glutamate receptor 2. 

 

Three hypotheses have been proposed to describe the degeneration of both UMN and 

LMN in the corticospinal tracts: dying-back axonopathy, dying-forward and independent 

degeneration (Geevasinga et al. 2016; Nijssen et al. 2017). The dying-back phenomenon is 

well-known at the neuromuscular junction, where LMN axons are drawn back but no cell 

soma is lost in the anterior horn (Fischer et al. 2004). As motor neurons shrink, the 
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communication with the muscles is loss leading to muscle wasting and atrophy. A pathway 

linking motor neuron dying-back and SOD1 accumulation is reflected in the altered axonal 

transport due to mitochondrial dysfunction, which causes energy depletion and altered local 

protein synthesis at the pre-synaptic terminal (De Vos et al. 2007). The dying-forward 

hypothesis, on the other hand, describes that the early hyperexcitability of UMN before 

disease onset (Vucic et al. 2008) induces glutamate excitotoxicity-induced LMN 

degeneration. Independent and random degeneration of both UMN and LMN has also been 

suggested (Geevasinga et al. 2016). 

Early studies have described apoptosis as the typical cell-death pathway by which motor 

neurons degenerate, which is illustrated by the activation of caspases 3, 7 and 9 and release 

of cytochrome c (Cyt c) (Guegan et al. 2001; Ilzecka 2011; Pasinelli and Brown 2006). With 

the increased knowledge on the diverse cell death mechanisms, it was recently showed that 

necroptosis is activated in motor neurons in both fALS and sALS models (Ito et al. 2016; Re 

et al. 2014), as indicated by high levels of receptor-interacting serine/threonine-protein 

kinase 1 (RIP1) and mixed lineage kinase domain-like (MLKL), which are markers of this 

caspase-independent programmed cell death. The mechanisms triggering each specific cell 

death pathway needs, however, further elucidation.   

Despite extensive research effort, the selective vulnerability of motor neurons to mutations 

in ubiquitously expressed proteins remains mysterious. One hypothesis relies on specific 

motor neuron features that distinguish them from all the other CNS neurons, as depicted in 

Figure I.7. Interestingly, it was recently indicated that among the motor neuron population, 

some types of them seem to be more resistant to ALS-linked damage, such as the ones in 

the oculomotor system or in the fast-twitch fatigue-resistant (FR) motor neurons (Nijssen et 

al. 2017; Rozas et al. 2016). For example, Kaplan and colleagues (2014) showed that high 

MMP-9 expression in fast motor neurons was determinant to induce their degeneration in the 

SOD1G93A model, where enhancement of ER stress was a key feature. Additionally, 

oculomotor neurons were shown to be more resistant to calcium-induced mitochondrial 

stress as they express the glutamate receptor 2 (GluR2) in AMPA receptors, a subunit that is 

lacking in motor neurons. 

The fact that selective death of motor neurons begin focally and asymmetrically, and then 

progressively spreads to contiguous groups of motor neurons, suggest the existence of 

specific disseminating mechanisms. Prion-like mechanisms have been reported in SOD-

linked ALS, meaning that a misfolded SOD1 protein can be transferred and is able to induce 

misfolding and aggregation in recipient cells (Grad et al. 2015). It was shown that mSOD1 

can be actively secreted through a chromogranin chaperone-like process (Urushitani et al. 

2006), or via exosomes, as above mentioned, either in the outer leaflet or in the lumen (Grad 

et al. 2014b). While SOD1 aggregates are taken up by microglia macropinocytosis, 
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exosomes were also observed in naïve NSC-34 cells, though the intake mechanism was not 

explored (Grad et al. 2014a; Silverman et al. 2016). This spreading mechanism was 

maintained through several passages of conditioned media incubation. Interestingly, 

overexpression of chromogranin A was shown to accelerate disease progression by 

increasing the amount of misfolded SOD1 in the extracellular environment (Ezzi et al. 2010). 

More recently, Ayers and colleagues (2016) showed that injection of spinal homogenates 

from paralyzed SOD1 mice into the sciatic nerve of adult SOD1G85R-YFP mice (develop later 

onset disease at 20 months) precipitated disease onset, and the injury was progressively 

propagated from the lumbar to the cervical spinal cord likewise the process in humans. 

Similar transmission mechanisms have been reported in TDP-43-ALS reinforcing the prion-

like dissemination character of ALS pathogenesis (Grad et al. 2015; Silverman et al. 2016). 

The well-described dissemination route of ALS also underlines an important role for glial 

cells that upon activation spread neuroinflammatory mediators to neighboring areas. In fact, 

ALS is a non-cell autonomous disease, where glial cells are actively involved in motor neuron 

injury, as it will be further addressed. 

 

4.4. Non-cell autonomous disease: the role of glial cells 

Since the demonstration that microglia and astrocytes were activated in post-mortem 

tissue of ALS patients, and in the spinal cord of ALS mice (Kawamata et al. 1992), the 

relevance of glial cell pathology has increased. Microglia activation was found in the motor 

cortex, the motor nuclei of the brainstem, along the corticospinal tract and in the ventral horn 

of the spinal cord (Kawamata et al. 1992) whereas astrogliosis was identified in both grey 

and white matter, in the ventral as well as the dorsal horn of the spinal cord, and in sites 

where the corticospinal tract enters the grey matter (Kushner et al. 1991; Nagy et al. 1994; 

Schiffer et al. 1996). Additionally, two independent studies evidenced that the expression of 

mSOD1 solely in motor neurons did not produce disease in transgenic mice (Lino et al. 2002; 

Pramatarova et al. 2001). Moreover, Clement and colleagues (2003) have demonstrated 

similar results by producing chimeric mice in which the expression of SOD1G93A was 

selectively induced in motor neurons and in the surrounding glial cells. They showed that 

disease progressed slower when injured motor neurons were surrounded by healthy glia 

and, in contrast, signs of motor neuron damage were observed when microglia and 

astrocytes expressed mutant SOD1G93A. However, it is still controversial whether glial cells 

have a role in disease onset or are just involved in exacerbating disease course. Indeed, 

mSOD1 gene excision from microglia (Boillée et al. 2006b) and selective reduction in 

astrocytes significantly delayed disease progression (Yamanaka et al. 2008a), while no 

changes were observed in disease onset. Surprisingly, two interesting studies showed that 
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ablation of proliferating microglia (Gowing et al. 2008) or astrocytes (Lepore et al. 2008a) did 

not affect motor neuron loss or disease progression in SOD1G93A mice. These findings 

suggest that distinct populations of both glial cells may coexist and that proliferating glial cells 

may be engaged in a protective role. For instance, as previously mentioned, the recently 

described bipolar/rod-shaped microglia that are associated with neuroprotective properties 

are highly proliferative cells (Au and Ma 2017). Additionally, it was shown that microglia 

proliferation is beneficial after brain ischemia (Patel et al. 2013). 

 

4.4.1. Astrocytes 

Astrogliosis is a common hallmark of ALS and is observed in patients, as well as in mouse 

models (Vaz et al. 2016). In vitro, several lines of evidence indicate that astrocytes are toxic 

to motor neurons by releasing neurotoxic mediators. While the specific factors were not 

addressed, conditioned media from mouse SOD1G93A astrocytes was shown to induce motor 

neuron excitability followed by death (Fritz et al. 2013). Pro-inflammatory mediators released 

from astrocytes derived from neural precursor cells of fALS and sALS patients also kill motor 

neurons (Haidet-Phillips et al. 2011). In addition, Meyer and colleagues (2014) have 

developed a method to convert adult human fibroblasts from fALS and sALS patients directly 

into astrocytes and were able to show that they were toxic when cocultured with motor 

neurons. More specifically, overexpression of NLRP3-inflammasome components (Johann et 

al. 2015), release of pro-nerve growth factor (NGF) (Ferraiuolo et al. 2011a), and reduced 

levels of GDNF and IGF-1 (Kaspar et al. 2003; Park et al. 2009), were indicated as factors 

involved in astrocyte-mediated motor neuron injury. Interestingly, neurotoxicity of sALS 

astrocytes was recently demonstrated in vivo. After transplantation into the spinal cord of 

adult WT mice, spinal neural progenitors from sALS patient iPSCs were able to be 

differentiated into astrocytes and colonized the entire spinal cord, inducing motor neuron 

deficits (Qian et al. 2017). 

Diaz-Amarilla and colleagues (2011) have additionally characterized a population of 

astrocytes obtained from the spinal cord of symptomatic SOD1G93A rats with extremely 

deleterious effects on motor neurons, which they designated as aberrant astrocytes. These 

astrocytes showed increased expression of S100B and Cx43 and lack of GLT-1. 

Interestingly, we recently observed that astrocytes obtained from the cortex of pre-

symptomatic SOD1G93A mice share similar features with this aberrant phenotype and are 

toxic to NSC-34 motor neurons, either expressing human SOD1WT or SOD1G93A, suggesting 

the neurotoxic potential of cortical astrocytes as well (unpublished data).  

Most interesting, a recent study showed that reactive astrocytes obtained from stab-injury 

in the brain of adult WT mice induce protein aggregation and neurofilament inclusions, as 
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well as death of motor neurons at levels comparable with astrocytes obtained from adult 

SOD1G93A mice (Tripathi et al. 2017). The study showed that TGF-β-induced autophagy 

defects were the underlying mechanism and that astrocytes caused toxicity regardless of 

genetic mutations. Interestingly, astrocyte-derived TGF-β was shown to accelerate disease in 

SOD1G93A mice and to reduce microglial neuroprotective properties, including the production 

of IGF-1 (Endo et al. 2015).  

One of the most relevant astrocyte-mediated motor neuron injuries is related to glutamate 

excitotoxicity. An early study in SOD1G93A rats showed a strong reduction of GLT-1 in the 

spinal cord that started before motor neuron loss and progressively aggravated with the 

disease course (Howland et al. 2002). At the end-stage, a 90% reduction in GLT-1 was 

observed, which matched the loss verified in post-mortem spinal cord tissue from ALS 

patients (Rothstein et al. 1995). Importantly, astrocytes also participate in disease 

dissemination through the release of mSOD1, either by exosomes (Basso et al. 2013) or in a 

chromogranin-dependent pathway (Urushitani et al. 2006). 

For all those findings, the interest in astrocytes as candidates for therapeutic strategies is 

increasing. As an example, transplantation of glial-restricted precursor cells in the spinal cord 

of SOD1G93A rats demonstrated that these cells differentiated into GFAP-expressing 

astrocytes, rescued motor neuron injury and increased the survival rate of the animals 

(Lepore et al. 2008b). Benefits of the transplantation of astrocytes derived from stem cells 

are reviewed in Nicaise et al. (2015). 

 

4.4.2. Oligodendrocytes 

Less attention has been paid to the role of oligodendrocytes in ALS. Myelin abnormalities 

were found in pre-symptomatic SOD1 rats and aggravated in symptomatic stages. However, 

the contribution to disease is uncertain (Niebroj-Dobosz et al. 2007). Later, failure of 

oligodendrocyte metabolic support was suggested to contribute to motor neuron injury due to 

loss of the lactate transporter monocarboxylate transporter 1 (MCT1) (Kang et al. 2013; Lee 

et al. 2012b; Philips et al. 2013). This was observed in both ALS mouse models and patients 

(motor cortex and spinal cord). In addition, oligodendrocyte degeneration was observed in 

the gray matter of the spinal cord before disease onset and increased thereafter (Philips et 

al. 2013). Interestingly, grey matter demyelination was reported in patients (Kang et al. 

2013). Removal of SOD1 from oligodendrocytes delayed disease onset and prolonged 

SOD1G37R mice survival (Kang et al. 2013). Recently, Ferraiuolo and coworkers (2016) 

showed a direct neurotoxic effect of oligodendrocytes derived from iPSCs generated from 

fibroblasts of fALS and sALS patients. Oligodendrocyte-mediated motor neuron degeneration 

was caused by soluble and cell-contact mechanisms. Interestingly, knock-down of SOD1 
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rescued motor neurons when performed in progenitor cells, but not in differentiated 

oligodendrocytes from the different fALS and sALS patients, with the exception of  C9ORF72 

cases. 

 

4.4.3. Peripheral immune cells infiltration 

CNS infiltration of macrophages (Graves et al. 2004), monocytes (Zhang et al. 2005; 

Zondler et al. 2016) and T cells (Beers et al. 2011), but not B cells, was reported in ALS 

patients. While the percentage of T lymphocytes infiltrates are negligible at early disease 

stages, studies in ALS mice have indicated that T helper (CD4+) cells and T regulatory cells 

(Treg) are protective by inducing anti-inflammatory responses in microglia (Beers et al. 2008; 

Beers et al. 2011; Chiu et al. 2008). This effect was shown to be mediated, at least in part, by 

IL-4, which results in the symptomatic slow-phase of the disease. Accordingly, T cell 

depletion worsened disease progression. In contrast, modulating the inflammatory profile of 

monocytes reduced their infiltration, neuronal loss and prolonged mice lifespan (Butovsky et 

al. 2012). The role of peripheral immune cells in ALS is not completely understood. However, 

studying the functional phenotype of these circulating cells may serve as a biomarker of the 

disease, as indicated by recent studies showing abnormal profiles of both monocytes 

(Butovsky et al. 2012; Zondler et al. 2016) and T cells (Beers et al. 2017) from ALS patients. 

An important aspect in peripheral immune cell infiltration relies in the permeability of the 

BBB and BSCB. Decreased expression of the endothelial tight/adherens junctions ZO-1, 

occludin and claudin-5 in presymptomatic SOD1G93A mice indicate that vascular changes 

may precede motor neuron loss (Zhong et al. 2008). Garbuzova-Davis and coworkers 

additionally showed ultrastructural changes in both BBB and BSCB in sites of motor neuron 

loss in early and late symptomatic mice (Garbuzova-Davis et al. 2007a), being the last 

associated with vascular leakage of Evans blue (commonly used to evaluate barrier 

properties) (Garbuzova-Davis et al. 2007b). Disruption of the BSCB indicated by pericyte 

damage, IgG leakage and reduced tight and adherens junctions was later reported in 

patients by the same authors (Garbuzova-Davis et al. 2012). Although no correlation was so 

far studied, it is expected that the increase in BSCB permeability facilitates the infiltration of 

peripheral cells. 

 

4.5. Microglia as central players in ALS 

Several lines of evidence specify the involvement of microglia in motor neuron 

degeneration in ALS. PET scan imaging has evidenced the widespread of activated microglia 

in the brain of ALS patients (Corcia et al. 2013; Turner et al. 2004). Microglia activation in 

SOD1G93A mice has been referred to occur before motor neuron degeneration and to 
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increase with disease progression till end-stage (Graber et al. 2010; Henkel et al. 2006). As 

previously referred, Boillée and colleagues (2006b) demonstrated that targeting SOD1G93A 

specifically in microglia significantly slow disease progression in mice. Transplantation of 

bone marrow from WT mice into SOD1G93A/Pu.1-/- mice (Beers et al. 2006) and into SOD1G93A 

mice after microglia depletion with clodronate liposomes (Lee et al. 2012a), significantly 

decreased disease progression and prolonged mice lifespan.  

In the following sections it will be discussed the phenotype of microglia in ALS, as well as 

the mechanisms of microglia activation and the mediators involved in cell-to-cell 

communication. 

 

4.5.1. Phenotypic distinction along ALS progression  

Microglial phenotypic distinction along ALS disease progression is not completely clarified. 

Primary SOD1G93A microglia from 8-day-old mice have a pro-inflammatory and neurotoxic 

profile in culture (Xiao et al. 2007). In the presymptomatic stage (60 days) of SOD1G93A mice, 

spinal microglia was indicated to express high levels of IL-10, which was associated with 

reduced innate immune responses to LPS (Gravel et al. 2016). Blocking IL-10 receptor 

precipitated clinical onset, while IL-10 overexpression delayed disease initiation and 

prolonged mice survival. Therefore, the authors suggested IL-10 expression as a protective 

mechanism to prevent disease development. A transformation from a M2-neuroprotective to 

a M1-neurotoxic microglial phenotype in the spinal cord of SOD1G93A mice during disease 

progression has also been proposed (Beers et al. 2011; Liao et al. 2012). At the onset of 

disease, microglia express the M2-markers Ym1 and CD206 at comparable levels to WT 

microglia, but as disease progresses towards the end-stage, the expression of those markers 

decreases and NADPH oxidase 2 (NOX2) is upregulated (Figure I.8). Likewise, microglia 

isolated at the onset have neuroprotective effects while the M1-end-stage microglia kill motor 

neurons in vitro (Liao et al. 2012). Accordingly, other studies suggest the prevalence of M1-

microglia in the symptomatic stage of SOD1G93A mice (Beers et al. 2006; Frakes et al. 2014). 

Nonetheless, other evidences indicate that spinal SOD1G93A microglia acutely isolated from 

the disease end-stage presented a distinctive phenotype when compared to M1 and M2 

macrophages, or to LPS-stimulated microglia (Chiu et al. 2013). The authors additionally 

showed that mutant microglia coexpress neuroprotective and neurotoxic markers. 

Furthermore, Nikodemova and colleagues (2014) showed that at the onset, neither M1 nor 

M2 phenotypic markers change in microglia. Atypical phenotype with overexpression of 

VEGF, galectin3 and osteopontin and reduced M1/M2 markers, were associated with severe 

motor neuron degeneration in the spinal cord of SOD1G93A rats at the end-stage. 

Interestingly, the authors showed that this phenotype does not respond to LPS, indicating its 
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impaired functionality and that it is not recapitulated by cortical microglia. While these last 

studies support the notion that microglia acquire a disease-specific phenotype, another 

report showed that increased number of Arg1-positive and iNOS-positive microglia 

throughout disease progression in SOD1G93A mice (Lewis et al. 2014) is related with the 

coexistence of different phenotypes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.8 - Microglia phenotypic transition along disease progression in ALS mice. At the presymptomatic 

stage, reactive and proliferative microglia have been observed. It was additionally demonstrated that at this stage, 

IL-10 overexpression in microglia is a protective mechanism delaying disease initiation. Once the symptoms 

appear (onset), microglia present a M2-phenotype characterized by the expression of CD206 and Ym-1. Both 

phenotypes were shown to confer neuroprotection. With the progression of the disease, microglia shift to a M1 

pro-inflammatory state that induces toxicity towards motor neurons. NF-κB activation and upregulation of NOX2, 

miR-155 and miR-125b are indicated as mediators of microglia neurotoxicity. Close to the end-stage, independent 

studies show that microglia acquire multiple phenotypes, based on populations of microglia overexpressing Arg1 

or NOS2, or a disease-specific status. A neurodegeneration-characteristic phenotype was reported for microglia 

expressing both anti- (IGF-1 and Grn) and pro-inflammatory (MMP-12 and NOX2) mediators. Finally, expression 

of VEGF, Galectin-3 and Osteopontin was associated with a dysfunctional microglia and related with severe 

motor neuron degeneration.  

IL-10, interleukin-10; CD206, cluster of differentiation 206; NF-κB, nuclear factor-kappa B; NOX2, NADPH oxidase 2; miR, 

microRNA; Arg1, arginase 1; NOS2, nitric oxide synthase 2; IGF-1, insulin growth factor 1; Grn, progranulin; MMP-12, matrix 

metalloproteinase 12; VEGF, vascular endothelial growth factor. 

 

 

Different studies have indicated that interaction with T cells participates in the regulation of 

microglia phenotype over the course of ALS (Beers et al. 2008; Chiu et al. 2008; Chiu et al. 

2013). A curious finding was reported by Trias and collaborators (2013) on the change of 

microglia phenotype when collected from symptomatic mice into an astrocyte-like phenotype 
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(GFAP+ and S100B+), when cultured for two weeks. The authors proposed that a 

subpopulation of microglia may switch to an aberrant phenotype that contributes to disease 

progression. 

Therefore, the role of microglia in ALS is still controversial and exploring microglial 

phenotype over disease course can bring new clues on the mechanisms that are being 

stimulated, allowing the development of disease stage-specific therapeutic strategies. 

 

4.5.2. Neuroinflammatory pathways mediated by microglia 

Damaged motor neurons seem to mediate the inflammatory response in a way dependent 

on the release of SOD1. In turn, microglia activation with extracellular SOD1G93A induces 

motor neuron damage (Zhao et al. 2010). The authors showed that microglia recognition of 

mSOD1 is dependent on stimulation of TLR/CD14 receptors. In fact, TLR2 and TLR4, as well 

as RAGE, are elevated in the spinal cord of ALS patients (Casula et al. 2011), and SOD1G93A 

mice lacking TLR4 have prolonged lifespan (Lee et al. 2015b). In addition, in vitro studies 

revealed that primary SOD1G93A microglia show increased levels of TNF-α, ROS, NO and IL-

6 compared with WT microglia, either unstimulated (Beers et al. 2006), or after stimulation 

with LPS (Liu et al. 2009; Xiao et al. 2007), and are more toxic to motor neurons.  

Several neuroinflammation-related mediators have been found in ALS patients and in the 

spinal cord of mouse models. Although some anti-inflammatory cytokines, such as IL-4 and 

IL-10, were identified in the spinal cord of SOD1G93A mice (Hensley et al. 2002), it is believed 

that a pro-inflammatory environment prevails in ALS. Increased expression of pro-

inflammatory mediators, such as TNF-α, IL-1β, IL-6, cyclo-oxigenase-2 (COX2) and NOX2, 

were reported in ALS mice (Elliott 2001; Hensley et al. 2003; Hensley et al. 2002; Wu et al. 

2006), as well as in ALS patients (Hu et al. 2017; Ono et al. 2001; Yiangou et al. 2006). 

MMP-9 and MMP-2 may account for the inflammatory mediators produced by microglia in 

ALS. High levels of MMP-9 were observed in CSF and skin of ALS patients (Fang et al. 

2009), and in serum of symptomatic SOD1G93A mice (Soon et al. 2010). Moreover, inhibition 

of MMP-9 activity (Lorenzl et al. 2006), or MMP-9 knock-out (Kiaei et al. 2007) in the 

SOD1G93A mouse model, resulted in decreased motor neuron degeneration, improvement of 

motor function and prolonged mice survival. Despite the fact that HMGB1 is increased in the 

spinal cord of sporadic patients, its contribution to the inflammatory environment in ALS is 

unclear. Lo Coco (2007) showed that HMGB1 is mainly located at the nucleus of astrocytes, 

but even more of microglia in the spinal cord of SOD1G93A mice. It was additionally suggested 

that the decrease of HMGB1 levels occurring in motor neurons along disease progression 

may result from its release to the extracellular media, where it can act as an alarmin. 

Moreover, motor neurons with SOD1 seem to be more susceptible to Fas/FADD/caspase 8 

apoptosis pathway, as reported by Raoul and colleagues (2002). Relatively to FasL, also 
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known as the death receptor signal, it was found increased in the transgenic mice spinal cord 

(Hensley et al. 2002). 

Crucial determinants of microglia-mediated motor neuron injury were reported. Frakes and 

colleagues (2014) showed that inhibiting NF-κB activation specifically in microglia rescued 

motor neurons in a coculture system and extended SOD1G93A mice survival. Further 

supporting its role, NF-κB activation in WT microglia promoted motor neuron injury. 

Additionally, miR-155 targeting was shown to restore microglia homeostatic phenotypic 

signature and attenuated disease progression in SOD1G93A mice (Butovsky et al. 2015). 

Importantly, upregulation of miR-155 was observed in the spinal cord of rodent models, as 

well as in both fALS and sALS patients (Butovsky et al. 2015; Butovsky et al. 2012; Koval et 

al. 2013). Upregulation of miR-155 before disease onset in SOD1G93A mice (Butovsky et al. 

2012), was also observed in the 3xTg AD mouse model (Guedes et al. 2014). Other miRNAs 

linked to neuroinflammation were also reported in ALS. These include upregulation of miR-

146a in ALS patients (Koval et al. 2013) and of miR-125b in SOD1G93A microglia (Parisi et al. 

2013). A recent study showed that miR-125b targets A20 in SOD1G93A microglia being 

involved in the regulation of NF-κB activation (Parisi et al. 2016). Data on inhibition of miR-

125b supports motor neuron survival.  

Microglial migratory and phagocytic ability have been poorly addressed in ALS. Two 

independent studies evidenced opposite results regarding microglia chemotaxis towards 

MCP-1. While Yamasaki and collaborators (2010) showed that primary SOD1G93A microglia 

migrated less that non transgenic ones, although migration towards ATP was equivalent, no 

differences were obtained by Sargsyan et al. (2011). Phagocytosis in ALS is not well 

characterized, as well. Phagocytic microglia was found aggregated near motor neurons at 

the presymptomatic stage of a rat model of ALS (Sanagi et al. 2010). Another study using 

primary cortical SOD1G93A microglia demonstrated that mutant cells have impaired ability to 

phagocyte neuronal debris, especially those expressing SOD1G93A (Sargsyan et al. 2011). A 

rare variant in TREM2 was lately described as a risk factor for the development of sporadic 

ALS (Cady et al. 2014), further suggesting compromised microglial phagocytic ability in ALS 

pathogenesis.  

As a multifactorial disease, involving not only motor neuron injury, but also glial cell 

activation, ALS is potentially tightly related with deregulation of intercellular communication. 

However, despite the factors mediating motor neuron loss, changes in the motor neuron-

microglia cross-talk axis are largely unexplored. Actually, it was only reported that inhibition 

of CX3CR1 worsened disease progression in mice (Cardona et al. 2006b), and that a variant 

in CX3CR1 gene in patients was correlated with a fast disease course (Lopez-Lopez et al. 

2014). The interplay between microglia and astrocytes is also poorly understood and 

controversial reports support that microgliosis can either precede astrogliosis or vice versa 
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(Graber et al. 2010; Yamanaka et al. 2008a; Yang et al. 2010). A recent study further 

indicates that TGF-β produced by astrocytes inhibits microglia activation and their 

neuroprotective properties in the spinal cord of SOD1G93A mice, while a microglial population 

expressing M1-phenotype markers seemed to remain unchanged (Endo et al. 2015). 

Besides suggesting the presence of multiple microglia subsets, with potential opposing 

functions, such study showed a direct detrimental effect of astrocytes on microglia behavior, 

as well. 

Whereas several studies have been focused on determinants of microglia-mediated motor 

neuron death, almost nothing is known about microglia activation prior to disease onset. One 

may expect that early motor neuron changes, such as the above mentioned cortical 

hyperexcitability or ER alterations can be perceived by microglia inducing a, so far unknown, 

premature response. 

 

4.6. Therapies under development 

ALS is an extremely severe disease with no cure and attempts to find a novel 

therapeutic agent are imperative since the most common riluzole therapeutics, only slightly 

prolongs patients survival for a few months (Vucic et al. 2014). Riluzole is a benzothiazole 

derivative and has been proven to ameliorate glutamate excitotoxicity through different 

mechanisms including inhibition of pre-synaptic release of glutamate and inactivation of 

neuron sodium channels that reduce glutamate transmission. However, a different property 

seems to be associated with riluzole neuroprotection effects, as other anti-glutamate agents 

were not effective when tested in clinical trials (Ferraiuolo et al. 2011b). Together with 

riluzole, ALS patients’ treatment includes control of the symptoms in order to improve their 

quality of life. Physiotherapy for weakness and disability, speech therapy and communication 

aids for dysarthria and analgesia for skin pressure pain due to immobility are some examples 

(Vucic et al. 2014). Additionally, non-invasive ventilation has been crucial in ALS welfare as it 

greatly improves quality of life and, more importantly, extends patient survival for up to 13 

months (Dharmadasa et al. 2017). In May, this year, the U.S. Food and Drug Administration 

(FDA) approved a new drug to treat ALS, Radicava (edaravone), tested in Japan and in use 

there since 2015, bringing new hope for people living with ALS 

(https://www.fda.gov/newsevents/newsroom/pressannouncements/ucm557102.htm). The 

drug is thought to relief from oxidative stress effects, but has several side effects that include 

headaches, bruising and gait problems among the most common 

(https://alsnewstoday.com/2017/05/18/things-to-know-about-the-new-als-drug-radicava/). 

Potential therapeutic approaches are intended to target the altered mechanisms 

observed in ALS pathogenesis and include protein homeostasis regulators, such as 

https://www.fda.gov/newsevents/newsroom/pressannouncements/ucm557102.htm
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chaperones and autophagy inducers, anti-oxidant and anti-apoptotic drugs, anti-inflammatory 

mediators and neurotrophic factors (Carlesi et al. 2011). Therapies targeting 

neuroinflammation have been popular and a number of drugs are currently being tested in 

clinical trials (Crisafulli et al. 2017). Masitinib, a tyrosine kinase inhibitor in Phase III clinical 

trial, is a promising product that already received the orphan drug designation by the FDA 

and a conditional marketing authorization application from the European Medicines Agency 

(EMA).  

Another recent therapeutical proposal relies in miRNA-based therapies that have been 

growing in interest due to their wide range of action (Rupaimoole and Slack 2017). This has 

been commonly developed in cancer but less in ALS. Nevertheless, a miRNA-based strategy 

is being developed by miRagen Therapeutics to target miR-155 in ALS (MRG-107). 

Particularly important in the delivery of this small RNA molecule is the potential of exosomes 

as delivering vehicles. While offering protection against degradation, exosomes have the 

advantage of being non-immunogenic, in opposite to other vehicles like liposomes, for 

instance (Aryani and Denecke 2016). Sensitivity to target specific cells and passage across 

BBB and BSCB represent additional benefits of exosomes. Nevertheless, the use of 

exosomes as therapeutically carriers is still in its infancy and a number of issues needs 

further clarification, such as exosome loading capacity, dosage and biodistribution after 

systemic administration (Sarko and McKinney 2017). Remarkably, the adeno-associated 

virus serotype 9 (AAV9) was shown to efficiently transduce neonatal motor neurons and 

adult astrocytes following a peripheral injection, offering a novel CNS-specific delivery 

system (Foust et al. 2009). AAV9 carrying SOD1-shRNA was shown to reduce the levels of 

SOD1 in the spinal cord of mSOD1 mice promoting delayed onset and slowing disease 

progression (Foust et al. 2013).  

Cell replacement therapies have also been explored. Indeed astrocyte and microglia 

precursor cell transplantation in the spinal cord of SOD1G93A mice was shown to extend 

survival (Lee et al. 2012a; Lepore et al. 2008b). As reviewed in Thomsen et al. (2014b), a 

few clinical trials have been conducted using different cell transplantation approaches that 

include spinal cord injections of NSC and intrathecal/intramuscular injections of 

mesenchymal stem cells (MSC). A new horizon in personalized medicine arose with the 

exploitation of iPSCs for drug screening and engineered cells transplantation. As reviewed in 

Jaiswal (2017), we are one step closer to the use iPSCs in clinical practice in ALS since 

protocols for iPSCs-derivation into motor neurons have been developed and administration in 

rodent models tested. Cervical and dual-targeted intraspinal transplantation of neural stem 

cells in ALS patients were recently published and revealed to be feasible and well-tolerated 

(Feldman et al. 2014; Glass et al. 2016). Consensus points reflecting the design of phase 

II/III clinical trials were also published (Atassi et al. 2016). Recently, a combined stem cell 
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and gene therapy approach was approved by FDA and financed by the ALS Association in 

that stem cells releasing GDNF will be placed directly on only one side of the body, and 

muscle strength will be recorded together with safety outcomes 

(http://www.alsa.org/news/media/press-releases/fda-approves-clinical-trial-102416.html). 

So far we may then conclude, based on the failure of several compounds and processes 

to effectively delay ALS progression and due to the multifactorial character of the disease, 

that therapeutic strategies should be designed to include several combined targets, as 

highlighted by the recent study of Frakes and colleagues (2017). They showed that targeting 

both astrocytes and microglia in SOD1G93A mice could have a synergistic effect in sustaining 

mice survival for longer time than the modulation of one cell type alone. 
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5. Global Aims 

Microgliosis and astrogliosis are typically observed in symptomatic ALS mice, as well as in 

ALS patients. However the underlying mechanisms of glial activation along disease 

progression, and changes occurring prior to disease onset, are still not fully understood. The 

players involved in the intercellular cross-talk, though largely unknown, are fundamental to 

fully understand functions and dysfunctions of glial cells and how they influence the fate of 

motor neurons. In this way, the global aim of the present thesis is to understand the 

determinants of microglia activation and astrocytes reactivity and their contribution to ALS 

disease initiation and progression. As experimental models we will use the mouse microglial 

cell line N9, the NSC-34 motor neurons transfected with human SOD1G93A, and the SOD1G93A 

mouse model. The ALS mice model will be the source for the isolation of microglia and 

astrocytes from the spinal cord of pups at 7 postnatal days, as well as for studying the course 

of disease by collecting spinal cord tissue at the pre-symptomatic (4-6 weeks-old) and 

symptomatic (12-14 weeks-old) stages. By studying stage-specific mechanisms, not only it is 

intended to explore novel promising biomarkers, including those for early ALS stages, but 

also to identify a set of therapeutic targets more directed to the specific environment 

associated with each stage of the disease, allowing the development of combined medicines 

to most effectively prevent neuroinflammation and neurodegeneration in ALS disease 

progression. Specific aims are to: 

(i) Characterize the functions and markers involved in N9 microglia polarization towards 

the classical M1-phenotype after lipopolysaccharide (LPS) treatment, together with the 

content of their derived exosomes in inflammatory microRNA material (inflamma-miR), to 

later assess response differences of N9-microglial cells overexpressing SOD1G93A to 

LPS and exposed to exosomes released by NSC-34 motor neurons 

expressing SOD1G93A (mSOD1 motor neurons) (aim (ii)); 

(ii) Evaluate the cargo and the effect of exosomes derived from mSOD1 motor neurons 

on the phenotype of N9 microglial cells by identifying the induced inflammatory pathways 

and inflamma-miR profile changes, relatively to non-transfected NSC-34 cells; 

(iii) Determine differences in glial- and inflammatory-related markers and cross-talk 

players in the spinal cord of SOD1G93A mice at the pre- and symptomatic stages vs.wild 

type animals, to identify ALS stage-specific biomarkers and potential targets; 

(iv) Investigate differences in the polarization features of microglia isolated from the 

spinal cord of the SOD1G93A pups after short- and long-term cultures, as compared with 

matched wild type controls, and changes in their activation profile when co-incubated 

with astrocytes isolated from the same animals. 
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Abstract 

Identification of mediators triggering microglia activation and transference of noncoding 

microRNA (miRNA) into exosomes are critical to dissect the mechanisms underlying 

neurodegeneration. We used lipopolysaccharide- (LPS-) induced N9 microglia activation to 

explore new biomarkers/signaling pathways and to identify inflammatory miRNA (inflamma-

miR) in cells and their derived exosomes. Upregulation of iNOS and MHC-II (M1-markers) 

and downregulation of arginase 1, FIZZ1 (M2-markers), and CX3CR1 (M0/M2 polarization) 

confirmed the switch of N9 LPS-treated cells into the M1 phenotype, as described for 

macrophages/microglia. Cells showed increased proliferation, activated TLR4/TLR2/NF-κB 

pathway, and enhanced phagocytosis, further corroborated by upregulated MFG-E8. We 

found NLRP3-inflammasome activation in these cells, probably accounting for the increased 

extracellular content of the cytokine HMGB1 and of the MMP-9 we have observed. We 

demonstrate for the first time that the inflamma-miR profiling (upregulated miR-155 and miR-

146a plus downregulated miR-124) in M1 polarized N9 cells, noticed by others in activated 

macrophages/microglia, was replicated in their derived exosomes, likely regulating the 

inflammatory response of recipient cells and dissemination processes. Data show that LPS-

treated N9 cells behave like M1 polarized microglia/macrophages, while providing new 

targets for drug discovery. In particular, the study yields novel insights into the exosomal 

circulating miRNA during neuroinflammation important for emerging therapeutic approaches 

targeting microglia activation. 
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1. Introduction 

Microglia are a unique cell population within the central nervous system (CNS) as they 

descend from myeloid origin and are commonly recognized as the resident immune cells in 

the brain (Vilhardt 2005). They constitute about 10-20% of glial cell population and are 

continuously monitoring the surrounding environment, acting as sensors of CNS 

homeostasis (Davalos et al. 2005; Nimmerjahn et al. 2005). Microglia rapidly change their 

morphology, gene expression, and functional performance upon any threat to tissue 

homeostasis, acquiring an activated phenotype, which is an adaptive process specific for 

each stimulus and CNS region (McKimmie et al. 2006). Accumulating evidence supports 

their involvement in synaptic development and remodeling (Perry and O'Connor 2010), 

emphasizing that microglial functions are extended beyond immune-defense mechanisms. 

Although microglial cells are first protectors of brain homeostasis, in case of prolonged or 

chronic stimulation they may become deleterious to the neuronal population. Indeed, 

exacerbated stages of neurotoxicity can progress to pathological conditions including 

neurodegenerative disorders such as Alzheimer’s disease or Parkinson’s disease (Graeber 

and Streit 2010), where microglia actively contributes to neuroinflammation and neuronal 

degeneration (Brites and Vaz 2014).  

Despite the diversity of microglia responses, their activation has been characterized by a 

recognized number of phenotypes classically described for macrophages (Fernandes et al. 

2014). The surveillant/nonpolarized phenotype, also known as M0, describes alert but not 

activated microglia which are continuously screening the environment (Ohsawa and Kohsaka 

2011). The almost exclusive microglial fractalkine receptor, CX3C chemokine receptor 1 

(CX3CR1), is highly expressed in M0 phenotype (Sheridan and Murphy 2013) but, besides 

the maintenance of microglia surveillance, CX3CR1/fractalkine cross talk is also important in 

promoting migration of activated cells (Cardona et al. 2006b). The M1 phenotype or classical 

activated microglia can be induced by lipopolysaccharide (LPS) or interferon-gamma (IFN-γ) 

with increased production of proinflammatory cytokines, chemokines, matrix 

metalloproteinases (MMPs), as well as reactive oxygen and nitrosative species (ROS and 

RNS, resp.), among others (Durafourt et al. 2012). M1 microglia is associated with a 

neurotoxic phenotype with enhanced major histocompatibility complex class II (MHC-II), 

inducible nitric oxide synthase (iNOS/NOS2), and interleukin-1β (IL-1β) markers. The 

alternative M2 phenotype that is related to the damage resolution (Chhor et al. 2013) may 

include several subtypes (Brites and Vaz 2014) and is induced by IL-4, IL-10, and 

transforming growth factor-β (TGF-β). Arginase 1 (arg1), found in inflammatory zone 1 

(FIZZ1), and Ym1 are recognized markers of M2 polarization (Liu et al. 2012). However, 
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although the expression of these markers is used to differentiate microglia phenotypes, there 

is still much to learn about the determinants of microglia specific functional polarization.  

Stimulation of the toll-like receptors (TLRs) signaling cascade is known to trigger the 

translocation of nuclear factor kappa B (NF-κB) into the nucleus and the expression of 

proinflammatory genes (Zhu et al. 2014), involving the activation of the inflammasome. 

However, its activation in the context of microglia neurotoxic potential remains unknown. 

Inflammasome mediators comprise NOD-like receptor family, pyrin domain containing 3 

(NLRP3) and caspase-1 responsible for the cleavage of IL-18 and IL-1β proforms (Walsh et 

al. 2014). Recently, it was shown that the release of the alarmin high mobility group box 1 

(HMGB1) is mediated by the NLRP3 inflammasome activation (Lu et al. 2013) and 

constitutes a signal to activate microglia (Park et al. 2004), though the regulation process is 

still unclear.  

Together with the release of inflammatory mediators, microglia migration and 

phagocytosis are part of the cell response to injury. Protein milk fat globule-EGF factor 8 

(MFG-E8) was shown to recognize phosphatidylserine (PS) in the apoptotic neurons, thus 

enabling microglial phagocytosis (Hanayama et al. 2002). Nevertheless, its specific 

regulation in different challenging situations remains unknown.  

The majority of these inflammatory pathways have been identified along diverse studies 

performed with macrophage/microglia primary cultures. Due to such culture time 

consumption and reduced yield for the experimental assays, all the collected information on 

microglia inflammatory mediators is fragmented. Therefore, we here embraced the 

assessment of an integrated study on the several inflammatory signaling pathways leading to 

the upregulation of microglia M1 polarization biomarkers and downregulation of those related 

to M2 subtypes in the microglial N9 cells upon LPS treatment. N9 cells were generated by 

immortalization of embryonic primary cultures from the ventral mesencephalon and cerebral 

cortex of ICR/CD1 mice using oncogenic murine retroviruses carrying the v-myc or the v-mil 

oncogenes of the avian retrovirus MH2 (Righi et al. 1989b). These cells have been 

preferentially used due to the simplicity and ease of manipulation, but only a limited number 

of inflammatory mediators and genes were identified in N9 cells, despite responding similarly 

to LPS as primary microglial cells derived from the same mouse strain (Nikodemova and 

Watters 2011).  

MicroRNAs (miRNAs) have recently emerged as key regulators of inflammation and as 

mediators of macrophage/microglia polarization (Freilich et al. 2013). Actually the inflamma-

miRs, miR-155, and miR-146a have been related to the microglia polarization into M1. While 

the first enhances the proinflammatory response, the second acts as a negative regulator 

(He et al. 2014) being essential in halting excessive inflammation. Oppositely, miR-124, miR-

21, and miR-145 are associated with an anti-inflammatory response repressing the M1 
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phenotype polarization (Ponomarev et al. 2013). However, it is accepted that such microglia 

phenotype regulation is quite complex and miR-146a, as an example, may be increased 

during M1 microglia polarization being also overexpressed in dystrophic/senescent 

macrophages (Jiang et al. 2012), whereas miR-124 has been identified in surveillant 

microglia, as well as in M2 microglia (Veremeyko et al. 2013). Another issue that has been 

recently addressed is the particular importance of the exosomes for sustained inflammation. 

Exosomes are small vesicles (~100 nm) formed through the endocytic process and released 

upon multivesicle bodies fusion with the plasma membrane (Aryani and Denecke 2016; 

Brites and Fernandes 2016). They have been associated with intercellular communication, 

even at long distances, by direct transfer of mRNA, proteins, and miRNAs, the last being 

essential for regulating gene expression in the recipient cells.  

Since the pathways underlying the switch of microglia towards the M1 phenotype are not 

fully understood, we first characterized the polarization of N9 microglial cells into the M1 

subtype upon LPS exposure, based on macrophage/microglia M1 and M2 biomarkers, and 

consequent microglia innate functions, such as phagocytosis and chemotaxis. Much 

attention has been lately given on microglia-dependent inflammasome activation (Burm et al. 

2015; Gustin et al. 2015), but no data are available on LPS-treated microglia, which is the 

reason why we assessed the inflammasome multiprotein complex in our model. Once 

miRNAs are emerging as potent fine-tuners of neuroinflammation (Ksiazek-Winiarek et al. 

2013) and indicated to regulate the inflammatory response when transported in exosomes 

from primary bone marrow-derived dendritic cells (Alexander et al. 2015), we decided to 

assess their representation in the LPS-polarized cells and in their derived exosomes to 

extend our knowledge on such issue, still scarcely explored in microglia primary cultures and 

unknown in N9 cells. Actually, exosomal miRNAs are currently being extensively studied as 

biomarkers of disease and the understanding on how they are loaded into exosomes and 

delivered to specific recipient cells may help in developing therapeutic approaches to 

modulate innate cell function. Here, we have further clarified microglia inflammatory 

mediators and targets that once modulated may restrict microglia activation in 

neurodegenerative disorders, like Alzheimer’s disease and amyotrophic lateral sclerosis. 

 

2. Materials and Methods 

2.1. N9 Cell Culture and Treatment 

N9 cell line was a gift from Teresa Pais (Institute of Molecular Medicine, Universidade de 

Lisboa, Portugal). Cells (8.3 × 104 cells/cm2) were plated on uncoated 12- or 6-well tissue 

culture plates (Orange Scientific, Braine-l’Alleud, Belgium) in culture medium [RPMI media 

supplemented with fetal bovine serum (FBS) (10%) and L-glutamine (1%) and with the 
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antibiotic penicillin/streptomycin (1%)] and were grown to confluence before experiments. No 

bacterial contaminations were observed in any experiment. To induce N9 cells reactivity we 

used 300 ng/mL of lipopolysaccharide (LPS, E. coli O111:B4, 437627, Calbiochem, 

Darmstadt, Germany) diluted in basal media for 24 h, as described by Cui and colleagues 

(2002). Response of LPS-treated cells was compared with nontreated microglia (control). 

 

2.2. Determination of Cell Death 

Phycoerythrin-conjugated annexin V (V-PE) and 7-aminoactinomycin-D (7-AAD) mixture 

(Guava Nexin® Reagent, #4500-0450, Millipore, Billerica, MA, USA) were used to determine 

the percentage of viable, early-apoptotic, and late-apoptotic/necrotic cells by flow cytometry. 

After incubation, adherent microglia were collected by trypsinization and added to the cells 

present in the incubation media. After centrifugation, the pellet of cells was resuspended in 

PBS containing 1% of bovine serum albumin (BSA), stained with Guava Nexin Reagent 

according to manufacturer’s instruction, and analyzed on a Guava easyCyte 5HT flow 

cytometer (Guava Nexin Software module, Millipore), as usual in our lab (Barateiro et al. 

2012). Two readings were performed for each sample. 

 

2.3. Quantitative RT-PCR 

After incubation, cellular media were removed and cells were collected with TRIzol® (Life 

Tecnologies, Carlsbad, CA, USA) using a cell scrapper as implemented in the lab (Barateiro 

et al. 2013). Total RNA was then extracted from N9 cells using TRIzol reagent method 

according to manufacturer’s instructions and quantified using NanodropND-100 

Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Conversion into cDNA 

was performed with RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific, 

Waltham, MA, USA). Quantitative RT-PCR (qRT-PCR) was performed by using 𝛽-actin as an 

endogenous control to normalize the expression level. The sequences used for primers are 

represented in Supplementary Table II.1. qRT-PCR was accomplished on a 7300 Real-Time 

PCR System (Applied Biosystems, Life Technologies) using a SYBR Green qPCR Master 

Mix (Thermo Scientific). The qRT-PCR was performed in 96-well plates with each sample 

performed in triplicate, and no-template control was included for each amplification. qRT-

PCR was achieved under optimized conditions: 52ºC for 2 min followed by 95ºC for 10 min 

and finally 40 cycles at 95ºC for 0.15 min and 62ºC for 1 min. In order to verify the specificity 

of the amplification, a melt-curve analysis was performed, immediately after the amplification 

protocol. Nonspecific products of PCR were not found in any case. Relative mRNA 

concentrations were calculated using the ΔΔCT equation. For miRNA analysis, conversion of 

cDNA was achieved with the universal cDNA Synthesis Kit (Exiqon, Vedbaek, Denmark) as 
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described by Cardoso et al. (2012), following manufacturer’s recommendations. The 

miRCURY LNATM Universal RT miRNA PCR system (Exiqon) was used in combination with 

predesigned primers (Exiqon), represented in Supplementary Table II.1 (Supplementary 

Data), using SNORD110 as reference gene. The reaction conditions consisted of 

polymerase activation/denaturation and well-factor determination at 95ºC for 10 min, followed 

by 50 amplification cycles at 95ºC for 10 s and 60ºC for 1 min (ramp-rate 1.6ºC/s). Relative 

mRNA concentrations were calculated using the ΔΔCT equation. Two readings were 

performed for each sample. 

 

2.4. Western Blot Analysis 

After incubation, cellular media were removed and cells collected with Cell Lysis Buffer 

(Cell Signaling, Beverly, MA, USA) plus 1 mM phenylmethylsulfonyl fluoride (PMSF, Sigma) 

as usual in our lab (Fernandes et al. 2006). Briefly, total cell extracts were lysed for 5 

minutes on ice with shaking, collected with cell scrapper, and sonicated for 20 secs. The 

lysate was then centrifuged at 14,000g for 10 min at 4ºC, and the supernatants were 

collected and stored at -80ºC. Nuclear extracts were prepared as usual in our lab (Fernandes 

et al. 2006). Protein content in the extracellular media was obtained by precipitation using 

trichloroacetic acid in 10% (v/v) of acetone solution. After a centrifugation of 15,000g for 10 

min at 4ºC, the pellet was washed in acetone containing 10 mM dithiothreitol resuspended in 

lysis buffer and stored at -80ºC. Protein concentration in total and nuclear extracts, as well as 

in extracellular medium, was determined using a protein assay kit (Bio-Rad, Hercules, CA, 

USA) according to manufacturer’s specifications. Then, equal amounts of protein were 

subject to SDS-PAGE and transferred to a nitrocellulose membrane. After blocking with 5% 

(w/v) nonfat milk solution, membranes were incubated with primary antibodies 

(Supplementary Material, Table II.2) diluted in 5% (w/v) BSA overnight at 4ºC, followed by 

the secondary antibodies goat anti-rabbit HRP-linked (1 : 5000, sc-2004, Santa Cruz 

Biotechnology®, CA, USA) and goat anti-mouse HRP-linked (1 : 5000, sc-2005, Santa Cruz 

Biotechnology) diluted in blocking solution. Chemiluminescence detection was performed by 

using LumiGLO® reagent (Cell Signaling) and bands were visualized in the ChemiDocTM XRS 

System (Bio-Rad). The relative intensities of protein bands were analyzed using the Image 

LabTM analysis software (Bio-Rad). One single reading was performed for each sample.  

 

2.5. Immunocytochemistry 

For immunofluorescence detection, N9 cells were fixed with freshly prepared 4% (w/v) 

paraformaldehyde in PBS and a standard immunocytochemical technique was performed as 

previously indicated (Fernandes et al. 2006). Briefly, cells were incubated overnight at 4ºC 
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with the primary antibodies: rabbit anti-Iba1 (1:250, 019-19741, Wako, Wako Pure Chemical 

Industries Ltd., Osaka, Japan), rabbit anti-NF-κB (1 : 500 or 1 : 200 for nuclear extracts, sc-

372, Santa Cruz Biotechnology), and goat anti-Ki-67 (1 : 50, Santa Cruz Biotechnology, sc-

7846). The secondary antibodies incubated for 2 h at room temperature were goat anti-rabbit 

Alexa Fluor 488, goat anti-rabbit Alexa Fluor 594, and rabbit anti-goat 594 (1:1000, 

Invitrogen CorporationTM, Carlsbad, CA, USA). Cell nuclei were stained with Hoechst 33258 

dye (blue, Sigma-Aldrich). Fluorescence was visualized using an AxioCam HR camera 

adapted to an AxioScope A1® microscope (Zeiss, Germany). Merged images of UV and 

fluorescence of ten random microscopic fields were acquired per sample by using Zen 2012 

(blue edition, Zeiss) software. Original magnifications used were 400 and 630x.  

For morphological characterization of N9 microglia, we used the particle measurement 

analysis in ImageJ (1.47v, NIH, USA) to automatically measure the 2D area, perimeter, and 

Feret’s diameter of single microglia cells after Iba-1 immunostaining, which are considered 

valuable additional parameters to evaluate the shape of microglia (Kurpius et al. 2006). As 

indicated in Supplementary Figure II.1, we observed that ramified N9 microglia presented 

lower number of ramifications in comparison to primary cultured microglia (Supplementary 

Figure II.1B) obtained from mice cortex (Caldeira et al. 2014). Nevertheless, we were able to 

observe different N9 microglia morphologies that included round/oval shape (Supplementary 

Figure II.1B), ramified with 2 or 3 processes (Supplementary Figure II.1C-D), and amoeboid 

shape, either completely devoid of ramifications or with thicker and shorter branches 

(Supplementary Figure II.1D-E). Translocation of NF-κB from the cytoplasm to the nucleus 

was determined by the quantification of the number of NF-κB-positive nuclei and normalized 

to the total number of cells. For evaluation of the proliferation ability of microglia, we 

quantified the number of cells showing Ki-67 expression in the nucleus. Ki-67 is present in 

the nucleus during all phases of the cell cycle while being absent in the resting stage (G0). 

 

2.6. Quantification of Nitrite Levels 

NO levels were estimated by assessing the concentration of nitrites (NO2), the stable end-

product from NO metabolism, in culture media by the Griess method, as we published (Silva 

et al. 2011). Briefly, extracellular media free from cellular debris were mixed with Griess 

reagent in 96-well tissue culture plates for 10 min in the dark, at RT. The absorbance at 540 

nm was determined using a microplate reader. A calibration curve was used for each assay. 

All samples were measured in duplicate and the mean value was used. Two readings were 

performed for each sample. 
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2.7. Gelatin Zymography 

MMP-9 and MMP-2 activities were determined in the N9 extracellular media by performing 

a SDS-PAGE zymography in 0.1% gelatin-10% acrylamide gels, under nonreducing 

conditions, as previously described (Silva et al. 2010). After electrophoresis, the gels were 

washed for 1 h with 2.5% Triton-X-100 in 50 mM Tris pH 7.4 containing 5 mM CaCl2 and 1 

μM ZnCl2, to remove SDS and to renature the MMP species in the gel. To induce gelatin 

lysis, the gels were incubated at 37ºC in the developing buffer (50 mM Tris pH 7.4, 5 mM 

CaCl2, 1 μM ZnCl2) overnight. For enzyme activity analysis, the gels were stained with 0.5% 

Coomassie Brilliant Blue R-250 (Sigma-Aldrich) and destained in 30% ethanol/10% acetic 

acid/H2O (v/v). Gelatinase activity, detected as a white band on a blue background, was 

measured using computerized image analysis (Image Lab, Bio-Rad). One reading was 

performed for each sample. 

 

2.8. Caspase-1 Activity Assay 

Activity of caspase-1 was determined by a colorimetric method (Calbiochem, Darmstadt, 

Germany) as published by us (Fernandes et al. 2007). Briefly, cells were harvested, washed 

with ice-cold PBS, and lysed for 30 min on ice in the lysis buffer. The activity of caspase-1 

was assessed in cell lysates by enzymatic cleavage of chromophore pNA from the substrate, 

according to manufacturer’s instructions. The proteolytic reaction was carried out in protease 

assay buffer containing 2 mM Ac-YVAD-pNA. Following incubation of the reaction mixtures, 

the formation of pNA was measured at λ = 405 nm with a reference filter of 620 nm. One 

reading was performed for each sample. 

 

2.9. Microglial Phagocytosis Assay 

To evaluate the phagocytic ability of N9 microglia, cells were incubated with 0.0025% 

(w/w) fluorescent latex beads, diameter 1 μm, for 75 min at 37ºC and fixed with freshly 

prepared 4% (w/v) paraformaldehyde in PBS. N9 cells were immunostained with rabbit anti-

Iba1 (1:250, 019-19741, Wako), and nuclei were counterstained with Hoechst 33258 dye 

(blue). UV and fluorescence images of ten random microscopic fields (original magnification: 

400x) were acquired per sample by using Zen 2012 (blue edition, Zeiss) software. Total 

phagocytic cells and the number of ingested beads per cell were counted with ImageJ 

software to determine the percentage of phagocytic cells and the mean number of ingested 

beads per cell (Silva et al. 2010). 
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2.10. Cell Migration Assay 

Cell migration assay was performed in a 48-well microchemotaxis chamber (Boyden 

Chamber, Neuro Probe, Gaithersburg, MD, USA) as we published (Caldeira et al. 2014). 

Briefly, N9 cells were resuspended in serum-free RPMI and 50 μL of cell suspension was 

placed into each top well (2-4 × 104 cells per well). The bottom wells were filled with serum-

free RPMI (basal medium) alone, or with ATP (10 μM), and LPS (300 ng/mL) diluted in basal 

medium. Microglial cells were allowed to migrate for 6 h through a polycarbonate track-etch 

membrane with polyvinylpyrrolidone (PVP) (Neuro Probe) towards the solution in the bottom 

wells. Afterwards, the membrane was removed and the bottom side fixed with cold methanol. 

Cells were stained with 10% Giemsa in PBS (w/v), freshly prepared and filtered. The number 

of total cells was counted in ten microscopic fields with ImageJ software (original 

magnification: 100x) acquired to observe the complete well using Leica IM50 software and 

Leica DFC490 camera (Leica Microsystems, Wetzlar, Germany), adapted to an AxioSkope 

HBO50 microscope (Zeiss). For each experiment, at least three wells per condition were 

acquired. 

 

2.11. Exosome Isolation 

Exosomes were obtained from the extracellular media of N9 cells either from control or 

from LPS-stimulated cells, according to Wang et al. (2010), with minor modifications. Briefly, 

20 ml of extracellular media was centrifuged at 1,000g for 10 min to remove dead cells and 

debris followed by another centrifugation at 16,000g for 60 min, to separate microvesicles 

(size ~1000 nm). The recovered supernatant was passed through a 0.2 μm filter to remove 

suspended particles and further centrifuged in the Ultra L-XP100 centrifuge (Beckman 

Coulter Inc., California, USA) at 100,000g for 120 min. This pellet fraction (exosomes, size 

~100 nm) was resuspended in PBS and centrifuged again at 100,000g for 120 min. The final 

pellet containing exosomes was resuspended in lysis buffer and RNA inside exosomes was 

extracted using miRCURY Isolation Kit-Cell (Exiqon), according to manufacturer’s 

instructions. Briefly, after lysis of the exosomes, the RNA was absorbed to a silica matrix, 

washed with the recommended buffers, and eluted with 20 μL of the supplied elution buffer 

by centrifugation. The synthesis of cDNA and qRT-PCR was performed as mentioned above. 

 

2.12. Dynamic Light-Scattering (DLS) Measurements 

  Size measurements were made at 25ºC with a Zetasizer Nano S DLS apparatus (Malvern 

Instruments, Worcestershire, UK). After the ultracentrifugation procedure abovementioned, 

each sample was diluted in PBS and was read three times in the Zeta Sizer Nano S (Zen 

1600) to evaluate the diameter of the collected particles. A histogram of the percentage of 
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particles with specific diameters was calculated using DTS (nano) 7.03 software (Malvern 

Instruments). Data represent an average of 3 measurements for each sample. 

 

2.13. Statistical Analysis 

The results of at least four independent experiments are expressed as mean ± s.e.m. 

Comparisons between LPS-treated N9 cells and nontreated cells (control) in all experiments 

were made via two-tailed Student’s t-test or unpaired t-test with Welch’s correction, 

depending on whether variances were equal or different, respectively. Comparison of more 

than two groups, namely, in the morphological characterization, chemotaxis assay, and 

phagocytosis tests, was done by one-way ANOVA followed by multiple comparisons 

Bonferroni post hoc correction using GraphPad Prism 5 (GraphPad Software, San Diego, 

CA, USA). Values of p < 0.05 were considered statistically significant and those of p < 0.01 

and p < 0.001 highly significant. 

 

3. Results 

3.1. LPS-Treated N9 Microglia Acquire a M1 Phenotype, with Upregulation of Specific 

M1-Markers, with Main Amoeboid Morphology and Increased Proliferation Rate 

Despite the great plasticity of microglial responses, the different subsets of microglia 

activation have been characterized by the expression of specific markers, as previously 

referred. Moreover, in addition to the well-known proinflammatory response mediated by 

TLR/NF-kB pathway, microglia activation may also imply the alteration of the gene 

expression profile not only by inducing the transcription of specific genes but also by 

downregulating nonrequired functions. We have explored the mRNA expression of M1 and 

M2 markers, as well as the fractalkine receptor CX3CR1 in N9 microglia exposed to LPS, not 

fully documented in previous studies. As shown in Figure II.1, incubation of N9 microglia with 

LPS led to increased expression of the M1-markers Nos2 and Mhc-II, while promoting the 

downregulation of the M2-markers arg1 and Fizz1 (Figure II.1A). Expression of both mRNA 

and protein levels of CX3CR1 were found diminished by LPS exposure (Figures II.1B, C), 

indicating a reduced prevalence of cells with surveillant/anti-inflammatory properties, thus 

favoring a major representation of M1 polarized microglial cells.  
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Figure II.1 - Lipopolysaccharide (LPS) polarizes N9 microglia into M1 rather than M2 phenotype. 

Expression of genes [inducible nitric oxide synthase (Nos2), major histocompatibility complex class II (Mhc-II), 

arginase 1 (Arg1), found in inflammatory zone 1 (Fizz1) (A), and CX3C chemokine receptor 1 (Cx3cr1)] (B) was 

determined by qRT-PCR (each sample was evaluated in duplicate). Markers of classically (M1) and alternatively 

activated (M2) microglia are indicated in black and gray, respectively. CX3CR1 protein levels were assessed by 

Western blot analysis (C). Comparisons between LPS-treated N9 cells and nontreated cells (control) were made 

via two-tailed Student’s t-test. Results are mean ± s.e.m. from five (A, C) or six (B) independent experiments. 

Results from Western blot (C) were performed in duplicate. *p < 0.05 and **p < 0.01 versus nontreated cells 

(control, assumed value of 1, dashed line).  

 

Morphological changes and increased cell density have been indicated for microgliosis 

(Streit et al. 1999). Although insufficient to characterize microglial functional behavior, these 

parameters are still useful to illustrate microglia activation. Therefore, we have additionally 

performed a morphological characterization by immunocytochemistry using the microglia 

specific marker Iba1, together with cell area, perimeter, and Feret’s diameter (Kurpius et al. 

2006). As depicted in Figure II.2, our results showed that N9 microglia change from a 

round/oval or ramified morphology to an amoeboid shape, presenting either a complete 

absence of ramifications or the presence of thicker and shorter branches, in about 75% of 

the cells (p < 0.001) incubated with LPS (Figures II.2A, B). We have previously shown that 

reactive isolated primary microglial cultures also show a similar morphology (Caldeira et al. 

2014). Accordingly, area, perimeter, and Feret’s diameter were increased in LPS-treated 

cells (Figures II.2C-E). In order to evaluate cell density, we evaluated the Cd11b expression 

and the number of cells presenting nuclear Ki-67 expression. We observed an increased 

Cd11b expression (Figure II.2F) and a higher number of Ki-67-positive nuclei (Figures II.2G, 

H) in LPS-stimulated cells as compared with control samples. Now, considering the cellular 

viability of N9 microglia after LPS exposure, we found that the number of viable cells was 

decreased (from 84% in control to 67% in LPS-treated N9 cells, p < 0.01, Table II.1), as a 

consequence of the increased number of microglia showing early-apoptotic features. 
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Figure II.2 - M1 polarized N9 microglia display amoeboid morphology, together with increased cell area, 

perimeter, and Feret’s diameter, while showing increased proliferation rate based on the high 

representation of CD11b and Ki-67 positive cells. Morphological analysis and detection of Ki-67 in the nucleus 

were performed by immunocytochemistry using anti-Iba1 and anti-Ki-67, respectively, as indicated in Materials 

and Methods. For morphology, representative results of one experiment are shown (A) and quantified as the 

percentage of cells with different morphologies, namely, round/oval, ramified, and amoeboid (B). Evaluation of cell 

area (C), perimeter (D), and Feret’s diameter (E) was performed using the computer program ImageJ. Cd11b 

expression was assessed by qRT-PCR (F). Representative results of Ki-67 immunostaining are shown (G) and 

expressed as the percentage of Ki-67 positive cells versus total number of cells (H). Results are mean ± s.e.m. 

from four independent experiments, except for Cd11b expression (f), where five experiments were performed. 

Comparison of more than two groups (B) was done by one-way ANOVA followed by multiple comparisons 

Bonferroni post hoc correction. Comparisons between lipopolysaccharide-treated (LPS-treated) N9 cells and 

nontreated cells (control) were made via two-tailed Student’s t-test (F, G) or unpaired t-test with Welch’s 

correction (c, d, e). *p < 0.05, **p < 0.01, and ***p < 0.001 versus nontreated cells (control). Scale bar 

represents 20 μm (and 10 μm in the close-up shown inset in G). 
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Table II.1 - N9 microglia exposed to LPS show increased cell death as indicated by Guava 

Nexin
®
 assay  

Phycoerythrin-conjugated annexin V (V-PE) and 7-aminoactinomycin D (7-AAD) (Guava Nexin
®
 Reagent, #4500-

0450, Millipore) were used to determine the percentage of viable, early-apoptotic and late-apoptotic/necrotic cells 

by flow cytometry. After incubation, cells were trypsinized, added to extracellular media and then stained with 

annexin V-PE and 7-AAD. Samples were analysed on a Guava easyCyte 5HT flow cytometer (Guava Nexin
®
 

Software module, Millipore). Three distinct populations of cells were identified: viable cells (annexin V-PE and 7-

AAD negative), early apoptotic cells (annexin V-PE positive and 7-AAD negative), and late stages of 

apoptosis/necrosis (annexin V-PE and 7-AAD positive). *p < 0.05 versus nontreated cells (Control).  

 

 

3.2. M1 Polarized N9 Microglia Show Reduced Migration Ability Towards 

Chemoattractants but Display Increased Phagocytosis and MFG-E8 Expression 

After confirming the typical features of microglia M1 polarization in N9 cells, we wondered 

whether LPS was able to modify their migration ability. For that, we have performed a 

chemotaxis assay using the Boyden Chamber, and migration of LPS-treated and nontreated 

microglia was tested towards well-known chemoattractants, such as ATP (10 μM) (Davalos 

et al. 2005; Ohsawa and Kohsaka 2011) and LPS (300 ng/mL) (Mashimo et al. 2008). 

Nontreated N9 cells were highly responsive to ATP chemoattraction (~2-fold increase, p < 

0.001) in comparison to those freely migrating to the basal medium and to the LPS-treated 

cells that were revealed to become unresponsive (Figure II.3). To note, however, is that LPS-

treated cells showed the same migration ability as nontreated microglia towards the basal 

medium. LPS revealed a lower chemoattractive capacity when compared to that of ATP (p < 

0.001) and, as observed for ATP, the LPS-treated cells also showed a reduced mobility as 

compared to cells that were not exposed to LPS stimulus.  

 

 

 

 

 

 

 

 

 

 

 

 Viable cells (%) Early apoptosis (%) 
Late apoptosis/Necrosis 

(%) 

Control 84 ± 8.3 10.6 ± 4.2 5.0 ± 3.0 

LPS 66.9 ± 4.5* 23.3 ± 7.6* 10.3 ± 5.0* 
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Figure II.3 - M1 polarized N9 microglia have reduced ability to migrate towards ATP and 

lipopolysaccharide (LPS). Migration was assessed using a Boyden Chamber. Nontreated (control) and LPS-

stimulated microglia were allowed to migrate for 6 h to basal medium (basal migration), ATP at 10 μM and LPS at 

300 ng/mL. Representative results of one experiment are shown (A). The total number of cells per well was 

counted and the results were expressed as fold versus control (basal migration) (B). Results are mean ± s.e.m. 

from four independent experiments. Comparison was done by one-way ANOVA followed by multiple comparisons 

Bonferroni post hoc correction. *p < 0.05 and ***p < 0.001 versus respective control; 
###

p < 0.001 versus basal 

migration in controls; and 
§§§

p < 0.001 versus migration of control cells to ATP. Scale bar represents 100 μm. 

 

When analyzing the phagocytic properties of microglia, essential for clearance of debris 

and elimination of pathogenic organisms (Napoli and Neumann 2009), the treatment with 

LPS reduced the number of cells showing no intracellular beads (p < 0.05), while increasing 

those with more than 6 ingested beads (p < 0.05) (Figures II.4A, B). In addition, we were able 

to observe, for the first time in this model, that 24 h incubation with LPS induces the 

expression and release of MFG-E8 from N9 cells (~1.5- and ~2-fold, respectively, p < 0.01), 

as indicated by Western blot analysis of total extracts and extracellular media (Figures II.4C, 

D). We may then assume that LPS-treated cells intensify their phagocytic ability as a 

defensive mechanism despite their increased immobility. 
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Figure II.4 - M1 polarized N9 microglia show enhanced phagocytic ability and milk fat globule-EGF factor 

8 (MFG-E8) upregulated expression. Representative results of one experiment are shown for the phagocytosis 

of latex beads (A) and results are expressed as the percentage of cells engulfing specific numbers of ingested 

beads versus total number of cells (B). MFG-E8 expression and release were assessed by Western blot analysis 

((C) and (D), resp.). Results are mean ± s.e.m. from five (B) or six (C, D) independent experiments, performed in 

duplicate. Comparison of more than two groups (B) was done by one-way ANOVA followed by multiple 

comparisons Bonferroni post hoc correction. Comparisons between lipopolysaccharide- (LPS-) treated N9 cells 

and nontreated cells (control) were made via two-tailed Student’s t-test (C, D). *p < 0.05 and **p < 0.01 versus 

nontreated cells (control). Scale bar represents 20 μm. 

 

3.3. M1 Polarization of Microglia is Mediated by Activation of the Inflammatory 

TLR2/TLR4/NF-κB/Inflammasome Signaling Cascade and Release of HMGB1 

By investigating the signaling pathway mediated by TLR/NF-κB activation, we found that 

TLR4 was translocated to the membrane of microglial cells incubated with LPS, as 

demonstrated by an increased expression of the glycosylated form (p < 0.01, Figure II.5A). 

We also noticed an increased expression of TLR2 (p < 0.05, Figure II.5B). Consequently, 

NF-κB was translocated into the nucleus, as demonstrated by the ~2-fold increase in protein 

expression in the nuclear fraction (p < 0.05, Figure II.5C) and by the elevated staining of 

LPS-treated N9 microglia nuclei when compared to control samples (Figures II.5D, E). NF-κB 
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transactivation was also demonstrated in reactive microglia primary cultures (Caldeira et al. 

2014) and to be implicated in inflammasome activation (Bauernfeind et al. 2009; Liu et al. 

2014) that is associated with the maturation of the microglial proinflammatory cytokines IL-1β 

and IL-18 by caspase-1 (Lee et al. 2013; Walsh et al. 2014). Hence, the next step was to 

evaluate the cascade of such events in the N9 microglia exposed to LPS. As depicted in 

Figure II.5, LPS significantly enhanced the expression of Nlrp3 inflammasome (Figure II.5F, 

p < 0.001) as well as of Il-1beta (Figure II.5G, p < 0.05) and IL-18 (Figure II.5H, p < 0.05) in 

N9 cells. The activation of inflammasome was also observed by treating N9 cells (Falcão et 

al. 2017), immortalized microglia (Halle et al. 2008), and cultured primary microglia (our 

unpublished data) with amyloid-beta peptide. Moreover, the high caspase-1 activity we 

observed (Figure II.5I, p < 0.01) further indicates an increased capacity to mediate the 

cleavage of IL-1β and IL-18 pro-forms (Lee et al. 2013). 

M1 polarized microglia is also related to the generation of other inflammatory mediators, 

such as ROS and MMPs (Chhor et al. 2013; Durafourt et al. 2012). Actually, we found 

elevated levels of MMP-9 (~3-fold, p < 0.01), but not of MMP-2 (Figures II.6A, B), which may 

derive from the observed NF-κB activation (Figures II.5C, E) demonstrated to be a regulator 

of MMP-9 gene expression, but not of MMP-2 (Fanjul-Fernández et al. 2010). NO is 

considered a signaling molecule and a proinflammatory mediator, as well. Our studies 

showed that the concentration of nitrites, indirectly indicating the level of NO, was likewise 

markedly enhanced in the extracellular medium (Figure II.6C).  

Proinflammatory effects of LPS were shown to be enhanced by the endogenous danger 

signal molecule HMGB1 released by necrotic cells (Gao et al. 2011). The majority of the 

studies have reported HMGB1 effects on macrophages and microglia activation (Kim et al. 

2006; Park et al. 2004), but only a few report its increased expression in activated microglia, 

both in the postischemic brain (Kim et al. 2008) and in the reactive primary microglia cultures 

(Caldeira et al. 2014). In addition, we recently found more than a 2-fold increase in both gene 

and protein expression of HMGB1 in N9 cells treated with 1 μM amyloid-beta peptide (Falcão 

et al. 2017). Therefore, we examined the pattern of cellular and extracellular distribution of 

HMGB1 in our inflammatory N9 cells. Surprisingly, we observed a reduced HMGB1 protein 

expression in cell lysates of microglia activated by LPS and in nuclear extracts (Figures II.6D, 

E). However, once HMGB1 was shown to be massively released into the extracellular 

environment in pathological conditions (Kim et al. 2006), we decided to evaluate its presence 

in cellular supernatants. In accordance with this, HMGB1 was found to accumulate in culture 

medium after incubating N9 microglial cells with LPS for 24 h (~2-fold increase, p < 0.05), as 

depicted in Figure II.6F. These results indicate that HMGB1 is rapidly released into the 

extracellular space after LPS-induced microglial activation. 
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Figure II.5 - M1 polarized N9 microglia evidence activation of TLR4/TLR2/NF-κB signaling pathway and of 

inflammasome complex. Protein expression of glycosylated toll-like receptor 4 (TLR4) (A) and TLR2 (B) was 

evaluated by Western blot analysis. Translocation of nuclear factor kappa B (NF-κB) to the nucleus is represented 

by considering the Western blot analysis of nuclear expression (C). To observe NF-κB cellular localization, 

immunocytochemistry against anti-NF-κB was performed as indicated in Materials and Methods and 

representative results are shown (D) and presented as the percentage of cells with nuclear staining versus total 

number of cells (E). NOD-like receptor family, pyrin domain containing 3 (Nlrp3), interleukin- (IL-) 1beta, and IL-18 

expression were measured by qRT-PCR ((F), (G), and (H), resp.). Detection of caspase-1 activation was 

achieved by a colorimetric assay, as described in Materials and Methods (I). Results are mean ± s.e.m. from six 

(A, C), five (F, G, H), four (B), or three (E, I) independent experiments; (C) and (I) were performed in duplicate. 

Comparisons between lipopolysaccharide- (LPS-) treated N9 cells and nontreated cells (control) were made via 

two-tailed Student’s t-test for all the parameters, except for (C, E), where unpaired t-test with Welch’s correction 

was applied. *p < 0.05, **p < 0.01, and ***p < 0.001 versus nontreated cells (control). Scale bar represents 20 

μm. 
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Figure II.6 - M1 polarized N9 microglia have low intracellular content of HMGB1 and increased secretion of 
MMP-9, NO, and HMGB1 to the cell milieu. Extracellular medium was assessed for matrix metalloproteinase-9 

(MMP-9) (A) and MMP-2 (B) activities by the gelatin zymography assay and results were expressed as fold 
versus nontreated cells (control). Nitrites that reflect nitric oxide (NO) production were assessed by the Griess 
reaction followed by Microplate Reader for Absorbance Assays (C). High mobility group box 1 (HMGB1) 
expression was determined in total extracts (D), nuclear fraction (E), and extracellular media (F) by Western blot 
analysis. Results are mean ± s.e.m. from six (A, B, D, E) or four (C, F) independent experiments. Nitrites 
measurement (C) was performed in duplicate. Comparisons between lipopolysaccharide- (LPS-) treated N9 cells 
and nontreated cells (control) were made via two-tailed Student’s t-test (E) or unpaired t-test with Welch’s 

correction (A, C, D, F). *p < 0.05 and **p < 0.01 versus nontreated cells (control). 

 

3.4. Differential Expression of Inflamma-miRs in M1 Polarized N9 Microglia by LPS Is 

Recapitulated in Cell-Derived Exosomes 

To identify miRNA subtypes subsequent to N9 cell polarization by LPS we evaluated the 

expression of specific inflammatory miRNAs associated with microglia activation, namely, 

mmu-miR-155-5p (miR-155), related to M1 phenotype, hsa-miR-146a-5p (miR-146a) linked 

to repair, and resolution and hsa-miR-124-3p (miR-124), expressed in surveillant and anti-

inflammatory microglia. Such inflamma-miRs were previously identified in reactive cultured 

microglia (Caldeira et al. 2014) and both miR-155 and miR-146a found to be elevated in N9 

cells upon treatment with amyloid-beta peptide (Falcão et al. 2017). 
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As displayed in Figure II.7, microglia stimulation with LPS induced an elevated expression 

of miR-155 (~6-fold, p < 0.01) and of miR-146a (2-fold, p < 0.05), while promoting the 

downregulation of miR-124 expression (0.4-fold, p < 0.05). These data support the 

acquisition of a M1 phenotype in microglia activated by LPS with the loss of their 

neuroprotective properties and sustained upregulation of proinflammatory features by the 

miR-155 regulation networks. Intriguingly, the overexpression of miR-146a may constitute a 

mechanism of regulating the inflammatory response (Wu et al. 2015a), exemplifying the 

complexity of the M1/M2/M0 landscape. In addition, we found that N9 cells were able to 

release exosomes of approximately 160 nm diameter, as determined by DLS analysis 

(Figure II.7B). We observed that these extracellular vesicles carried the same miRNAs of the 

M1 polarized cell, demonstrating that such exosomes recapitulate the miRNA cargo of the 

cell of origin. Moreover, since miR-124 was only detectable in nonstimulated N9 cells 

(control), we may hypothesize that miR-155 and miR-146a are the most implicated in 

promoting the phenotypic conversion of adjacent cells. 

 

 

Figure II.7 - M1 polarized N9 microglia display upregulated levels of miR-155 and miR-146a, as well as 

downregulated miR-124, which are recapitulated in cell-derived exosomes. N9 cells were collected after 

incubation with lipopolysaccharide (LPS) and miR-155, miR-146a, and miR-124 expression were evaluated by 

qRT-PCR, both in cells (A) and in exosomes (C). Results are mean ± s.e.m. from five independent experiments. 

Comparisons between LPS-treated N9 cells and nontreated cells (control) were made via two-tailed Student’s t-

test. *p < 0.05 and **p < 0.01 versus nontreated cells (control). Vesicles isolated from the extracellular media of 

N9 cells were characterized in terms of their size by dynamic light scattering (B). 

 

4. Discussion 

In this study, we have profiled N9 microglia activation upon LPS stimulation at cellular, 

functional, and molecular levels, by considering either gene or protein expression of 

inflammatory/anti-inflammatory associated markers. In addition, we not only characterized 

the different faces of microglial response associated with the M1 polarization but also 

explored the involvement of new inflammatory players. Data support LPS-induced microglia 

M1 phenotype with the activation of the inflammatory cascade mediated by TLR/NF-κB 

signaling pathway in N9 cells. More interestingly, we provide new evidence indicating 
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decreased migration ability but increased phagocytosis with the involvement of MFG-E8 

production and release. In addition, our study is innovative in evidencing that LPS triggers 

the upregulation of the NLRP3 inflammasome complex in N9 cells and leads HMGB1 release 

to the extracellular medium together with that of MMP-9. For the first time we obtained 

upregulation of miR-155 and miR-146, along with a reduced expression of miR-124 in the N9 

cells treated with LPS, as previously observed in macrophages/microglia M1 polarized cells 

(Ponomarev et al. 2013), and we showed that a similar representative profile occurs in 

exosomes isolated from LPS-treated N9 cells supernatants. 

N9 cell line has been widely used in the evaluation of microglial functions in different 

conditions, as an alternative to primary cell cultures, due to increased yield and homogeneity 

of cells in culture. More importantly, no differences were found between N9 cells and 

microglia primary cultures relative to the activation of inflammatory mediators by LPS 

(Nikodemova and Watters 2011). Previous separated studies evidenced an assembly of 

effects induced by LPS that included NF-κB activation (Zhao et al. 2011), amoeboid 

morphology with process retraction (Lu et al. 2010; Zhang et al. 2012a), release of 

proinflammatory mediators (McKimmie et al. 2006; Zhang et al. 2012a), low migratory 

capacity (Cui et al. 2002), and increased phagocytic ability (Bruce-Keller et al. 2000). 

Nevertheless, there is still limited information concerning the activation pattern of these cells 

and the combined events implicated in the phenotypic transition towards M1 polarization, 

which are mandatory when intrinsic characteristics of microglia are to be explored and 

therapeutic agents to be tested. Moreover, no inflammasome activated complex was ever 

described, nor were inflamma-miR profiling and exosome cargo identified. In addition, only 

our data report the increased expression of HMGB1 in amyloid-beta peptide-treated N9 cells 

(Falcão et al. 2017), as well as its nucleocytoplasmic shuttling and further release in LPS-

treated cells, as we describe in this study. We first settled that our N9 microglia 

predominantly switched to the M1 subtype in the presence of LPS, as described for 

macrophages and microglia primary cultures (Chhor et al. 2013; Durafourt et al. 2012). Using 

established markers that allow the differentiation between M1 and M2 activated cells [for 

review see (Fernandes et al. 2014)], we observed that the M1-markers Nos2 and Mhc-II 

were upregulated while the M2-markers Arg1 and Fizz1 were downregulated after LPS 

exposure. In conformity, we also observed downregulation of CX3CR1, a condition identified 

in M1 monocyte-macrophages (Shechter et al. 2013) and in primary microglia exposed to 

LPS (Boddeke et al. 1999). Moreover, low CX3CR1 is associated with marked neuronal loss 

after systemic inflammation (Cardona et al. 2006b) and facilitates sepsis-induced 

immunosuppression resulting from monocyte inability to recognize CX3CL1 and kill 

pathogenic microorganisms (Pachot et al. 2008). Therefore, the decrease of CX3CR1 in our 

model may relate to the persistent microglia activation. 
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The increased number of amoeboid N9 microglia and the reduction of ramified cells are 

features of microglia activation and were observed after treatment with LPS (Lu et al. 2010; 

Zhang et al. 2012a). Increased proliferation rate of microglia by LPS, as we obtained in N9 

cells based on the nuclear appearance of the Ki-67 marker and upregulation of Cd11b 

expression, was previously noticed in BV2-stimulated microglia (Jose et al. 2014). 

Nevertheless, in vivo data do not sustain the presence of proliferating microglia during 

systemic inflammation (Chen et al. 2012), though it was evidenced during ischemia (Li et al. 

2013). 

The ability of microglia to sense distant signals and be attracted to them, a function 

designated by chemotaxis, is orchestrated by multiple chemotactic compounds released at 

the site of damage, either by injured cells or by pathogenic organisms. As claimed by others 

(Davalos et al. 2005), ATP showed to be a chemotactic agent and promoted the migration of 

N9 microglia, a property that was however reduced after LPS treatment, probably as a 

consequence of the diminished processes that compromise the migratory capacity towards a 

chemoattractant signal (Ohsawa and Kohsaka 2011). Indeed, cell migration to lesion sites is 

faster than morphological changes associated with microglia activation, in which purines 

such as ATP can no longer attract and may even repel them (Orr et al. 2009). Such 

alterations may relate to changing of surface markers such as P2Y12 upon LPS exposure 

(Haynes et al. 2006). In fact, P2Y receptors were previously associated with microglia 

chemotactic function to ATP (Honda et al. 2001). Reduced ability to migrate towards LPS 

was also a feature of our M1 polarized N9 cells, although there is some controversy on the 

ability of LPS to induce or inhibit migration (Lively and Schlichter 2013; Mashimo et al. 2008; 

Scheiblich et al. 2014), since it may depend on LPS concentration and on mediators 

released by the activated microglia near the site of injury (Babcock et al. 2003). 

Phagocytosis is another microglial function that is extremely important to their 

neuroprotective properties, required not only for synaptic plasticity but also for clearance of 

cellular debris and elimination of pathogenic organisms (Napoli and Neumann 2009). Our 

results indicate that LPS increases N9 microglia phagocytosis, as previously described for 

LPS-treated BV2 cells, as well as primary cultures of microglia and macrophages (Majerova 

et al. 2014). In vivo studies showed that LPS administration increases microglia phagocytosis 

of viable neurons during development, inflammation, and neuropathology, a property 

denominated as phagoptosis (Fricker et al. 2012). A new finding was the increased 

expression of the phagocytosis-associated protein MFG-E8, together with its release, when 

the N9 cells were treated with LPS. There are still controversial data concerning the 

protective/noxious role of MFG-E8. On one hand, MFG-E8 has been associated with 

microglia anti-inflammatory properties, as demonstrated by Spittau et al. (2014), when the 

cells were stimulated by TGF-β, in the MGF-E8−/− mice showing an increased 
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proinflammatory response (Hanayama et al. 2002), as well as in the septic mouse presenting 

downregulation of MFG-E8 levels (Komura et al. 2009). On the other hand, Liu and 

colleagues (2013b) have demonstrated that MFG-E8 overexpression occurred concomitantly 

with TNF-α and IL-1β upregulation. Thus, given the increased expression of intracellular and 

released MFG-E8 found in our model, we hypothesize that MFG-E8 upregulation is typical of 

M1 polarized microglia.  

Considering the inflammatory signaling cascades, the activation of TLR4/2-NF-κB 

pathway is consistent with the proinflammatory response triggered by LPS (Zhang et al. 

2012a; Zhao et al. 2011). The role of inflammasome is poorly understood in microglia 

activation pattern. Our data show for the first time that expression of NLRP3, IL-1β, and IL-18 

mRNA increases by LPS exposure and may relate to the activation of caspase-1. 

Bauernfeind and colleagues (2009) proposed that NF-κB induces mRNA expression of 

NLRP3, which is further required for the formation of inflammasome complexes. Others have 

reported the activation of NLRP3 complexes and recruitment of caspase-1, together with IL-

18/IL-1β release, in primary microglia (Hanamsagar et al. 2011) and in macrophages (Lee et 

al. 2013) stimulated by infection-associated agents. Our results are also consistent with 

works in the BV-2 cell line and in rat primary microglia reporting that microglia exposed to 

LPS show increased generation of redox molecules (NO) and iNOS activation (Zhang et al. 

2012a; Zhao et al. 2011), as well as enhanced MMP-9 expression (Lively and Schlichter 

2013) and activity (Lee and Kim 2011). Most interesting, TLR2-dependent NO expression 

was shown to be necessary for microglial MMP-9 expression (Bai et al. 2014). Although it 

has been shown that MMP-2 may be also involved in glial cell activation (Cho et al. 2006) 

and our recent studies indicate increased release of MMP-2 into the extracellular media in 

microglia treated with amyloid-beta peptide (unpublished results), we did not observe any 

variation between LPS-stimulated and nonstimulated cells (control) in terms ofMMP-2 

release. This difference between the results found for MMP-9 and MMP-2 may be explained 

by the existence of specific binding sites for NF-κB in MMP-9, which are lacking in MMP-2 

promoter region, as reported by Fanjul-Fernández et al. (2010). 

We next explored the expression of the alarmin HMGB1 in the context of inflammation in 

our culture model, since it has been described to be a signal released to the extracellular 

environment that leads to inflammatory mechanisms through the activation of RAGE and 

TLR2/TLR4 receptors (Park et al. 2004).  We are the first to report that the decrease in its 

nuclear and cytoplasmic content in N9 microglia after the LPS stimulus is most likely due to 

its substantial release to the cell supernatants. Actually, HMGB1 is released from the cells 

after translocation from the nucleus to the cytoplasm (Wu et al. 2012b), indicating that 

secretion of HMGB1 may be associated with inflammasome complex activation (Lu et al. 

2013). 
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The influence of miRNA in microglia-mediated immune response was recently reviewed 

(Guedes et al. 2013) and abnormal expression of inflamma-miRs showed them to contribute 

to chronic proinflammatory status and to be a significant mortality risk factor (Cãtaña et al. 

2015). MiRNAs are small noncoding RNA molecules that are 18–25 nucleotides in length 

involved in the regulation of gene expression. Main inflammatory miRNAs are miR-155, miR-

21, miR146a/b, and miR-124 (Quinn and O'Neill 2011). We found upregulation of miR-155 

and miR-146, together with a reduced expression of miR-124, in N9 microglia upon LPS 

exposure. This pattern corroborates the increased representation of polarized M1 microglial 

N9 by LPS over the M2 polarization, as described by several authors (Cardoso et al. 2012; 

Ponomarev et al. 2013). Freilich and colleagues (2013) found a similar expression profile in 

primary cultured microglia upon a short-time incubation with LPS (4 h). Targets of miR-155 

are the suppressor of cytokine signaling 1 (SOCS1), CCAAT/enhancer-binding protein alpha 

(C/EBPα), and Smad2 (Cardoso et al. 2012; Ponomarev et al. 2013) which are important 

players in anti-inflammatory response. As such, increased expression of miR-155 potentiates 

inflammation and sustains microglia activation and resulting neurotoxicity. We have also 

demonstrated here that incubation with LPS promotes upregulation of miR-146a in N9 

microglia. It is possible that such effect results from the TLR2/TLR4 activation, as described 

for BV-2 and EOC 13.31 cell lines (Saba et al. 2012). Others indicate that miR-146a 

regulates NF-κB signaling pathway by directly targeting IRAK1 and tumor-necrosis-factor-

receptor-associated factor 6 (TRAF6), proteins involved in the transduction pathway of NF-

κB transactivation by immune stimulation (Taganov et al. 2006). However, in our model, the 

upregulation of miR-146a at 24 h incubation with LPS was not able to suppress inflammatory 

response. This inability was similarly observed when 72 h treatment was assayed (data not 

shown). Interestingly increased expression of miR-146a may be related to LPS tolerance, 

previously observed in monocytes and suggested to act as a tuning mechanism to prevent 

an overstimulated inflammatory state (Nahid et al. 2009). In what concerns miR-124, known 

to promote microglia quiescence (Ponomarev et al. 2011), it was revealed to switch cell 

polarization from M1 to the M2 phenotype (Willemen et al. 2012) in various subsets of 

monocyte cells and microglia (Veremeyko et al. 2013). This finding indicates that the 

decreased expression of miR-124 that we found in our model is consistent with the 

phenotype M1 preponderance. Our data also indicate that the expression profile of inflamma-

miRs in exosomes recapitulates the one found in the cells, which suggests that M1 polarized 

microglia is able to directly transport miRNAs to an adjacent cell and modulate its phenotype, 

besides the release of soluble inflammatory signals. As a consequence, the proinflammatory 

environment observed in many neurotoxic situations may be sustained through the transfer 

of the microglia phenotype associated miRNAs from cells into exosomes. 
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5. Conclusions 

Overall, the present data integrate an ensemble of signaling cascades related to the M1 

path activation of N9 microglial cells, together with innovative data pointing to inflammasome 

complex activation, downregulation of the neuronal fractalkine receptor CX3CR1, and 

reduction of miR-124 upon incubation with LPS. New findings also include the LPS-induced 

increase in the expression of MFG-E8, miR-155, and miR-146a, together with raised 

secretion of HMGB1 and MMP-9, as schematically represented in Figure II.8. Our study 

firstly identified that the delivery of miR-155 from microglia to adjacent cells may be mediated 

by exosomes, as previously observed for dendritic cells in response to endotoxin (Alexander 

et al. 2015). Our model of LPS-induced M1 polarization of N9 cells, by exploring new 

molecules and pathways implicated in such activation, enhanced our understanding on the 

neurodegenerative processes associated with microglia inflammation, while identifying 

promising biomarkers to be used in neurological disorders, in particular exosomes and their 

cargo in miR-155. Finally, our study further suggests that targeting NLRP3 inflammasome, 

HMGB1 signaling, and miR-155 transfer to exosomes may be suitable therapeutic approach 

to restrain neuroinflammation in disorders whereby microglia activation has a critical role. 
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Figure II.8 - Schematic representation of inflammatory players implicated in lipopolysaccharide- (LPS-) 

induced M1 polarization of N9 microglial cells and of exosome upregulated microRNAs. (A) We first studied 

functions and pathways commonly described for microglia classical activation. We observed that LPS causes a 

moderate degree of apoptosis in the N9 cells and a switch from the ramified to an amoeboid cell shape. LPS-

stimulated cells lose the ability to migrate towards ATP but show increased phagocytic ability, as revealed by the 

elevated number of latex beads ingested. LPS also triggers microglia proliferation as indicated by the increased 

number of Cd11b positive cells and Ki-67 stained nuclei. Inflammatory events are mediated through the signaling 

pathway involving the toll-like receptor 4 (TLR4)/TLR2 and nuclear factor kappa B (NF-κB) in LPS-treated N9 

microglia and implicate the upregulation of microRNA-155 (miR-155) and miR-146a as well as the release of nitric 

oxide (NO) and matrix metalloproteinase-9 (MMP-9) to the extracellular milieu. (B) Our study provided new 

evidence that N9 cells treated with LPS have increased expression of inflammasome complex comprehending the 

upregulation of interleukin- (IL-)1beta, IL-18, and NOD-like receptor family pyrin domain containing 3 (Nlrp3), 

together with enhanced caspase-1 activation. Increased expression of Nos2 and major histocompatibility complex 

class II (Mhc-II) (markers of M1 polarization or classically activated microglia), in conjunction with decreased 

expression of arginase 1 (Arg1), found in inflammatory zone 1 (Fizz1), miR-124 (markers of M2 polarization or 

alternatively activated microglia), and reduced CX3C chemokine receptor 1 (CX3CR1) expression corroborate the 

acquisition of a prevalent M1 phenotype in microglial cells exposed to LPS. (C) Finally, we described for the first 

time that increased MFG-E8 expression and release are induced in M1 polarized microglia and that miRs 

expression profile is recapitulated in cell-derived exosomes, further supporting M1 polarization in LPS-treated N9 

cells and dissemination of inflammatory mediators by extracellular vesicles. 
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6. Supplementary Material 

 

 
Supplementary Figure II.1 - N9 microglial cells show lower number and length of ramifications than 

primary cultured microglia from mice cortical brain and a combination of distinct morphologies. 

Morphological analysis was performed by immunocytochemistry using anti-Iba1, as indicated in methods. Nuclei 

were stained with Hoechst (blue fluorescence). Primary cultures of microglia isolated from mice cortical brain 

were stained with Iba-1 and used for comparative purpose (A). Different morphologies observed in N9 cells 

included round/oval (B), ramified with two (C) or three (D) ramifications, amoeboid with thicker branches (D) and 

amoeboid with absent ramifications (E). Representative results of one experiment are shown and scale bar 

represents 20 μm. 
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Supplementary Table II.1 - List of primers used in qRT-PCR 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Supplementary Table II.2 - List of primary antibodies used in Western Blot 

 

 

Gene Forward Primer Sequence Reverse Primer Sequence 

beta-actin  5’-GTCCCGGCATGTGCAA-3’  5’-AGGATCTTCATGAGGTAGT-3’  

Nos2 5’-ACCCACATCTGGCAGAATGAG-3’  5’-AGCCATGACCTTTCGCATTAG-3’  

Mhc-II 5’-TGGGCACCATCTTCATCATTC-3’  5’- GGTCACCCAGCACACCACTT-3’  

Arg1  5’-CTTGGCTTGCTTCGGAACTC-3’  5’-GGAGAAGGCGTTTGCTTAGTTC-3’  

Fizz1  5’-GCCAGGTCCTGGAACCTTTC-3’  5’-GGAGCAGGGAGATGCAGATGAG-3’  

Cx3cr1 5’-TCGTCTTCACGTTCGGTCTG-3’  5’-CTCAAGGCCAGGTTCAGGAG-3’  

Cd11b  5’-CAGATCAACAATGTGACCGTATGGG-3’  5’-CATCATGTCCTTGTACTGCCGCTTG-3’  

Nlrp3 5’-TGCTCTTCACTGCTATCAAGCCCT-3’  5’-ACAAGCCTTTGCTCCAGACCCTAT3’  

Il-1beta 5’-CAGGCTCCGAGATGAACAAC-3’  5’-GGTGGAGAGCTTTCAGCTCATA-3’  

Il-18 5’-TGGTTCCATGCTTTCTGGACTCCT-3’  5’-TTCCTGGGCCAAGAGGAAGTG-3’  

miRNA Target Sequence  

mmu-miR-155-5p 5’-UUAAUGCUAAUUGUGAUAGGGGU-3’  

hsa-miR-146a-5p 5’-UGAGAACUGAAUUCCAUGGGUU-3’  

hsa-miR-124-3p 5’-UAAGGCACGCGGUGAAUGCC-3’  

Primary 
antibody 

Species Reference Dilution 

β-actin mouse A5441, Sigma-Aldrich, St. Louis, MO, USA 1:5000 

CX3CR1 rabbit sc-30030, Santa Cruz Biotechnology
®
, CA, USA 1:100 

MFG-E8 rabbit sc-33546, Santa Cruz Biotechnology
®
, CA, USA 1:175 

TLR4 mouse sc-10741, Santa Cruz Biotechnology
®
, CA, USA 1:100 

TLR2 rabbit sc-10739, Santa Cruz Biotechnology
®
, CA, USA 1:100 

NF-κB rabbit sc-372, Santa Cruz Biotechnology
®
, CA, USA 

1:500 (or 1:200 for 
nuclear extracts) 

HMGB1 mouse 651402, BioLegend,San Diego, CA, USA 1:200 
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Abstract 

Amyotrophic lateral sclerosis (ALS) is a fatal adult-onset neurodegenerative disorder 

affecting motor neurons (MNs). Evidences indicate that ALS is a non-cell autonomous 

disease in which glial cells participate in both disease onset and progression. Exosomal 

transfer of mutant copper-zinc superoxide dismutase 1 (mSOD1) from cell-to-cell was 

suggested to contribute to disease dissemination. Data from our group and others showed 

that exosomes from activated cells contain inflammatory-related MicroRNAs (inflamma-

miRNAs) that recapitulate the donor cell. While glia-derived exosomes and their effects in 

neurons have been addressed by several studies, only a few investigated the influence of 

motor neuron (MN)-derived exosomes in other cell function, the aim of the present study. We 

assessed a set of inflamma-miRs in NSC-34 MN-like cells transfected with mutant 

SOD1(G93A) and extended the study into their derived exosomes (mSOD1 exosomes). 

Then, the effects produced by mSOD1 exosomes in the activation and polarization of the 

recipient N9 microglial cells were investigated. Exosomes in coculture with N9 microglia and 

NSC-34 cells [either transfected with either wild-type (wt) human SOD1 or mutant 

SOD1(G93A)] showed to be transferred into N9 cells. Increased miR-124 expression was 

found in mSOD1 NSC-34 cells and in their derived exosomes. Incubation of mSOD1 

exosomes with N9 cells determined a sustained 50% reduction in the cell phagocytic ability. 

It also caused a persistent NF-κB activation and an acute generation of NO, MMP-2, and 

MMP-9 activation, as well as upregulation of IL-1β, TNF-α, MHC-II, and iNOS gene 

expression, suggestive of induced M1 polarization. Marked elevation of IL-10, Arginase 1, 

TREM2, RAGE, and TLR4 mRNA levels, together with increased miR-124, miR-146a, and 

miR-155, at 24h incubation, suggest the switch to mixed M1 and M2 subpopulations in the 

exosome-treated N9 microglial cells. Exosomes from mSOD1 NSC-34 MNs also enhanced 

the number of senescent-like positive N9 cells. Data suggest that miR-124 is translocated 

from the mSOD1 MNs to exosomes, which determine early and late phenotypic alterations in 

the recipient N9-microglial cells. In conclusion, modulation of the inflammatory-associated 

miR-124, in mSOD1 NSC-34 MNs, with potential benefits in the cargo of their exosomes may 

reveal a promising therapeutic strategy in halting microglia activation and associated effects 

in MN degeneration. 

 

 

Keywords: amyotrophic lateral sclerosis, microglia polarization, microglia surface receptors, 

inflamma-microRNA, motor neurons (MNs), MN-derived exosomes, mutant SOD1 
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1. Introduction 

Since the beginning of the last decade, exosomes, and their role in the central nervous 

system (CNS), namely in the pathophysiology of neurodegenerative diseases such as 

amyotrophic lateral sclerosis (ALS), have been of increased interest in the science 

community. Indeed, autophagy and release of extracellular vesicles (such as exosomes and 

microvesicles) have been pointed to be involved in the secretion of harmful/damaged 

proteins and RNAs to alleviate intracellular stress conditions and sustaining cell homeostasis 

(Baixauli et al. 2014). Once exosomes represent a new way of long distance transfer of 

biological molecules into other cells, they are believed to be key players in disease 

dissemination, as well as a powerful tool for delivering medicines (Aryani and Denecke 2016; 

Budnik et al. 2016). Exosomes and microvesicles or ectosomes, originated from endosomal, 

and plasma membrane, respectively, contain proteins, lipids, soluble factors, mRNAs and 

microRNAs (miRNAs) (Brites and Fernandes 2016).  

In familial ALS (fALS), transfer of misfolded and mutant copper-zinc superoxide dismutase 

1 (mSOD1) from cell-to-cell was evidenced to be mediated by exosomes (Silverman et al. 

2016). Among the several potential pathogenic genes in fALS and sporadic cases (sALS), 

the most frequent are C9orf72 (40% of fALS and 5-6% of sALS cases) and SOD1 (20% of 

fALS and 3% of sALS cases) (Krüger et al. 2016). This fatal and progressive 

neurodegenerative disease affects motor neurons (MNs) in the spinal cord and motor cortex. 

However, neuroinflammation and peripheral immune system activation were shown to 

accompany ALS neurodegeneration (Zondler et al. 2017). The underlying mechanisms are 

still unknown, but seem to involve multiple neural cell dysfunctional processes and complex 

multisystem deregulation, what turns difficult the identification of specific targets and the 

development of successful therapies. Lately, the interplay between MNs and glial cells 

mediated by exosomes was suggested to be crucial in the disease outcome and progression. 

Actually, it was shown that astrocyte-derived exosomes may transfer mSOD1 to MNs 

contributing to neurodegeneration and disease spread (Basso et al. 2013). More recently, it 

was demonstrated that both mSOD1 and misfolded wild-type (wt) SOD1 from NSC-34 MN-

like cells are transferred on the surface of exosomes and delivered to neighboring MN cells 

by macropinocytosis (Grad et al. 2014b).  

While glia-derived extracellular vesicles and their load effects in neurons have been 

recently evaluated as a novel form of communication in the brain (Basso and Bonetto 2016; 

Schiera et al. 2015), only a few studies have investigated the influence of MN-derived 

exosomes in other cell function. Such studies have demonstrated how exosomes shuttle 

proteins from neurons to muscle cells. Indeed, the transfer of Synaptotagmin 4 (Syt4), a 

membrane trafficking protein implicated in the retrograde signal, from presynaptic 
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compartments to postsynaptic muscle cells, was evidenced to be mediated by exosomes 

(Korkut et al. 2013). Other studies showed that extracellular vesicles from muscle have 

significant effects on the survival and neurite outgrowth of NSC-34 MN-like cells (Madison et 

al. 2014). In addition, exosome transfer of amyloid-β (Aβ) peptide from neurons to microglia 

revealed to be facilitated by phosphatidylserine recognition and to be followed by 

transportation to lysosomes and degradation, thus decreasing the extracellular levels of Aβ 

(Yuyama et al. 2012). Macropinocytosis may also be involved in the internalization of 

exosomes by a subset of microglia, as recently observed for exosomes secreted by 

oligodendrocytes, in an immunologically “silent” manner (Fitzner et al. 2011). Microglia was 

reported to have reduced neuroprotective properties and increased neurotoxic potential in 

ALS, and diverse microglia subpopulations were shown to coexist (Brites and Vaz 2014; 

Gerber et al. 2012). It was considered that microglia display the M2 anti-inflammatory 

phenotype at the early stages of the disease, switching to the M1 classically activated 

subtype as the disease progresses (Zhao et al. 2013). It was also suggested that microglia 

acquire a unique phenotype in ALS, not directly related with M1 or M2 polarization, and show 

an impaired function at the end-stage of ALS disease (Chiu et al. 2013; Nikodemova et al. 

2014). Understanding the underlying conditions triggering different microglia phenotype 

profiling may help in the development of novel therapeutic strategies directed to specific ALS 

disease stages. Emerging data indicate that activation of microglia into the M1 subtype is 

associated with the increased expression of inflammation-related miRNAs (inflamma-miRs), 

secretion of proinflammatory cytokines and alarmins, such as the high mobility group box 

protein 1 (HMGB1), and release of exosomes (Brites and Fernandes 2016; Cunha et al. 

2016; Falcão et al. 2017). Several microglial receptors have been implicated in the 

generation of an inflammatory response, like the Receptor for Advanced Glycation 

Endproducts (RAGE) by binding HMGB1 or the toll-like receptor-4 (TLR4) by binding 

lipopolysaccharide (LPS) and Aβ peptide. Others, in promoting phagocytosis and inhibiting 

the production of inflammatory mediators, such as the triggering receptor expressed by 

myeloid cells 2 (TREM2) (Doens and Fernandez 2014). Such receptors were shown to play 

important roles in microglial activation status. 

Recent evidences showed that endogenous miR-155 and miR-146a, two critical miRNAs 

in regulating inflammation, are present in exosomes and pass between immune cells, such 

as dendritic cells, intervening in the cellular inflammatory response (Alexander et al. 2015). 

MiRNAs are a subset of non-coding RNAs that may inhibit mRNA translation, cause mRNA 

degradation or even switch from repression to activation depending on cell cycle stages (Kye 

and Goncalves Ido 2014; Li et al. 2015). Presynaptic alterations were shown to correlate with 

increased miR-124 and miR-142, which regulate Rab3a expression in motor nerves 

providing the basis for impaired synaptic function in neuromuscular disorders (Zhu et al. 
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2013). Dysregulation of miRNA expression and function in ALS also include elevation of miR-

155 in either the rodent ALS model or in the spinal cord tissue of both fALS and sALS 

patients (Koval et al. 2013). In this study it was demonstrated that inhibition of miR-155 

extended the survival of animals. Consistent with these results, ablation of miR-155 in the 

SOD1 mouse recovered microglia function and attenuated the disease (Butovsky et al. 

2015). In this context, the anti-miR-155 MRG-107 compound is being developed with the 

proposal of reducing neuroinflammation in ALS patients 

(http://www.alsa.org/news/media/press-releases/miragen-therapeutics-060216.html).  

Despite the current knowledge on the role of exosomes from NSC-34 MNs 

overexpressing human SOD1 mutated in G93A in cell-to-cell transfer of mSOD1 toxicity, it 

was never investigated how the uptake of such exosomes by receptor cells, such as 

microglia, may contribute to their activation and/or loss of function. In this study we 

hypothesized that exosomes can transfer specific inflammatory-related miRNAs as signaling 

cues for N9-microglia stimulation. Here we evaluated: (i) a specific set of inflamma-miRs in 

mSOD1 NSC-34 like MNs (mutated in G93A) and in their derived exosomes; (ii) the 

preferential cell distribution of mSOD1 MN-derived labeled exosomes in a coculture system 

of NSC-34 MNs and N9 microglial cells; and (iii) alterations in microglia polarization and 

function by interaction with mSOD1 MN-derived exosomes. Increased content in miR-124 

was found in mSOD1 NSC-34 MN-derived exosomes. In the coculture system of MNs and 

N9 microglial cells, exosomes were preferentially internalized by N9 cells. The results 

obtained demonstrate that exosomes from mSOD1 MNs induce early activation of 

inflammatory signaling pathways and delayed increased expression of miR-124, miR-146a, 

and miR-155, together with mixed M1 and M2 phenotypic markers. In addition, exosomes 

caused microglia dysfunction evidenced by the loss of phagocytic ability and increased 

number of senescent-like cells. Data highlight that increased level of miR-124 in circulating 

exosomes may reveal a good biomarker of MN degeneration in ALS and that its modulation 

may have benefits in halting exosomal-inflamma-miRs dissemination and induced effects on 

microglia activation and dysfunction. 

 

2. Material and Methods 

2.1. NSC-34 Cell Culture 

We used mouse MN-like NSC-34 cells stably expressing wt and mSOD1, which were a 

kind gift from Júlia Costa (ITQB, Universidade Nova de Lisboa, Portugal). Mouse NSC-34 is 

a hybrid cell line produced by the fusion of MNs from the spinal cord embryos with N18TG2 

neuroblastoma cells (Cashman et al. 1992) that exhibit properties of MNs after differentiation 

and maturation protocols. Thus, NSC-34 cells were grown in proliferation media [Dulbecco’s 

http://www.alsa.org/news/media/press-releases/miragen-therapeutics-060216.html
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modified Eagle’s medium (DMEM) high glucose with glutamine, w/o pyruvate, supplemented 

with 10% of fetal bovine serum (FBS) and 1% of Penicillin/Streptomycin] and selection was 

made with Geneticin 418 sulfate (G418) at 0.5 mg/ml (Vaz et al. 2015). Medium was 

changed every 2-3 days. Culture plates were coated with Poly-D-Lysine (10 μg/ml) before 

plating the cells. Cells were seeded at a concentration of 5 × 104 cells/ml and maintained at 

37ºC in a humidified atmosphere of 5% CO2. After 48 h in proliferation medium, 

differentiation was induced by changing medium for DMEM-F12 plus 1% of FBS-exosome 

depleted, 1% of non-essential amino acids (NEAA), 1% of Penicillin/Streptomycin and 0.5 

mg/ml of G418, as indicated by Cho et al. (2011). Cells were maintained in culture with 

differentiation medium for 4 days in vitro (DIV) to induce SOD1 accumulation (Vaz et al. 

2015). DMEM, DMEM-F12, FBS, Penicillin/Streptomycin, and NEAA were purchased from 

Biochrom AG (Berlin, Germany). G418 was obtained from Gibco/Calbiochem (Darmstadt, 

Germany), and Poly-ᴅ-Lysine and RPMI were from Sigma-Aldrich (St. Louis, MO, USA). 

 

2.2. Exosome Isolation and Characterization 

Exosomes were isolated from the extracellular media of wt and mSOD1 NSC-34 cells, as 

currently in use in our lab (Cunha et al. 2016). Briefly, the culture media (20 ml) of the NSC-

34 cells differentiated for 4 DIVs was centrifuged at 1,000 g for 10 min to remove cell debris. 

Then, the supernatant was transferred to another tube and centrifuged again at 16,000 g for 

60 min, to separate microvesicles (size ~1,000 nm). The recovered supernatant was 

subsequently filtered in a 0.22 μm pore filter, and further centrifuged in the Ultra L-XP100 

centrifuge (Beckman Coulter Inc., California, USA) at 100,000 g for 120 min to pellet 

exosomes (size ~100 nm). The pellet of exosomes was then resuspended in phosphate-

buffered saline (PBS) and centrifuged one last time at 100,000 g for 120 min, in order to 

wash the pellet. All centrifugations were performed at 4ºC. Characterization of exosomes in 

terms of size and concentration was performed by Nanoparticle tracking analysis (NTA) 

using the Nanosight, model LM10-HSBF (Malvern, UK) and the NTA software version 3.1. 

Transmission electron microscopy (TEM) technique used the Jeol JEM 1400 Transmission 

Electron Microscope (Peabody, MA, USA). Western blot analysis was performed as usual in 

our lab (Vaz et al. 2015) to evaluate the expression of alix, flotillin-1 and CD63 by using 20 

μg of total protein and specific antibodies (mouse anti-Alix, Cell Signaling, #2171; mouse 

anti-flotillin-1, BD Biosciences, #6108; goat anti-CD63, Santa Cruz Biotechnology®, #sc-

31214). Normalization was made by using Amido Black staining as loading control. To 

evaluate total RNA and microRNA, the final pellet containing exosomes was resuspended in 

lysis buffer, and exosomal RNA extracted with the miRCURY Isolation Kit-Cell (Exiqon), as 

described below. 
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2.3. N9 Cell Culture 

Mouse microglial N9 cell line, a popular retroviral-immortalized cell line resulting from the 

immortalization of microglia isolated from the cortex of CD1 mouse embryos (Righi et al. 

1989a), was a gift from Teresa Pais (Institute Gulbenkian de Ciência, Oeiras, Portugal). This 

cell line shows diverse features similar to microglia in primary cultures, such as migration, 

phagocytosis and inflammation-related features (Fleisher-Berkovich et al. 2010). Indeed, N9 

cells were shown to respond similarly to primary microglial cells derived from the same 

mouse strain, when treated with LPS (Nikodemova and Watters 2011), as recently 

demonstrated by us (Cunha et al. 2016). Cells were cultured in Roswell Park Memorial 

Institute (RPMI) medium supplemented with 10% of FBS, 1% of L-glutamine (Biochrom AG) 

and 1% of Penicillin/Streptomycin. Cells were seeded at a concentration of 1 × 105 cells/ml 

and maintained at 37ºC in a humidified atmosphere of 5% CO2. 

 

2.4. Coculturing of NSC-34 with N9 Microglial Cells, Exosomal Labeling, and 

Assessment of Preferential Exosome Cellular Distribution 

NSC-34 cells differentiated for 4 DIV were cocultured with N9 cells in RPMI medium for 24 

h, at 37ºC in a humidified atmosphere of 5% CO2. We used the normal proportion of 

microglia and neurons in the CNS (ratio 1:1) (Silva et al. 2011). In the coculture model, the 

N9 microglial cells were plated in coverslips with paraffin wax feet, as described by Phatnani 

et al. (2013). The coverslips containing microglia were placed inverted over the layer of wt or 

mSOD1 NSC-34 MNs and maintained separated from such layer by the paraffin spots, thus 

avoiding direct contact between the two types of cells. Cells were plated in the same 

proportion (1:1) and maintained in coculture for 24 h. At the end of incubation, exosomes in 

the supernatant of NSC-34 (wt or mSOD1) with N9 cocultures were isolated as described 

above. To obtain PKH67 labeled fluorescent exosomes, the isolated exosomes were 

resuspended in PBS and mixed with an equal volume of PKH67 probe solution for 5 min at 

room temperature, using the PKH67 Fluorescent Cell Linker Kit (#MINI67, Sigma-Aldrich), as 

described by Dutta et al. (2014). Then, isolated exosomes were resuspended in RPMI 

medium and added either to N9 cells + wt NSC-34 MNs, or to N9 cells + mSOD1 NSC-34-

MNs, using the above described cocultured system, for an additional period of 24 h and in a 

ratio of 1:1 (v/v). After incubation, NSC-34 MNs and N9 microglia were collected separately, 

and fixed with 4% (w/v) paraformaldehyde in PBS and cell nuclei were stained with Hoechst 

33258 dye. UV and fluorescence images (original magnification: 630X) were acquired per 

sample by using Zen 2012 (blue edition, Zeiss) software. 
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2.5. Interaction of Exosomes from wt and mSOD1 NSC-34 MNs with N9 Microglia 

N9 cells were plated for 24 h before incubation with exosomes from wt and mSOD1 NSC-

34 MNs, at a concentration of 1 × 105 cells/ml. Exosomes from NSC-34 cells were 

resuspended in RPMI medium and incubated in N9 microglial cells, using a fixed ratio of 1:1. 

To assess exosome internalization by N9 cells, exosomes were labeled with PKH67, as 

previously described. To evaluate the effects produced by exosomes on N9 microglia, we 

incubated the cells in RPMI medium in the absence (control), or in the presence of 

exosomes, either from wt NSC-34 MNs, or from mSOD1 NSC-34 MNs. N9 microglia 

responses were evaluated at 2, 4, and 24 h. These different time-points of incubation were 

accomplished to evaluate the effects produced by an early (2 and 4 h) and a lasting (24h) 

period of exosome interaction with naïve N9 microglia. At the end of each incubation period, 

medium free of cellular debris was collected to assess the released soluble factors. Attached 

cells were: (i) fixed for 20 min with freshly prepared 4% (w/v) paraformaldehyde in PBS for 

immunocytochemical studies or to detect PKH67 labeled fluorescent exosomes; (ii) fixed with 

Fixing Solution for cellular senescence assays; (iii) used to extract total RNA using TRIzol® 

reagent, according to the manufacturer’s instructions; or (iv) collected in Cell Lysis Buffer 

(Cell Signaling Beverly, MA, USA) plus 1 mM phenylmethylsulfonyl fluoride (PMSF, Sigma) 

for western blot analysis. 

 

2.6. N9 Microglia Phagocytosis Assay 

To evaluate the phagocytic ability of N9 microglia, cells were incubated with 0.0025% (v/v) 

fluorescent latex beads (#L1030, Sigma-Aldrich), diameter 1 μm, for 75 min at 37ºC. For 

immunofluorescence detection, N9 cells were fixed for 20 min with freshly prepared 4% (w/v) 

paraformaldehyde in PBS and a immunocytochemical technique was performed as usually in 

our lab for microglial cells (Caldeira et al. 2014; Cunha et al. 2016). N9 microglia were 

immunostained with rabbit anti-ionized calcium-binding adaptor molecule 1 (Iba1) (1:250, 

#019-19741, Wako), and nuclei were counterstained with Hoechst 33258 dye (blue). UV and 

fluorescence images of ten random microscopic fields (original magnification: 400X) were 

acquired per sample using an AxioCam HR camera adapted to an AxioScope A1® 

microscope (Zeiss, Germany), and Zen 2012 (blue edition, Zeiss) software. The number of 

cells with ingested beads and total cells were counted using ImageJ software to determine 

the percentage of phagocytosing cells (Silva et al. 2010). 

 

2.7. Determination of Senescent-Like Positive N9 Microglia 

Activity of senescence-associated beta-galactosidase (SA-β-gal) was determined as a 

biomarker of microglia-like senescence by using the Cellular Senescence Assay Kit 
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(#KAA002RF, Merck Millipore, Darmstadt, Germany), according to the manufacturer’s 

instructions. Nuclei were counterstained with hematoxylin (Merck). The number of total cells 

was counted in 10 microscopic fields with ImageJ software (original magnification: 400X) 

acquired to observe the complete well using Leica IM50 software and Leica DFC490 camera 

(Leica Microsystems, Wetzlar, Germany), adapted to an AxioSkope HBO50 microscope 

(Zeiss). The number of turquoise stained microglia (SA-β-gal-positive cells) was counted to 

determine the amount of senescent cells relatively to the total cell number (percentage) 

(Caldeira et al. 2014). 

 

2.8. Detection of NF-κB Activation 

For immunofluorescence detection of nuclear factor-kappa B (NF-κB) translocation, cells 

were fixed as above and a standard immunocytochemical technique (Fernandes et al. 2006) 

was carried out using a rabbit anti-p65 NF-κB subunit antibody (1:200, #sc-372, Santa Cruz 

Biotechnology®, CA, USA). N9 microglial nuclei were stained with Hoechst 33258 dye. UV 

and fluorescence images of ten random microscopic fields (original magnification: 400X) 

were acquired as indicated for phagocytosis assay. NF-κB positive cells were identified by 

the ratio between the mean gray value of the nucleus and the mean gray value of the whole 

cell, using ImageJ software. A threshold was defined for each individual experiment and cells 

above that value were considered positive for NF-κB. Positive cells and total cells were 

counted to determine the percentage of NF-κB positive nuclei. 

 

2.9. Quantification of Nitrite Levels 

Levels of nitric oxide (NO) were estimated by measuring the concentration of nitrites 

(NO2), a product of NO metabolism, in the extracellular media of N9 cells incubated in the 

absence, or in the presence of exosomes released by wt and mSOD1 NSC-34 cells. 

Extracellular media, free from cellular debris, were mixed with Griess reagent [1% (w/v) 

sulfanilamide in 5% H3PO4 and 0.1% (w/v) N-1 naphtylethylenediamine, all from Sigma-

Aldrich, in a proportion of 1:1 (v/v)] in 96-well tissue culture plates for 10 min in the dark, at 

room temperature, as we published (Vaz et al. 2015). The absorbance at 540 nm was 

determined using a microplate reader. A calibration curve was used for each assay. All 

samples were measured in duplicate. 

 

2.10. Assessment of Gelatinases (MMP-2 and MMP-9) by Gelatin Zymography 

Activities of MMP-9 and MMP-2 were determined in the N9 extracellular media after 

incubation in the absence and in the presence of exosomes released by wt and mSOD1 

NSC-34 cells by performing a SDS-PAGE zymography in 0.1% gelatin-10% acrylamide gels, 
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under non-reducing conditions, as usual in our lab (Silva et al. 2010). Briefly, after 

electrophoresis, the gels were washed for 1 h in a solution containing 2.5% Triton-X-100 to 

remove SDS and to renature the MMP species in the gel and then incubated at 37ºC to 

induce gelatin lysis (buffer: 50 mM Tris pH 7.4, 5 mM CaCl2, 1 μM ZnCl2) overnight. Gels 

were then stained with 0.5% Coomassie Brilliant Blue R-250 (Sigma-Aldrich) and destained 

in 30% ethanol/10% acetic acid/H2O (v/v). Gelatinase activity, detected as a white band on a 

blue background, was measured using computerized image analysis (Image LabTM, Bio-

Rad). 

 

2.11. Quantitative Real Time-PCR 

Total RNA was extracted from exosome-treated N9 microglia using TRIzol® 

(LifeTechnologies, Carlsbad, CA, USA), according to manufacturer’s instructions. Total RNA 

was quantified using Nanodrop ND-100 Spectrophotometer (NanoDrop Technologies, 

Wilmington, DE, USA) and conversion to cDNA was performed with SensiFASTTM cDNA 

synthesis (#BIO-65054, BIOLINE, London, UK). Quantitative RT-PCR (qRT-PCR) was 

performed on a 7300 Real Time PCR System (Applied Biosystems) using a SensiFASTTM 

SYBR® (Hi-ROX, #BIO-92002/S, BIOLINE). qRT-PCR was accomplished under optimized 

conditions: 50ºC for 2 min and 95ºC also for 2 min, followed by 40 cycles at 95ºC for 5 s and 

62ºC for 30 s. In order to verify the specificity of the amplification, a melt-curve analysis was 

performed, immediately after the amplification protocol. Non-specific products of PCR were 

not found in any case. Results were normalized to β-actin and expressed as fold change. 

The sequences used for primers are represented in Supplementary Table II.1 

(Supplementary Material). Relative miRNA concentrations were calculated using the ΔΔCT 

equation. RNA inside exosomes was extracted using mercury Isolation Kit - Cell (#300110, 

Exiqon, Vedbaek, Denmark). For miRNA analysis, conversion of cDNA was achieved with 

the universal cDNA Synthesis Kit (#203301, Exiqon), as described by Cardoso et al. (2012) 

and currently implemented in our lab (Caldeira et al. 2014; Cunha et al. 2016), following 

manufacturer’s recommendations. The miRCURY LNATM Universal RT miRNA PCR system 

(#203403, Exiqon) was used in combination with predesigned primers (Exiqon), represented 

in Supplementary Table III.1 (Supplementary Material), using SNORD110 as reference gene. 

The reaction conditions consisted of polymerase activation/denaturation and well-factor 

determination at 95ºC for 10 min, followed by 50 amplification cycles at 95ºC for 10 s and 

60ºC for 1 min (ramp-rate 1.6ºC/s). Relative miRNA concentrations were calculated using the 

ΔΔCT equation. All samples were measured in duplicate. 
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2.12. Western Blot 

Cells were collected in Cell Lysis Buffer, as usual in our lab (Vaz et al. 2015). Briefly, total 

cell extracts were lysed for 5 min on ice with shaking, collected with cell scrapper, and 

sonicated for 20 s. The lysate was then centrifuged at 14,000 g for 10 min at 4ºC, and the 

supernatants were collected and stored at -80ºC. Protein concentration was determined 

using a protein assay kit (Bio-Rad, Hercules, CA, USA) according to manufacturer’s 

specifications. Then, equal amounts of protein were subjected to SDS-PAGE and transferred 

to a nitrocellulose membrane. After blocking with 5% (w/v) nonfat milk solution, membranes 

were incubated with primary antibody mouse anti-HMGB1 (1:200, from Biolegend) diluted in 

5% (w/v) BSA overnight at 4ºC, followed by the secondary antibody goat anti-mouse HRP-

linked (1:5,000, sc-2005, Santa Cruz Biotechnology®) diluted in blocking solution. 

Chemiluminescence detection was performed by using LumiGLO® reagent (Cell Signaling) 

and bands were visualized in the ChemiDocTM XRS System (Bio-Rad). The relative 

intensities of protein bands were analyzed using the Image LabTM analysis software (Bio-

Rad). 

 

2.13. Statistical Analysis 

Results of at least seven independent experiments were expressed as mean ± SEM. 

Comparisons between the different parameters evaluated in wt and mSOD1 NSC-34 MNs 

were made via one-tailed Student’s t-test for equal or unequal variance, as appropriate. In 

addition, we have performed unpaired t-test with Welch’s correction when the variances were 

different between 2 groups. Comparison of more than two groups was done by one-way 

ANOVA followed by multiple comparisons Bonferroni post-hoc correction using GraphPad 

Prism5 (GraphPad Software, San Diego, CA, USA). P-values of 0.05 were considered 

statistically significant. 

 

3. Results 

3.1. mSOD1 NSC-34 MNs and Their Derived Exosomes Show Increased Levels of miR-

124 

Lately, miRNAs are emerging as potent fine-tuners of neuroinflammation and reported to 

be dysregulated in ALS (Butovsky et al. 2015; Koval et al. 2013). However, the contribution 

of individual miRNAs to neurodegeneration and neuroinflammation in ALS disease remains 

to be elucidated. We decided to investigate alterations on specific inflamma-miRs in the 

mSOD1 NSC-34 MNs and in their derived exosomes, using for comparison wt cells and their 

correspondent exosomes.  
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Cellular differentiation was induced and exosomes were isolated from extracellular media 

after 4 DIV, to induce SOD1 accumulation, as previously reported (Vaz et al. 2015). Recent 

data from our group, obtained by dynamic light scattering and TEM, indicated that the 

nanoparticle size of exosomes in the extracellular media of NSC-34 cells was approximately 

of ~140 nm (Vaz et al. 2016). We have additionally performed a more detailed 

characterization by NTA analysis, having observed an average diameter size of ~130 nm and 

a concentration of ~5.3 × 108 particles/ml (Figures III.1A, B), independently of being 

originated from wt or mSOD1 NSC-34 MNs. Western blot analysis showed the presence of 

exosomal marker proteins, namely Alix, Flotillin-1, and the tetraspanin CD63 in lysates 

obtained after the exosomal isolation procedure (Figure III.1C). In addition, exosomes 

isolated from wt and mSOD1 cells exhibited the characteristic cup-shape morphology by 

TEM (Figure III.1D). It is important to refer that similar total RNA concentrations were found 

for exosomes isolated from wt or mSOD1 cells (Figure III.1E). When compared to their wt 

counterpart, the mSOD1 MNs revealed an increased cargo in miR-124 (Figure III.1F), which 

is the predominant miRNA in the brain, namely in neurons (Sun et al. 2015). No detectable 

amounts of miR-146a or miR-155 were found in either of them.  

Since exosomes are known to contain miRNAs that can be transferred into recipient cells 

causing changes in their functionality (Alexander et al. 2015; Valadi et al. 2007), we decided 

to evaluate the miRNA expression in the MN-derived exosomes. Interestingly, exosomes 

from mSOD1 MNs evidenced to be enriched in miR-124, recapitulating their cells of origin, 

and again no expression of miR-146a or miR-155 was detected in either type of exosomes. 

 

3.2. Exosomes from wt and mSOD1 NSC-34 Donor Cells Are Similarly Disseminated in 

the Recipient N9 Microglia, and When Added to NSC-34+N9 Cocultures They 

Preferentially Distribute in N9 Microglial Cells 

NSC-34 cells were demonstrated to uptake extracellular vesicles from a muscle cell line 

(C2C12) (Madison et al. 2014) and toxic exosomes were shown to be transferred from 

mSOD1 astrocytes to MNs (Basso et al. 2013). To determine whether exosomes released 

from mSOD1 and wt NSC-34 cells after 24 h incubation were similarly transferred into N9 

microglial cells, we fluorescently labeled exosomes with PKH67, as previously described 

(Figure III.2A). No differences were found in such distribution. To further understand whether 

mixed exosomes in the supernatant of NSC-34(wt)+N9 and of NSC-34(mSOD1)+N9 

cocultures were preferentially captured by MNs or by N9 microglia, we isolated exosomes 

from the culture medium, labeled them with PKH67, incubated the exosomes with matched 

NSC-34(wt)+N9 and NSC-34(mSOD1)+N9 cocultures, and assessed the distribution of 

PKH67-labeled exosomes in either one of the cells. In Figure III.2B, it is clearly shown that 
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N9 microglia are the preferential recipient cells for the mixed exosomes released from both 

donor cell types. Indeed, intracytoplasmic green exosomes are only visible in N9 microglia, 

indicating that these cells are more likely to incorporate and to be functionally influenced by 

exosomes, as compared to NSC-34 MNs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.1 - Exosomes released by wild-type (wt) SOD1 NSC-34 motor neurons (MNs) and by those 

mutated in G93A (mSOD1) show similar number, size and total RNA content, but only mSOD1 NSC-34-

derived exosomes display elevated expression of microRNA (miR)-124, thus recapitulating the donor cell.  

Exosomes were isolated from the extracellular media of NSC-34 cells, either human wild-type SOD1 (wt MNs) or 

mutated in G93A (mSOD1 MNs), after 4 days in vitro differentiation, as described in methods. (A,B) Evaluation of 

the nanoparticles (exosomes) size and density by NTA indicates that the majority of vesicles from MNs have 

diameter ∼130 nm, with no differences between wt and mSOD1 NSC-34 MNs in terms of particle concentration. 

(C) Western blot analysis indicates the presence of common exosome markers (Alix, Flotillin-1, and CD63). (D) 

Representative images obtained by transmission electron microscopy (TEM) of exosomes are depicted 

evidencing cup shape morphology and protein clusters. (E,F) RNA was extracted from cells and exosomes to 

evaluated microRNA (miRNA) expression. Quantification of total RNA (E) revealed no differences between 

samples from wt and mSOD1 NSC-34 MNs, while (F) miRNA profile show an increase only in miR-124 in both 

mSOD1 cells and in their derived exosomes. Results are mean (± SEM) from at least five independent 

experiments. Differences between mSOD1 NSC-34 MNs and wt NSC-34 MNs in cells and exosomes were 

obtained by the two-tailed Student’s t-test with Welch’s correction. *p < 0.05 vs. respective wt MNs (Control). 

Scale bar represents 100 nm in exosomes from wt NSC-34 MNs and 10 nm in mSOD1 NSC-34 MNs. 
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Figure III.2 - Exosomes from NSC-34 motor neurons (MNs), either wild-type (wt) or mutated in G93A 

(mSOD1) are equally distributed in N9 microglia, which also revealed to be the preferential recipient cells 

for exosomes derived from MNs+N9 cocultures.  (A) Exosomes were isolated from NSC-34 MNs (wt and 

mSOD1), stained with the PKH67 Fluorescent Cell Linker Kit (in green) and incubated with N9 microglial cells for 

24 h, and representative results of one experiment show the distribution of NSC-34-derived exosomes in 

monocultured N9 cells. (B) In parallel studies, exosomes were isolated from NSC-34 and N9 cells cocultures, 

stained as before and incubated for 24 h in a fresh NSC-34+N9 coculture and representative results of one 

experiment indicate the preferential distribution of exosomes in N9 microglia, as compared with NSC-34 MNs, 

when in the coculture system. Nuclei were stained with Hoechst dye (in blue). Scale bar represents 20 μm. 

 

3.3. Increased HMGB1 Gene Expression in mSOD1 NSC-34 MNs May Contribute to Its 

Enhanced Nuclear Expression in the N9 Microglia When Cocultured with Such Cells 

HMGB1 is a ubiquitous nuclear protein that is increasingly expressed and released by 

injured neurons and activated microglia (Brites and Vaz 2014; Cunha et al. 2016; Gao et al. 

2011). To evaluate whether mSOD1 MNs that were shown to be dysfunctional (Vaz et al. 

2015) expressed increased HMGB1 and influenced the expression of HMGB1 in N9 

microglia, we assessed its expression levels in both wt and mSOD1 NSC-34 MNs, as well as 

in N9 microglia when in coculture with NSC-34 MNs, in the absence and in the presence of a 

surcharge of exosomes isolated from the coculture supernatant (Figure III.3).  

We observed up-regulated HMGB1 gene and protein expression in mSOD1 NSC-34 MNs, 

as compared to wt cells (Figures III.3A, B). To note, however, that the exosomes per se did 

not produce noticeable alterations in the N9 microglia HMGB1 gene expression in the 

absence of mSOD1 NSC-34 MNs (data not shown). The decrease observed in N9 microglia 
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at 24 h incubation with mSOD1 exosomes (Figure III.3C), suggests either 

degradation/cleavage of the protein or its release into the cell supernatant. In addition, 

although not significant, we observed a slight elevation in HMGB1 mRNA levels in the N9 

microglia exposed to mSOD1 NSC-34 MNs. Significant increase in the HMGB1 gene 

expression was, however, obtained in N9 cells cocultured with mSOD1 MNs (without cell 

contact) surcharged with exosomes isolated from a 24 h matching coculture system (Figure 

III.3D, p < 0.05), emphasizing secretome relevance in the signaling mechanisms underlying 

HMGB1-induced microglial activation. Therefore, we next decided to evaluate if the 

internalization of wt and mSOD1 NSC-34 MN-derived exosomes in N9 microglia caused 

changes in the cell dynamic properties and function, determined by specific cell polarization 

phenotypes. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.3 - HMGB1 upregulation is only observed in mSOD1 NSC-34 motor neurons (MNs) and in N9 

microglia cocultured with MNs after surcharge with exosomes isolated from the coculture supernatants, 

mainly if containing mSOD1 MN-derived exosomes. High mobility group box 1 (HMGB1) gene (A) and protein 

(B) expression was evaluated by qRT-PCR and Western Blot, respectively, in NSC-34 cells expressing either 

human wild-type SOD1 (wt MNs), or mutated in G93A (mSOD1 MNs), after 4 days in vitro. HMGB1 protein was 

also evaluated in (C) N9 cells-microglia incubated for 2, 4, and 24 h with exosomes (Exos) from wild-type (wt) 

NSC-34 MNs and mSOD1 NSC-34 MNs (N9+wt Exos and N9+mSOD1 Exos, respectively) or in (D) N9 

cocultured with either wt or mSOD1 MNs, incubated or not with exosomes isolated from the media of a matched 

NSC-34-N9 coculture experiment, as indicated in methods. Results are mean (± SEM) from at least four 

independent experiments and are expressed as fold change vs. respective wt MNs. Differences between mSOD1 

NSC-34 MNs and wt NSC-34 MNs were obtained by two-tailed Student’s t-test with Welch’s correction (A,B). 

Differences between the three different groups at each time point were obtained by one-way ANOVA followed by 

Bonferroni post-hoc correction (C,D) *p < 0.05 vs. respective wt NSC-34 MNs. 
#
p < 0.05 vs. treatment with 

exosomes from wt NSC-34 MNs.  
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3.4. Exosomes Released by mSOD1 NSC-34 MNs Lead to Persistent NF-kB Activation 

and Early Production of Inflammatory Mediators in the Recipient N9 Microglia 

The proinflammatory transcription factor NF-κB has been shown to activate numerous 

molecules and factors, and to be critical in the regulation of neuroinflammation-associated 

disease pathogenesis, (Shih et al. 2015). Thus, we evaluated whether mSOD1 exosomes 

were able to activate NF-κB in N9 cells, a process implicated in MN death in ALS (Frakes et 

al. 2014). 

We observed that although a slight effect was produced by exosomes derived from wt 

NSC-34 MNs on the NF-κB translocation into the nucleus, only those from mSOD1 NSC-34 

MNs activated significantly and persistently (from 2 to 24 h incubation) the NF-κB signaling 

pathway (Figures III.4A, B). This early and lasting NF-κB activation (Sen and Smale 2010) 

suggest that distinct sets of genes are activated in N9 microglia upon interaction with 

exosomes released from ALS NSC-34 MNs.  

We and others have previously shown that NO is a key player in MN degeneration in ALS 

(Drechsel et al. 2012; Vaz et al. 2015) and that increased generation of redox molecules 

(NO) and iNOS activation occurs in M1 polarized N9 microglia (Cunha et al. 2016). Increased 

NO production was observed after 2 h of incubation with exosomes only from mSOD1 MNs 

(Figure III.4C). Such effect disappeared after 4 h incubation and even an inhibitory effect was 

produced by MN-derived exosomes at 24 h of incubation.  

Activation of MMPs is another marker of neuroinflammation and elevation of MMP-9 and 

MMP-2 expression was observed in the spinal cord of SOD1G93A mice (Fang et al. 2009). 

Exosomes revealed to induce the MMP-2 activation whenever released from wt or mSOD1 

MNs (Figure III.4D). Intriguingly, only those from mSOD1 NSC-34 MNs were able to activate 

MMP-9 (Figure III.4E), in accordance with our prior data showing such activation in mSOD1 

NSC-34 MNs (Vaz et al. 2015). However, similarly to NO, this increase ceased over time, 

returning to basal levels.  

Finally, we observed that the expression of the proinflammatory cytokines TNF-α and IL-

1β was significantly upregulated and maintained until 4 h interaction, differently from the 

above mentioned inflammatory mediators, in cells exposed to exosomes from mSOD1 NSC-

34 MNs, also disappearing after 24 h incubation (Figures III.4F, G).  

Based on these data we may assume that exosomes from the mSOD1 NSC-34 MNs 

transiently switch N9 microglia into a M1 polarized cell (Chhor et al. 2013; Durafourt et al. 

2012). Since early or late NF-κB activation was shown to induce different sets of genes, by 

respectively encoding TNF-α, IL-8, MMP-9, or cell surface receptors, adhesion molecules 

and signal adapters (Tian et al. 2005), we next evaluated the effects produced on the 

expression of cell surface receptors.  
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Figure III.4 - Exosomes derived from NSC-34 motor neurons (MNs) mutated in G93A (mSOD1) lead to 

sustained NF-kB activation and acute production of inflammatory mediators in the recipient N9 microglia. 

N9 cells were incubated for 2, 4, and 24 h with exosomes (Exos) from wild-type (wt) NSC-34 MNs and mSOD1 

NSC-34 MNs (N9+wt Exos and N9+mSOD1 Exos, respectively), as indicated in methods. Non-treated cells were 

considered as control. (A) Representative results of nuclear factor kappa B (NF-κB) translocation into the nucleus 

and (B) number of NF-κB positive cells after interaction of exosomes with microglia. (C) Nitric oxide (NO) 

production was assessed by Griess reaction. (D,E) Activation of metalloproteinases (MMP)-9 and MMP-2, 

respectively, was assessed by gelatin zymography assay. (F,G) Relative tumor necrosis factor-α (TNF-α) and 

interleukin-1β (IL-1β) mRNA levels, respectively, were determined by qRT-PCR in total RNA. The fluorescence 

intensity of cells was quantified using the ImageJ software. Results are mean (± SEM) from at least seven 

independent experiments and are expressed as fold change relatively to non-treated N9 microglia. Differences 

between the three different groups at each time point were obtained by one-way ANOVA followed by Bonferroni 

post-hoc correction. *p < 0.05 and **p < 0.01 vs. non-treated cells; 
##

p < 0.01 vs. treatment with exosomes from 

wt NSC-34 MNs. Scale bar represents 40 μm.  
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3.5. Exosomes from mSOD1 NSC-34 MNs Lead to a Delayed Upregulation of Receptors 

Involved in N9 Microglia Response to Stimuli 

To determine whether late NF-κB activation in microglia treated with mSOD1 exosomes 

was associated with the increased expression of membrane surface receptors, like TREM2, 

RAGE, and TLR4, we evaluated their gene expression levels in a time-dependent manner. 

Indeed, microglia was shown to express multiple receptors able to efficiently respond to 

external stimuli (Pocock and Kettenmann 2007).  

TREM2 receptor has been identified as a potential regulator of the microglial phenotype 

(Stefano et al. 2009) and found elevated in the spinal cord of ALS patients and SOD1G93A 

mice (Cady et al. 2014). As depicted in Figure III.5A, increased expression of TREM2 gene 

in N9 microglia was evident after 24 h incubation with both wt NSC-34 MNs and mSOD1 

MNs-derived exosomes, although some fluctuations were observed overtime. TREM2 

overexpression has been related with suppression of neuroinflammation and microglia M2 

polarization associated with increased phagocytic ability (Jiang et al. 2016; Painter et al. 

2015).  

RAGE is also a receptor found elevated in association with mSOD1 (Shibata et al. 2002). 

In the present study, it is clear its net elevation only in the N9 microglia treated for 24 h with 

exosomes from mSOD1 MNs (Figure III.5B, p < 0.05 vs. wt NSC-34 MNs, and p < 0.01 vs. 

non-treated N9 microglia).  

Besides RAGE, elevation of TLR4 was also identified in the spinal cord of sALS patients, 

mainly in glial cells (Casula et al. 2011). Both receptors play an important role in the 

regulation of innate and adaptive immunity during neuroinflammation. RAGE was recently 

indicated as enhancing TLR responses through binding and internalization of RNA 

(Bertheloot et al. 2016). Therefore, it was not surprising to find the same pattern of increased 

gene expression of TLR4 only in cells incubated for 24h with exosomes released by mSOD1 

NSC-34 MNs (Figure III.5C).  

At this point, our data indicate that exosomes from mSOD1 NSC-34 MNs determine an 

early inflammatory response on N9 microglia, which by releasing inflammatory mediators 

trigger the activation of RAGE/TLR signaling mechanisms and a second delayed stage of 

activation.  

 

 

 

 

 

 



MN-Microglia exosomal trafficking in ALS 
 

 

106 Chapter III 

 

 

 

 

 

Figure III.5 - Exosomes from NSC-34 motor neurons (MNs) mutated in G93A (mSOD1) lead to delayed 

upregulation of the receptors TREM2, RAGE and TLR4 in N9 microglia. N9 cells were incubated for 2, 4, and 

24 h with exosomes (Exos) from wild-type (wt) NSC-34 MNs and mSOD1 NSC-34 MNs (N9+wt Exos and 

N9+mSOD1 Exos, respectively), as indicated in methods. Non-treated cells were considered as control. Gene 

expression of (A) triggering receptor expressed on myeloid cells 2 (TREM2), (B) Receptor for Advanced Glycation 

Endproducts (RAGE) and (C) Toll-like receptor-4 (TLR4) was determined by qRT-PCR in total RNA. Results are 

mean (± SEM) from at least five independent experiments and are expressed as fold change relatively to non-

treated N9 microglia. Differences between the three different groups at each time point were obtained by one-way 

ANOVA followed by Bonferroni post-hoc correction. *p < 0.05 and **p < 0.01 vs. non-treated cells; 
#
p < 0.05 and 

##
p < 0.01 vs. treatment with exosomes from wt NSC-34 MNs. 

 

3.6. Exosomes from SOD1 NSC-34 MNs Induce an Early M1 Polarization and 

Heterogeneous (M1/M2) Microglia Subclasses at Lasting Times 

In order to fully understand the effect of mSOD1 NSC-34-derived exosomes in N9-

microglia phenotypic diversity, we searched for pro- and anti-inflammatory markers 

expressed in M1 and M2 microglial phenotypes (Brites and Vaz 2014; Cunha et al. 2016; 

Freilich et al. 2013), respectively.  

Data showed that exosomes from mSOD1 NSC-34 cells trigger upregulation of the M1-

associated markers iNOS and MHC-II after 2 and 4 h incubation, but not after 24 h 

interaction (Figures III.6A, B), suggesting that N9 microglial cells switch their polarization 

after continued interaction with the mSOD1 exosomes. Attenuated immune response with 

reduced MHC-II levels was observed at 24 h incubation, indicating that later, after activation, 

N9 microglial cells may downregulate MHC-II synthesis, as observed for dendritic cells 

(Villadangos et al. 2001). Indeed, the gene expression of M2-related markers, such as IL-10 

and Arginase 1 (Figures III.6C, D), was found substantially enhanced at this time after 

treatment with mSOD1 exosomes.  

To study the role of exosomal miR-124, and other cargo contents, in producing microglia 

dynamic changes we evaluated the expression of two anti-inflammatory miRNAs (miR-146a 

and miR-124) and the proinflammatory miR-155, a recognized inducer of the M1 polarization 

found increased in ALS patients and models (Butovsky et al. 2015; Koval et al. 2013; Liu and 

Abraham 2013) in N9 microglial cells after the transfer of mSOD1 exosomes.  

We observed that a prompt reduction of calming miRNAs by NSC-34 MN-derived 

exosomes (Figures III.7A, B-2 h incubation) was followed by a marked and moderate 

selective elevation of miR-124 and miR-155, respectively, by mSOD1 exosomes (Figures 
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III.7A, C-24 h incubation). Surprisingly, both wt and mSOD1 exosomes produced a delayed 

increase in miR-146a expression.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.6 - Exosomes from NSC-34 motor neurons (MNs) mutated in G93A (mSOD1) trigger early 

upregulation of M1- and late expression of M2-markers in N9 microglia. N9 microglia cells were incubated for 

2, 4, and 24 h with exosomes (Exos) from wild-type (wt) NSC-34 MNs and mSOD1 NSC-34 MNs (N9+wt Exos 

and N9+mSOD1 Exos, respectively), as indicated in methods. Non-treated cells were considered as control. 

Relative mRNA levels of (A) inducible form of nitric oxide synthase (iNOS), (B) major histocompatibility complex-

class-II (MHC-II), (C) interleukin-10 (IL-10), and (D) arginase-1 were determined by qRT-PCR in total RNA. 

Results are mean (± SEM) from at least eight independent experiments and are expressed as fold change 

relatively to non-treated N9 microglia. Differences between the three different groups at each time point were 

obtained by one-way ANOVA followed by Bonferroni post-hoc correction. *p < 0.05 and **p < 0.01 vs. non-treated 

cells; 
#
p < 0.05 and 

##
p < 0.01 vs. treatment with exosomes from wt NSC-34 MNs. 

 

The immediate decrease in the N9 microglial miR-124 and miR-146 upon interaction with 

exosomes, indicative of M1 (proinflammatory) in opposite to M2 (alternative) microglia 

subtype, may justify the acute upregulation of inflammatory mediators previously observed 

(Figures III.4, III.6) for both wt (not significant) and mSOD1 NSC-34 MN-derived exosomes 

(at least p < 0.05). In contrast, the marked elevation of miR-124 at 24 h incubation in the N9 

microglia treated with mSOD1 exosomes may derive, at least in part, from its increased 

content in MNs and in their derived exosomes that are collected by the cells, thus skewing 

M1 to M2a polarization (Veremeyko et al. 2013).  

The upregulation of both calming and inflammatory miRNAs at 24 h, subsequent to the 

transfer of mSOD1 exosomes into the N9 cells, is indicative of induction of different polarized 

microglia subtypes, representing heterogeneous classes of activated N9 microglia, including 

both M1/M2 phenotypes. Influence of these diverse and simultaneous states on the variable 

rate of ALS progression surely deserves further investigation. 
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Figure III.7 - Early decreased expression of calming microRNAs (miR-124 and miR-146a) is indicative of 

N9 microglia M1 phenotype, but their increase together with that of miR-155 suggests the coexistence of 

multiple activated phenotypes at 24 h. N9 microglial cells were incubated for 2, 4, and 24 h with exosomes 

(Exos) from wild-type (wt) NSC-34 MNs and mSOD1 NSC-34 MNs (N9+wt Exos and N9+mSOD1 Exos, 

respectively), as indicated in methods. Non-treated cells were considered as control. (A–C) Relative miR-124, 

miR-146a, and miR-155 levels were determined by qRT-PCR in total RNA. Results are mean (± SEM) from eight 

independent experiments and are expressed as fold changes relatively to non-treated microglia. Differences 

between the three different groups at each time point were obtained by one-way ANOVA followed by Bonferroni 

post-hoc correction. *p < 0.05 and **p < 0.01 vs. non-treated cells; 
##

p < 0.01 vs. treatment with exosomes from 

wt NSC-34 MNs. 

 

3.7. Exosomes from mSOD1 NSC-34 MNs Induce Loss of N9 Microglia Phagocytic 

Ability and Cellular Senescence 

After identifying that exosomes released by mSOD1 NSC-34 MNs induce phenotypical 

alterations, we asked whether the N9 microglial cells were disturbed in one of their most 

relevant neuroprotective functions, the phagocytic ability. Also based on the elevation of miR-

146a at 24 h incubation produced by both sorts of exosomes in the N9 microglial expression, 

we questioned if increased cell senescence was produced. Actually, miR-146a was already 

suggested as a marker of a senescence-associated proinflammatory status (Caldeira et al. 

2014; Olivieri et al. 2013). As depicted in Figure III.8, we observed a sudden and sustained 

decreased in the number of engulfed beads by N9 microglia upon interaction with mSOD1 

exosomes, not noticed with those from wt NSC-34 MNs. Increased release of cytokines at 2 

and 4 h incubation followed by upregulation of TLR4 after treatment with mSOD1 exosomes 

for 24 h, may account to this compromised N9 microglia function. We have previously used 

the quantitative assay of SA-β-gal activity to evaluate the increase in the number of 

senescent-like microglia (Caldeira et al. 2014), as similarly proposed by other Authors 

(Debacq-Chainiaux et al. 2009). Results revealed that the percentage of positively stained 

cells increased after 24 h of incubation with exosomes from mSOD1 MNs, when compared 

with non-treated cells (Supplementary data, Supplementary Figure III.1). Therefore, and 

despite of causing less than 10% enhancement in the number of senescent-like N9 

microglia, such occurrence may additionally contribute to microglia impaired function. Overall 

these findings suggest that besides inducing microglia M1/M2 activation, exosomes from 
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mSOD1 NSC-34 MNs also generate harmful effects by triggering the loss of microglia 

protective functions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.8 - Exosomes from NSC-34 motor neurons (MNs) mutated in G93A (mSOD1) determine a 

sustained and marked decrease in the N9 microglia phagocytic ability. N9 microglial cells were incubated for 

2, 4, and 24 h with exosomes (Exos) from wild-type (wt) NSC-34 MNs and mSOD1 NSC-34 MNs (N9+wt Exos 

and N9+mSOD1 Exos, respectively), as indicated in methods. Non-treated cells were considered as control. (A) 

Representative results of one experiment, showing engulfed latex beads (in green) by the Iba1 stained (in red) 

microglia with nuclei labeled by Hoechst dye (in blue). (B) Results are expressed as percentage of cells, relatively 

to the total number of microglia, showing ingested beads. Results are mean (± SEM) from eight independent 

experiments. Differences between the three different groups at each time point were obtained by one-way 

ANOVA followed by Bonferroni post-hoc correction. 
#
p < 0.05 vs. exosomes from wt MNs. Scale bar represents 

40 μm. 

2h 4h 24h

0

20

40

60

MG MG+wt Exos MG+mSOD1 Exos

# # #

P
h

a
g

o
c
y
ti

c
 c

e
ll

s
(%

)

24 h4 h2 h

N
9

N
9

 +
 w

t
E

x
o

s
N

9
 +

 m
S

O
D

1
 E

x
o

s

A

Iba1 Hoechst 33342 (f luorescent DNA dye)Latex beads

B

2h 4h 24h

0

10

20

30

40

50

N9 N9 + wt Exos N9 + mSOD1 Exos

*

S
e
n

e
s
c
e
n

t 
c
e
ll

s
(%

)



MN-Microglia exosomal trafficking in ALS 
 

 

110 Chapter III 

4. Discussion 

Understanding the role of exosomes, either in physiological or in pathological conditions, 

as well as their involvement in the spreading of disease, is essential for a complete 

comprehension of the intra and extracellular signaling events involved in ALS and as clues 

for the development of more effective therapeutic strategies in this pathology. Exosomes are 

nowadays considered as mediators of neuroinflammation (Gupta and Pulliam 2014). We are 

the first in elucidating the effects of stably transfected mSOD1 NSC-34 MN-derived 

exosomes on the N9 microglia activation profile and on its functional properties. Previous 

studies demonstrated that toxic exosomes are transferred from mSOD1 astrocytes to MNs 

(Basso et al. 2013) and that exosomes-dependent and -independent mechanisms are 

involved in mSOD1 propagation (Grad et al. 2014a). It was lately hypothesized that 

extracellular vesicles are mainly released from live cells and from cells in the early dying 

process. It was proposed that within the recipient cell, the misfolded SOD1 species can 

template the misfolding of normally folded wt SOD1 (Silverman et al. 2016). In this work we 

established that exosomes derived from mSOD1 NSC-34 cells are enriched in miR-124 and 

responsible for N9 microglia activation and loss of function.  

MiRNAs are genome encoded, short, non-protein coding RNA molecules that are 

expressed throughout the brain operating as fine tuners of post-transcriptional intricate 

events and involved in neuronal function and dysfunction (Im and Kenny 2012; Saba and 

Schratt 2010). Indeed, miRNAs are known to be crucial for neuronal differentiation and miR-

124 was indicated to regulate hundreds of genes and to counteract astrocyte-specific route 

(Neo et al. 2014). When miR-124 is down-regulated, it triggers defective neuronal survival 

and reduced axonal outgrowth (Sanuki et al. 2011). Thus, overexpression of miR-124 was 

shown to be related with neuronal differentiation in neuroblastoma cell lines and embryonic 

stem cells (Krichevsky et al. 2006; Makeyev et al. 2007), and to contribute to neurite 

outgrowth (Yu et al. 2008), and neurogenesis (Visvanathan et al. 2007). MiR-124 was also 

found expressed in a subset of sensory neurons and suggested to have different functions 

and/or targets (Makeyev et al. 2007).  

We evaluated the expression of specific inflamma-miRs in the mSOD1 NSC-34 cells. In 

contrast with the undetectable amounts of miR-146a and miR-155, we observed an 

upregulation of miR-124 in the mSOD1 NSC-34 MNs. Moreover, and similarly to the 

presence of miR-124a found in secreted exosomes from primary cortical neurons (Morel et 

al. 2013), we noticed that exosomes from mSOD1 NSC-34 MNs collected by 

ultracentrifugation were enriched in miR-124, as well. Those Authors additionally 

documented that such exosomes were internalized by astrocytes where they modulated the 

astroglial glutamate transporter GLT-1. Here, we have observed that the exosomes released 
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from NSC-34 MNs when incubated with N9 microglia and NSC-34 MNs, were preferentially 

collected by N9 microglia instead of being transferred into NSC-34 MNs. Previous studies 

have also evidenced the selective transfer of exosomes from oligodendrocytes to microglia 

(Fitzner et al. 2011). Interestingly, elevation of miR-124 in nerve terminals was associated to 

a decreased neurotransmitter release at the neuromuscular junction (Kye and Goncalves Ido 

2014), probably accounting to their dysfunction. Moreover, miR-124 upregulation was also 

demonstrated to be connected to a decreased capacity of cells to repair DNA strand breaks 

(Chen et al. 2015) and to be increased by stressful conditions (Sun et al. 2015). Clearly, the 

harmful or beneficial effects of miR-124 upregulation in ALS require further investigation, 

namely in terms of its transfer to microglia. Although with unknown biological significance in 

the periphery, its specific brain localization and presence in serum exosomes after acute 

ischemic stroke (Ji et al. 2016) is indicative of its promising potential as a biomarker of brain 

damage.  

Spreading mechanisms are likely to underlie ALS disease progression based on the 

propensity of mutant SOD1 to misfold, on conditions that accelerate aggregation of wt SOD1 

and on the interplay between affected neurons and their neighboring glial cells (Maniecka 

and Polymenidou 2015). SOD1 cell-to-cell transmission may occur via both exosome-

dependent and exosome-independent routes (Grad et al. 2014b). Indeed, these Authors 

demonstrated that NSC-34 cells stably transfected with mutant SOD1 release neurotoxic 

species of SOD1 that are transferred to naïve cells by macropinocytosis via conditioned 

medium transfer, either associated with exosomes (relatively efficient), or as protein-only 

aggregates. Interestingly, previous studies have shown that extracellular aggregated mSOD1 

incubated for 24 h with microglia lead to increased ROS production and TNF-α release, and 

that the aggregates were internalized after 1 h incubation with minimal degradation after 24 h 

(Roberts et al. 2013). Since we observed that the exosomes released from NSC-34 MNs, 

when incubated with N9 microglia and NSC-34 MNs, were selectively transferred into N9 

microglia, we decided to evaluate the temporal progression of the mechanisms leading to 

microglia activation by the mSOD1 MN-derived exosomes.  

Previous studies in the spinal cord of SOD1G93A mice suggest that HMGB1 is not 

involved as a primary event in the MN death and that no changes occur relatively to its 

subcellular distribution in glial cells (Lo Coco et al. 2007). Further studies documented that 

increased expression of HMGB1, TLR4, and RAGE in reactive glial cells is observed in both 

gray (ventral horn) and white matter of the spinal cord from sALS patients (Casula et al. 

2011). These Authors identified an elevated HMGB1 signal in the cytoplasm of glial cells and 

suggested that its release may be associated to the perpetuation of inflammation and 

necrosis of surrounding neurons due to inflammasome activation and secretion of 

proinflammatory cytokines, such as IL-1β and IL-18 (Baroja-Mazo et al. 2014; Lu et al. 2013). 
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Recently, it was additionally showed that HMGB1 is a critical pathogenic molecule leading to 

neurite degeneration and innate immune activation during Alzheimer’s disease pathology 

(Fujita et al. 2016; Venegas and Heneka 2017). Little is known about HMGB1 production and 

release by microglial cells, although we have shown that activated N9-microglia is able to 

secrete HMGB1 in response to the LPS-proinflammatory stimulus (Cunha et al. 2016) and to 

Aβ interaction (Falcão et al. 2017). HMGB1 also interacts with RAGE and TLR4, therefore 

extending the inflammatory cascade, while also promotes autophagy in detriment of 

apoptosis (Shen et al. 2013). Our results document an increased HMGB1 mRNA and protein 

levels in the mSOD1 NSC-34 MNs and in the N9 microglia cocultured with mSOD1 NSC-34 

MNs in the presence of exosomes isolated from the extracellular media of such cultures, but 

not when N9 microglia is incubated with exosomes in the absence of NSC-34 MNs, 

suggesting that HMGB1 is released to the extracellular media after a prolonged incubation. 

Thus, we hypothesize that NSC-34 MN-derived soluble HMGB1 is necessary to induce N9 

microglial HMGB1 enhanced expression, or that it is a consequence of a sustained microglial 

inflammatory status, after the release of proinflammatory cytokines and activation of RAGE 

and TLR4 receptors (Casula et al. 2011; Yu et al. 2006). Besides its delayed kinetic release, 

HMGB1-mediated production of proinflammatory cytokines requires the presence of these 

receptors, which we found to only be upregulated after 24h of mSOD1 NSC-34 MN-derived 

exosomes interaction with naïve N9 microglia. The active secretion of HMGB1 into the 

extracellular milieu was documented to only begin 8–12 h after ligation to TLRs (Andersson 

and Tracey 2011). In addition, previous studies indicated that the cytokine is a downstream 

and late mediator of inflammation that is released up to 1 week after admittance of patients 

with sepsis (Sunden-Cullberg et al. 2005).  

TLR4 has been indicated to be involved in the pathological mechanisms of ALS disease, 

and blocking TLR4 with an antagonist extended the survival of the mSOD1 mice model (Lee 

et al. 2015b). Recent evidences point out that the expression of RAGE is higher in the spinal 

cord of mSOD1 mouse model of ALS as compared with the wt one, and that pharmacological 

blockade of RAGE delays the progression of ALS and prolongs life span (Juranek et al. 

2016). Here, we show for the first time that the expression of N9 microglial TLR4 and RAGE 

are enhanced in the N9 microglial cells upon the acceptance of exosomes from the mSOD1 

NSC-34 MNs reinforcing the pathogenicity of such extracellular vesicles in ALS. In fact, 

protein levels of RAGE and its ligand HMGB1 were indicated to be elevated in ALS patients 

(Juranek et al. 2015).  

TREM2 is another microglial receptor leading to downstream signaling cascades 

activation. It is implicated in multiple microglial transcriptional programs causing microglial 

phenotypes that do not fit the conventional M1/M2 paradigm and cell expansion (Poliani et al. 

2015). TREM2 is thought to increase phagocytic activity and to suppress cytokine production 
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(Chiu et al. 2013), while TREM2 p.R47H variant revealed to be a potent risk factor for sALS 

(Cady et al. 2014).  Our data evidenced that exosomes per se induce a moderate, although 

significant late TREM2 gene upregulation. Controversial effects of increased expression of 

TREM2 protein were correlated with either apoptosis and decreased synaptic communication 

in Alzheimer’s disease (AD) patient samples (Lue et al. 2015), or with an increased microglia 

ability to phagocytose, to inhibit Aβ proinflammatory responses and to rescue spatial 

cognitive impairment in the AD mouse model (Jiang et al. 2014). Therefore, potential benefits 

and harmful consequences of TREM2 upregulation require a further understanding on the 

still obscure microglia activation stages and their specific consequences on astrocytes and 

neurons. 

Microglia were shown to induce MN death via the classical NF-κB pathway in ALS. 

Indeed, while NF-κB activation in astrocytes did not confer neuroprotection, its abolishment 

in microglia facilitated MN survival (Frakes et al. 2014). Based on this assumption we may 

conclude that the activation of the NF-κB pathway by the mutated exosomes add on 

microglia neurotoxicity toward MNs in ALS. The sustained NF-κB activation was paralleled by 

a loss in the phagocytic ability exclusively in N9 microglia exposed to mSOD1 exosomes. 

Previous studies demonstrated that TLR signaling inhibits the phagocytosis of apoptotic cells 

through NF-κB activation in microglia/macrophages (Deng et al. 2013; Feng et al. 2011) and 

that exosomes trigger the NF-κB signaling pathway (Bretz et al. 2013; Matsumoto et al. 

2005). In the present study, such effect was mostly seen with mSOD1 exosomes, and the 

duration intended as determinant of different cellular responses (Bonnay et al. 2014): early 

release of proinflammatory mediators and late upregulation of cell surface receptors. 

Neuroinflammation is a major component of ALS pathology, with activation and 

proliferation of microglia observed at sites of MN injury (Boillée et al. 2006b). Our results 

show a marked increase of NO levels and MMP-2 and MMP-9 activation, upon a short 

exposure to exosomes from mSOD1 NSC-34 MNs. The increase in NO levels only occurred 

in cells exposed to mSOD1 exosomes, indicating their role as promoters of microglial 

oxidative stress. Extracellular mSOD1 activation of microglia was shown to be mediated 

through the CD14/TLR pathway, leading to activation of NF-κB, followed by upregulation of 

iNOS and release of NO from these cells (Zhao et al. 2010). Our data indicate a similar 

microglia activation triggered by mSOD1 exosomes from NSC-34 MNs, what is 

consentaneous with the TLR-dependent signaling pathways already proposed for exosomes 

(Bretz et al. 2013).  

Elevation of MMP-9 activity was found primarily in ALS associated NSC-34 MNs (Lim et 

al. 1996; Vaz et al. 2015). MMP-9 and MMP-2 secretion was suggested to be shed as 

membrane vesicle-associated components and to have a role in synaptic plasticity (Sbai et 

al. 2008; Taraboletti et al. 2002). Once ALS MNs release increased amounts of MMP-9 (Vaz 
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et al. 2015), it may be hypothesized that increased levels of both MMPs in exosomes 

account for their subsequent release from the activated microglia. Accordingly, the 

expression of proinflammatory cytokines like TNF-α and IL-1β was also early upregulated in 

N9 microglia exposed to mSOD1 exosomes, and probably associated with the acute 

translocation of NF-κB to the nucleus and induction of genes involved in the production of 

proinflammatory mediators (Ghosh et al. 1998). Because activation of NF-κB in microglia 

was shown to induce gliosis and MN death, we may assume that exosomes from ALS NSC-

34 MNs may have a role in neuroinflammation and neurodegeneration associated to ALS 

onset and progression (Frakes et al. 2014). 

M1/macrophages/microglia have been associated to MN degeneration and ALS disease 

progression (Hooten et al. 2015; Lee et al. 2016), although a 50% reduction on reactive and 

proliferating microglia was initially shown to not influence neuronal damage (Gowing et al. 

2008). Using established markers that allow the differentiation between M1 and M2 activated 

cells (Brites and Vaz 2014), we observed that the M1-markers iNOS and MHC-II were early 

upregulated after transfer of mSOD1 exosomes into N9 microglial cells compatible with M1 

polarization. Interestingly, we observed a delayed up-regulation of the M2-associated 

markers (Arginase 1 and IL-10) in N9 cells exposed for 24 h to exosomes from mSOD1 

NSC-34 MNs, while levels of iNOS remained unchanged and MHC-II were even 

downregulated. This profile, together with sustained NF-κB activation and 

RAGE/TLR4/TREM2 upregulation at longer time-points suggest a switch of microglia 

phenotype from a classic M1 activated phenotype to a mixture of microglia subtypes that 

include M2 polarized cells. The precise harmful and still obscure role of microglia in ALS 

remains to be fully clarified, but may reside in the increased levels of miR-155 in the cell. 

Actually, Butovsky et al. (2015) found that miR-155 was overexpressed in the mSOD1 

mouse, as well as in fALS and sALS patients, and that its targeting restored the dysfunctional 

microglia and attenuated disease progression in the mouse model. Other miRNAs besides 

miR-155 were also found upregulated in ALS microglia, such as miR-146b, miR-22, and miR-

125b, thus strengthening the impact that miRNAs may have in modulating inflammatory 

genes and pathogenic mechanisms (Parisi et al. 2013).  

Lately, exosomes released from activated cells were shown to contain inflammatory 

miRNAs, such as miR-146a, miR-155, and miR-21 among others (Alexander et al. 2015; Xu 

et al. 2014). We recently evidenced that miR-155 and miR-146a are increased in exosomes 

from LPS-induced M1 polarization of N9 microglia (Cunha et al. 2016). Other Authors 

(Alexander et al. 2015) also observed that these same miRNAs are released from dendritic 

cells within exosomes, pass between immune cells, negatively influencing (miR-146a) or 

promoting (miR-155) endotoxin-induced inflammation in mice. Therefore, we decided to 

evaluate the miRNAs associated with the modulation of the immune response (inflamma-
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miR), namely miR-155, miR-146a, and miR-124. Other miRNAs not indicated as directly 

implicated in microglia polarization were not considered in the present study. Our results 

identified their overall overexpression after 24 h incubation of the mSOD1 exosomes with N9 

microglia. Therefore, we hypothesize that different microglia subpopulations may coexist with 

distinct roles that may include from neuroprotection to neurotoxic properties. The elevation of 

miR-155 is associated with RAGE overexpression and microglia M1 activation, while 

determine neurogenic deficits (Onyeagucha et al. 2013; Woodbury et al. 2015). In respect to 

miR-124 it was shown to promote microglia quiescence by diminishing M1 polarization and 

enhancing M2 phenotype (Liu and Abraham 2013; Ponomarev et al. 2011), in particular the 

M2c microglia subset (Veremeyko et al. 2013). However, it is also a trigger of microglia 

functional maturity, at least during CNS development, where microglia evidence a reduced 

cellular motility and phagocytic ability (Svahn et al. 2016). Finally, miR-146a overexpression 

is found in M1, M2a, M2c, and senescent microglia subsets (Cobos Jimenez et al. 2014; 

Jiang et al. 2012). Our results further enhance the knowledge of the dysregulated miRNAs in 

ALS reinforcing miR-155 (Roberts et al. 2013), but also miR-146a and miR-124 among the 

most highly expressed in the microglia after internalization of mSOD1 NSC-34 MN-derived 

exosomes.  

Here, we show that besides early and late activation processes and sustained activation 

of the NF-κB pathway, mSOD1 exosomes also trigger a substantial loss of the N9 microglia 

phagocytic ability, subsequently accompanied by an increased proportion of senescent-like 

microglia. Beneficial or detrimental consequences of microglial phagocytosis in tissue repair 

is a matter of controversy (Fu et al. 2014), but it has been claimed to be essential in the 

clearance of cellular debris, as well as in pathogenic organisms (Kloss et al. 2001; Nakamura 

et al. 1999). While the release of proinflammatory mediators is accepted as having a role in 

damage resolution, and chronic microglia activation as being associated with ageing and 

neurodegenerative diseases, much less attention has been paid to microglial phagocytosis, 

and to when such ability is reduced. Decreased phagocytic ability was demonstrated for 

senescent microglia in aging and in Alzheimer’s disease models (Caldeira et al. 2014; 

Hickman et al. 2008; Zhu et al. 2011). While M1 microglia are often associated with acute 

inflammatory stimulus, M2 cells play a key role in tissue regeneration, promote phagocytosis 

and are designated as being protective. However, the distinction into M1/M2 subtypes is 

lately considered to be a simplification as represents the extreme states (Goldmann and 

Prinz 2013). Actually, M2 (non-M1) activation state is considered to involve heterogeneous 

and functionally distinct macrophages/microglia (Roszer 2015). Recent studies state that 

delayed cell clearance critically affects the dynamics of phagocytosis and suggest evaluation 

of phagocytic efficiency in neurological disorders (Abiega et al. 2016). 
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Taken together, the results obtained in this work indicate that exosomes released from 

mSOD1 NSC-34 MNs are enriched in miR-124 and are preferentially internalized by N9 

microglia, causing a specific pattern of cell activation determined by early and late NF-κB and 

lasting decrease of the phagocytic ability. Acute response determines the increased 

production of proinflammatory mediators and cytokines. In such conditions microglia was 

shown to induce the formation of A1 reactive astrocytes with neurotoxic properties (Liddelow 

et al. 2017). Delayed activation is associated with enhanced expression of cell surface 

receptors and of miR-155, miR-146a, and miR-124. Therefore, exosomes from mSOD1 

NSC-34 MNs initially polarize N9 microglia into the M1 proinflammatory phenotype, which 

may further enhance neuroinflammation and MN degeneration, together with a reduced 

ability to repair and maintain cellular homeostasis. However, with time, mSOD1 exosomes 

trigger different stages of activation leading to a miscellaneous population constituted by 

microglia expressing markers of M1, M2, and senescent states. In conclusion, exosomes 

released by the mSOD1 NSC-34 MNs have the potential to determine specific microglia 

subsets compatible with the previously assigned neurodegeneration-specific gene-

expression profile found in the spinal cord microglia (Chiu et al. 2013). Despite the 

upregulation of the phagocytosis-related TREM2, TLR4 and RAGE surface receptors, 

microglia show a decreased ability to phagocytose and propensity to cell senescence upon 

exosome interaction, thus favoring the involvement of mSOD1 exosomes in the ALS onset 

and progression, whose precise mechanism of action requires additional studies. 
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5. Supplementary Material 

Supplementary Table III.1 - List of primer sequences used in qRT-PCR 

A 

Gene Sequence (5’-3’) 

TNF-α 5’-TACTGAACTTCGGGGTGATTGGTCC-3’ (fwr) 

 5’-CAGCCTTGTCCCTTGAAGAGAACC-3’ (rev) 

IL-1β 5’-CAGGCTCCGAGATGAACAAC-3’ (fwr) 

 5’-GGTGGAGAGCTTTCAGCTCATA-3’ (rev) 

HMGB1 5’-CTCAGAGAGGTGGAAGACCATGT-3’ (fwr) 

 5’-GGGATGTAGGTTTTCATTTCTCTTTC-3’ (rev) 

RAGE 5’-CTGGTGGGACTGTGACCTTG-3’ (fwr) 

 5’-TCTGCCTGTCATTCCTAGCTC-3’ (rev) 

TREM2 5’-AGCTACCCGCTACTGCAAAG-3’(fwr) 

 5’-TCACTGCCAGGGGGTCTAAG-3’ (rev) 

TLR4 5’-ACCTGGCTGGTTTACACGTC-3’ (fwr) 

 5’-GTGCCAGAGACATTGCAGAA-3’ (rev) 

Arginase 1 5’-CTTGGCTTGCTTCGGAACTC-3’ (fwr) 

 5’-GGAGAAGGCGTTTGCTTAGTTC-3’ (rev) 

IL-10 5’-ATG CTG CCT GCT CTT ACT GA-3’ (fwr) 

 5’-GCA GCT CTA GGA GCA TGT GG-3’ (rev) 

iNOS 5’-ACCCACATCTGGCAGAATGAG-3’ (fwr) 

 5’-AGCCATGACCTTTCGCATTAG-3’ (rev) 

MHC-II 5’-TGGGCACCATCTTCATCATTC-3’ (fwr) 

 5’-GGTCACCCAGCACACCACTT-3’ (rev) 

β-actin 5’-GCTCCGGCATGTGCAA-3’ (fwr)  

 5’-AGGATCTTCATGAGGTAGT-3’ (rev)  

 

B 

microRNA Sequence (5’-3’) 

miR-124 5’-UAAGGCACGCGGUGAAUGCC-3’ 

miR-146a 5’-UGAGAACUGAAUUCCAUGGGUU-3’ 

miR-155 5’-CTCAGAGAGGTGGAAGACCATGT-3’ 

SNORD110 Reference gene 

(A) Primers used in gene expression. (B) Primers used in microRNA expression. 
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Supplementary Figure III.1 - Increased number of senescence-associated beta-galactosidase (SA-β-gal) 

expressing cells follows the exposure of N9 microglial cells to exosomes from mSOD1 NSC-34 MNs. N9 

microglial cells were incubated for 2, 4, and 24 h with exosomes (Exos) from wild-type (wt) NSC-34 MNs and 

mSOD1 NSC-34 MNs (MG+wt Exos and MG+mSOD1 Exos, respectively), as indicated in methods. Non-treated 

cells were considered as control. (A) Representative results of one experiment show senescent-like cells (SA-b-

gal staining). (B) Results are expressed as the percentage of SA-β-gal positive cells (turquoise staining) relatively 

to the total number of microglia. Results are mean (± SEM) from at least five independent experiments. 

Differences between the three different groups at each time point were obtained by one-way ANOVA followed by 

Bonferroni post-hoc correction. *p < 0.05 vs. non-treated cells. Scale bar represents 40 μm. 

 

B

2h 4h 24h

0

10

20

30

40

50

N9 N9 + wt Exos N9 + mSOD1 Exos

*

S
e

n
e

s
c

e
n

t 
c

e
ll
s

(%
)

24 h4 h2 h

N
9

N
9
 +

 w
t
E

x
o

s
N

9
 +

 m
S

O
D

1
 E

x
o

s

A

SA-β-gal staining

(turquoise color)



 

 

 

 

 

 

 

 

Chapter IV 

 

DOWNREGULATED GLIA INTERPLAY AND INCREASED 

MIRNA-155 AS PROMISING MARKERS TO TRACK ALS AT 

AN EARLY STAGE 
 

Carolina Cunha1, Catarina Santos1, Cátia Gomes1, Adelaide Fernandes1,2, Alexandra 

Marçal Correia3, Ana Maria Sebastião4,5, Ana Rita Vaz1,2, Dora Brites1,2 

 

1Neuron Glia Biology in Health and Disease Group, Research Institute for Medicines 

(iMed.ULisboa), Faculty of Pharmacy, Universidade de Lisboa, Avenida Professor Gama 

Pinto, 1640-003 Lisbon, Portugal 

2Department of Biochemistry and Human Biology, Faculty of Pharmacy, Universidade de 

Lisboa, Lisbon, Portugal 

3Museu Nacional de História Natural e da Ciência, Universidade de Lisboa, Lisbon, Portugal 

4Instituto de Farmacologia e Neurociências, Faculdade de Medicina, Universidade de Lisboa, 

Lisboa, Portugal 

5Instituto de Medicina Molecular, Faculdade de Medicina, Universidade de Lisboa, Lisboa, 

Portugal  

 

Mol Neurobiol. (2017) [Epub ahead of print]



 

 

 

 

 

 

  



ALS biomarkers before and after symptoms onset 
 

 

121 Chapter IV 

Abstract  

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease of unknown 

cause. Absence of specific targets and biomarkers compromise the development of new 

therapeutic strategies and of innovative tools to stratify patients and assess their responses 

to treatment. Here, we investigate changes in neuroprotective-neuroinflammatory actions in 

the spinal cord of SOD1G93A mice, at presymptomatic and symptomatic stages to identify 

stage-specific biomarkers and potential targets. Results showed that in the presymptomatic 

stage, there are alterations in both astrocytes and microglia, which comprise decreased 

expression of GFAP and S100B and upregulation of GLT-1, as well as reduced expression of 

CD11b, M2-phenotype markers, and a set of inflammatory mediators. Reduced levels of 

Connexin-43, Pannexin-1, CCL21, and CX3CL1 further indicate the existence of a 

compromised intercellular communication. In contrast, in the symptomatic stage, increased 

markers of inflammation became evident, such as NF-κB/Nlrp3-inflammasome, Iba1, pro-

inflammatory cytokines, and M1-polarizion markers, together with a decreased expression of 

M2-phenotypic markers. We also observed upregulation of the CX3CL1-CX3CR1 axis, 

Connexin-43, Pannexin-1, and of microRNAs (miR)-124, miR-125b, miR-146a and miR-21. 

Reduced motor neuron number and presence of reactive astrocytes with decreased GFAP, 

GLT-1, and GLAST further characterized this inflammatory stage. Interestingly, upregulation 

of miR-155 and downregulation of MFG-E8 appear as consistent biomarkers of both 

presymptomatic and symptomatic stages. We hypothesize that downregulated cellular 

interplay at the early stages may represent neuroprotective mechanisms against 

inflammation, SOD1 aggregation, and ALS onset. The present study identified a set of 

inflamma-miRNAs, NLRP3-inflammasome, HMGB1, CX3CL1-CX3CR1, Connexin-43, and 

Pannexin-1 as emerging candidates and promising pharmacological targets that may 

represent potential neuroprotective strategies in ALS therapy. 

 

 

 

Keywords: Inflamma-miRNAs, Transgenic SOD1G93A mice, Presymptomatic and 

symptomatic stages, Astrocytes and microglia function, Motor neuron-glia communication, 

ALS biomarkers 
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1. Introduction 

Neurodegenerative processes usually begin years before clinical manifestations  (Benatar 

and Wuu 2012). This issue was never clarified in amyotrophic lateral sclerosis (ALS) and 

knowledge on the biochemical alterations preceding clinical symptoms would help on 

preventive therapeutic approaches. Presymptomatic ALS studies may rely on people 

presenting genetic risk factors or animal models. The SOD1G93A mouse is the most widely 

used model to investigate ALS disease mechanisms. In such model, we may evaluate early 

stages of disease onset and mechanisms leading to the spread of misfolded/aggregated 

superoxide dismutase 1 (SOD1). Previous studies established the presymptomatic stage at 

4-6 weeks old and the symptomatic phase at 12-14 weeks (Nascimento et al. 2014; Rocha et 

al. 2013). Although only a few studies focused on changes before symptom onset, a recent 

report revealed an early loss of adenosine A1 and A2A receptor cross-talk at the 

neuromuscular junction as contributing to excitotoxicity (Nascimento et al. 2015). Another 

study linked the overexpression of interleukin (IL)-10 by microglia in the presymptomatic 

phase to a disease onset delay (Gravel et al. 2016). Nevertheless, the underlying 

mechanisms involved were not addressed. In addition, there is no sensitive biomarker of the 

presymptomatic stage that may help on the development of new drugs (Tefera et al. 2016). 

Moreover, since promising therapeutic approaches in the ALS SOD1G93A mice merely 

showed efficacy when performed in the presymptomatic stage (Apolloni et al. 2016), the 

missing biomarkers are considered a crucial issue. Increased neurofilament levels were 

found in serum and cerebrospinal fluid (CSF) of ALS patients at symptomatic stage, but not 

before (Gaiottino et al. 2013). Therefore, prospective studies use the progression rate of 

symptoms to address the final outcome of the disease (Chio et al. 2002; Turner and Al-

Chalabi 2002). With the growing interest in the early diagnosis in family members at risk of 

developing ALS, it is of outmost relevance to identify early sensitive biomarkers that may 

help on genetic counseling, while identifying areas for further research (Benatar et al. 2016).  

Neuroinflammation and glial cell activation were shown to contribute to motor neuron (MN) 

degeneration in ALS (Brites and Vaz 2014; Turner et al. 2004). Activation of toll-like 

receptors  (TLRs), nuclear factor kappa B (NF-κB), NOD-like receptor family pyrin domain 

containing 3 (NLRP3)-inflammasome, upregulation of proinflammatory cytokines and high 

mobility group box 1 (HMGB1), together with microRNA (miR)-155 and miR-146a, were only 

found during disease progression and end stages in both animal models and samples from 

ALS patients (Campos-Melo et al. 2013; Casula et al. 2011; Hensley et al. 2002; Johann et 

al. 2015; Koval et al. 2013; Lee et al. 2015b; Lo Coco et al. 2007). Intriguingly, inhibition of 

miR-155 in the SOD1G93A mice significantly prolonged survival (Butovsky et al. 2015; Koval et 

al. 2013), and therapeutics targeting miR-155 are being presently developed (ALSA 2017). 
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Nevertheless, the potential of miR-155 as an early-stage biomarker in the spinal cord (SC) of 

ALS mice and its consistency along disease stages was not fully addressed yet. Moreover, 

the stage-specificity of other inflammatory-related microRNAs (inflamma-miRs) in ALS also 

requires further investigation.  

The present paper intends to improve our understanding about alterations on the 

expression of common inflammatory-related markers at the presymptomatic stage and to 

establish how they differ from those found at the symptomatic stage, using the SC of the ALS 

SOD1G93A mouse model. Such information can provide valid tools to recognize early ALS 

disease and to identify targets for developing new medicines. We thus define alterations in 

genes and proteins related to astrocyte and microglia reactivity and dysfunction, 

deactivation/activation of neuroinflammation-associated signaling pathways, and deregulated 

microglia-MN communication, as well as stage-specific inflamma-miRNAs, including miR-

155, at both presymptomatic and symptomatic stages. 

 

2. Methods 

2.1. Animals 

Transgenic B6SJL-TgN (SOD1G93A)1Gur/J males (Jackson Laboratory, no. 002726) 

overexpressing the human SOD1 (hSOD1) gene carrying a glycine to alanine point mutation 

at residue 93 (G93A) (SOD1G93A) (Gurney et al. 1994) and B6SJLF1/J non-transgenic, wild-

type (WT) females were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). 

Maintenance and handling took place at Instituto de Medicina Molecular animal house 

facilities, where a colony was established. Mice were maintained on a background B6SJL by 

breeding SOD1G93A transgenic males with non-transgenic females. Males were crossed with 

non-transgenic females because transgenic females are infertile. Experiments were 

conducted in two age groups: 4-6- and 12-14-week-old animals, corresponding to the 

presymptomatic and symptomatic phases of the disease, respectively. Such age groups in 

the SOD1G93A mice were previously established by other authors based on the Rotarod test 

(Rocha et al. 2013). In brief, mice were placed on the rod at the lowest rotation speed (4 

rpm) where they had to maintain for at least 120 s. In the testing day, mice were assessed at 

5 and 10 rpm, for a maximum of 300 s each speed. The latency to fall was recorded and 

three trials were performed per speed with 5-min rest between each one. This transgenic 

mouse strain (ref. no. 002726) provided by Jackson Laboratories have an abbreviated life 

span (50% survive at 128.9±9.1 days) when compared with the C57BL/6J background (50% 

survive at 157.1±9.3 days). Both males and females were used since no gender influences 

over the intrinsic features of neuromuscular transmission were detected in this transgenic 

mice strain (Nascimento et al. 2015). Transgenic SOD1G93A mice were compared to aged-
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matched WT mice. The ear tissue extracted during the tagging procedure was then used in 

PCR for mice genotyping. All animals were housed 4-5 animals/cage, under 12 h light/12 h 

dark cycle, and received food and water ad libitum. 

The present study was performed in accordance with the European Community guidelines 

(Directives 86/609/EU and 2010/63/EU, Recommendation 2007/526/CE, European 

Convention for the Protection of Vertebrate Animals used for Experimental or Other Scientific 

Purposes ETS 123/Appendix A) and Portuguese Laws on Animal Care (Decreto-Lei 129/92, 

Portaria 1005/92, Portaria466/95, Decreto-Lei 197/96, Portaria 1131/97). All the protocols 

used in this study were approved by the Portuguese National Authority (General Direction of 

Veterinary) and the Ethics Committee of the Instituto de Medicina Molecular of the Faculty of 

Medicine, Universidade de Lisboa, Lisbon, Portugal. All animal procedures were approved by 

the Institutional Animal Care and Use Committee and studies were conducted in accordance 

with the United States Public Health Service’s Policy on Humane Care and Use of 

Laboratory Animals. Every effort was made to minimize the number of animals used and 

their suffering. 

 

2.2. Tissue Slices and Homogenates  

Mice were deeply anesthetized with sodium pentobarbital (60 mg/kg, i.p.). For quantitative 

real-time reverse transcription polymerase chain reaction (qRT-PCR) or Western blot (WB), 

mice were perfused with 0.1 M PBS at pH 7.4 and lumbar SC dissected and rapidly frozen at 

-80 °C. For histological and immunohistochemistry studies, mice were perfused with a 

fixative containing 4% paraformaldehyde in PBS and fixed lumbar SC were removed, post-

fixed with the same fixative for 24 h at 4 °C and then preserved in 30% sucrose solution. 

Transversal 20-μm thick sections were serially cut with the cryostat Leica CM1850 (UV 

Leica; Wetzlar, Germany). 

 

2.3. Histological Analysis 

For neuronal Nissl bodies assessment, tissue sections were rinsed with 2% acetic acid for 

5 min, and then stained for 10 min with 1% cresyl violet (Sigma-Aldrich, St. Louis, MO, USA), 

as usual in our laboratory (Cardoso et al. 2015). After rinsing in distilled water, sections were 

differentiated in 0.75% acetic acid and rinsed again in distilled water. For hematoxylin-eosin 

(H&E) staining, tissue sections were stained for 10 min with hematoxylin, extensively washed 

with tap water, differentiated with 1% HCl and rinsed again in tap water. After that, sections 

were counterstained with eosin during 2 min, dehydrated within a series of ethanol (70, 95, 

and 100%) and xylene baths and mounted with DPX (Merck Millipore Corporation, 
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Darmstadt, Germany). Images were acquired with a bright-field microscope (Zeiss, model 

AxioSkop HBO50) with an integrated digital camera (Zeiss, model Axiocam 105 color).  

 

2.4. Immunohistochemistry 

Frozen lumbar SC sections (20-μm thick cryosections) were collected on Superfrost Plus 

glass slides (Thermo Scientific, Waltham, MA, USA) and stored at -20 °C. After defrosting, 

each section was covered for 10 min with 0.3 M glycine followed by blocking solution (2% 

FBS in TBS-Triton 10%) for 1 h at room temperature (RT). After that, samples were 

incubated for 24 h with the primary antibodies (indicated in supplementary Table IV.1) at 4°C. 

In the next day, the sections were incubated for 1 h at RT with secondary antibodies anti-

mouse-Alexa Fluor 594 (1:200, A11005, Invitrogen Corporation, Carlsbad, CA, USA) or anti-

rabbit-Alexa Fluor 488 (1:200, A11008, Invitrogen). Then, SC sections were stained with 

DAPI dye diluted in PBS (0.1 μg/ml) for 5 min. After that, sections were washed twice and 

sequentially dehydrated with ethanol (50, 70, 96, and 100%) and xylene baths, each during 5 

min, and mounted in DPX on a microscope slide. Finally, fluorescence images of the ventral 

horn and funiculus of the lumbar SC were acquired per sample using a fluorescence 

microscope (AxioSkope, Zeiss, Germany) with an integrated digital camera (Zeiss, model 

Axiocam HRm). 

 

2.5. Western Blot 

Total protein isolation from organic phases of TRizol-chloroform lumbar SC was 

performed by using TRIzol® Reagent (LifeTechnologies) as previously described (Simões et 

al. 2013). Then, protein expression was performed by Western blot analysis as usual in our 

laboratory (Fernandes et al. 2006). The protein extracts were separated on sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose 

membrane. The membranes were blocked with 5% non-fat milk in TBS-T (0.1% Tween-20) 

and incubated overnight at 4 °C with specific primary antibodies (indicated in Supplementary 

Table IV.1). Finally, membranes were washed and incubated with anti-rabbit (1:5000, sc-

2004, Santa Cruz Biotechnology, CA, USA), anti-mouse (1:5000, sc-2005, Santa Cruz 

Biotechnology) or anti-goat (1:4000, sc-2768, Santa Cruz Biotechnology) secondary 

antibodies conjugated with horseradish peroxidase for 1 h at RT. The chemiluminescent 

detection was performed after membrane incubation with LumiGLO® (Cell Signaling, Beverly, 

MA, USA). The relative intensities of protein bands were analyzed using the Image LabTM 

analysis software, after scanning with ChemiDocXRS, both from Bio-Rad Laboratories 

(Hercules, CA, USA). Results were normalized to β-actin and expressed as fold change. A 
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total of 2-3 mice per group (randomly chosen) were used and data normalized to the average 

of aged matched WT mice for each electrophoresis gel.  

 

2.6. Quantitative RT-PCR 

Total RNA was extracted from lumbar SC tissue using TRIzol® Reagent (Life 

Technologies; Carlsbad, CA, USA), as usual in our laboratory. Total RNA was quantified 

using Nanodrop ND-100 Spectrophotometer (NanoDrop Technologies; Wilmington, DE, 

USA) and conversion to complementary DNA (cDNA) was performed with SensiFAST™ 

cDNA synthesis (BIO-65054, BIOLINE, London, UK). Quantitative RT-PCR (qRT-PCR) was 

performed to evaluate messenger RNA (mRNA) expression of the genes indicated in 

Supplementary Table IV.2, using β-actin as an endogenous control to normalize the gene 

expression levels. qRT-PCR was performed on a 7300 Real-Time PCR System (Applied 

Biosystems) using a SensiFAST™ SYBR® (Hi-ROX, BIO-92002/S, BIOLINE). qRT-PCR was 

performed under optimized conditions: 50°C for 2 min and 95°C also for 2 min, followed by 

40 cycles at 95°C for 5 s and 62°C for 30 s. In order to verify the specificity of the 

amplification, a melt-curve analysis was performed, immediately after the amplification 

protocol. Non-specific products of PCR were not found in any case. Results were normalized 

to β-actin. Expression of miRNAs was also performed by qRT-PCR. Here, total RNA was 

extracted from the lumbar SC as indicated above and, after RNA quantification, cDNA 

conversion was performed with the universal cDNA Synthesis Kit (Exiqon, Vedbaek 

Denmark), as described by Caldeira et al. (2014), using 5 ng of total RNA according to the 

following protocol: 60 min at 42°C followed by heat-inactivation of the reverse transcriptase 

for 5 min at 95°C. For miRNA quantification, the miRCURY LNA™ Universal RT microRNA 

PCR system (Exiqon) was used in combination with the predesigned primers (Exiqon) for 

mmu-miR-155-5p (miR-155, 5′-UUAAUGCUAAUUGUGAUAGGGGU-3′), hsa-miR-124-3p 

(miR-124, 5′-UAAGGCACGCGGUGAAUGCC-3′), hsa-miR-146a-5p (miR-146a 5′-

UGAGAACUGAAUUCCAUGGGUU-3′), hsa-miR-21-5p (miR-21, 5′ -UAGCUUAUCAGA 

CUGAUGUUGA-3′), hsa-miR-125b- 5p (miR-125b, 5′-UCCCUGAGACCCUAACUUGUGA-3′) 

and SNORD110 (reference gene). The reaction conditions consisted of polymerase 

activation/denaturation and well-factor determination at 95°C for 10 min, followed by 50 

amplification cycles at 95°C for 10 s and 60°C for 1 min (ramp-rate of 1.6°/s). In both cases, 

relative mRNA/miRNA concentrations were calculated using the ΔΔCT equation and results 

were represented as fold change. A total of 2-3 mice per group (randomly chosen) were used 

and data normalized to the average of aged-matched WT mice for each multi-well PCR plate.  
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2.7. Statistical Analysis 

Results were expressed as mean + SEM. Differences between WT and SOD1G93A mice in 

each stage were determined by unpaired student t test. Welch’s correction was applied when 

variances between groups were significantly different. Two-way ANOVA followed by 

Bonferroni’s multiple comparisons post hoc correction was used for analysis involving 

presymptomatic and symptomatic SOD1G93A mice and aged-matched WT. Statistical analysis 

was performed using GraphPad Prism 5 (GraphPad Software; San Diego, CA, USA). Values 

of p < 0.05 were considered statistically significant. 

 

3. Results 

3.1. Comparative Histological, Gene, and Protein Profiling in the SOD1G93A Mice, Before 

and After Disease Onset 

Results obtained in the 4-6- and 12-14-week-old SOD1G93A mice were compared with the 

4-6-week-old WT mice, using the two-way ANOVA analysis.  

Before evaluating the specific gene and protein profiling of the SOD1G93A mice in the 

presymptomatic and in symptomatic stages, we assessed SOD1 expression, as well as MNs 

and glial cell representation in the ventral horn of mice SC (Figure IV.1A) along disease 

progression. Expression of hSOD1 at both pre and symptomatic stages was obtained by WB 

(Figure IV.1B) and by immunohistochemical analysis (Figure IV.1C). As expected, we 

observed higher levels of SOD1 in the transgenic mice than in the WT animal. Reduced 

number of MNs was only found in the symptomatic SOD1G93A mice, as shown by reduced 

Cresyl violet staining and immunoreactivity against the neuronal nuclei (NeuN) protein 

(Figure IV.1C). WB analysis further demonstrated a 0.5-fold decreased protein expression (p 

< 0.05) of NeuN (Figure IV.1D). Pyknotic basophilic necrotic/apoptotic MNs were additionally 

identified by H&E staining at the symptomatic stage of the SOD1G93A mice, together with an 

increased number of glial cells (Figure IV.1C). In parallel, we observed an increased 

expression of the proliferation marker Ki67 (Figure IV.1E) only in the symptomatic SOD1G93A 

mice, which may be associated with gliosis in accordance with recent observations obtained 

for LPS-stimulated microglia (Cunha et al. 2016). Next, we assessed gene and protein 

expression differences (Table IV.1). 
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Figure IV.1 - Increased glial cell density and loss of motor neurons are only observed in symptomatic 

SOD1
G93A

 mice. (A) Lumbar spinal cord (SC) tissue sample of a WT mice at the presymptomatic stage stained 

with hematoxylin and eosin (H&E), where it is indicated the ventral horn and ventral funiculus (square) portions 

used in the present study. Analysis was performed as indicated in “Methods.” (B) Representative image of the 

detection of human and mouse SOD1 expression in the SC collected from the wild type (WT) and SOD1
G93A

 mice 

at presymptomatic and symptomatic stages evidencing the increased expression of the mutant SOD1. β-actin 

was used as a loading control. (C) Representative images of presymptomatic and symptomatic stages of the 

SOD1
G93A

 mice, and corresponding WT samples, obtained by immunohistochemical staining of SOD1 expression 

with enhanced expression in the transgenic animal by Cresyl violet staining for the Nissl substance in the 

cytoplasm of motor neurons (arrows), and by NeuN immunostaining for the nucleus of neurons (arrows), 

highlighting the loss of motor neurons at the symptomatic stage, and by hematoxylin and eosin (H&E) staining 

showing the hyperchromatic (darkly stained) basophilic pyknotic neuron (arrow) and the increased number of glial 

cells (asterisks) in the symptomatic stage. Scale bar represents 80 μm for Cresyl violet staining and 20 μm for all 

the others. (D) Identification and quantification of NeuN expression corroborating motor neuron degeneration 

(results are mean + SEM, n = 6-9 mice per group). (E) Ki67 expression assessed by qRT-PCR highlights 

increased cell proliferation at the symptomatic stage. Results are mean + SEM (*p < 0.05 vs. WT mice, n = 5-6 

mice per group, two-way ANOVA followed by Bonferroni’s multiple comparisons post hoc test).  
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In the presymptomatic stage, we observed an upregulation of miR-155, with 

downregulation of the suppressor of cytokine signaling 1 (SOCS1) expression, considered to 

be its direct target (Pathak et al. 2015). Decrease of neuronal Ccl21, a microglial activating 

chemokine (de Jong et al. 2005), together with the M2 genes Arg1, Fizz1 and Cd206, and 

non-elevated M1-markers, plus the reduced milk fat globule-EGF factor 8 (MFG-E8) protein 

expression, are suggestive that M1- or M2-polarized microglia are not predominant and that 

neuroprotective phenotypes may be decreased.  

In contrast, in the symptomatic stage, we observed NF-κB activation, upregulation of all 

the inflamma-miRs, as well as of the genes S100b, Cd11b, Mhc-II, Cebpa, Cd80, Tgfb1, 

Cd206, Autotaxin, Nlrp3, IL-1b, Tnfa, Il-10, Cx43, Cx3cr1, and Cx3cl1, together with the 

ionized calcium-binding adapter molecule 1 (Iba1), HMGB1, CX3CL1, and CX3CR1 proteins, 

collectively indicating astrocytosis, microgliosis, and neuroinflammation. Sustained increase 

of miR-155, as well as of increased expression of the anti-inflammatory associated markers 

Socs1, together with Arg1 subexpression, reinforce the existence of a neuroinflammatory 

status after disease onset. In addition, reduced GFAP expression is indicative of astrocyte 

aberrancy (Diaz-Amarilla et al. 2011). To better differentiate changes in the expression of 

genes and proteins before (presymptomatic in-depth signature) and after disease onset 

(symptomatic in-depth signature), we separately analyzed gene and protein markers, 

inflammatory mediators, and inflamma-miRs expression in 4-6-week-old and in 12-14-week-

old SOD1G93A mice, respectively, in order to better define stage-specific alterations.  
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Table IV.1 - Assessment of global differences for gene and protein expression between presymptomatic 

and symptomatic stages by two-way ANOVA analysis followed by Bonferroni´s multiple comparisons 

test. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Data is expressed as fold change vs. 4-6 weeks old mice (MEAN ± SEM). *p < 0.05, **p < 0.01 and ***p < 0.01 

vs. matched WT animals.  

 

MARKERS 
Presymptomatic stage  Symptomatic stage 

WT SOD1
G93A

  WT SOD1
G93A

 

GENE 

Microglia and astrocyte 

S100b 1.05 ± 0.15 0.56 ± 0.16  1.46 ± 0.47 5.06 ± 2.33* 

Cd11b 1.09 ± 0.16 0.52 ± 0.08  1.73 ± 0.63 3.87 ± 1.04* 

Nos2 1.03 ± 0.11 0.89 ± 0.33  1.00 ± 0.39 0.55 ± 0.19 

Mhc-II 1.11 ± 0.22 0.58 ± 0.20  0.73 ± 0.15 3.24 ± 0.86*** 

Cebpa 1.08 ± 0.19 0.65 ± 0.15  1.10 ± 0.23 5.03 ± 1.95* 

Cd80 1.08 ± 0.17 1.18 ± 0.46  0.41 ± 0.07 1.77 ± 0.49* 

Arg1 1.06 ± 0.17 0.32 ± 0.07**  0.76 ± 0.20 0.21 ± 0.04* 

Fizz1 1.08 ± 0.18 0.26 ± 0.07*  0.74 ± 0.27 0.37 ± 0.16 

Socs1 1.10 ± 0.21 0.44 ± 0.09*  0.82 ± 0.22 0.22 ± 0.06* 

Tgfb1 1.19 ± 0.24 0.34 ± 0.08  1.10 ± 0.19 5.28 ± 1.93** 

Cd206 1.12 ± 0.23 0.61 ± 0.12  0.65 ± 0.17 1.50 ± 0.33* 

Autotaxin 1.11 ± 0.22 0.76 ± 0.27  0.58 ± 0.14 2.09 ± 0.35** 

Inflammasome 

Nlrp3 1.03 ± 0.14 0.36 ± 0.13  0.71 ± 0.39 1.84 ± 0.44* 

Il-1b 1.13 ± 0.22 0.68 ± 0.21  1.11 ± 0.53 4.42 ± 1.29** 

Il-18 1.24 ± 0.28 0.85 ± 0.30  0.86 ± 0.36 1.83 ± 0.66 

Cytokines      

Tnfa 1.19 ± 0.30 0.47 ± 0.05  2.49 ± 0.89 6.67 ± 1.17** 

Il-6 1.13 ± 0.24 0.52 ± 0.08  1.55 ± 0.46 1.69 ± 0.49 

Il-10 1.06 ± 0.16 0.94 ± 0.18  1.08 ± 0.19 9.87 ± 2.96*** 

Intercellular communication 

Cx43 1.03 ± 0.11 0.58 ± 0.10 0.41 ± 0.07 1.69 ± 0.42** 

Panx1 1.02 ± 0.09 0.59 ± 0.05 1.14 ± 0.19 1.43 ± 0.24 

Ccl21 1.28 ± 0.38 0.31 ± 0.06* 0.53 ± 0.29 0.56 ± 0.14 

Ccr7 1.12 ± 0.22 2.08 ± 0.40 1.91 ± 0.54 2.95 ± 0.87 

Cx3cr1 1.06 ± 0.16 0.63 ± 0.21 0.58 ± 0.12 3.82 ± 1.66** 

Cx3cl1 1.11 ± 0.22 0.38 ± 0.15 0.56 ± 0.18 2.74 ± 1.25* 

microRNAs    

mmu-miR-155-5p 1.01 ± 0.08 2.18 ± 0.33* 1.11 ± 0.37 2.76 ± 0.21*** 

hsa-miR-125b-5p 1.00 ± 0.05 1.34 ± 0.25 0.88 ± 0.25 1.96 ± 0.16** 

hsa-miR-146a-5p 1.06 ± 0.17 0.90 ± 0.10 0.81 ± 0.20 3.48 ± 0.78** 

hsa-miR-21-5p 1.06 ± 0.17 1.47 ± 0.38 1.17 ± 0.34 10.55 ± 3.03** 

hsa-miR-124-3p 1.17 ± 0.32 1.35 ± 0.30 0.54 ± 0.08 1.50 ± 0.20* 
     

PROTEIN     

Microglia and astrocyte markers 

S100B 1.00 ± 0.34 0.59 ± 0.20 0.59 ± 0.20 1.16 ± 0.30 

GFAP 1.00 ± 0.17 0.52 ± 0.10 1.26 ± 0.16 0.65 ± 0.14* 

GLT-1 1.00 ± 0.10 1.59 ± 0.22 2.48 ± 0.57 1.44 ± 0.42 

GLAST 1.00 ± 0.10 1.21 ± 0.26 3.05 ± 1.54 2.33 ± 0.69 

Iba1 1.00 ± 0.10 1.40 ± 0.10 1.08 ± 0.09 2.30 ± 0.53* 

TLR/ NF-κB pathway 

TLR2 1.00 ± 0.14 1.20 ± 0.32 1.91 ± 0.40 0.94 ± 0.09* 

TLR4 1.00 ± 0.13 0.80 ± 0.18 1.39 ± 0.47 0.53 ± 0.09 

NF-κB 1.00 ± 0.14 1.19 ± 0.29 1.06 ± 0.21 2.25 ± 0.40* 

pNF-κB 1.00 ± 0.15 0.65 ± 0.27 0.70 ± 0.05 1.54 ± 0.63 

HMGB1 1.00 ± 0.13 0.89 ± 0.15 1.21 ± 0.24 1.41 ± 0.22* 

Intercellular communication 

MFG-E8 1.00 ± 0.19 0.50 ± 0.11* 1.00 ± 0.14 0.53 ± 0.10 

CX3CR1 1.00 ± 0.17 1.14 ± 0.30 1.11 ± 0.21 2.97 ± 1.05* 

CX3CL1 membrane-bound 1.00 ± 0.14 0.52 ± 0.05 1.74 ± 0.26 2.72 ± 0.47* 

CX3CL1 soluble 1.00 ± 0.17 1.35 ± 0.28 1.72 ± 0.34 2.85 ± 0.35* 
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3.2. Presymptomatic In-depth Gene and Protein Signature  

Results were obtained in 4-6-week-old SOD1G93A mice using aged-matched WT mice as 

controls. 

3.2.1. Gene and Protein Expression Associated with Glial Cell Reactivity are 

Downregulated or Unchanged in the Presymptomatic Stage 

Strong reactive astrogliosis surrounding MNs has been described in ALS patients and 

animal models (Vargas and Johnson 2010). However, information on whether this 

astrogliosis precede or follows MN degeneration is not completely clarified. In the present 

study, we found a reduced expression of S100b (0.5-fold, Figure IV.2A), not significantly 

translated in the protein levels (Figure IV.2B, C), together with a downregulation of GFAP 

(Figure IV.2D). Interestingly, when evaluating the glutamate transporters, a 1.6-fold increase 

in glutamate transporter GLT-1, but not in GLAST (Figure IV.2D) was obtained, which may 

be a protective response against the increased extracellular glutamate, considered to be a 

common feature in ALS. As for microgliosis, also considered a hallmark in ALS, we observed 

that, despite an enhanced Iba1 expression (Figure IV.2D, E), Cd11b was decreased (0.5-

fold, Figure IV.2F) and no changes were evident in the autotaxin gene expression (Figure 

IV.2G), a protein that protects microglia from oxidative stress (Awada et al. 2012). 

Interestingly, all markers of M2-polarized microglia (Cd206, Arg1, Fizz1, Socs1, and Tgfb1) 

were similarly reduced and those associated to the M1 phenotype were either unchanged 

(Cd80 or Nos2), or showed a diminished trend (Mhc-II and Cebpa) (Figure IV.2H). Based on 

the low expression of such markers we hypothesize that no prevalent M1 or M2 phenotypes 

are present, what is in agreement with the concept that a unique microglial phenotype 

signature exists in ALS (Chiu et al. 2013).  

 

3.2.2. Decreased Nlrp3, Tnfa, and Il-6 Suggests a Repressed Inflammatory Status in 

the Presymptomatic Stage 

No changes were noticed in the classical inflammatory TLR2/TLR4/NF-κB pathway 

(Figure IV.3A). Attesting a downregulation of inflammatory markers in the presymptomatic 

stage, decrease of the Nlrp3-inflammasome, as well as of cytokines Il-1beta, Il-6 and Tnfa, 

but not of Il-18 and Il-10, was obtained (Figure IV.3B). These results, associated with an 

unaltered alarmin HMGB1 expression (Figure IV.3C), reinforce the absence of an 

inflammatory SC milieu at the presymptomatic stage.  

 

 

 



ALS biomarkers before and after symptoms onset 
 

 

132 Chapter IV 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.2 - Microglial and astrocytic functions are downregulated in the presymptomatic SOD1
G93A

 mice. 

Samples of the spinal cord tissue were processed as indicated in “Methods.” (A) S100b quantification by qRT-

PCR. (B) Western blot analysis of S100B. (C) Representative images of the S100B detection by 

immunohistochemistry using anti-S100B in the ventral funiculus of the spinal cord. (D) Western blot analysis of 

GFAP, glutamate transporters GLT-1/GLAST, and Iba1. (E) Representative images of Iba1 detection by 

immunohistochemistry using anti-Iba1 in the ventral funiculus of the spinal cord. (F) Cd11b evaluation by qRT-

PCR. g Autotaxin quantification by qRT-PCR. (H) Expression of markers used for the characterization of microglia 

phenotypes assessed by qRT-PCR. Nos2, Mhc-II, Cebpa, and Cd80 are M1-phenotype markers while Arg1, 

Fizz1, Socs1, Tgfb1, and Cd206 are markers of M2-polarized cells. Results are mean + SEM (*p < 0.05, **p < 

0.01 vs. WT mice, n = 4-8 mice per group, unpaired Student’s t-test). (C, E) Scale bar represents 20 μm. 
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3.2.3. MiR-155 Is Upregulated in the Presymptomatic Stage of SOD1G93A Mice 

Several inflamma-miRs, such as miR-155, miR-21, miR-146a, miR-125b, and miR-124, 

have been associated with different phenotypes and functions of microglia, which may 

differentially account for neuroinflammation in ALS (Brites and Vaz 2014). We observed that 

among all of them, only miR-155 was significantly upregulated (Figure IV.3D). This finding 

indicates that miR-155 upregulation occurs earlier, before disease onset, and in the absence 

of other common pro-inflammatory specific markers. In such case, we may consider that its 

presence, instead of being associated with a neuroinflammatory status, may have an anti-

inflammatory role to restrain the disease progression in this presymptomatic stage, as 

suggested for other pathological conditions (Li et al. 2016a).  

 

3.2.4. Impaired Cell-to-Cell Communication May Compromise Normal Tissue 

Homeostasis Before Disease Onset 

Intercellular communication is essential for microenvironment homeostasis maintenance. 

We first observed that expression of glial Connexin-43 (Cx43) and Pannexin-1 (Panx1) 

hemichannel proteins, known to play a role in gap junctional intercellular communication, was 

inhibited in the presymptomatic stage (~0.6-fold, Figure IV.4A). Also decreased was the 

MFG-E8 protein (0.5-fold, Figure IV.4B) known to participate in a wide variety of cellular 

interactions (Raymond et al. 2009) and particularly important in microglia phagocytosis of 

apoptotic neurons, pathway that is induced upon recognition of phosphatidylserine (Liu et al. 

2013b). When we explored differences on the ligand-signaling network Ccl21-Ccr7 and 

Cx3cl1-Cx3cr1 systems, as important players in the communication between damaged 

neurons and microglia, decreased levels of neuronal chemokines were observed (Figure 

IV.4C, D). In addition, as depicted in Figure IV.4E, we differentiated membrane from soluble 

forms of FKN (respectively, 95 and 76 kDa bands) (Sheridan and Murphy 2013; Suzuki et al. 

2011) by WB analysis, having observed that only the membrane fraction of Cx3cl1 (95 kDa) 

accounted for the reduced signaling trafficking. Nevertheless, no changes were detected in 

their microglial receptors, although a decreased trend was evidenced in the case of the 

CX3CR1 receptor (Figure IV.4C-F). Overall, these data suggest that astrocyte-

astrocyte/neuron and neuron-microglia communication is impaired in the SOD1G93A mice 

before symptom onset and corroborate the microglia irresponsiveness status. 

 

 

 

 



ALS biomarkers before and after symptoms onset 
 

 

134 Chapter IV 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.3 - Unaltered TLR/NF-κB signaling pathway courses with decreased Nlrp3 expression and miR-

155 upregulation in the asymptomatic SOD1
G93A

 mice. Samples of the spinal cord tissue were processed as 

indicated in “Methods.” (A) Western blot analysis of TLR2, TLR4, NF-κB, and pNF-κB. (B) Expression of Nlrp3, Il-

1beta, Il-18, Tnfa, Il-6, and Il-10 assessed by qRT-PCR. (C) Western blot analysis of HMGB1.d Profile of the 

inflammatory-related miR-155, miR-125b, miR-146a, miR-21, and miR-124 assessed by qRT-PCR. Results are 

mean + SEM (*p < 0.05 vs. WT mice, n = 5-8 mice per group, unpaired Student’s t-test).  
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Figure IV.4 - Intercellular communication 

is impaired in the presymptomatic 

SOD1
G93A

 mice. Samples of the spinal cord 

tissue were processed as indicated in 

“Methods.” (A) Cx43 and Panx1 expression 

assessed by qRT-PCR. (B) Western blot 

analysis of MFG-E8. (C) Ccl21 and Ccr7 

expression assessed by qRT-PCR. (D) 

Cx3cl1 and Cx3cr1 expression assessed by 

qRT-PCR. (E) Western blot analysis of 

CX3CR1, and of membrane-bound and 

soluble CX3CL1 forms. Dashed line 

represents WT values. Results are mean + 

SEM (*p < 0.05 vs. WT mice, n = 5-11 mice 

per group, unpaired Student’s t-test). (F) 

Representative immunofluorescent images 

of CX3CR1 are shown. Scale bar 

represents 20 μm. 
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3.3. Symptomatic In-depth Gene and Protein Signature 

Results were obtained in 12-14-week-old SOD1G93A mice using aged-matched WT mice 

as control. 

3.3.1. Atypical Reactive Astrocytes and Heterogeneous Microglia Phenotypes 

Characterize the Symptomatic Stage in the SOD1G93A Mice Model 

In the symptomatic stage, we observed a clear increase in S100B gene and protein 

expression (Figure IV.5A-C), accompanied by a decreased GFAP expression, and reduced 

expression of GLT-1 and GLAST proteins (Figure IV.5D), which have been described as 

features of aberrant astrocytes with neurotoxic potential in a specific population of cells 

isolated from the SC of the transgenic mSOD1 rats (Diaz-Amarilla et al. 2011). Now, 

considering the existence of Iba1/Cd11b-activated microglia (Figure IV.5E-F), as well as 

autotaxin-increased expression (Figure IV.5G), enhanced Cd80, Mhc-II, and Cebpa gene 

expression, and decreased Arg1 and Socs1 (Figure IV.5H), we hypothesize that microglia 

may be preferentially polarized into the M1 phenotype during the symptomatic phase, despite 

the inexistence of alterations in Nos2 and Fizz1 expression levels. To consider, however, 

that other myeloid cells may also be present in the SC at this stage and account for such 

observations (Butovsky et al. 2012). Nonetheless, we also found increased Cd206 and 

Tgfb1, which are indicative of M2 polarization. Therefore, the presence of multiple polarized 

microglial subtypes, together with prevalent proinflammatory subclasses, reinforces the 

atypical signature nature of the symptomatic stage and of its associated microglial cells. 

 

3.3.2. NF-κB/NLRP3-Inflammasome, HMGB1, and Inflamma-miRs are Upregulated in 

the Symptomatic Stage of SOD1G93A Mice 

TLR2- and TLR4-mediated signals may either determine attenuation or augmentation of 

inflammatory responses depending on the stimuli (Oak et al. 2006). Our results demonstrate 

that both TLR2 and TLR4 are decreased in the symptomatic SOD1G93A mice (Figure IV.6A), 

though we also have observed an increase in Tlr2 gene expression (data not shown). 

However, upregulated inflammatory signaling pathways involving NF-κB and its active 

phosphorylated form (pNF-κB) (Figure IV.6A), increased Nlrp3, Il-1beta and Tnfa expression 

(Figure IV.6B), as well as elevated HMGB1 cellular content (Figure IV.6C), are indicative of 

an increased inflammatory status in the SC of the SOD1G93A mice at the symptomatic stage. 

Compensatory mechanisms involving the increased expression of Il-10, as we noticed in our 

model, was previously indicated as an adaptive immune escape mechanism that if inhibited 

increase the survival of the ALS mice (Gravel et al. 2016). Again, no changes were observed 
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for Il-18 likewise the Presymptomatic stage, which were now accompanied by an unaltered Il-

6 expression, as well (Figure IV.6B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.5 - Reactive and dysfunctional astrocytes coexist with multiple activated microglia subtypes in 

the symptomatic SOD1
G93A

 mice. Samples of the spinal cord tissue were processed as indicated in “Methods.” 

(A) S100b quantification by qRT-PCR. (B) Western blot analysis of S100B. (C) Representative images of the 

S100B detection by immunohistochemistry using anti-S100B in the ventral funiculus of the spinal cord. (D) 

Western blot analysis of GFAP, glutamate transporters GLT-1/GLAST and Iba1. (E) Representative images of 

Iba1 detection by immunohistochemistry using anti-Iba1 in the ventral funiculus of the spinal cord. (F) Cd11b 

quantification by qRT-PCR. (G) Autotaxin quantification by qRT-PCR. (H) Expression of markers used for the 

characterization of microglia phenotypes assessed by qRT-PCR. Nos2, Mhc-II, Cebpa and Cd80 are M1-

phenotype markers while Arg1, Fizz1, Socs1, Tgfb1, and Cd206 are markers of M2-polarized cells. Results are 

mean + SEM (*p < 0.05, **p < 0.01 vs. WT mice, n = 6 mice per group, unpaired Student’s t-test). (C, E) Scale 

bar represents 20 μm. 
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Interestingly, in what concerns the inflamma-miRs, we found that the increase of miR-155 

was a sustained feature, but at this time complemented with miR-125b, miR-146a, miR-21, 

and miR-124 elevated expression, some with calming and others with stressful 

consequences (Figure IV.6D). Actually, miR-155 and miR-125b are associated with pro-

inflammatory responses and NF-κB activation (Cunha et al. 2016; Ponomarev et al. 2013; 

Volonté et al. 2015). With respect to miR-146a and miR-21, also produced after NF-κB 

activation, they act as feedback negative regulators to restrain microglia activation 

(Ponomarev et al. 2013; Saba et al. 2012). MiR-124, the most abundant miRNA in the brain 

and often produced by neurons, is known to contribute to pathological conditions, while also 

influences microglia to adopt either a surveilling state or an anti-inflammatory phenotype 

(Ponomarev et al. 2011; Ponomarev et al. 2013). Thus, considering each miRNA-specific 

function, the profile of inflamma-miRs we observed suggests a strong dysregulation of 

different inflammatory pathways determining diverse microglia activation subsets and a great 

complexity of pathophysiological events launched by the multifactorial ALS disease. New 

evidences actually suggest that microglia polarization is a continuum between pro- and anti-

inflammatory states and also that microglia may present phenotypes with overlapping 

features between the typical M1 and M2 phenotypes (Limatola and Ransohoff 2014). 

 

3.3.3. Upregulated Cell-to-Cell Communication in the Symptomatic Phase May 

Represent a Coordinated Cellular Response to Tissue Damage 

In opposite to the downregulated astrocyte-astrocyte/neuron and neuron-microglia cross-

talk identified in the Presymptomatic phase, the increased expression of Cx43, Panx1, Ccl21, 

and Cx3cl1 (Figure IV.7) can be a set of organized mechanisms to augment secondary 

messengers and signals for tissue regeneration. Elevated CX3CL1-CX3CR1 gene and 

protein signaling axis between neurons and microglia, recently evidenced to downregulate 

phagocytic clearance (Zabel et al. 2016), was manifest at this time. Interestingly, the more 

pronounced elevation in the soluble fraction of CX3CL1 (76 kDa) than that in the membrane-

bound fraction (95 kDA) sustains an increased proteolytic cleavage and release. As shown in 

Figure IV.7B, the reduced MFG-E8 expression, previously observed in the Presymptomatic 

stage, reinforces that MFG-E8-mediated phagocytosis is compromised in SOD1G93A mice 

throughout the disease and attests its relevance as a promising sustained novel target and 

biomarker for ALS. Collectively, these findings help to further understand the ALS 

pathophysiological mechanisms and additionally demonstrate their complexity, while 

identifying new potential therapeutic drug targets. 
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Figure IV.6 - TLR/NF-κB signaling pathway activation courses with Nlrp3 stimulation and miR-155 

upregulation in the SOD1
G93A 

mice after symptom onset. Samples of the spinal cord tissue were processed as 

indicated in “Methods.” (A) Western blot analysis of TLR2, TLR4, NF-κB and pNF-κB. (B) Expression of Nlrp3, Il-

1beta, Il-18, Tnfa, Il-6, and Il-10 assessed by qRT-PCR. (C) Western blot analysis of HMGB1. (D) Profile of the 

inflammatory-related miR-155, miR-125b, miR-146a, miR-21, and miR-124 determined by qRT-PCR. Results are 

mean + SEM (*p < 0.05, **p < 0.01 vs. WT mice, n = 5-9 mice per group, unpaired Student’s t-test). 
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Figure IV.7 - Interplay between motor 

neurons and glial cells is enhanced in the 

symptomatic SOD1
G93A

 mice. Samples of 

the spinal cord tissue were processed as 

indicated in “Methods.” (A) Cx43 and Panx1 

expression assessed by qRT-PCR. (B) 

Western blot analysis of MFG-E8. (C) Ccl21 

and Ccr7 expression assessed by qRT-PCR. 

(D) Cx3cl1 and Cx3cr1 expression assessed 

by qRT-PCR. (E) Western blot analysis of 

CX3CR1, and of membrane-bound and 

soluble CX3CL1 forms. Results are 

expressed as mean + SEM from at least 5 

experiments. Dashed line represents WT 

levels. Results are mean + SEM (*p < 0.05 

vs. WT mice, n = 6-11 mice per group, 

unpaired Student’s t-test). (F) Representative 

immunofluorescent images of CX3CR1 are 

shown. Scale bar represents 20 μm. 
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4. Discussion 

Intensive research efforts have increased the knowledge on the mechanisms underlying 

MN degeneration in ALS. However, there is still limited information on the early determinants 

and specificities at presymptomatic and symptomatic stages. This is particularly important 

given the lack of effective biomarkers not only for early diagnosis of ALS but also for 

monitoring disease progression rate (Vu and Bowser 2017). Additionally, due to multifactorial 

effectors in ALS and their intricate mechanisms, clinical trials constantly fail to validate novel 

therapeutic strategies, requiring the discovery of new targets and innovative therapies. We 

show that gene and protein profiling diverge from the presymptomatic to the symptomatic 

stage. While a subexpression of glial-associated genes and proteins occurs early before 

disease onset in the SC of SOD1G93A mice, probably compromising cellular interplay, 

increased expression of inflammatory mediators coexist with neurodegeneration, microglia 

predominant M1 phenotype and overregulated cell-to-cell communication, after disease 

onset. Intriguingly, the presence of different microglia phenotypes and the activation of 

several regulatory mechanisms at promoting tissue regeneration seem to simultaneously 

coexist. Most important, this study uncovers miR-155 overexpression and MFG-E8 

downregulation as key players prior to disease onset and along disease progression.  

Involvement of miR-155 in both familial and sporadic ALS patients was recently 

demonstrated, and miR-155 targeting in microglia was shown to restore normal cell function 

(Butovsky et al. 2015; Koval et al. 2013). A previous study showed that miR-155 was 

upregulated at 60 days old SOD1G93A mice in both SC-derived CD39+ microglia and in splenic 

Ly6C monocytes (Butovsky et al. 2012). Our data further showed that overexpression of 

miR-155 in the SC is even detectable at earlier time periods, in the present case at 4-6 

weeks. Upregulation of miR-155 was shown to contribute to microglia-mediated immune 

response and neuroinflammation, as well as to promote genome instability by affecting 

several DNA repair factors (Cardoso et al. 2012; Czochor et al. 2016; Guedes et al. 2014). 

Interestingly, there are later evidences demonstrating its benefits in preventing the elevation 

of pro-inflammatory cytokines (Li et al. 2016a; Yuan et al. 2016). Our results suggest miR-

155 as a candidate to orchestrate the direct downregulation of SOCS1 and, by targeting of 

C/EBPβ and Smad2, the downregulation of arginase-1 (Arg1) and transforming growth factor 

beta (TGF-β), respectively (Cardoso et al. 2012; Volonté et al. 2015). However, this is not 

consistent with the absence of inflammatory responses, usually considered to course with 

the elevation of miR-155. One may hypothesize that miR-155 upregulation is due to the lack 

of CX3CL1 inhibitory input from neurons, essential for microglia surveilling phenotype 

(Cardona et al. 2006b). In addition, the protective and anti-inflammatory role of miR-155 was 

recently suggested in the model of atherosclerosis-associated chronic inflammation (Li et al. 
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2016a). These findings bring some controversy about its role in neuroinflammation. 

Furthermore, although the targets are unknown, Butovsky and collaborators (2015) showed 

that miR-155 interferes with microglia phagocytosis, which may be reflected in MFG-E8 

downregulation in both disease stages. MFG-E8 recognizes phosphatidylserine on the outer 

membrane leaflet of apoptotic cells, such as neurons, and works as a bridge to attach 

microglia to such cells, thus triggering signaling cascade pathways that stimulate the process 

of destroying the dying cell (Liu et al. 2013b). So far, there was no evidence of MFG-E8 

involvement in ALS. In vitro studies showed that activated microglia upregulate MFG-E8, 

thus promoting the phagocytosis of viable neurons (Fricker et al. 2012), which occurs with 

the production of pro-inflammatory cytokines (Liu et al. 2013b). However, MFG-E8 knock-out 

was also shown to enhance pro-inflammatory responses in vivo (Hanayama et al. 2002). The 

outcome of the observed decrease in MFG-E8 may then rely on impaired phagocytosis of 

apoptotic cells by dysfunctional microglia, reason why MFG-E8-driven therapies might be 

considered. Actually, MFG-E8 upregulation has already shown to resolve inflammation in 

other pathologies (Das et al. 2016).  

In the symptomatic stage, the heterogeneous activated microglia may trigger the elevation 

of all inflamma-miRs, some of them already identified in ALS rodents and patients (Koval et 

al. 2013). In particular, miR-125b was shown to be increased in cortical SOD1G93A microglia 

promoting tumor necrosis factor alpha (TNF-α) expression (Parisi et al. 2016) that together 

with miR-155 switch microglia towards the M1-phenotype (Cunha et al. 2016). Given that 

miR-21 and miR-146a control microglia inflammatory reactivity, their upregulation may 

restrict neuroinflammatory effectors, justifying the TLR downregulation we observed (He et 

al. 2014). The elevation of miR-124, known as having calming effects on microglia 

(Ponomarev et al. 2011), has been also shown to be expressed by stressed neurons and to 

be linked to neurodegeneration (Sun et al. 2015). Actually, we observed a marked 

upregulation of miR-124 in the MN-like cell line (NSC-34 cells) expressing SOD1G93A (Pinto et 

al. 2017). Therefore, the elevation of miR-124 may be more closely related with the existence 

of neurodegeneration than with a surveilling microglia phenotype.  

Because ALS is mainly a sporadic disease, and since presymptomatic changes can only 

be assessed in people with genetic risk of developing ALS, studies have been limited to 

rodent ALS models. Regardless the data from Thomsen et al. (2014a) showing MN loss in 

the SC before disease onset, we were unable to find such neurodegeneration in our 

SOD1G93A presymptomatic mice. Nevertheless, some pathogenic mechanisms, such 

hyperexcitability, were displayed in young age (Kuo et al. 2004; Vucic et al. 2008). We show 

for the first time that a subexpressed glia-associated genes and proteins in the SC of 

presymptomatic SOD1G93A mice may act as a defensive signaling mechanism network 

against ALS onset and MN degeneration. Consistent downregulation was found for GFAP 



ALS biomarkers before and after symptoms onset 
 

 

143 Chapter IV 

and MFG-E8 proteins, and for S100b, Cd11b, Arg1, Fizz1, Socs1, Tgfb1, Cd206, Cd80, 

Nlrp3, Il-1beta, Il-6, Tnfa, Cx43, Panx1, Ccl21, Cx3cl1 genes, attesting the depressed 

activation of both astrocytes and microglia at the preonset phase. A distinct adaptive shift in 

microglial phenotypes at preclinical stage, with microglia evidencing an anti-inflammatory 

phenotype and attenuated innate immune TLR2 response to lipopolysaccharide insult, was 

recently documented (Gravel et al. 2016). Nevertheless, and contrasting with data obtained 

by these authors, we did not identify any elevation of IL-10 that could be attributed to 

microglia, at least at the gene expression level. In contrast, marked elevation of IL-10 gene 

expression was observed in the symptomatic mice. Overall, we propose that preonset 

compensatory control of SOD1-associated homeostatic imbalance, with depressed glial 

function responses precede the inflammatory emergence associated to ALS clinical 

symptoms. This is not without precedent, since it was recently reported a transcriptional 

downregulation of highly insoluble proteins in Alzheimer’s disease as mitigating aberrant 

protein aggregation (Ciryam et al. 2016).  

Previous reports emphasize the existence of incongruence on microglia phenotypes and 

neurotoxic effects in ALS (Brites and Vaz 2014). The neurodegenerative-specific microglia 

phenotype differing from M1 and M2 polarized microglia subtypes, when acutely isolated 

from the SOD1G93A mice model (Chiu et al. 2013), is in line with mixed microglia populations, 

as suggested by the M2-CD206/TGF-β increased expression, aside the prevalent 

proinflammatory phenotype. In addition, expression of inflamma-miRs reinforces the 

presence of distinct phenotypes. In fact, miR-146a upregulation is associated with senescent 

cells, including the senescent microglia (Caldeira et al. 2014), suggesting that together with 

neuroinflammatory miR-155-/miR-125b-expressing microglia, a senescent/dysfunctional 

population of cells may also coexist. Together, such phenotypes are believed to have 

deleterious effects and accelerate disease propagation (Boillée et al. 2006b; Frakes et al. 

2014; Nikodemova et al. 2014). Downstream signaling cascades activating NF-κB and 

NLRP3-inflammasome are induced in the symptomatic stage, comprehending the cytokines 

IL-1β and TNF-α and the alarmin HMGB1, as previously reported in ALS patients (Casula et 

al. 2011; Johann et al. 2015). While the NF-κB activation has been attributed to microglia and 

described as a major pathological determinant in the SOD1G93A mice (Frakes et al. 2014), 

NLRP3-inflammasome was found mainly expressed in astrocytes (Johann et al. 2015), 

suggesting the crucial involvement of microglia astrocyte interactive mechanisms. 

Aberrant and neurotoxic astrocytes showing decreased GFAP, GLT-1, and GLAST, as 

well as increased Cx43 and S100B levels, were identified in symptomatic SOD1G93A rats 

(Diaz-Amarilla et al. 2011), adding on the ALS complexity. Besides our matching results in 

the mouse model, we for the first time assessed homeostatic signature alterations after 

symptom onset. The upregulation of Cx43-Panx1 and CX3CL1-CX3CR1 axes, together with 
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increased CCL21 levels, reinforce the multifactorial nature of the symptomatic-associated 

mechanisms. The direct transfer of small molecules, including the important second 

messenger Ca2+ through Cx43 and Panx1, regulate different aspects of neuron-astrocyte-

microglia interplay. Pro-inflammatory mediators stimulate hemichannels to open, what may 

lead to neuronal death through different mechanisms (Montero and Orellana 2015). As 

Orellana et al. (2011) proposed, Aβ-activated microglia secrete pro-inflammatory cytokines 

that stimulate the release of glutamate and ATP through astrocytic Cx43 which, in turn, 

induces activation of neuronal Panx1 and associated neurodegeneration. Thus, the observed 

dysregulated expression pattern of Cx43/Panx1 in SOD1G93A mice suggests that, before 

symptom onset, homeostatic control through hemichannels is hindered, whereas later 

upregulation of both hemichannels by glial cells may account to MN degeneration. In 

addition, since overexpression of the chemokine CCL21 induces massive brain inflammation 

in mice (Chen et al. 2002), we hypothesize that the upregulation of Cx43/Panx1 and CCL21 

may be a key factor for glial activation and myeloid cell recruitment, then ultimately 

contributing to disease propagation into unaffected areas. The interface between CX3CL1 

and CX3CR1 is, however, far more controversial since the outcome of the interaction is 

extremely context-dependent (Wolf et al. 2013). Despite the fact that deletion of CX3CR1 

was shown to induce a worsened disease progression in SOD1G93A mice (Cardona et al. 

2006b), CX3CR1 inhibition halted microglia activation induced by Aβ1-40 fibrils in vivo (Wu et 

al. 2013). A recent study in a cohort of sporadic ALS patients has shown that the presence of 

a less functional variant of CX3CR1determines a reduced survival time (Lopez-Lopez et al. 

2014). Nonetheless, CX3CL1 cleavage is an early event in neuronal death induced by an 

excitotoxic stimulus (Chapman et al. 2000), and soluble CX3CL1 was shown to induce the 

expression of microglial IL-1β (Wolf et al. 2013), indicating that upon release of CX3CL1, 

microglia response may encompass toxic features. Finally, although upregulation of 

autotaxin was found in other neuroinflammatory diseases (Zahednasab et al. 2014), our 

findings are innovative in establishing autotaxin as an ALS-associated inflammatory marker 

in the SOD1G93A mice. 

Overall, we provide new evidences on the mechanisms underlying both pre and 

symptomatic stages of ALS. The remarkable depressed glia functionality and reduced cell-to-

cell communication in the preonset stage opens new clues on potential mechanisms at 

preventing the lethal fate of MNs. As early potential targets and biomarkers, we identified the 

upregulation of miR-155 and the downregulation of MFG-E8. Upregulation of miR-155 in 

monocytes from ALS mouse model and patients was previously found (Butovsky et al. 2012), 

and benefits on its targeting already reported (Butovsky et al. 2015). However, no references 

were made for the existence of elevated expression of miR-155 in the SC of SOD1G93A 

mouse model at such early presymptomatic stage. After disease onset, astrocytes acquire 
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proliferative/reactive properties, and microglia predominantly switch to a proinflammatory 

state, with both cells displaying neurotoxic properties and contributing to an insidious 

scenario. We further show that other microglia phenotypes may coexist after disease onset 

and course with some defensive mechanisms as the disease progresses. Such findings 

outline that combined therapies may be more effective at delaying ALS progression, and that 

by pushing the balance towards neuroprotection, through acting in different cellular 

processes, may enhance the appearance of successful therapeutic approaches for ALS. 

Among them, our data specify NLRP3-inflammasome, HMGB1, miR-155/miR-125b, shed 

CX3CL1, and hemichannels  Cx43/Panx1, as promising targets to be repressed, and outline 

MFG-E8 and M2-microglia subtypes to be upregulated, when designing molecular 

interventions with pleiotropic functionality for ALS-associated neuroinflammation. 
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5. Supplementary Material 

Supplementary Table IV.1 - List of primary antibodies used in IHC and WB. 

Primary 
antibody 

Species Reference 
Dilution 
in IHC 

Dilution 
in WB 

SOD1 Rabbit sc-11407, Santa Cruz Biotechnology 1:50 1:500 

NeuN Mouse MAB377, Millipore 1:100 1:100 

S100B Rabbit Ab52642, Abcam, Cambridge, UK 1:200 1:1000 

GFAP Rabbit G9269, Sigma-Aldrich - 1:500 

GLT-1 Rabbit Ab41621, AbCam, Cambridge, UK - 1:200 

GLAST Rabbit Ab416, AbCam, Cambridge, UK - 1:200 

Iba1 Rabbit 
Wako 019-19741, Wako Pure Chemical 
Industries Ltd, Osaka, Japan 

1:250 1:500 

TLR4 Mouse sc-10741, Santa Cruz Biotechnology - 1:100 

TLR2 Rabbit sc-10739, Santa Cruz Biotechnology - 1:100 

NF-kB p65 Rabbit sc-372, Santa Cruz Biotechnology - 1:500 

NF-kB p65 
phospho S536 

Rabbit Ab131109, Abcam - 1:500 

HMGB1 Mouse 
651402, BioLegend; San Diego, CA, 
USA 

- 1:200 

MFG-E8 Rabbit sc-33546, Santa Cruz Biotechnology  - 1:100 

CX3CL1 Goat sc-7227, Santa Cruz Biotechnology - 1:50 

CX3CR1 Rabbit Ab8021, Abcam 1:100 1:500 

β-actin Mouse A5441, Sigma-Aldrich - 1:5000 

 
 

Supplementary Table IV.2 - List of primer sequences used for mRNA analysis. 

Gene  Sequence (5’-3’)/Source  

Ki-67 5’-CAGTACTCGGAATGCAGCAA-3’ (fwr) 

 5’-CAGTCTTCAGGGGCTCTGTC-3’ (rev) 

S100b 5’-GAGAGAGGGTGACAAGCACAA-3’ (fwr)  

 5’-GGCCATAAACTCCTGGAAGTC-3’ (rev)  

Cd11b 5’-CAGATCAACAATGTGACCGTATGGG-3’ (fwr) 

 5’-CATCATGTCCTTGTACTGCCGCTTG-3’ (rev) 

Nos2 5’-ACCCACATCTGGCAGAATGAG-3’ (fwr) 
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 5’-AGCCATGACCTTTCGCATTAG-3’ (rev) 

Mhc-II 5’-TGGGCACCATCTTCATCATTC-3’ (fwr) 

 5’-GGTCACCCAGCACACCACTT-3’ (rev) 

Cebpa 5’-AGCTTACAACAGGCCAGGTTTC-3’ (fwr) 

 5’-CGGCTGGCGACATACAGTAC-3’ (rev) 

Arg1 5’-CTTGGCTTGCTTCGGAACTC-3’ (fwr) 

 5’-GGAGAAGGCGTTTGCTTAGTTC-3’ (rev) 

Fizz1 5’-GCCAGGTCCTGGAACCTTTC-3’ (fwr) 

 5’-GGAGCAGGGAGATGCAGATGAG-3’ (rev) 

Socs1 5’-CACCTTCTTGGTGCGCG-3’ (fwr) 

 5’-AAGCCATCTTCACGCTGAGC-3’ (rev) 

Tgfb1 5’-CAGAGCTGCGCTTGCAGAG-3’ (fwr) 

 5’-GTCAGCAGCCGGTTACCAAG3’ (rev) 

Nlrp3 5’-TGCTCTTCACTGCTATCAAGCCCT-3’ (fwr) 

 5’-ACAAGCCTTTGCTCCAGACCCTAT-3’ (rev) 

Il-18 5’-TGGTTCCATGCTTTCTGGACTCCT-3’ (fwr) 

 5’-TTCCTGGGCCAAGAGGAAGTG-3’ (rev) 

Il-1beta 5’-CAGGCTCCGAGATGAACAAC-3’ (fwr) 

 5’-GGTGGAGAGCTTTCAGCTCATA-3’ (rev) 

Cx43  5’-ACAGCGGTTGAGTCAGCTTG-3’ (fwr)  

 5’-GAGAGATGGGGAAGGACTTGT-3’ (rev)  

Panx1 5’-TGTGGCTGCACAAGTTCTTC-3' (fwr) 

 5’-ACAGACTCTGCCCCACATTC-3’(rev) 

Ccl21 5’-CAGGACTGCTGCCTTAAGTA-3’ (fwr) 

 5’-GCACATAGCTCAGGCTTAGA-3’ (rev) 

Ccr7 5’-CATGGACCCAGGTGTGCTTC-3’ (fwr) 

 5’-TCAGTATCACCAGCCCGTTG-3’ (ver) 

Cx3cl1 5’-CTCACGAATCCCAGTGGCTT-3’ (fwr) 

 5’-TTTCTCCTTCGGGTCAGCAC-3’ (rev) 

Cx3cr1 5’-TCGTCTTCACGTTCGGTCTG-3’ (fwr) 

 5’-CTCAAGGCCAGGTTCAGGAG-3’ (rev) 

Cd80 5’-ACTAGTTTCTCTTTTTCAGGTTGTG-3’ (fwr) 

 5’-GAGCCAATGGAGCTTAGGCA-3’ (rev) 

Cd206 5’-GTGGAGTGATGGAACCCCAG-3’ (fwr) 

 5’-CTGTCCGCCCAGTATCCATC-3’ (rev) 

b-actin  5’-GCTCCGGCATGTGCAA-3’ (fwr)  

 5’-AGGATCTTCATGAGGTAGT-3’ (rev)  

 



 

 



 

 

 

 

 

 

 

 

Chapter V 

 

SOD1
G93A

 SPINAL MICROGLIA SWITCH FROM PRO-

INFLAMMATORY TO HETEROGENEOUS PHENOTYPES 

WITH IN VITRO AGING AND CROSS-TALK WITH PAIRED 

REACTIVE ASTROCYTES 
 

Carolina Cunha1, Cátia Gomes1, Ana Rita Vaz1,2, Dora Brites1,2 

 

1Neuron Glia Biology in Health and Disease Group, Research Institute for Medicines 

(iMed.ULisboa), Faculty of Pharmacy, Universidade de Lisboa, Avenida Professor Gama 

Pinto, 1640-003 Lisbon, Portugal 

2Department of Biochemistry and Human Biology, Faculty of Pharmacy, Universidade de 

Lisboa, Lisbon, Portugal 

 

 

 

 

 

 

(To be submitted)



 

 



Microglia phenotypic heterogeneity in ALS 
 

 

151 Chapter V 

Abstract 

Neuroinflammation is a recognized hallmark of amyotrophic lateral sclerosis (ALS). While 

recent studies show specific microglia-induced motor neuron injury pathways, microglial 

phenotypic dynamics along disease course are largely unknown. Here, we isolated microglia 

from the spinal cord of SOD1G93A mice and evaluated their phenotypic profile, inflammatory 

responses and phagocytic/autophagic ability when cultured for short or long-term [2 and 16 

days in vitro (DIV), respectively]. A coculture system was used to understand the influence of 

microglia-astrocyte communication in ALS neuroinflammatory pathways. The expression 

profile of microglial phenotypic markers showed that a pro-inflammatory polarization in 2 DIV 

SOD1G93A spinal microglia progresses to a dysfunctional state, while a 16 DIV microglia 

population retain the proinflammatory phenotype. TLR4/NF-κB signaling pathway and nitric 

oxide release are activated in short-term cultured SOD1G93A spinal microglia, mechanisms 

that are lost with time in culture. Additionally, impaired beads phagocytosis and MFG-E8 

production were observed in both time-points in SOD1G93A spinal microglia and LC3-related 

autophagy was only induced in 16 DIV SOD1G93A cells. We also demonstrated that SOD1G93A 

spinal astrocytes produce toxic effects in WT spinal microglia while inducing heterogeneous 

M1, M2b and M2c subsets in SOD1G93A spinal microglia. Interestingly, SOD1G93A spinal 

astrocytes-to-microglia communication promoted Nlrp3-inflammasome upregulation and 

HMGB1 release. Also, in this coculture pair, astrocytes upregulate S100b and Panx1.  

Overall, microglia acquire multiple phenotypes in vitro and upon astrocytes interaction 

reflecting the complexity of microglia responses in ALS. We further highlight the importance 

of designing combined therapies as specific non-cell autonomous neurotoxic mechanisms 

require microglia-astrocyte cross-talk.  

 

 

 

 

 

 

Keywords: Phenotype heterogeneity, inflamma-miRs deregulation, microglia-astrocyte 

cross-talk  
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1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a late-onset fast progressing motor neuron disease 

caused by selective denervation and death of upper and lower motor neurons leading to 

muscular weakness and atrophy. The heterogeneity of symptoms underlies the involvement 

of different central nervous system (CNS) regions including motor cortex, brainstem and 

spinal cord (SC). Sporadic and familial ALS (only 10%) share very similar clinical 

manifestations and patients generally die by respiratory failure 2-5 years after disease onset 

(Taylor et al. 2016; Van Damme et al. 2017). In this line, transgenic rodents carrying 

superoxide dismutase 1 (SOD1) mutations (first ALS-causing mutant protein described) are 

the most studied model as they develop a progressive motor neuron degeneration similar to 

ALS patients (Turner and Talbot 2008; Van Damme et al. 2017). 

Despite a typical motor neuron disease, different studies have shown the intimate 

association of glial cells activation with motor neuron degeneration in ALS. Transgenic mice 

selectively expressing mutant SOD1 (mSOD1) in motor neurons did not develop motor 

neuron disease (Lino et al. 2002; Pramatarova et al. 2001). By producing chimeric mice, 

Clement and colleagues (2003) showed that mSOD1-nonneuronal cells induce an ALS-like 

pathology in healthy motor neurons. Additionally, mSOD1 gene targeting in microglia (Boillée 

et al. 2006b) or astrocytes (Yamanaka et al. 2008b) significantly delayed disease 

progression, illustrating the importance of glial cells to the overall picture of ALS.  

Amongst the multifactorial processes involved in ALS, neuroinflammation has gain 

increased attention over the last years. Several efforts have been made to develop new 

therapies targeting inflammation and microglia activation but despite the positive outcome in 

transgenic mice, they constantly fail when transferred to human clinical trials (Crisafulli et al. 

2017). In fact, the underlying mechanisms of inflammation-induced motor neuron 

degeneration as well as the diversity of microglial phenotypes are not fully understood. 

Microglia are highly ramified surveillant cells whose functions go far beyond immune 

defense mechanisms as they actively contribute to normal CNS development and 

homeostasis (Wolf et al. 2017). Microglial phenotype designations have been recently 

debated as the typical M1/M2 phenotypes begin to be unsuccessful in completely explaining 

microglial responses in normal and diseased CNS (Ransohoff 2016; Song and Suk 2017). 

Rather, microglia activation is extremely plastic and specific for the confined environment 

they face and novel studies have started to unravel particular microglia molecular signatures 

(Butovsky et al. 2014; Chiu et al. 2013). Nevertheless, a set of phenotype markers ranging 

from the pro-inflammatory M1 to anti-inflammatory M2, typically described for macrophages, 

can be useful to understand microglia pathogenic involvement in neurodegeneration and 

have been reviewed elsewhere (Brites and Vaz 2014; Moehle and West 2014). 
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Controversial data have been published concerning the transition of microglial phenotypes 

along ALS progression. While in vitro studies point to a pro-inflammatory and neurotoxic 

mSOD1-expressing microglia (Frakes et al. 2014; Xiao et al. 2007), in vivo data address a 

specific microglial signature in late symptomatic ALS-rodents (Chiu et al. 2013; Nikodemova 

et al. 2014). A transition from M2-neuroprotective at disease onset to a M1-neurotoxic 

phenotype at the end-stage was also reported (Liao et al. 2012). We recently showed that 

microglia neuroprotective functions were reduced in presymptomatic SOD1G93A mice 

progressing to a mixture of phenotypes with prevalent pro-inflammatory properties at the 

symptomatic stage (Cunha et al. 2017). Interestingly, a series of inflammation-related 

microRNAs (miRNAs) denominated as inflamma-miRs emerged as new tools to identify 

microglia phenotypes (Freilich et al. 2013; Ponomarev et al. 2013). Both pro-inflammatory 

(miR-155 and miR-125b) and anti-inflammatory (miR-21 and miR-146a) miRNAs were 

upregulated in symptomatic ALS mice (Butovsky et al. 2015; Butovsky et al. 2012; Cunha et 

al. 2017), corroborating the acquisition of multiple microglial subsets in ALS late stages. Of 

notice, the role of microglia phagocytosis in ALS has been neglected. Some reports indicate 

impairment of mSOD1 microglia phagocytic capacity (Butovsky et al. 2015; Sargsyan et al. 

2011) and we described that downregulation of milk fat globule EGF factor 8 (MFG-E8), an 

adaptor molecule involved in facilitating microglia phagocytosis upon recognition of 

phosphatidylserine (PS), was sustained throughout disease course in SOD1G93A mice (Cunha 

et al. 2017). 

Here we explored the phenotype of SC-derived microglia cultured for a short and a longer 

period of time to mimic reactive vs. senescent-like behavior, as we previously showed 

(Caldeira et al. 2014), in order to establish a model that could represent microglia in early 

and late stages of ALS. Moreover, we also explore the effect produced by astrocytes 

secretome in microglia polarization since very little is known about the cross-talk between 

them in this disease. Our data indicate that microglia may acquire distinct phenotypes in ALS 

and the communication between microglia and astrocytes drives the upregulation of specific 

neurotoxic mechanisms. Our data not only propose a useful model to further explore 

strategies to modulate microglial function in ALS but also highlights the importance of 

designing target-driven solutions taking into account the properties of microglia in a specific 

disease stage.  
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2. Materials and Methods 

2.1. Transgenic SOD1G93A mouse model 

Transgenic B6SJL-TgN (SOD1G93A)1Gur/J males (Jackson Laboratory, No. 002726) 

overexpressing the human SOD1 (hSOD1) gene carrying a glycine to alanine point mutation 

at residue 93 (G93A) (SOD1G93A) (Gurney et al. 1994) and B6SJLF1/J non transgenic, wild 

type (WT) females were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). 

Maintenance and handling took place at Instituto de Medicina Molecular animal house 

facilities, where a colony was established. Mice were maintained on a background B6SJL by 

breeding SOD1G93A transgenic males with WT females. In this study we used 7 day-old pups. 

A section of the tail was used in the genotyping protocol through polymerase chain reaction 

(PCR) (Rosen 1993) to identify SOD1G93A and WT mice. 

The present study was performed in accordance with the European Community guidelines 

(Directives 86/609/EU and 2010/63/EU, Recommendation 2007/526/CE, European 

Convention for the Protection of Vertebrate Animals used for Experimental or Other Scientific 

Purposes ETS 123/Appendix A) and Portuguese Laws on Animal Care (Decreto-Lei 129/92, 

Portaria 1005/92, Portaria466/95, Decreto-Lei 197/96, Portaria 1131/97). All the protocols 

used in this study were approved by the Portuguese National Authority (General Direction of 

Veterinary) and the Ethics Committee of the Instituto de Medicina Molecular of the Faculty of 

Medicine, Universidade de Lisboa, Lisbon, Portugal. All animal procedures were approved by 

the Institutional Animal Care and Use Committee and studies were conducted in accordance 

with the United States Public Health Service's Policy on Humane Care and Use of Laboratory 

Animals. Every effort was made to minimize the number of animals used and their suffering. 

 

2.2. Primary microglia cultures from the spinal cord 

In this work we used the method of Saura et al. (2003) described to isolate microglia from 

cerebral cortices, instead of the shaking method (Giulian and Baker 1986) or the Percoll 

gradient (Cardona et al. 2006a), due to its simplicity, reproducibility and high-yield 

advantages. The method revealed to produce microglia with low contamination by astrocytes 

(Gordo et al. 2006) and to be adequate to isolate such cells from the spinal cord of 

transgenic mice, as well as for protein/mRNA assessment (Saura et al. 2003). Indeed, other 

methods used to extract microglia from the spinal cord result in preparations with 30% 

astrocyte contamination, at least for adult microglia (Bronstein et al. 2013). Our primary 

mixed glial cultures were prepared from the SC of 7 day-old WT and SOD1G93A mice. At this 

age, microglia dramatically increase in number (Harry and Kraft 2012), and although the 

microglia amoeboid morphology is still abundant, transition into a ramified shape is already 
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visible (Cardoso et al. 2015). To note that microglia morphological features and their 

colonization of the mouse brain were shown to be similar to humans (Torres-Platas et al. 

2014). After dissecting the whole SC (C1-L5 segments), meninges as well as the attached 

dorsal and ventral roots were peeled away under a dissection microscope. The SC tissue 

was divided into small pieces using the forceps and then quickly triturated with 1 ml pipette. 

The lysate was then filtered consecutively in a 230- and 104-μm filter to remove large debris 

and dissociate cell clusters. After spin down the cell suspension at 700 g for 10 min, cells 

isolated from one SC were resuspended in culture medium [DMEM-Ham’s F-12 with 2 mM L-

glutamine, 1 mM sodium pyruvate, non-essential amino acids 1x, 10% fetal bovine serum 

(FBS), and 1% antibiotic-antimycotic solution] and seeded on 6 wells of an uncoated 12-well 

tissue culture plate (7x103 cells/cm2). Glial cultures were maintained at 37oC in a humidified 

atmosphere of 5% CO2 for 21 days in vitro (DIV) and medium was changed once a week. 

This period was shown to produce microglia with maximal yield and purity (Saura et al. 

2003), usually more than five times of the shaking method (Giulian and Baker 1986). In 

contrast with the shaking method such procedure has a lower level of isolation procedure 

stress leading only to a mild state of microglia activation, with cells showing amoeboid, 

bipolar and unipolar morphologies. The confluent mixed glial cultures were then subjected to 

mild trypsinization using a trypsin-EDTA solution diluted 1:3 in DMEM-Ham’s F12 (DMEM-

F12) to detach an intact upper layer of astrocytes, which were collected and used in 

cocultures of microglia-astrocytes. The reaction was stopped after 45 min by adding DMEM-

F12 supplemented with 10% FBS. Microglia that remained firmly attached to the bottom were 

used after short-term (2 DIV) and long-term cultures (16 DIV), as described for cortical 

microglia (Caldeira et al. 2014). With this in vitro aging (Lesuisse and Martin 2002; Phipps et 

al. 2007) we intend to assess changes in microglia phenotypes that mimic ALS progression. 

The number of contaminating astrocytes in the microglial seeded plate was between 2 and 

4% in all experiments. 

 

2.3. Microglia-astrocyte cocultures 

Cocultures were used to study the effect of astrocytes on microglia phenotype, as well as 

the pathways involved in astrocytes-microglia interplay in ALS. Our primary mixed glial 

cultures were prepared, as aforementioned from the SC of 7 day-old WT and SOD1G93A 

mice. To the best of our knowledge, we are the first establishing this procedure. The mixed 

culturing and the separation of microglia and astrocytes from the same culture has several 

advantages, as follows: more accurately mimic the developing brain and the CNS 

environment; allow the isolation of the two types of glial cells whose development and 

differentiation took place in parallel; show low contamination of microglia in the astrocyte 
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layer in contrast with usual astroglial-enriched (Saura 2007); and minimize the number of 

animals used and better coordinate the culturing times of astrocytes and microglia. 

After the mild-trypsinization, previously described, the isolated astrocytes were collected, 

spin down at 900 g for 5 min and re-plated on 6 coverslips (12-well tissue culture plate) with 

paraffin wax feet (Phatnani et al. 2013) in the same medium composition used in the mixed 

culture. After 2 DIV, the coverslips containing WT or SOD1G93A astrocytes were inverted over 

a layer of WT or SOD1G93A microglia, so that 4 coculture pairs were established: WT 

microglia-WT astrocytes; WT microglia-SOD1G93A astrocytes; SOD1G93A microglia-WT 

astrocytes; and SOD1G93A microglia-SOD1G93A astrocytes. At the moment of coculture, fresh 

medium was added to each well. Cells were maintained in coculture for 48h, and then 

harvested separately. 

Recently, novel protocols have been developed to isolate and culture adult astrocytes to a 

better understanding of astrocytes biology in human adult-onset diseases (Diaz-Amarilla et 

al. 2011; Tripathi et al. 2017). In rodent brain, astrocytes reach their plateau number between 

postnatal day 7 and 10, where gene expression profiles are nearly indistinguishable from 

their adult gene profiles (Foo et al. 2011). Astrocytes obtained with this procedure from the 

spinal cord of pups expressed common markers of mature astrocytes, such as the 

filamentous GFAP in their processes, as well as the astrocytic glutamate transporter 1 (GLT-

1) and S100B immunostaining, indicated to characterize both adult and postnatal astrocytes 

(Diaz-Amarilla et al. 2011; Foo et al. 2011; Raponi et al. 2007; Tripathi et al. 2017).  

 

2.4. Immunocytochemistry 

Spinal microglial cells were fixed with freshly prepared 4% (w/v) paraformaldehyde in PBS 

and a standard immunocytochemistry was performed as previously indicated (Fernandes et 

al. 2006).  Briefly, cells were incubated overnight at 4ºC with the primary antibodies: mouse 

anti-iNOS (1:100, 610328, BD Biosciences, San Jose, CA, USA), goat anti-arginase 1 (1:50, 

sc-18355, Santa Cruz Biotechnology®, CA, USA), rabbit anti-NF-κB p65 phospho S536 

(1:250, Ab131109, Abcam, Cambridge, UK) and rabbit anti-LC3 (1:200, 2775S, Cell 

Signaling, Danvers, MA, USA). The secondary antibodies incubated for 2 h at room 

temperature were anti-mouse FITC (1:227, FI-2001, Vector, Burlingame, CA, USA), goat 

anti-rabbit Alexa Fluor 488 (A11008) and chicken anti-goat 594 (A21468) (1:1000, Invitrogen 

CorporationTM, Carlsbad, CA, USA). Cell nuclei were stained with Hoechst 33258 dye (blue, 

Sigma, Saint Louis, MO, USA). Fluorescence was visualized using an AxioCam HR camera 

adapted to an AxioScope A1® microscope (Zeiss, Germany). Merged images of UV and 

fluorescence of ten random microscopic fields were acquired per sample by using Zen 2012 

(blue edition, Zeiss) software.  
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2.5. Quantitative RT-PCR 

Total RNA was extracted from spinal microglia using TRIzol® Reagent (LifeTechnologies, 

Carlsbad, CA, USA), as usual in our laboratory (Cunha et al. 2017). Total RNA was 

quantified using Nanodrop ND-100 Spectrophotometer (NanoDrop Technologies, 

Wilmington, DE, USA) and conversion to cDNA was performed with SensiFASTTM cDNA 

synthesis (BIO-65054, BIOLINE, London, UK). Quantitative RT-PCR (qRT-PCR) was 

performed to evaluate mRNA expression of the genes indicated in Supplementary Table V.1, 

using β-actin as an endogenous control to normalize gene expression levels. qRT-PCR was 

performed on a Quantstudio 7 Flex Real Time PCR System (LifeTechnologies) using 

SensiFAST™ SYBR® (Hi-ROX, BIO-92002/S, BIOLINE). qRT-PCR was performed under 

optimized conditions: 50ºC for 2 min and 95ºC also for 2 min, followed by 40 cycles at 95°C 

for 5 sec and 62°C for 30 sec. In order to verify the specificity of the amplification, a melt-

curve analysis was performed, immediately after the amplification protocol. Non-specific 

products of PCR were not found in any case. 

Expression of miRNAs was also performed by qRT-PCR. Here, cDNA conversion was 

performed with the universal cDNA Synthesis Kit (Exiqon, Vedbaek, Denmark), as described 

by us (Caldeira et al. 2014), using 5 ng of total RNA according to the following protocol: 60 

min at 42°C followed by heat-inactivation of the reverse transcriptase for 5 min at 95°C. For 

miRNA quantification, the miRCURY LNATM Universal RT microRNA PCR system (Exiqon) 

was used in combination with the pre-designed primers (Exiqon) for mmu-miR-155-5p (miR-

155, 5’-UUAAUGCUAAUUGUGAUAGGGGU-3’), hsa-miR-124-3p (miR-124, 5’-

UAAGGCACGCGGUGAAUGCC-3’), hsa-miR-146a-5p (miR-146a 5’-UGAGAACUGAA 

UUCCAUGGGUU-3’), hsa-miR-21-5p (miR-21, 5’-UAGCUUAUCAGACUGAUGUUGA-3’), 

hsa-miR-125b-5p (miR-125b, 5’-UCCCUGAGACCCUAACUUGUGA-3’) and SNORD110 

(reference gene). The reaction conditions consisted of polymerase activation/denaturation 

and well-factor determination at 95°C for 10 min, followed by 50 amplification cycles at 95°C 

for 10 sec and 60°C for 1 min (ramp-rate of 1.6°/s). 

In both cases, relative mRNA/miRNA concentrations were calculated using the ΔΔCT 

equation and results were represented as fold change.  

 

2.6. Western blot 

Total protein isolation from organic phases of TRizol-chloroforms from spinal microglia 

was performed by using TRIzol® Reagent (LifeTechnologies) and protein expression was 

performed by Western blot analysis as usual in our laboratory (Cunha et al. 2017). Protein 

extracts were separated on sodium dodecyl sulfate-polyacrilamide gel electrophoresis (SDS-

PAGE) and transferred to a nitrocellulose membrane. The membranes were blocked with 5% 
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non-fat milk in TBS-T (0.1% Tween-20) and incubated overnight at 4ºC with specific primary 

antibodies: rabbit anti-TLR4 (1:100, sc-10741, Santa Cruz Biotechnology®), mouse anti-

beclin (1:100, MABC34, Merck, Darmstadt,Germany) and mouse anti-β-actin (1:5000, 

A5441, Sigma). Blots were washed and incubated with anti-rabbit (1:5000, sc-2004, Santa 

Cruz Biotechnology®) or anti-mouse (1:5000, sc-2005, Santa Cruz Biotechnology®) 

secondary antibodies conjugated with horseradish peroxidase for 1 h at RT. Finally, the 

chemiluminescent detection was performed after membrane incubation with Western 

BrightTM Sirius (K-12043-D10, Advansta, Menlo Park, CA, USA). The relative intensities of 

protein bands were analyzed using the Image LabTM analysis software, after scanning with 

ChemiDocXRS, both from Bio-Rad Laboratories (Hercules, CA, USA). Results were 

normalized to -actin and expressed as fold change.  

 

2.7. Microglial phagocytosis assay 

To evaluate the phagocytic ability of spinal microglia, cells were incubated with 0.0025% 

(w/w) fluorescent latex beads (diameter 1 μm, L1039, Sigma) for 75 min at 37ºC and fixed 

with freshly prepared 4% (w/v) paraformaldehyde in PBS, as previously (Cunha et al. 2017). 

Nuclei were stained with Hoechst 33258 dye (blue). UV and fluorescence images of ten 

random microscopic fields (original magnification: 400X) were acquired per sample by using 

Zen 2012 (blue edition, Zeiss) software. The number of ingested beads per cell were counted 

using ImageJ software. 

 

2.8. Extracellular HMGB1 

In order to study the release of high mobility group box 1 (HMGB1) to the extracellular 

media, we used HMGB1 Detection Kit (catalog#6010, Gentaur Molecular Products, 

Kampenhout, Belgium). Briefly, the capture antibody was incubated ON at 4ºC in a 96-well 

plate. In the following day, after the addition of the detection antibody, the collected 

supernatant or HMGB1 standard was added to each well. The plate was incubated for 1 h at 

37ºC, and afterwards for approximately 20 h at 4ºC. In the following day, the plate was 

incubated with streptavidin peroxidase for 30 min at RT, followed by TMB for 30 min at RT, 

and finally the stop solution (2N sulfuric acid) was added to each well. Optical density values 

were read within 30 min in a microplate absorbance spectrophotometer (PR 2100, BioRad 

Laboratories, Inc.) at 450 nm (sample) and 630 nm (reference filter).  

 

2.9. Quantification of nitrite levels 

Nitric oxide (NO) levels were estimated by assessing the concentration of nitrites (NO2), 

the stable end-product from NO metabolism, in culture media by the Griess method, as we 
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published (Silva et al. 2011). Briefly, extracellular media free from cellular debris were mixed 

with Griess reagent in 96-well tissue culture plates for 10 min in the dark, at RT. The 

absorbance at 540 nm was determined using a microplate reader. A calibration curve was 

used for each assay. All samples were measured in duplicate and the mean value was used.  

 

2.10. Determination of cell death 

We used phycoerythrin-conjugated annexin V (annexin V-PE) and 7-amino-actinomycin D 

(7-AAD; Guava Nexin® Reagent, #4500-0450, Millipore) to determine the percentage of 

viable, early- apoptotic and late-apoptotic/necrotic cells by flow cytometry. After coculturing 

with astrocytes, adherent WT and SOD1G93A spinal microglia were collected by trypsinization 

and added to the cells present in the harvested coculture media. After centrifugation cells 

were resuspended in PBS containing 1% bovine serum albumin (BSA), stained with annexin 

V-PE and 7-AAD, following manufacturer’s instructions, and analyzed on a Guava easyCyte 

5HT flow cytometer (GuavaNexin® Software module, Millipore), as previously described 

(Caldeira et al. 2014). Three populations of cells can be distinguished by this assay: viable 

cells (annexin V-PE and 7-AAD negative), early apoptotic cells (annexin V-PE positive and 7-

AAD negative), and late stages of apoptosis or dead cells (annexin V-PE and 7-AAD 

positive).  

 

2.11. Statistical analysis 

Results were expressed as mean + SEM. Differences between 2 DIV and 16 DIV WT 

spinal microglia (Table V.1) as well as WT and SOD1G93A spinal microglia in each time point 

were determined by unpaired Student’s t-test. Welch´s correction was applied when 

variances where different between groups. Two-way ANOVA followed by Bonferroni’s 

multiple comparisons post hoc correction was used to analyze microglia phenotypic 

populations, beads phagocytosis and microglia-astrocyte coculture experiments. Statistical 

analysis was performed using GraphPad Prism 5 (GraphPad Software; San Diego, CA, 

USA). Values of p < 0.05 were considered statistically significant. 

 

3. Results 

3.1. Spinal microglia isolated from WT mice show downregulated M1/M2 markers and 

reduced autophagy with long-term in cultures 

Senescent microglia show reduced neuroprotective properties during aging in the human 

brain (Streit et al. 2004; Wong 2013) and a dysfunctional microglia phenotype was reported 

in the spinal cord of SOD1G93A rats at the end-stage (Nikodemova et al. 2014). Before 

file:///C:/Users/User/iMed.UL/Doutoramento/Tese%20Doutoramento/Manuscript%20Mg%20SC%202-16%20div%20e%20co-cult%20CarolinaDB%20set14%20corrigido.docx%23_ENREF_75
file:///C:/Users/User/iMed.UL/Doutoramento/Tese%20Doutoramento/Manuscript%20Mg%20SC%202-16%20div%20e%20co-cult%20CarolinaDB%20set14%20corrigido.docx%23_ENREF_85
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evaluating dissimilarities between WT and SOD1G93A spinal microglia considering short- (2 

DIV) and long-term (16 DIV) cultures, we assessed whether the WT spinal microglia behaved 

differently from the cortical microglia used in previous studies (Caldeira et al. 2014). Here, we 

used 7-day-old pups, and not 1-day-old animals as in the prior study, to isolate microglia. 

However, both correspond to the period of late gestation in humans and precede the period 

of microglia proliferation and ramification (Brites and Fernandes 2015). As indicated in Table 

V.1, the 16 DIV spinal cord microglia showed decreased levels of M1 markers [CD80 and 

interleukin (IL)-1β genes], but specially M2 ones [arginase 1 (Arg1), transforming growth 

factor beta (TGF-β), Cd206 and IL-10 genes]. Data are suggestive that a more senescent-

like microglia is obtained with the time in culture, as observed for the cortical microglia and 

corroborate the existence of non-M1 and non-M2 typical phenotypes (Caldeira et al. 2014). 

Recent evidences showed that miRNAs play an important role in the regulation of gene 

expression at cytoplasmic and nuclear levels, and are believed to constitute promising 

molecular biomarkers (Catalanotto et al. 2016). Therefore, we decided to investigate a set of 

5 inflamma-miRNAs, including miR-155, miR-125, miR-146, miR-21 and miR-124, 

considered to be associated with microglia polarization, neuroinflammation and ageing (Che 

et al. 2014; Olivieri et al. 2015; Ponomarev et al. 2013). Although not statistically significant, 

we have observed almost doubled expression levels for miR-155 (pro-inflammatory/aged-

associated), miR-125 (pro-inflammatory) and miR-21 (anti-inflammatory/aged-associated), 

attesting microglia phenotypic diversity with in vitro culturing.  

We further assessed spinal microglia dysfunction by ageing in culture, and we observed 

that the cells were less able to phagocytose latex beads and showed decreased expression 

of phagocytic-related proteins such as triggering receptor expressed by myeloid cells 2 

(TREM2) and MFG-E8 (Table V.1). Finally, in the same way as cortical microglia (Caldeira et 

al. 2014), we also observed that beclin-1 expression was reduced in “aged”-spinal microglia 

(Table V.1), suggesting the existence of compromised autophagy. 

The establishment of such findings is important to discriminate whether microglia isolated 

from the spinal cord of SOD1G93A mice and cultivated for 2 and 16 DIV, to be explored in next 

sections, show additional particular susceptibilities in their function/dysfunction relatively to 

the WT profile. Data may have relevance when designing of novel medicines targeting 

features and timing of microglia activation is intended. 
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Table V.1 - Changes of long-term vs. short-term cultures in wild type (WT) microglia phenotype 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data is expressed as fold change and p values were calculated by Student’s t-test; bold values highlight statistical 
significance (p < 0.05, n=4-6). DIV, days in vitro. 

 

3.2. Short-term (2 DIV) cultured SOD1G93A spinal microglia show increased M1/M2b 

polarization but a depressed inflammatory status when cultured for 16 DIV 

Contradictory reports on microglia phenotypic heterogeneity along ALS disease course 

may arise from the reduced spectrum of markers that have been used. Some screening 

studies identified a degenerative specific phenotype at the mSOD1 mice end-stage (Chiu et 

al. 2013), and others different stages of reactive microglia  (Ohgomori et al. 2016). Therefore, 

we decided to characterize the expression of several well-known phenotypic markers of 

M1/M2 microglial polarization (Brites and Vaz 2014; Chhor et al. 2013; Crain et al. 2013), 

after confirming that the SOD1G93A spinal microglia cultured for both 2 and 16 DIV 

Gene/Protein 
Fold (16 DIV vs. 2 DIV) 

Mean ± SEM 
p values 

 
M1 phenotype 

  

Nos2 1.4 ± 0.7 0.293 

Mhc class II 1.0 ± 0.4 0.459 

Cd80 0.6 ± 0.3 0.139 

Il-1beta 0.4 ± 0.1 0.003 
   

M2 phenotype   

Arg1 0.5 ± 0.1 0.001 

Socs1 0.7 ± 0.2 0.059 

Cd206 0.1 ± 0.1 0.007 

Tgfb1 0.6 ± 0.1 0.001 

Il-10 0.3 ± 0.1 0.002 
   

Inflamma-miRs   

mmu-miR-155-5p 1.7 ± 0.7 0.159 

hsa-miR-125b-5p 1.8 ± 0.9 0.211 

hsa-miR-146a-5p 0.7 ± 0.4 0.233 

hsa-miR-21-5p 1.9 ± 1.0 0.196 

hsa-miR-124-3p 0.8 ± 0.3 0.209 
   

Phagocytosis/Autophagy   

Number of phagocytic cells 0.4 ± 0.2 0.084 

Mfge8 0.6 ± 0.4 0.183 

Trem2 0.3 ± 0.1 0.004 

LC3
+
 cells 1.1 ± 0.6 0.437 

Beclin 0.5 ± 0.2 0.042 
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overexpressed SOD1 (Supplementary Figure V.1). We have observed that SOD1G93A spinal 

microglia cultured for only 2 DIV had increased expression of Cd80/Nos2 (M1-markers) and 

Mhc class II (M1/M2b-marker), but reduced levels of Cebpa (M1/M2b marker), Arg1 

(M2a/M2c marker) and Il-10 (M2 marker), when compared to correspondent WT microglia 

(Figure V.1A). Data suggest that microglia in short-term cultures show a prevalent 

inflammatory phenotype, although not expressing all the markers of the M1 classical 

activated microglia. In addition, the decrease of Socs1, manifested by the 2 DIV mutated 

microglia, further favor the pro-inflammatory phenotype of the cell, since it will not be able to 

provide inhibition of inflammatory signaling pathways (Cai et al. 2016; Cianciulli et al. 2017; 

Whyte et al. 2011).  If maintained in vitro for 16 DIV, SOD1G93A spinal microglia lose or even 

suppress the M1 and M2b phenotypic markers, while match the M2a/M2c-like phenotypes of 

the controls, apart from Tgfb1. 

To better explore differences between WT and SOD1G93A spinal cord microglia and the 

influence of culturing, we assessed distribution patterns of NOS2 and Arg1 using double 

immunostaining (Figure V.1B). Clearly, striking differences were observed in the increased 

proportion of Arg1low/NOS2high cells in SOD1G93A spinal cord microglia cultured for both 2 and 

16 DIV (48 and 36%, respectively). Also interesting was the significant reduction in the 

number of Arg1high/NOS2low microglia in SOD1G93A 2 DIV cultures (from 39% in the WT to 9% 

in the mutated cells). Altogether, pro-inflammatory/anti-inflammatory microglia subsets 

coexist and the Arg1low/NOS2high profile is a characteristic feature of SOD1G93A spinal 

microglia, independently of the age in culture. In addition, aging should be envisaged as a 

potential inducer of microglial Arg1low/NOS2low subclasses in both WT (60% vs. 40%) and 

mutated (46% vs. 28%) cells, supporting sets of senescent cells in long-term cultures. 
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Figure V.1 - 2 DIV SOD1
G93A

 spinal microglia acquire a predominant M1/M2b-polarization that switch into a 

deactivated phenotype at 16 DIV. (A) Markers for M1 (Cd80, Nos2 and Mhc class II), M2b (Mhc class II, Cebpa, 

IL-6, Socs1,  and Il-10), M2a (Cd206, Arg1, Socs1, Tgfb1 and IL-10) and M2c (Arg1, Tgfb1, Socs1 and Il-10) 

microglia phenotypes were evaluated by qRT-PCR. (B) Representative images of double immunostaining against 

NOS2 (green) and Arg1 (red) show the coexistence of different microglia subpopulations. Nuclei were 

counterstained with Hoechst dye (blue). Scale bar represents 20 μm. Pie charts represent the percentage of each 

microglia subpopulation as follows: Arg
high

/NOS2
low 

(red), Arg
low

/NOS2
high 

(green), Arg
low

/NOS2l
ow 

(light grey) and 

Arg
high

/NOS2
high 

(dark grey). Results are expressed as mean + SEM. (*p < 0.05 and **p < 0.01 vs. respective wild 

type (WT), n = 4-8, unpaired Student’s t-test (A) and two-way ANOVA followed by Bonferroni’s post hoc test (B)). 

 

3.3. SOD1G93A spinal microglia show a sustained decreased phagocytic function and 

enhanced autophagy when aged in culture 

The clearance of neuronal debris by microglia enables the restoration of CNS 

homeostasis after injury, and though deficits in microglia phagocytosis in neurodegenerative 

diseases have been addressed by different studies (reviewed in (Fu et al. 2014)), little is 
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known in ALS. It is also becoming increasingly clear that a return to homeostasis after 

activation of immune signaling cascades critically depends on autophagy (Cadwell 2016). 

Considering the coexistence of multiple phenotypes, but also their different distribution 

accordingly to short- or long-term cultures, we next evaluated whether phagocytosis and 

autophagy were diversely altered in 2 DIV and 16 DIV SOD1G93A spinal microglia. 

As shown in Figure V.2A, 2 DIV SOD1G93A spinal microglia showed a reduced capacity to 

engulf latex beads, with a marked decrease in the number of cells able to phagocytose more 

than 11 beads (41% vs. 67% in WT cells), thus consequently increasing the number of cells 

with only 1-6 beads (25% vs. 7% in WT cells). As in our prior studies, aging of the cells led to 

a high amount of them not engulfing any bead with a percentage of 61% in WT cells that 

increased to 79% in 16 DIV SOD1G93A spinal microglia. This result thus reinforces the loss of 

function in senescent-microglia and highlights such failure in the mutated cells. Removal of 

apoptotic cells by microglia is mediated by MFG-E8 that recognizes PS at the surface of 

injured neurons and also by TREM2. Our results showed that Mfge8 (Figure V.2B) was 

markedly downregulated in 2 DIV SOD1G93A spinal microglia and even more after 16 DIV, 

indicating that Mfge8-mediated microglia phagocytosis is deficient in the ALS mice. 

Corroborating that microglia in the ALS mice may coexpress potentially toxic and 

neuroprotective factors (Chiu et al. 2013), we did not find alterations in Trem2 expression 

that showed equivalent levels in both 2 and 16 DIV SOD1G93A spinal microglia.  

Now considering microglial autophagy, while no changes were observed for 2 DIV cells 

considering LC3-positive punctate cells, or the autophagy-related gene beclin-1 

(Supplementary Figure 2), punctate LC3 stains increased in 16 DIV SOD1G93A spinal 

microglia. Upregulation of LC3, which is frequently used as a marker of macroautophagy, 

was indeed shown to increase by aging (Carroll et al. 2013) and found enhanced in spinal 

cord MNs of SOD1 mutant mice at 3 months-old (Li et al. 2008). Recently, it was shown that 

autophagy can be induced or repressed by immune mediators (Cadwell 2016) and that 

miRNA may regulate inflammatory response and autophagy in microglia (Su et al. 2016). 

Indeed, miR-155, whose expression is usually associated to inflammation (Su et al. 2016), 

was also identified as an inducer of autophagy in monocytes (Wu et al. 2016a). Therefore, 

we next assessed a set of miRNAs known to be critical in microglia-immune response 

(Guedes et al. 2013) and to be deregulated in ALS (Parisi et al. 2013). 
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Figure V.2 – Reduced phagocytic 

capacity of primary microglia with 

time in culture is increasingly 

diminished in SOD1
G93A

 spinal 

cells, and further aggravated by 

lower Mfge8 levels. (A) 

Representative images of engulfed 

latex beads (in green) showing that 

the high phagocytic capacity of wild 

type (WT) spinal microglia is lost in 

long-term cultures, and that 

SOD1
G93A

 spinal microglia have an 

increased impaired clearance. Nuclei 

were counterstained with Hoechst 

dye (blue). Scale bar represents 20 

μm. Pie charts represent the 

percentage of cells that 

phagocytosed a specific number of 

beads as follows: 0 beads (grey), 1-5 

beads (greyish green), 6-10 beads 

(light green) and more than 11 beads 

(green). (B) Mfg-e8 and Trem2 

expression was evaluated by RT-

PCR. Whereas Mfg-e8 decreased by 

age and SOD1
G93

 mutation, Trem2 

levels did not change. Results are 

expressed as mean + SEM (*p < 

0.05 and **p < 0.01 vs. respective 

WT, n=4-7, two-way ANOVA 

followed by Bonferroni’s post hoc 

test (A) and unpaired Student’s t-test 

(B)). 
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3.4. 2 DIV SOD1G93A spinal microglia showing miR-155high/-124low and activation of 

inflammatory signaling pathways give way to deactivated 16 DIV SOD1G93A cells with 

upregulated inflamma-miRs  

Different inflamma-miRs regulate microglia responses in normal and neurodegenerative 

conditions, as previously noted. Usually, it is considered that miR-155 and miR-125b 

augment inflammation, while miR-146a, miR-21 and miR-124 act as negative regulators and 

promote neuroprotective responses, although there is some controversy. Our data showed 

that miR-155 was upregulated in SOD1G93A spinal microglia cultured for 2 DIV together with 

miR-124 downregulation (Figure V.3), a profile that is typical of M1-activated microglia 

(Freilich et al. 2013). Interestingly, after 16 DIV in culture, all of the assessed miRNAs, 

excluding miR-21 were upregulated. This miR-21 was shown to protect against microglia-

mediated neuronal death (Zhang et al. 2012b). The co-induction of miR-155, miR-125b, miR-

146a and miR-124 in the 16 DIV SOD1G93A spinal microglia may be associated with 

conditions favoring motor neuron death and the existence of a dual profile composed by M2 

and dormant/senescent states (Butovsky et al. 2015; Olivieri et al. 2015; Parisi et al. 2016; 

Yu et al. 2017).  

 

 

 

 

 

 

 

 

 

 
Figure V.3 – Profiling of inflammatory-associated microRNAs (inflamma-miRs) shows that 2 DIV SOD1

G93A 

spinal microglia acquire a prominent M1-associated miR-155
high

/-124
low

 phenotype, while the 

correspondent 16 DIV cells exhibit a set of upregulated inflamma-miRs that characterize the existence of 

M1/M2 mixed subtypes. The expression of miR-155, miR-125b, miR-146a, miR-21 and miR-124 were assessed 

by qRT-PCR. Results are expressed as mean + SEM (*p < 0.05 and **p < 0.01 vs. respective wild type (WT), n = 

6-7, unpaired Student’s t-test). 

 

To deeply understand the pro-/anti-inflammatory properties of the SOD1G93A spinal 

microglia by short-term and long-term culturing, we next assessed the activation of 

inflammatory signaling cascades. As depicted in Figure V.4, elevation of TLR4, 

phosphorylated NF-κB, Il-1beta and NO release was noticed in 2 DIV mutated cells, attesting 

their activated state (Yao et al. 2013). In contrast, both TLR4 and Il-1beta were 

downregulated in 16 DIV cells, sustaining that these cells are less able to mount an 
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inflammatory response. How far this model reproduces the late stages of ALS is to be 

assessed in future studies. In contrast with other neurodegenerative diseases revealing 

microglial NOD-like receptor pyrin domain containing 3 (NLRP3)-inflammasome activation 

and IL-18 (for review see (Wang et al. 2015a)), in our ALS model such findings were not 

reproduced in either 2 or 16 DIV cultured microglia. Therefore, we may hypothesize that the 

increased Nlrp3 in the absence of Il-18 in the SC of SOD1G93A mice at the symptomatic stage 

(Cunha et al. 2017), may derive from astrocyte influence. Reduced levels of released 

HMGB1 by the mutated microglia point out that the elevated intracellular HMGB1 we found in 

the symptomatic SOD1G93A mice (Cunha et al. 2017) should have derived from reactive ALS 

astrogliosis (Li et al. 2014) and/or neuronal demise (Faraco et al. 2007). Nevertheless, the 

decrease here observed may also derive from an increased HMGB1 degradation by the 

SOD1G93A spinal microglia, as observed in other conditions  (Liu et al. 2016a; Yeo et al. 

2016), or retention at the nucleus as in the SC of ALS patients (Lo Coco et al. 2007). 

 

3.5. SOD1G93A spinal neonatal astrocytes increasingly favor M1/M2b phenotype of 

SOD1G93A spinal microglia  

Recently it was demonstrated that classically activated neuroinflammatory microglia 

induce the formation of neurotoxic reactive astrocytes termed as A1 (Liddelow et al. 2017). 

On the other hand ALS astrocytes showed an aberrant reactive profile (Diaz-Amarilla et al. 

2011) and revealed to strongly promote the death of motor neurons (Haidet-Phillips et al. 

2011; Meyer et al. 2014). Such dysfunctional astrocytes isolated from the spinal cord cultures 

of symptomatic rats have shown proliferative capacity and a characteristic profile 

represented by GFAPlow, connexin-43high, S100Bhigh and (GLT1)low (Diaz-Amarilla et al. 2011), 

although not definitively characterized as A1 astrocytes. We anticipated that such 

dysfunctional astrocytes, besides being influenced by activated microglia, could also have a 

role in promoting microglia activated phenotypes. Actually, not much is known about the 

influence of astrocytes on microglia polarization and even less on their influence over 

microglia activation and pro-inflammatory phenotype in ALS.  
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Figure V.4 – Upregulated TLR4/NF-κB/Il-1beta signaling in 2 DIV SOD1
G93A

 spinal microglia is depressed 

16 DIV SOD1
G93A

 cells, while downregulated HMGB1 is observed in both. (A) TLR4 expression was assessed 

by Western Blot and show opposite profiles with the time in culture. Representative images of glycosylated (120 

kDa) and non-glycosylated (95 kDa) forms of TLR4. (B) Representative images of NF-κB phospho S356 (pNF-κB) 

expression assessed by immunocytochemistry (in green). Nuclei were counterstained with Hoechst dye (blue). 

Scale bar represents 20 μm and 10 μm in close-up insets. Dashed line indicates the nucleus. The percentage of 

pNF-κB positive nucleus were quantified and indicates that NF-κB pathway is activated in 75% of 2 DIV SOD1
G93A 

cells that disappears in 16 DIV cells. (C) The inflammasome components Nlrp3, Il-1beta and Il-18 were evaluated 

by qRT-PCR. Only Il-1beta levels differed in SOD1
G93A 

cells with a profile similar to TLR4/pNF-κB. (D) Nitric oxide 

release was assessed by detection of nitrite levels in the supernatant using Griess Reagent. Increased values at 

2 DIV SOD1
G93A 

spinal microglia further corroborate their preferential M1 polarization. HMGB1 was measured in 

the supernatant by ELISA showing that HMGB1 release is decreased in both 2 and 16 DIV SOD1
G93A 

spinal 

microglia. Results are expressed as mean + SEM (*p < 0.05 and **p < 0.01 vs. respective wild type (WT), n=4-7, 

unpaired Student’s t-test). 
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We then decided to study the effect of the secretome released by 2 DIV-cultured WT and 

SOD1G93A spinal astrocytes in the phenotype of 2 DIV-cultured microglia, either WT or  

SOD1G93A, using cocultures. Based on the previous results we choose to only assess such 

alterations in cells from short-term cultures due to the prevailing pro-inflammatory state found 

for SOD1G93A microglia in such condition, which was shown to characterize the symptomatic 

inflammatory stage (Cunha et al. 2017). For that we initially confirmed that the mutated 

astrocytes exhibited a profile compatible with the reactive astrocyte phenotype, as described 

(Diaz-Amarilla et al. 2011). We observed that SOD1G93A astrocytes isolated from the spinal 

cord had increased levels of SOD1 concomitantly with a reduction in GFAP (Supplementary 

Figure V.3). These SOD1high/GFAPlow astrocytes also showed increased immunostaining of 

S100B in the cytoplasm, enhanced Ki-67 in the nucleus and reduced cellular GLT-1, 

corroborating their reactive, proliferative and aberrant phenotype. 

We first noticed that WT astrocytes and SOD1G93A astrocytes did not determine any 

significant alteration on the WT microglia (Figure V.5A). We next observed that WT spinal 

astrocytes induced protective anti-inflammatory properties on 2 DIV SOD1G93A spinal 

microglia by promoting Socs1 and Tgfb1, which were shown to reduce microglia activation 

(Cai et al. 2016; Taylor et al. 2017). In opposite, SOD1G93A spinal astrocytes promoted the 

upregulation of Nos2, Mhc class II, Il-6 and Il-10, as well as downregulation of Cebpa in 

SOD1G93A spinal microglia, thus increasing the proportion of pro-inflammatory M1/M2b 

subclasses in the mutated microglia.  

Interestingly, in all coculture pairs, we observed that microglia acquire a less reactive state 

(Arg1low/NOS2low), especially in the WT coculture (Figure V.5B, C). Moreover, and in 

accordance with the gene expression data, increased pro-inflammatory Arg1low/NOS2high 

profile (from 22% to 40%) was observed in the SOD1G93A spinal microglia after stimulation by 

reactive mutant astrocytes. Such astrocytes also induced pro-inflammatory properties in WT 

spinal microglia, as indicated by the increase in miR-155, miR-125b and miR-21, reinforcing 

their reactive phenotype (Figure V.6). SOD1G93A astrocytes also induced the upregulation of 

miR-125b, miR-21 and miR-124 expression in the SOD1G93A microglia, thus originating the 

formation of a heterogeneous population of cells. Interestingly, elevation of miR-125b and 

miR-21 seems to be a specific feature induced by the mutated astrocytes in either WT or 

SOD1G93A microglia, and those miRNAs were already suggested to be associated to 

neurodegeneration and microglial activation (Harrison et al. 2016; Parisi et al. 2016; 

Yelamanchili et al. 2015). To finally note that whereas no differences in miR-146a were 

observed in any case, the increased expression of SOD1G93A spinal microglia miR-124, 

although considered neuroprotective (Huang et al. 2017), was also shown to reduce 

microglia motility and phagocytic capacity (Svahn et al. 2016). 
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Figure V.5 – Wild type (WT) spinal astrocytes show benefits in increasing the anti-inflammatory status of 

SOD1
G93A

 microglia, whereas SOD1
G93A

 astrocytes exacerbate the M1/M2b-polarization of those cells. A) 

Markers for M1 (Cd80, Nos2 and Mhc class II), M2b (Mhc class II, Cebpa, IL-6, Socs1 and Il-10), M2a (Cd206, 

Arg1, Socs1, Tgfb1 and IL-10) and M2c (Arg1, Tgfb1, Socs1 and Il-10) microglia phenotypes were evaluated by 

qRT-PCR. (B) Representative images of double immunostaining against NOS2 (green) and Arg1 (red). Nuclei 

were counterstained with Hoechst dye (blue). Scale bar represents 20 μm. Pie charts represent the percentage of 

each microglia subpopulation as follows: Arg
high

/NOS2
low 

(red), Arg
low

/NOS2
high 

(green), Arg
low

/NOS2l
ow 

(light grey) 

and Arg
high

/NOS2
high 

(dark grey). Results are expressed as mean + SEM. (*p < 0.05 and **p < 0.01 vs. WT 

coculture, 
#
p<0.05 vs. SOD1

G93A
 microglia – WT astrocytes coculture, n=8-9, two-way ANOVA followed by 

Bonferroni’s post hoc test). Mg, microglia; Ast, astrocyte. 
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Figure V.6 – Profiling of inflammatory-associated microRNAs (inflamma-miRs) shows that reactive 

SOD1
G93A

 spinal astrocytes induce a set of inflamma-miRs-associated to microglia activation in the wild 

type (M1) and mutated cells (M1/M2). The expression of the inflamma-miRs miR-155, miR-125b, miR-146a, 

miR-21 and miR-124 were evaluated by qRT-PCR. Results are expressed as mean +SEM (*p < 0.05 and **p < 

0.01 vs. WT coculture,
 #

p<0.05 vs. SOD1
G93A

 microglia – WT astrocytes coculture, n = 7-8, two-way ANOVA 

followed by Bonferroni’s post hoc test). Mg, microglia; Ast, astrocyte. 

 

3.6. Upregulation of Nlrp3-inflammasome and of Cx43/Panx1 hemichannels, as well as 

release of HMGB1 requires SOD1G93A astrocytes-microglia interplay 

Deregulated cell-to-cell signaling mechanisms were shown to play a crucial role in several 

neurodegenerative diseases, including ALS (Brites and Vaz 2014). M1 activated microglia 

were shown to induce astrocyte necroptosis by activating TLR4/MyD88 signaling (Fan et al. 

2016) and to promote neurotoxic, reactive A1 astrocyte formation mediated by IL-1α and 

TNF-β (Liddelow et al. 2017). Therefore, we initially investigated the effect of WT and 

mutated microglia on the expression of S100B and the hemichannels Connexin-43 (Cx43) 

and Pannexin-1 (Panx1) that are related with astrocyte reactivity and intercellular 

communication. Our results showed that augmented levels of S100b and Panx1 occur in 

SOD1G93A spinal astrocytes after coculturing with transgenic microglia, but we couldn’t notice 

any effect on the WT astrocytes (Figure V.7). Increased Panx1 gene expression was 

previously observed by us in the SC of SOD1G93A mice at the symptomatic stage (Cunha et 

al. 2017). We also noticed that WT astrocytes determine the decrease of S100b and 

increase of Panx1 gene expression in the SOD1G93A spinal microglia. Such type of influence 

of astrocytes on microglia activation is only scarcely investigated and it is not clarified how 

astrocyte release of pro-inflammatory signals may activate or damage microglia. Notably, our 

results indicate that mutated astrocytes are able to determine a loss in the viability of WT 

spinal microglia, by increasing the percentage of late apoptotic/necrotic cells, thus 

emphasizing their harmful effects on microglia (Supplementary Figure V.4). 

Since Nlrp3-inflammasome expression is not induced in SOD1G93A spinal microglia, 

despite their pro-inflammatory status, we questioned whether an astrocyte-dependent 

second signal would generate its activation (Walsh et al. 2014). In this context, we found that 
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Nlrp3 expression was upregulated in SOD1G93A spinal microglia exposed to SOD1G93A spinal 

astrocytes (Figure V.8A). Cross-talk was also shown to be required for the overexpression of 

Il-18 in the mutated astrocytes upon incubation with SOD1G93A microglia. In contrast, the 

upregulation of Il-18 in mutated microglia only occurred by the influence of WT astrocytes, as 

observed for Panx1. SOD1G93A spinal astrocytes revealed to similarly trigger elevation of Il-

1beta expression and NO levels in the WT microglia (Figure V.8B, C), supporting the 

activation of inflamma-miRs previously observed. Probably related with the NLP3-

inflammasome activation in the SOD1G93A microglia when cocultured with the mutated 

astrocytes, the release of HMGB1 was only noticed in the supernatants of mutated 

astrocytes and microglia cocultures, and may relate with microglia pathogenicity. Taken 

together, our data indicate that microglia-astrocyte cross-talk is essential for the activation of 

specific pathways identified to be linked to motor neuron degeneration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V.7 – SOD1
G93A

 spinal 

microglia determine S100b and 

Panx1 upregulation in paired 

mutated astrocytes. S100b, Cx43 and 

Panx1 expression was assessed in 

microglia and astrocytes, after 

coculturing, by qRT-PCR. S100b and 

Panx1 are the molecules more 

influenced by the microglia-astrocyte 

communication in the mutated cells. 

Results are expressed as mean+ SEM 

(*p < 0.05 vs. WT coculture, n=6-9, 

two-way ANOVA followed by 

Bonferroni’s post hoc test). Mg, 

microglia; Ast, astrocyte. 
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Figure V.8 – SOD1
G93A

 spinal astrocytes activate IL-1beta/NO signaling pathways in wild type (WT) 

microglia, while upregulate NLRP3-inflammasome expression and HMGB1 release in paired mutated 

microglia. (A) Nlrp3-inflammasome and Il-18 expression was assessed in both microglia and astrocytes, after 

coculturing, by qRT-PCR. Nlrp3-inflammasome expression is induced in microglia and Il-18 in astrocytes in paired 

SOD1
G93A

 cocultures. Il-18 is also upregulated in SOD1
G93A

 spinal microglia stimulated by WT astrocytes. (B) Il-

1beta expression evaluated by qRT-PCR is increased in WT microglia upon incubation with SOD1
G93A

 astrocytes. 

(C) Nitric oxide was assessed by detection of nitrite levels in the supernatant using Griess Reagent, and follows 

the same profile of Il1beta. HMGB1 was measured in the supernatant by ELISA and shows to increase in paired 

SOD1
G93A

 astrocytes-microglia. Results are expressed as mean+ SEM (*p < 0.05 vs. WT coculture, n=6-9, two-

way ANOVA followed by Bonferroni’s post hoc test). Mg, microglia; Ast, astrocyte. 

 

4. Discussion 

Ever since targeting mSOD1 in microglia and replacement of resident microglia by WT 

microglia or WT myeloid cells were shown to slow disease progression in transgenic ALS 

rodent models (Beers et al. 2006; Boillée et al. 2006b; Lee et al. 2012a), microglia emerged 

to the core of ALS pathogenesis. Recent studies conducting inhibition of NF-κB or miR-155 

have started to disclose some of the mechanisms by which microglia cause motor neuron 
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death (Butovsky et al. 2015; Frakes et al. 2014). Once modulation in these studies occurred 

before or at the onset, is still unknown whether they would also be effective later over 

disease progression, better translating to the window of action in patients, specially the 

sporadic cases. In fact, an important aspect of ALS pathoprogression relies in the diversity of 

responses experienced by microglia during disease course (Chiu et al. 2013; Cunha et al. 

2017; Liao et al. 2012; Nikodemova et al. 2014). In the present study, we showed that 

SOD1G93A spinal microglia acquire diverse phenotypes over time in culture, transitioning from 

a pro-inflammatory to a dysfunctional state, and also that communication with astrocytes is 

essential for the activation of pathways associated with motor neuron degeneration in ALS. 

Given that we recently settle an in vitro model of cortical microglia aging in culture 

(Caldeira et al. 2014), that microglia aging dysfunction is region-dependent (Grabert et al. 

2016) and that cortical and spinal microglia seem to behave differently in ALS (Nikodemova 

et al. 2014), we first evaluate if WT spinal microglia also presented senescence-related 

features with time in culture. Indeed, we observed that 16 DIV WT spinal microglia face 

downregulation of common M1/M2 activation markers, inflamma-miRs deregulation and 

compromised autophagy and phagocytic ability. Although conflicting reports indicate that 

aged microglia became less responsive to stimulation while others endorse an exacerbation 

of pro-inflammatory responses due to a low-grade inflammatory status, called inflamm-aging, 

the impairment of phagocytosis and motility are consensual in aged microglia (Koellhoffer et 

al. 2017; Rawji et al. 2016) as well as the acquisition of dystrophic morphology (Streit et al. 

2004). Despite no direct evidence linking microglia aging with autophagy impairment, deficits 

in autophagy have been associated with aging in the CNS (Plaza-Zabala et al. 2017) and, as 

recently showed, macrophages present aging-associated features due to lack of autophagy 

capacity (Stranks et al. 2015). Linked to inflamm-aging, recent data indicate that miR-155, 

miR-146a and miR-21 are associated with DNA damage response-induced senescence that 

is observed under neurodegenerative conditions (Olivieri et al. 2015). Whereas miR-155 may 

inhibit or promote senescence depending on the specific gene expression program (Olivieri 

et al. 2015), miR-146a is upregulated in aged mice promoting macrophage dysfunction 

(Jiang et al. 2012) and miR-21 overexpression induced growth arrest and senescence in 

human endothelial cells (Dellago et al. 2013).  

Having established that WT spinal microglia presented a dysfunctional/irresponsive 

behavior with time in culture, we focused on the phenotype alterations faced by SOD1G93A 

spinal microglia. Microglia activation and proliferation is observed at pre-clinical stages in the 

spinal cord of mSOD1 rodent models (Graber et al. 2010), suggesting that microglia-

mediated motor neuron injury could start early in the degenerative process. However, 

targeting microglia in ALS mice showed a slow course post-symptoms but no effect in the 

onset of the disease (Beers et al. 2006; Boillée et al. 2006b). Interestingly, it was recently 
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reported that before disease onset, microglia upregulate IL-10, encompassing reduced 

innate immune responses (Gravel et al. 2016), and several genes involved in microglia 

functionality are downregulated (Cunha et al. 2017), both referred as protective mechanisms 

attempting to prevent disease initiation. In addition, the M2-markers Ym1 and CD206 were 

found increased in the SC of SOD1G93A mice at the onset and slowly progressing phase with 

isolated microglia inducing motor neuron protection in vitro, whereas at the end-stage the 

downregulation of these markers and upregulation of NOX2 represents a neurotoxic M1-

polarized microglia (Liao et al. 2012). Our recent data additionally demonstrates that 

SOD1G93A spinal microglia acquire pro-inflammatory properties earlier in the symptomatic 

phase, pointed by NF-κB activation and upregulation of CD80, MHC-II, IL-6, IL-1β and TNF-

α, suggesting that the transition of M2-to-M1 phenotype may occur even faster (Cunha et al. 

2017). Intriguingly, two recent studies showed that microglia acquire specific signatures 

along ALS progression. Nikodemova and colleagues (2014) showed that at the onset, neither 

M1 nor M2 phenotype markers change in microglia. At the end-stage, however, microglia 

acquire an atypical phenotype characterized by upregulation of VEGF, galectin3 and 

osteopontin and downregulation of M1/M2 markers that is associated with severe motor 

neuron degeneration. Interestingly, the authors showed that this phenotype does not respond 

to lipopolysaccharide (LPS) indicating its irresponsive state. An ALS-specific phenotype was 

also reported differing form M1 and M2 polarization states and also from LPS-stimulated 

microglia (Chiu et al. 2013). Taken together, our data could replicate some of the transition 

phenotypes of microglia as the reactive 2 DIV SOD1G93A spinal microglia recapitulate the 

features of the symptomatic pro-inflammatory microglia whereas 16 DIV microglia can 

represent the dysfunction at the end-stage. We also demonstrated that different populations 

coexist (M1/M2b at 2 DIV vs. M1/dysfunctional at 16 DIV), which is in accordance with 

previous data (Cunha et al. 2017; Nikodemova et al. 2014), highlighting that more detailed 

characterization of the phenotype and responses of microglia in vivo is required. Importantly, 

because we observe that the senescence-associated features of WT spinal microglia were 

exacerbated in SOD1G93A cells, our data further suggests that during disease progression the 

sequence of events inducing microglia “aging” and dysfunction occur faster in ALS possibly 

due to the continuous stimulation of microglia by the surrounding inflammatory milieu 

(Ehrhart et al. 2015; Yiangou et al. 2006; Yu et al. 2012).  

Several studies reported upregulation of miR-155 in rodent ALS models as well as human 

samples, both from familial and sporadic patients (Butovsky et al. 2012; Koval et al. 2013). 

Targeting miR-155 specifically in microglia was showed to reverse their abnormal phenotype 

and to induce increased SOD1G93A mice survival (Butovsky et al. 2015). In line with these 

findings, we found that miR-155 was upregulated in SOD1G93A spinal microglia in both time 

points and only at 16 DIV other inflamma-miRs were additionally elevated. While miR-155 is 
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shown to influence ALS progression throughout all disease stages, inflamma-miRs 

deregulation reinforce that pro-inflammatory and senescent microglia coexist in late stages, 

phenotypes strongly correlated with motor neuron degeneration (Frakes et al. 2014; 

Nikodemova et al. 2014). In more detail, miR-125b was shown to potentiate NF-κB activation 

in SOD1G93A microglia by targeting A20 (Parisi et al. 2016) and miR-146a has been 

consistently reported as one key deregulated miRNA in ALS (Campos-Melo et al. 2013; 

Koval et al. 2013). MiR-146a expression is induced after TLR/NF-κB signaling pathway, 

however, since it acts as a negative feedback regulator, its continuous expression may 

mediate a sustained NF-κB inhibition underlying its role in mediating senescence (Caldeira et 

al. 2014; Jiang et al. 2012). MiR-21 also regulates NF-κB transactivation by negative 

feedback (He et al. 2014), but in opposite to miR-146a, it inhibits microglia-induced toxicity. 

In particular, by targeting Fas ligand, miR-21 prevented microglia-mediated neuronal death 

after hypoxia, highlighting the neurotoxic potential of SOD1G93A spinal microglia (Zhang et al. 

2012b). Although it has been shown that miR-124 transitions microglia towards 

neuroprotective profiles (Ponomarev et al. 2011; Veremeyko et al. 2013), its high expression 

was also associated with reduced microglial motility and phagocytosis (Svahn et al. 2016). 

Interestingly, miR-124 has emerged as another potential target in ALS due its upregulation in 

motor neurons expressing SOD1G93A (Pinto et al. 2017) and its reported role in decreasing 

neurotransmitter release at the neuromuscular junction in a model of neuromuscular disease 

(Zhu et al. 2013). Nevertheless, the impact of miR-124 upregulation in ALS progression 

remains unknown.  

At 2 DIV, the majority of SOD1G93A spinal microglia acquire an M1-phenotype associated 

with TLR4/NF-κB activation and release of NO which is in accordance with the in vitro 

studies reporting motor neuron-degeneration mediated by microglia production of pro-

inflammatory mediators (Liao et al. 2012; Xiao et al. 2007). Similarly to a set of inflammatory 

markers detected in serum, CSF or SC tissue (Ehrhart et al. 2015; Liu et al. 2015a; Yiangou 

et al. 2006), high levels of HMGB1 were found in SC samples from ALS patients (Casula et 

al. 2011). Surprisingly, HMGB1 release was decreased in 2 and 16 DIV SOD1G93A spinal 

microglia. Since HMGB1 gene expression did not change (data not shown), we may 

hypothesize that it is being retained inside the cell or even eliminated. Interestingly, Lo Coco 

and colleagues (2007) reported the accumulation of HMGB1 in the nucleus of microglia in 

the SC of SOD1G93A mice at the symptomatic stage, which was associated with increased 

proliferation and hypertrophy.  

Accumulating evidences show impairment of microglia phagocytic ability in ALS (Cunha et 

al. 2017; Radford et al. 2015; Sargsyan et al. 2011), as we also observed. The extraordinary 

importance of phagocytosis under neurodegenerative conditions, such as in clearance of Aβ 

plaques or removal of myelin debris in multiple sclerosis (Fu et al. 2014; Krabbe et al. 2013), 
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highlights this function as a strong candidate to add on the mechanism linking motor neuron 

degeneration and microglia activation. Our data further suggests that the reported inability to 

phagocytose SOD1G93A apoptotic neurons (Sargsyan et al. 2011) may be attributable to 

MFG-E8 downregulation, which we observe in both 2 and 16 DIV cells correlating with our 

previous in vivo data (Cunha et al. 2017). Mutations in TREM2 were lately described as a 

risk factor for the development of ALS (Cady et al. 2014). Hence, our data suggest that the 

underlying mechanism may rely in loss of function rather than compromised gene 

expression. Curiously, phagocytosis and autophagy are closely linked functions but we 

observe that after 16 DIV SOD1G93A spinal microglia have an increased number of cells with 

LC3 punctates, suggestive of autophagosome assembling and autophagy (Plaza-Zabala et 

al. 2017). Upregulation of lysosomal proteins and cathepsins was observed in SOD1G93A 

microglia (Chiu et al. 2013) where the authors suggested the activation of these pathways as 

an attempt to degrade mSOD1 aggregates. 

Appealing studies have shown that astrocytes directly contribute to motor neuron 

degeneration in ALS (Diaz-Amarilla et al. 2011; Meyer et al. 2014; Yamanaka et al. 2008b). 

Whereas microglia-astrocyte interaction is referred as an essential mechanism not only in 

normal brain function but in pathological circumstances as well, the specific mediators 

involved are still sparse. It was shown that LPS-stimulated microglia induce reactive A1 

astrocytes through release of IL-1α, TNF and C1q (Liddelow et al. 2017). On the other side, 

reduction of mSOD1 in astrocytes promoted a delay in microglia activation in the SC of 

SOD1G93A mice as well as in disease course (Yamanaka et al. 2008b). Moreover, astrocytes-

derived TGF-β inhibits microglia neuroprotective properties promoting accelerated disease 

progression in the SOD1G93A mouse model (Endo et al. 2015). We then decided to study the 

effect of SOD1G93A spinal astrocytes in microglia phenotype. The toxic potential of theses 

astrocytes was shown after coculturing with WT spinal microglia, which induced microglia 

activation with increase production of miR-155, miR-125b, Il-1beta and NO release, as well 

as degeneration. Interestingly, they change the pro-inflammatory-polarized SOD1G93A spinal 

microglia towards heterogeneous phenotypes, further supported by upregulation of miR-

125b, miR-21 and miR-124. As previously referred, upregulation of miR-125b and miR-21 

has been associated with neurodegeneration and microglial activation (Harrison et al. 2016; 

Parisi et al. 2016; Yelamanchili et al. 2015). More importantly, this finding could be translated 

to other neurodegenerative conditions as the reactive astrocytes act equally in both WT and 

SOD1G93A microglia. Surprisingly, miR-155 was not upregulated in this condition which may 

indicate that in this two-edge coculture system, astrocytes became the major miR-155 

producing cell. Of notice, interaction with WT astrocytes had a positive outcome in SOD1G93A 

spinal microglia by inducing the expression of protective markers, which highlight that 
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strategies to modulate astrocytes in ALS would also produce neuroprotective actions in 

microglia. 

We finally explore the expression of NLRP3-inflammasome complex and Cx43/Panx1 

hemichannels in our coculture system. NLRP3-inflammasome acts as an intracellular sensor, 

able to recognize a wide variety of signals and is composed by a multimolecular complex 

including NALP3 receptor, adaptor apoptosis-associated speck-like protein containing a 

CARD (ASC), and caspase-1 (Lamkanfi and Dixit 2012; Walsh et al. 2014). Upon activation, 

all players are assembled promoting the activation of caspase-1 and the consequent 

cleavage of pro-IL-1β and pro-IL-18 into their active forms. The activation of NLRP3-

inflammasome has been demonstrated under neurodegenerative conditions (Walsh et al. 

2014), including ALS. Despite the recent report showing that NLRP3 expression is restricted 

to astrocytes in the SC of mSOD1 mice and ALS patients (Johann et al. 2015), our data 

show that only SOD1G93A spinal microglia upregulate the expression of the NLRP3-

inflammasome when stimulated by mutant astrocytes. In accordance, Gustin and colleagues 

(2015) have shown that NLRP3-inflammasome is functional in microglia inducing IL-1β 

secretion, but this mechanism does not occur in astrocytes. Importantly, our data suggest 

that the activation of NLRP3-inflammasome is mediating the release of HMGB1 to the 

extracellular media, as reported by others (Lamkanfi et al. 2010; Willingham et al. 2009). 

Whereas Cx43 upregulation have been associated with astrocytes-mediated motor neuron 

injury (Almad et al. 2016; Diaz-Amarilla et al. 2011), the role of Panx1 in ALS is unknown. 

These hemichannels are part of a group of gap-junctions involved in the transfer of ions, 

metabolites and second messengers between adjacent cells, regulating different 

physiological mechanisms (Montero and Orellana 2015). We recently reported that 

downregulation of Cx43/Panx1 compromise the homeostatic balance in presymptomatic 

SOD1G93A mice while after symptom onset both channels are upregulated (Cunha et al. 

2017). Our results demonstrated that along with Cx43, Panx1 may be involved in motor 

neuron degeneration and that the communication between microglia and astrocytes are 

crucial for astrocytic Panx1 expression. The functional outcome of Panx1 stimulation 

requires, however, further investigation. 

 

In conclusion, in the present study we present a new model to explore microglia 

responses in ALS that can be useful to test novel and stage-specific therapeutic strategies. 

We showed that microglia responses are produced by mixed phenotypes and a main pro-

inflammatory status progress to dysfunction and irresponsiveness over time in culture. 

Among the described activated mechanisms, we suggest TLR4/NF-κB activation and 

declined MFG-E8-linked phagocytic ability as important effectors in microglia-mediated motor 

neuron injury. Also, functional microglia-astrocyte interplay is critically important for the 
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neuroinflammatory milieu of ALS symptomatic stages as demonstrated by upregulation of 

NLRP3-inflammasome, Panx1 and HMGB1 release. Of notice, C9ORF2 reduction promotes 

microglia dysfunction (O'Rourke et al. 2016) and TDP-43 induces activation of NF-KB and 

NLRP3-inflammasome in microglia (Zhao et al. 2015), reflecting the translational potential of 

our data to other forms of ALS pathology. Taken together, our data emphasize the 

magnitude of developing combined therapies acting in a given stage of ALS disease 

progression. 
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5. Supplementary Material 

Supplementary Table V.1 - List of primer sequences used for mRNA analysis 

 

Gene  Sequence (5’-3’) / Source  

S100b 5’-GAGAGAGGGTGACAAGCACAA-3’ (fwr)  

 5’-GGCCATAAACTCCTGGAAGTC-3’ (rev)  

Nos2 5’-ACCCACATCTGGCAGAATGAG-3’ (fwr) 

 5’-AGCCATGACCTTTCGCATTAG-3’ (rev) 

Mhc-II 5’-TGGGCACCATCTTCATCATTC-3’ (fwr) 

 5’-GGTCACCCAGCACACCACTT-3’ (rev) 

Cebpa 5’-AGCTTACAACAGGCCAGGTTTC-3’ (fwr) 

 5’-CGGCTGGCGACATACAGTAC-3’ (rev) 

Arg1 5’-CTTGGCTTGCTTCGGAACTC-3’ (fwr) 

 5’-GGAGAAGGCGTTTGCTTAGTTC-3’ (rev) 

Socs1 5’-CACCTTCTTGGTGCGCG-3’ (fwr) 

 5’-AAGCCATCTTCACGCTGAGC-3’ (rev) 

Tgfb1 5’-CAGAGCTGCGCTTGCAGAG-3’ (fwr) 

 5’-GTCAGCAGCCGGTTACCAAG3’ (rev) 

Nlrp3 5’-TGCTCTTCACTGCTATCAAGCCCT-3’ (fwr) 

 5’-ACAAGCCTTTGCTCCAGACCCTAT-3’ (rev) 

Il-18 5’-TGGTTCCATGCTTTCTGGACTCCT-3’ (fwr) 

 5’-TTCCTGGGCCAAGAGGAAGTG-3’ (rev) 

Il-1beta 5’-CAGGCTCCGAGATGAACAAC-3’ (fwr) 

 5’-GGTGGAGAGCTTTCAGCTCATA-3’ (rev) 

Cx43  5’-ACAGCGGTTGAGTCAGCTTG-3’ (fwr)  

 5’-GAGAGATGGGGAAGGACTTGT-3’ (rev)  

Panx1 5’-TGTGGCTGCACAAGTTCTTC-3' (fwr) 

 5’-ACAGACTCTGCCCCACATTC-3’(rev) 

Cd80 5’-ACTAGTTTCTCTTTTTCAGGTTGTG-3’ (fwr) 

 5’-GAGCCAATGGAGCTTAGGCA-3’ (rev) 

Cd206 5’-GTGGAGTGATGGAACCCCAG-3’ (fwr) 

 5’-CTGTCCGCCCAGTATCCATC-3’ (rev) 

b-actin  5’-GCTCCGGCATGTGCAA-3’ (fwr)  

 5’-AGGATCTTCATGAGGTAGT-3’ (rev)  
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Supplementary Figure V.1 - SOD1
G93A

 spinal 

microglia have increased expression of SOD1.  

Representative images of immunostaining against 

SOD1 (green) showing increased staining in SOD1
G93A

 

spinal microglia both in 2 and 16 DIV. Nuclei were 

counterstained with Hoechst dye (blue). Scale bar 

represents 20 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure V.2 - LC3-associated autophagy is increased in 16 DIV SOD1
G93A

 spinal microglia. 

(A) Representative images of immunocytochemistry staining of LC3 punctates (in green). Nuclei were 

counterstained with Hoechst dye (blue). Scale bar represents 20 μm. The percentage of LC3 punctate positive 

cells was quantified. (B) Beclin-1 expression was assessed by Western Blot. Representative images are shown 

and results expressed as mean + SEM (*p < 0.05 vs. respective WT, n=4-8, unpaired student´s t-test). 
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Supplementary Figure V.3 - SOD1
G93A 

spinal astrocytes have a reactive and proliferative phenotype. 

Representative images of double immunostaining against GFAP/SOD1, GFAP/S100B, GFAP/Ki-67 and GLT-1 

showing a SOD1
high

/GFAP
low

/S100B
high

/GLT-1
low

 profile. Nuclei were counterstained with Hoechst dye (blue). 

Scale bar represents 20 μm.  
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G93A

 

spinal astrocytes are toxic to WT 

spinal microglia by decreasing their 

viability. The percentage of viable, early 

apoptotic and late apoptotic/necrotic cells 

was assessed by flow cytometry with the 

GUAVA Nexin reagent. Results are 

expressed as mean + SEM (*p < 0.05 vs.  

WT coculture, n=5, one-way ANOVA 

followed by Tukey’s post hoc test). 
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Concluding Remarks 

Despite the great effort over the years to improve ALS diagnosis and treatment, ALS 

patients still have to face almost a year for a definite diagnosis, and to wait for their lethal fate 

without a promising strategy to improve their lifespan (Kiernan et al. 2011; Vucic et al. 2014). 

Nonetheless, in the last years, a lot of progress has been made, increasing the hope for 

great achievements in the near future. Novel therapies that are being developed and 

launched in the market, as the recent edaravone both in Japan and USA, and the promising 

use of iPSCs in drug discovery and screening, with potential in personalized medicine 

(Takahashi et al. 2007), are some examples of the progress achieved. To also note that 

iPSCs are a new gold standard in regenerative medicine and important to identify risk factors 

in the sporadic forms of ALS, which constitute approximately 90% of the cases (Ameku et al. 

2016; Renton et al. 2014; Singh et al. 2015; Zhang et al. 2016). We are just starting studies 

with iPSCs from ALS patients thanks to our funded project from Santa Casa da Misericórdia 

on ALS. However, when this thesis started available methods were the mouse MN-like NSC-

34 cell line stably transfected with human SOD1G93A (a gift from Julia Costa from ITQB) and 

the SOD1G93A transgenic mouse model produced by Jackson Laboratories, which are still the 

most widely used models to investigate ALS.  Actually, mutant SOD1 transgenic rodents 

recapitulate many features of the disease, including progressive neuromuscular dysfunction, 

axonal and mitochondrial dysfunction, motor neuron loss and gliosis, and consequently have 

been central to explore the pathophysiological mechanisms of ALS (McGoldrick et al. 2013). 

In what concerns the NCS-34/hSOD1G93A cells they have been considered a suitable model 

to study several dysfunctional processes in ALS (Gomes et al. 2008; Vaz et al. 2015). 

Therefore, in vitro and in vivo experiments were performed based on the expression of a 

mutant SOD1 (SOD1G93A). At the molecular level, misfolding and accumulation of SOD1 in 

MNs characterize such models being transversal to other disease forms where protein 

inclusions are always observed (Taylor et al. 2016). 

Another model used in the present thesis was the microglial cell line N9. These 

immortalized cells isolated from the cortex of CD1 mouse embryos were shown to respond 

similarly to primary microglial cells in terms of migration, phagocytosis and inflammation-

related features (Falcão et al. 2017). Actually, one of the main aims of this thesis was to 

bring new insights on microglia phenotypes and inflammatory pathways in different stages of 

the disease, as well as in the modulatory effect of MNs and astrocyte-derived signals. 

Together with the increased knowledge on the mechanisms involved in MN degeneration, 

glial cells activation and neuroinflammation are now considered to also be key elements in 

ALS pathogenesis. This was firstly demonstrated by targeting SOD1 specifically in MNs and 

in glial cells (Clement et al. 2003), and further reinforced by directed modulation of microglia 
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or astrocytes (Boillée et al. 2006b; Yamanaka et al. 2008a). However, the role of microglia 

activation in ALS is still controversial and accumulating data indicates that at the same time 

that disease progresses, microglia change their responses, phenotypes and functional 

outcome (Beers et al. 2011; Liao et al. 2012; Nikodemova et al. 2014). Additionally, the well-

known process of anatomical disease progression in patients underlies the importance of 

intercellular communication, where we believe that exosomes play a crucial role. Importantly, 

mounting evidences have demonstrated that misfolded SOD1 can be transported in 

exosomes and collected by other cells, where it accumulates and promotes protein 

aggregation, thus demonstrating the role of exosomes in the prion-like propagation character 

of ALS (Basso et al. 2013; Grad et al. 2014), although the misfolded SOD1 was also shown 

to be transferred in exosome-independent ways (Silverman et al. 2016). Interestingly, such 

extracellular vesicles, due to their relevant role in intercellular communication, were also 

lately proposed as a potential therapeutic approach in ALS (Bonafede and Mariotti 2017) and 

the generation of engineered cells releasing exosomes enriched with specific molecules is 

one of our main interests in the group. 

By improving the knowledge on stage-specific altered mechanisms in ALS, the results 

here presented identify new pathways, either prior or subsequent to disease onset. In 

addition, data provide a better comprehension on how the surrounding environment may 

change microglia behavior, and deepens the key role of astrocytes in the disease process, 

emphasizing glial cells as central players in ALS pathology. However, not forgetting that ALS 

is marked by the loss of MNs leading to fatally debilitating weakness, we also demonstrate 

that exosomes from SOD1G93A-expressing MNs, together with the secretome of reactive 

SOD1G93A astrocytes, change microglia phenotype in a signal-dependent manner. 

Importantly, data indicate that microglia acquire distinct phenotypes along disease 

progression and that a mixture of microglia subtypes coexist throughout disease course. 

Additionally, the present work shows that compromised microglial phagocytosis may underlie 

a crucial neurotoxic mechanism in ALS. In fact, inefficient clearance of cellular debris and/or 

protein aggregates, such as those of SOD1, may promote the spread of the injury as 

indicated for other pathologies (Domingues et al. 2016; Neher et al. 2012), and support the 

prion-like dissemination (Grad et al. 2015). Finally, we identify miR-155 and MFG-E8 as 

biomarkers for early ALS events and recognize promising targets, whose modulation in the 

symptomatic disease may hopefully delay or stop ALS progression. Having these findings 

into account, we propose that multi-target and multifunctional pharmaceuticals, acting at 

different pathological ALS features may constitute a more effective therapeutic solution 

considering the complex etiology of the disease. 
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M1-polarized N9 microglia release MFG-E8, HMGB1 and miR-155 and miR-146a 

as exosome cargo 

In the Chapter II, the mechanisms underlying M1-polarization of N9 microglial cells after 

LPS exposure were determined by exploring the combination of well-known activation 

markers, as well as novel pathways. Given the functional plasticity of microglia, the collective 

events leading to microglia activation in a specific context are essential to completely 

understand their responses. The study showed that LPS-stimulated N9 cells acquire a typical 

M1-phenotype profile, amoeboid morphology and reduced chemotaxis towards ATP, which 

was accompanied by activation of the TLRs/NF-κB pathway and the production of 

inflammatory mediators. Allied with these classical M1-polarization characteristics, LPS-

stimulation induced NLRP3-inflammasome activation and shuttling of HMGB1 from the 

nucleus to the cytoplasm, followed by its release, pathways that are mainly explored in 

macrophages. Enhanced production and secretion of MFG-E8 associated with increased 

phagocytic ability, and the release of miR-155 and miR-146a in exosomes derived from M1-

polarized N9 microglia, all constitute novel findings. Since exosomes recapitulated the 

inflamma-miRNAs profile of the cells, our data indicate that horizontal transfer of miRNAs 

may account for the dissemination of inflammatory responses.  

This study not only confirm the potential of N9 cells as a useful model to explore microglia 

activation in normal or pathological circumstances, in particular in understanding N9 

microglia response towards SOD1G93A motor neuron-derived exosomes (Chapter III) and 

SOD1G93A overexpression (ongoing studies), but more importantly identify novel and 

promising biomarkers of microglia M1-polarization. Since this phenotype is described in close 

association with neurodegenerative processes (Song and Suk 2017), these findings highlight 

potential targets that once modulated may shift microglia towards a neuroprotective 

response. 

 

Motor neurons-to-microglia transfer of miR-124-containing exosomes drive 

microglia acute M1-polarization followed by M1/M2/senescent subclasses 

The role of exosomes derived from NSC-34/SOD1G93A motor neurons in naïve microglia 

performance in vitro was described in Chapter III. We evaluated whether exosomes from 

NSC-34/SOD1G93A motor neurons could change N9 microglia phenotype and inflammatory 

profile when exposed for short (2 and 4h) or long (24h) periods. This study showed that 

NSC-34/SOD1G93A motor neurons and their-derived exosomes, with a diameter size of ~130 

nm, are enriched in miR-124 and that when incubated in NSC-34 and N9 cells cocultures, 

exosomes are preferentially internalized by microglial cells. Early M1-polarization followed by 
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the acquisition of M1/M2/senescent subclasses and increase of receptors TREM2, RAGE 

and TLR4, characterize microglia reactivity to SOD1G93A exosomes over time. In addition, we 

observed sustained NF-κB activation and decreased phagocytic ability in all the studied time 

points, highlighting the relevance of these pathways in microglia activation in ALS. Whereas 

the data presented in this study also suggest that miR-124 is transferred to naïve N9 cells, 

one may assume that misfolded SOD1G93A in exosomes (Gomes et al. 2007; Grad et al. 

2014b) account as triggers of microglia responsiveness. Our data is innovative in showing 

that exosomes are able to mediate alterations in microglia polarization and behavior, 

emphasizing their potential for therapeutic targeting of neuroinflammatory pathways. 

 

MFG-E8 (low) and miR-155 (high) may serve as early biomarkers and precede 

the onset and the symptomatic inflammatory milieu in ALS  

In order to understand the specific features of microglia activation prior to disease onset in 

vivo, in the Chapter IV, the changes in inflammation-related markers and cellular interplay in 

the spinal cord of SOD1G93A mice at presymptomatic and symptomatic stages were 

investigated. Whereas activation of glial cells has been tackled in symptomatic mice, 

especially at end-stage, data are missing regarding what happens prior to disease initiation 

(Chiu et al. 2013; Nikodemova et al. 2014). Altered mechanisms in motor neuron start before 

the appearance of symptoms in ALS mice (Ferraiuolo et al. 2011b) and, although microglia 

and astrocytes were only shown to contribute to exacerbate disease progression (Boillée et 

al. 2006b; Yamanaka et al. 2008a), one postulate that both glial cells sense stressed motor 

neurons and change their behavior accordingly. Therefore, the study showed that prior to 

disease onset, intercellular communication is compromised as the chemokines CX3CL1 and 

CCL21 and the hemichannels Cx43 and Panx1 are downregulated, which is accompanied by 

depressed astrocytes and microglia functionality. Although some potential neuroprotective 

mechanisms turn up (such as increase in autotaxin and IL-10), probably as an attempt to 

moderate pathogenicity in the symptomatic SOD1G93A mice, reactive astrocytes, predominant 

M1-microglial responses, deregulated inflamma-miRNAs and a prevalent inflammatory milieu 

characterizes this stage. Existence of an inflammatory micro-environment has been referred 

by several studies (Beers et al. 2006; Diaz-Amarilla et al. 2011; Frakes et al. 2014; Hensley 

et al. 2002; Hu et al. 2017). Data additionally suggest upregulation of miR-155 and 

downregulation of MFG-E8 as crucial mechanisms in ALS pathogenesis. Such biomarkers 

start very early in the disease process and are maintained along progression mechanisms, 

highlighting their promising use as ALS biomarkers. As recently demonstrated by Frakes and 

colleagues (2017), combined therapies may improve disease outcome by targeting multiple 

pathways. Therefore, accordingly to what we observed in symptomatic SOD1G93A mice, 
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HMGB1, NLRP3-inflammasome, miR-155/miR-125b, shed CX3CL1 and Cx43/Panx1 

emerge as targets to slow disease progression while enhancing microglia phagocytic ability 

and M2 subtypes further accounting for neuroprotection. 

 

Transition from pro-inflammatory SOD1G93A microglia to multiple phenotypes 

ensues from cell culture aging and cross talk with reactive astrocytes 

To further explore the intrinsic properties of SOD1G93A microglia and the contribution of 

astrocytes in the acquisition of the observed M1/M2 microglial phenotypes, in the Chapter V, 

spinal microglia was cultured for short-term and long-term periods (in an attempt to mimic the 

influence of disease progression mechanisms on microglia plasticity), or cocultured with 

spinal astrocytes to establish cell-to-cell communication. Acutely isolated microglia from the 

spinal cord of pre- and symptomatic SOD1G93A mice were shown to be engaged in M2-

protective or M1-cytotoxic profiles, respectively (Beers et al. 2011; Liao et al. 2012). Our 

group has previously developed an in vitro model where postnatal cortical microglia show 

reactive (2 DIV) vs. senescent-like (16 DIV) properties in culture. Based on this model, we 

have demonstrated that SOD1G93A spinal microglia in short-term cultures evidence 

predominantly the M1-phenotype observed at the symptomatic stage. While distinct 

phenotypes coexist in all time-points, this M1 polarized phenotype was confirmed by the high 

expression of M1-markers together with low M2-markers, and with the typical M1-associated 

profile provided by miR-155high/miR-124low. Activation of TLR4/NF-κB pathway was 

additionally observed. However, activation of NLRP3-inflammasome was not shown to be 

involved in SOD1G93A spinal microglia reactivity in this condition. In opposite, long-term 

culture of SOD1G93A spinal microglia reduced their reactive capacity by decreasing M1-

markers and the TLR/NF-κB pathway. These findings indicate that, with time, microglia shift 

from a M1-proinflammatory to a set of miscellaneous phenotypes that include dysfunctional 

cells, which were previously found in the spinal cord of SOD1G93A mice at the end-stage of 

the disease (Nikodemova et al. 2014). Interestingly, SOD1G93A spinal microglia also 

presented low phagocytic ability, MFG-E8 downregulation and miR-155 upregulation in both 

culture schemes, reinforcing the relevance of these pathways in ALS, and as so their 

potentiality as targets to driven medicines.  

In this study we further demonstrated that WT astrocytes have anti-inflammatory benefits 

in SOD1G93A spinal microglia and that SOD1G93A spinal astrocytes damage WT microglia and 

induce the transition of M1-polarized SOD1G93A spinal microglia into heterogeneous 

phenotypes. SOD1G93A spinal astrocyte-microglia communication was here shown to be 

required to activate some ALS-linked inflammatory pathways, as the upregulation of 

microglial NLRP3-inflammasome components and HMGB1 release. Taken together, intrinsic 
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action of SOD1G93A in microglia determines certain features of microglia polarization, while 

interaction with astrocytes potentiates the negative effects of mutated microglia. A great deal 

of studies showed that microglia activation precedes and mediates astrocyte reactivity under 

neurodegenerative conditions (Kirkley et al. 2017; Liddelow et al. 2017). We now show that 

astrocytes are also able to determine microglia performance deficits in ALS and that close 

interplay between these two glial cells coordinates the responses observed in vivo, probably 

exerting synergistic and cross-talk deregulated mechanisms that culminate with the 

escalation of motor neuron death in ALS late stages. 

 

Overall, the present thesis provides new insights into the inflammatory pathways 

governing both pre- and symptomatic ALS stages, as well as into drivers and mechanisms of 

SOD1G93A microglia activation that underlie their contribution to motor neuron degeneration. 

We evidence that SOD1G93A microglia switch from a compromised/declined cell functionality 

at the preonset clinical stage to mixed subtypes with a prevalent pro-inflammatory phenotype 

in the symptomatic phase. The observed M1-polarization is recapitulated in vitro and is in 

accordance with the described disease-specific microglia profile in ALS. We show the 

reactivity of SOD1 mutated astrocytes and their harmful role in inducing heterogeneous 

responses and ALS-related neurotoxic mechanisms in microglia. NLRP3-inflammasome, 

HMGB1 release, miR-155/miR-125b and Cx43/Panx1 emerge as very promising targets for 

developing new therapies, while miR-155 and MFG-E8 offer reliability as disease 

biomarkers. Finally, our data on the transfer of exosomes, and likely of miR-124 together with 

misfolded/mutated proteins and other genetic and pro-inflammatory material, from motor 

neurons to microglia reinforce their relevance in the disease-spreading mechanisms. Then, 

the activated recipient microglia, by releasing inflamma-miRNAs into their exosomal cargo, 

ends up intensifying the inflammation spread to neighboring areas. Main findings of this 

thesis are depicted in Figure VI.1. 
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Figure VI.1 – Schematic representation of the main findings of the present work. (A) N9 microglia exposed 

to LPS acquire a M1-polarization, characterized by activation of TLRs/NF-κB and NLRP3-inflammasome 

pathways and release of pro-inflammatory mediators, including HMGB1 and MFG-E8. Release of miR-155 and 

miR-146a in exosomes recapitulate the profile of LPS-stimulated N9 microglia. When exposed to SOD1
G93A

 motor 

neuron-derived exosomes that carry miR-124, N9 microglia develop an early pro-inflammatory response followed 

by the acquisition of M1, M2 and senescent populations. (B) The studies here presented were also performed in 

the spinal cord of the transgenic SOD1
G93A

 mouse model. (B1) In vivo data showed that in the presymptomatic 

stage intercellular communication and glia functionality are impaired, which progresses after clinical onset 

towards an inflammatory microenvironment. Multiple phenotypes of microglia coexist, although pro-

inflammatory/neurotoxic actions are prominent. Early and sustained upregulation of miR-155 and downregulation 

of MFG-E8 emerge as potential biomarkers. (B2) In short-term cultures, spinal microglia acquire a pro-

inflammatory profile, resembling the symptomatic stage, and become dysfunctional with time in culture. Spinal 

reactive astrocytes, observed in vivo, transform spinal M1-like microglia into mixed phenotypes and induce 

upregulation of NLRP3-inflammasome and HMGB1 release. NF-kB activation, upregulation of NLRP3-

inflammasome and HMGB1, as well as decreased phagocytic capacity, are consistent findings among in vitro and 

in vivo models, suggesting their crucial role as players in ALS pathogenesis.  

LPS, lipopolysaccharide; TLR/NF-κB, toll-like receptors/nuclear factor kappa B, NLRP3, NOD-like receptor pyrin domain 

containing 3; HMGB1, high mobility group box 1; MFG-E8, milk-fat globule EGF factor 8;  miR, microRNA; SOD1
G93A

, 

superoxide dismutase 1 with G93A mutation; Cx43, connexin-43; Panx1, Pannexin-1; CD, cluster of differentiation; MHC-II, 

major histocompatibility complex class II. 
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Future Perspectives  

The work here presented highlight miR-155 and MFG-E8 as potential early disease 

biomarkers. Whereas circulating miRNAs have been detected in the CSF and serum of 

patients with ALS (Benigni et al. 2016; Waller et al. 2017), to the best of our knowledge the 

levels of MFG-E8 were never explored. As a bridge in the process of PS recognition by 

microglia, MFG-E8 can be released and, hence, it can be found in such body fluids as well. 

Additionally, we point out a set of inflammatory-related targets for the development of 

combined therapeutic strategies, aimed at modulating the behavior of motor neurons (shed 

CX3CL1, miR-124), as well as of glial cells (miR-155/miR-125b, NF-κB, NLRP3, HMGB1, 

Cx43/Panx1). Although our studies were performed in the most used and studied ALS 

model, further investigation in other models would be of great importance to confirm our 

results and their transversal character in ALS. 

Collectively, our data also suggest a critical contribution of phagocytic impairment for ALS 

development. Because this topic is largely unknown in ALS, studying the underlying 

mechanisms of such impairment would provide a future direction to develop target-driven 

therapies. We believe that modulation of this pathway may have a huge impact on motor 

neuron survival once reestablished. 

By showing that microglia phenotype switch between activation states along ALS disease 

progression, our findings have raised new questions related to the contribution of each 

specific phenotype to disease initiation and/or progression. In future studies, it would be 

important to isolate the different populations of microglia in each step of disease 

development and progression aiming at evaluating their transcriptional profile and motor 

neuron induced toxicity.  In addition, we believe that upcoming work should be focused in 

microglia differentiated from iPSCs derived from ALS patient fibroblasts, once we and others 

believe to better recapitulate the disease. In a broad overview, this cutting-edge model will 

uncover novel insights into the complexity of human microglia dysfunction in ALS. More 

specifically, it is a great opportunity to explore disease-specific mechanisms by using both 

familial and sporadic forms of ALS, as well as a tool to develop personalized therapies. In 

fact, due to the expertise acquired during my training period in the Jari Koistinaho’s 

laboratory, in the University of Eastern Finland, we have been implementing the protocols for 

differentiating, not only microglia, but also astrocytes, neurons and motor neurons from 

iPSCs. As pointed out in this thesis, we are particularly interested in modulating the 

deregulated cellular interplay mechanisms in ALS. Therefore, we intend to establish 

microglia-motor neurons and astrocyte-motor neurons cocultures, using cells derived from 

iPSCs generated from the fibroblasts of ALS patients, to determine disease- and patient-

specific players involved in cross-talk impairment in ALS. 
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We additionally showed that N9 cells are a useful model to study the mechanisms 

involved in microglia activation under different circumstances. As an alternative to primary 

SOD1G93A spinal microglia cultures that produce low-yield and are time-consuming, we 

further decided to transduce the N9 cell line with SOD1WT and SOD1G93A lentiviral vectors 

and study their phenotype and exosomes cargo (ongoing studies). As described in Figure 

VI.2, SOD1G93A N9 microglia have a pro-inflammatory profile related to enhanced expression 

of the M1-markers Nos2 and Mhc-II, Il-1beta and miR-155 together with downregulation of 

Arg1, miR-146a and miR-124. In accordance with our previous data, this inflamma-miRNAs 

profile was recapitulated in exosomes (unpublished data). Given that internalization of motor 

neuron-derived exosomes drive microglia activation, that SOD1G93A N9 microglia release 

miR-155 in exosomes, and that microglia are the cell preferentially collecting exosomes, we 

propose that the horizontal transfer of exosomal miR-155 between microglial cells may 

account for the propagation of inflammatory responses in a paracrine manner. Despite our 

belief that prevention of either miR-155 production, or its release in exosomes, may reduce 

the dissemination of neuroinflammation that occurs along ALS, this issue requires further 

investigation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure VII.1 - N9 microglia expressing SOD1
G93A

 acquire pro-inflammatory properties and may spread 

inflammatory mediators by paracrine transfer of miR-155 in exosomes. Upregulation of MHC-II, NOS2, IL-1β 

and miR-155 underline the pro-inflammatory state of N9 microglia after transduction with superoxide dismutase 1 

with G93A mutation (SOD1
G93A

). The transfer of miR-155 from an activated to a naïve microglial cell may induce a 

pro-inflammatory profile by regulating their gene expression, further spreading inflammation-induce motor neuron 

degeneration to neighboring areas.  

MHC-II, major histocompatibility complex class II; NOS2, nitric oxide synthase 2; IL-1β, interleukin-1 beta; miR, microRNA. 
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Importantly, once miR-155 upregulation was found in the spinal cord of fALS and sALS 

patients (Butovsky et al. 2015; Koval et al. 2013), and miR-155-based therapies are being 

developed (MRG-107, miRagen), studying its expression in iPSCs-differentiated into 

astrocytes and microglia will add on the relevance of miR-155 in a patient-specific basis, 

while driven patient-personalized therapeutic interventions. Together with miR-155, we are 

confident on the horizontal transfer of other miRNAs in exosomes as participating in the 

dysregulation of neural cells at distance. Therefore, we are much interested in the 

modulation of inflamma-miRNA expression, in both astrocytes (ELA Project, Santa Casa da 

Misericórdia de Lisboa) and microglia, in order to neutralize the reactive profile of both glial 

cells, as well as to prevent their sorting into exosomes. Furthermore, differentiation of neural 

cells from ALS-iPSCs, besides their application for disease modeling, will allow effective drug 

screening and potential use in regenerative medicine, including precision medicine.  
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