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  Abstract 

 
 

Accumulation of soluble oligomeric amyloid-β (oAβ) forms in the brain is a key 

early event in Alzheimer’s disease (AD). In this study, we have investigated the role of 

macrophage colony-stimulating factor (MCSF) as a microglial modulator in the context 

of AD. In microglia primary cultures, we found that MCSF activation modulates several 

microglial functions. We have observed that MCSF treatment potentiated microglial 

receptor density and cytokine expression, promoting pro-inflammatory environment. In 

the presence of oAβ, however, reactive microglia, switch to an anti-inflammatory 

profile. Moreover, oAβ internalization and elimination was increased in the presence of 

MCSF and it attenuated synaptic damage associated to oAβ in a neuronal-microglial co-

culture.  

In organotypic brain slices, using two-photon time-lapse microscopy, we found 

that MCSF treatment reverted the alterations in microglial morphology and motility 

caused by oAβ. MCSF enhanced microglial surveillant activity and promoted microglial 

ramification. MCSF treatment also diminished micro- and astrogliosis, induced either by 

oAβ or Aβ pathology in 5XFAD mice.  

When administered in adult 3xTg-AD mice, MCSF treatment reduced Aβ brain 

pathology and inflammation. It also mitigated synaptic alterations in the CA1 

hippocampal region.  

Finally, we observed a reduction in MCSF levels in hippocampal tissues extracted 

from AD patients, which came accompanied by an increase of CSF-1R expression, 

suggesting an alteration in the MCSF/CSF-1R axis during AD pathogenesis. 

Overall, our results provide evidence supporting the hypothesis that MCSF 

promotes a more efficient and protective microglia phenotype against Aβ in AD models. 

The reduction of endogenous MCSF levels observed in AD patients might negatively 

contribute to AD progression. This doctoral thesis provides new knowledge with regards 

the role of microglia in the progression of AD and highlights the relevance of microglial 

modulation in Aβ-related AD pathology. 
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1. Alzheimer’s disease. 

Alzheimer’s disease (AD) is recognized by the World Health Organization as a 

global public health priority (Lane et al., 2018). Nowadays, it is the most common cause 

of dementia and the most prevalent neurodegenerative disorder. 

Aloysius “Alois” Alzheimer (1864-1915), a german psychiatrist and 

neuropathologist first described AD as “presenile dementia” in 1907. He observed 51-

year-old patient, Auguste Deter’s symptomatology who presented hallucinations and 

loss of several mental functions such as memory and language impairment. He followed 

the course of the dementia disorder and after the death of Auguste, he continued with 

an anatomopathological analysis of her brain. Post-mortem analyses revealed the 

presence of general brain atrophy and abnormal intra- and extracellular aggregates 

being these features extensively used years later for AD diagnosis. Interestingly, it was 

later described that the extracellular aggregates that were observed by Alzheimer were 

insoluble aggregates of the amyloid β peptide (Aβ) called senile or amyloid plaques, and 

those intracellular were neurofibrillary tangles (NFT) composed by filamentous 

accumulations of hyperphosphorylated protein tau (Figure 1). After Auguste’s death in 

1906, her case was published under the title “On an Unusual Illness of the Cerebral 

Cortex” (from the German “Über eine eigenartige Erkrankung der Hirnrinde”) 

(Alzheimer, 1907). 

Besides the typical clinical presentation with irreversible memory impairment, 

atypical clinical presentation with focal cortical symptoms, for example, visual 

dysfunction, apraxia, dyscalculia, fluent and non-fluent aphasia, executive dysfunction, 

has also been reported (Cacace et al., 2016). 

In turn, the progression of the disease has been associated with a gradual 

damage in function and structure of the hippocampus and neocortex, the vulnerable 

brain areas involved in memory and cognition (Scheff et al., 2006). 

The main pathological features of AD pathology are amyloid plaques and NFTs. 

In addition, AD brains commonly display neuropil threads, dystrophic neurites, 

associated astrogliosis and microglial activation as well as cerebral amyloid angiopathy 

(Karch and Goate, 2015). The downstream consequences of these pathological 
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processes include synaptic and neuronal loss leading to neurodegeneration and 

macroscopic atrophy (Figure 1C) (Serrano-Pozo et al., 2011). 

 

Figure 1. AD pathological features.  Drawings of Alois Alzheimer showing senile plaques composed by 
amyloid β peptide (A) and neurons with intracellular tangles (B) present in AD patients. (A) Brain atrophy 
in AD brain compared with healthy brain.  Adapted from (Kidd 2008) and  (Alzheimer, 1907). 

There are two classifications that grade the severity of AD pathology in various 

stages, and these stages are currently used as a reference of post-mortem studies. The 

first is based on the extend of neurofibrillary changes in the brain (occurred in form of 

neuritic plaques, NFT and neuropil threads) and a characteristic pattern in these 

parameters permitted the differentiation of six stages: stages I-II involve the 

transentorhinal region; the key feature of stages III-IV is that both the entorhinal and 

transentorhinal layer Pre-α area conspicuously affected along with a mild to moderate 

hippocampal and a still-low isocortical involvement; and the hallmark of stages V-VI is 

that the isocortex is extensively affected (Braak and Braak, 1991)(Figure 2A). This 

classification is known as the Braak stages and since it has been used as a diagnostic tool 

for post-mortem confirmation of the disease. 

In 2002, a second classification based on Aβ deposition was reported. This 

parameter follows a distinct sequence in which the regions are hierarchically involved 

starting from the neocortex and expanding anterogradely into regions that receive 

neuronal projections from areas already exhibiting Aβ and ultimately the cerebellum. 

The extent of Aβ-deposition in the brain allows the distinction of five phases (Thal et al., 

2002) that are frequently found in the cortex of non-demented individuals in the 
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absence of neurofibrillary changes, which are believed to appear after Aβ deposition 

(Duyckaerts et al., 1988) (Figure 2B). 

 

Figure 2. AD classification depending on neurofibrillary changes or amyloid deposition. Braak & Braak 
described six different stages for AD cases based on the extent of neurofibrillary changes in the brain (A). 
Thal et al. described five different stages for AD cases based on Aβ deposition sites in the brain (B). Images 
adapted from (Braak and Braak, 1991; Thal et al., 2002). 

Since those two classifications required tissue for disease diagnosis, increasing 

efforts have been devoted to identifying biomarkers for early in vivo diagnosis. Figure 3 

summarizes the current views on biomarker’s progression in the pathophysiological 

pathway of the disease along with cognitive decline (Ingelsson et al., 2004; Jack et al., 

2008, 2009; Mormino et al., 2009; Perrin et al., 2009). Abnormalities in cerebrospinal 

fluid (CSF) Aβ42 and amyloid PET tracer precede those of CSF tau and fluorodeoxiglucose 

(FDG) PET, followed by structural magnetic resonance imaging (MRI), and the 

emergence of clinical symptoms. Biomarker abnormality increases sequentially as the 

disease progresses (Jack et al., 2013). In addition, microglial activation precedes 
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alteration in biomarkers (Lautner et al., 2011) (Figure 3). This feature will be discussed 

in detail in the following chapters as it is a major topic in this thesis project. 

 

 

Figure 3. Model of biomarker progression in AD. The horizontal axis represents the progression of the 
disease and the vertical axis the biomarker abnormality. The abnormality begins with the reduction of Aβ 
in the CSF in conjunction with neuroinflammation and microglial activation. The later has a fluctuating 
trajectory. Subsequently, abnormalities involve amyloid PET, CSF tau and MRI and fluorodeoxiglucose PET, 
and finally cognitive impairment appears. Adapted from (Jack et al. 2013). 

1.1. Alzheimer’s disease subtypes. 

AD has been classified mainly into two different forms, the early-onset (also 

known as familial AD) and the late-onset or sporadic AD.  

Familial AD is the less prevalent subtype. It represents about 5% of all AD cases 

and, it usually develops earlier when compared with sporadic AD. Patients with familial 

AD experience their first symptoms at the age of 60. The genes causing early-onset AD 

are transmitted following Mendelian inheritance patterns and are responsible for Aβ 

formation such as the amyloid precursor protein (APP) gene on chromosome 21 (Goate 

et al., 1991) and presenilin-1 (PSN1) and -2 (PSN2) genes on chromosomes 14 and 1, 

respectively (Cruts et al., 1996). Mutations in the APP are transmitted to the offspring 

on an autosomal dominant fashion. To date, 52 pathogenic mutations in APP have been 

reported in 119 probands of autosomal dominant families (http://www.molgen.vib-

ua.be/ADMutations) (Cruts et al., 2012). These mutations cause increased 

amyloidogenic processing of APP and increased oligomerization of the Aβ peptide. In 
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addition, mutations in PSN1 (180) and PSN2 (15) have been reported to promote AD 

(Sherrington et al., 1995; Cruts et al., 2012). 

Late-onset or sporadic AD accounts for approximately 95% of clinical cases and 

first symptoms appear typically after the age of 65 years. The etiology of this AD subtype 

is unclear; it is likely driven by a complex interplay between genetic and environmental 

factors, being aging the main risk. Besides aging, the best characterized risk factor for 

AD is Apolipoprotein E (ApoE), which is the main cholesterol transporter in the brain, 

and it has been related to the transport and release of Aβ peptide (Bu, 2009). The gene 

encoding ApoE may present three different allelic variants, namely ApoEε2, ApoEε3 and 

ApoEε4. The ε4 variant, triples the probability of suffering AD in the case of 

heterozygotes and multiples it by 15 in the case of homozygotes, when compared with 

ApoEε2 and ApoEε3 haplotypes (Huang, 2006). In addition, by using genome-wide 

association studies (GWAS) a database has been generated gathering information on 

those genes with mutations associated to late-onset AD predisposition 

(http://www.alzgene.org) (Bertram et al., 2007). Moreover, recent functional studies 

implicated gene isoforms expressed in immune cells and microglia as possible 

contributors to late-onset AD pathology (Schwabe et al., 2020). 

1.2. Amyloid β peptide. 

The Aβ peptide is a 4.5 Kilodaltons (kDa) monomer originating from the 

proteolytic processing of the APP, a transmembrane glycoprotein with a large 

extracellular domain that carries out a wide range of biological functions in the central 

nervous system (CNS) (Zheng and Koo, 2011). Interestingly, APP is implicated in the 

regulation of neurites growth during development (Herms et al., 2004). In the adult 

brain, APP plays a role in cell adhesion, neuroprotection, synapse formation, and 

transcriptional modulation of several genes (Raychaudhuri and Mukhopadhyay, 2007). 

In addition, extracellular matrix proteins interact with APP and regulate its processing 

and intracellular signaling, which may be related to a role of APP as a cell surface 

receptor (Zheng and Koo, 2011).  

The sequential proteolytic processing of APP can occur in two ways, namely non-

amyloidogenically and amyloidogenically, giving rise to the Aβ peptide (Figure 4). The 
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non-amyloidogenic processing of APP is carried out by the α-secretase protease and 

generates soluble fragments APPsα (N-terminus) and CTFα (C-terminus), the latter 

remaining anchored to the cell membrane. CTFα is subsequently cleaved by other 

second enzyme, γ-secretase, producing two soluble peptides, namely p3 (for which its 

biological function is still poorly understood), and AICD (APP intracytoplasmic domain) 

which functions as a transcriptional regulator of several genes such as glycogen synthase 

kinase 3β or p53 (Kimberly et al., 2001; von Rotz et al., 2004).  

In contrast, in the amyloidogenic cascade the first cleavage is performed by the 

protease β-secretase, generating APPsβ and CTFβ fragments. Further processing of CTFβ 

by γ-secretase produces AICD and the Aβ peptide, which is released extracellularly 

(Figure 4). Remarkably, while the non-amyloidogenic cascade is predominant in 

physiological conditions -presumably to avoid excessive production of Aβ peptide- the 

equilibrium between the two pathways seems altered in AD patients. In addition, there 

are several non-canonical pathways through which APP can be processed, some of them 

also contributing to Aβ peptide generation (Müller et al., 2017). 

 

Figure 4. Schematic representation of canonical APP processing. The non-amyloidogenic (green 
background) and amyloidogenic (red background) pathways are shown. The proteolytic cleavage of APP 
by α- or β-secretase, and subsequently by γ-secretase, generates AICD, and p3 or Aβ peptides, 
respectively. Adapted from (Müller et al., 2017). 

Since γ-secretases exhibit lack of specificity of the proteolytic cleavage of APP, 

the length of the Aβ peptide ranges between 37 and 49 amino acids (Weidemann et al., 

2002). Most of the circulating Aβ peptide consists of 40 amino acid-long peptides, and 

to a great extent those formed by 42 or 43 amino acids (Aβ1-40, Aβ1-42 and Aβ1- 43, 
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respectively). In addition, shorter (38- or 39-amino acid-long) and longer (46 to 49- 

amino acid-long) peptides can also be found (Takami et al., 2009). Following APP 

processing, Aβ monomers, specially Aβ1-42, tend to aggregate due to their structure, 

forming oligomers that will lead to protofibers and fibrils, and eventually generate senile 

plaques (Figure 5). Oligomeric Aβ species, resulting from the aggregation of Aβ 

monomers, have been reported to cause neurotoxic effects (Klein, 2002; Glabe, 2005). 

 

 

Figure 5. Oligomerization and aggregation of Aβ1-42. Representation of the different products formed in 
APP processing and Aβ oligomerization and aggregation: monomer (A), oligomers (B), protofibrils (C), 
fibrils (D) and amyloid plaques (E). Image E adapted from (Querol-Vilaseca et al., 2019). 

Aβ oligomers have been isolated from animal models of AD (Oddo et al., 2006; 

Tomiyama et al., 2010) and CSF and brains from AD patients (Bao et al., 2012). Oligomer 

tissue load correlates with disease progression (Santos et al., 2012). In fact, nanomolar 

concentrations of Aβ oligomers induce neuronal death in hippocampal organotypic 

slices (Lambert et al., 1998; Alberdi et al., 2010), inhibit long-term potentiation (LTP) 

(Lambert et al., 1998; Wang, 2004),  alter Ca2+ homeostasis and disrupt cell membrane 

integrity (Demuro et al., 2005). Due to its biochemical and structural complexity, Aβ 

peptides are able to engage in a variety of signaling mechanisms through a repertoire of 

receptors and consequently promote a wide range of effects both in neurons and other 

cell types (Viola and Klein, 2015). 

The identification of gene mutations related to Aβ synthesis in familial AD have 

led to formulate the amyloid cascade hypothesis (Selkoe, 1991; Hardy and Higgins, 

1992). The hypothesis postulates that the accumulation of Aβ, which is due to an 

unbalance between its generation and elimination, leads to neurodegeneration and 

subsequent dementia (Glenner and Wong, 1984; Hardy and Allsop, 1991; Hardy, 2002). 
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This hypothesis proposes Aβ peptide as a candidate for initiating the disease, while NFTs 

appearing after Aβ-induced damage. 

The increased Aβ accumulation can be caused, in familial AD, by missense 

mutations in APP and PS1 genes that increase Aβ production throughout life, and in case 

of sporadic AD, by failing Aβ clearance mechanisms leading to increasing Aβ 

concentration. This hypothesis suggests that the cerebral accumulation of Aβ triggers 

synaptotoxicity, a sustained and chronic inflammatory response, tau 

hyperphosphorylation, altered neuronal ionic homeostasis, oxidative injury, and 

consequently neuronal loss, thus leading to the progressive cognitive decline (Hardy, 

2002; Haass and Selkoe, 2007; Jack et al., 2013) (Figure 6). 

 

Figure 6. The sequence of major pathogenic events leading to AD proposed by the amyloid cascade 
hypothesis. The curved blue arrow indicates that Aβ oligomers may directly injure synapses and neurites 
of brain neurons, in addition to activate microglia and astrocytes. Adapted from (Selkoe and Hardy, 2016). 
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In 1993, Wertkin and collaborators published a seminal study which described 

the presence of Aβ within the cell (Wertkin et al., 1993). Yang et al. (1999) described a 

marked upregulation of newly generated intracellular Aβ1-42 following treatment of cells 

with extracellular Aβ1-42. A similar finding was reported in human samples (Gouras et al., 

2000). AD transgenic mice showed physiological (Holcomb et al., 1998; Hsia et al., 1999; 

Moechars et al., 1999; Christensen et al., 2009) and neuritic alterations (Moolman et al., 

2004; Capetillo-Zarate et al., 2006, 2012) prior to plaque formation, shifting the interest 

of the scientific community from fibrillar Aβ to soluble Aβ oligomers. 

1.3. Hyperphosphorylated Tau. 

The other main histopathological hallmark in AD is the intracellular accumulation 

of hyperphosphorylated tau. Tau is a microtubule-associated protein and the main 

component of NFT (Grundke-Iqbal et al., 1986; Kosik et al., 1986; Wood et al., 1986). 

Hyperphosphorylated tau is present in the brain as pre-tangles and neuropil threads 

decades before the onset of symptoms (Braak et al., 2006, 2011; Wharton et al., 2016). 

Even before the formation of tangles, tau undergoes a series of post-translational 

modifications, including hyperphosphorylation (Grundke-Iqbal et al., 1986), acetylation 

(Min et al., 2010), N-glycosylation (Wang et al., 1996) and truncation (Mena et al., 1996), 

which differentiate it from the normal tau predominant in healthy brains. As mentioned 

previously in section 1, deposition of tau aggregates in AD follows a highly specific 

pattern, beginning in the entorhinal cortex and hippocampus and progressing towards 

other regions (Figure 2A) (Braak and Braak, 1991, 1997). The mechanism underlying the 

spread of tau during disease progression is still known but it is proposed a cell-to-cell 

transfer of proteins in prion-like manner (reviewed at de Calignon et al., 2012).  

 Studies in AD transgenic mice harboring both Aβ and tau pathologies, support 

that Aβ is upstream of tau in AD pathogenesis, and that Aβ triggers the conversion of 

tau from a normal to a toxic state. However, toxic tau also enhances Aβ toxicity (Bloom, 

2014). It is believed that AD pathology starts with the imbalance of Aβ, but tau pathology 

has a key role in the propagation of the disease. 
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1.4. Synaptic damage in AD. 

A foundational principle of neuroscience is that synaptic function underlies 

cognition. There is a widespread acceptance of the premise that synapse damage or loss 

is a key hallmark of neurodegeneration, which in turn correlates strongly with cognitive 

decline in AD. This is supported by clinical, post-mortem, and non-clinical evidence 

(Colom-Cadena et al., 2020). 

Synaptic dysfunction is reported as an early manifestation of AD (Selkoe, 2002; 

Milà-Alomà et al., 2020). Loss of synaptophysin has been shown to correlate well with 

Aβ accumulation (Selkoe, 2002; Oddo et al., 2003). In both human brain and mouse 

models expressing familial AD-associated APP and presenilin mutations, plaques are 

associated with local synapse loss (Spires, 2005; Koffie et al., 2009, 2012; Jackson et al., 

2016; Yu et al., 2018) as well as memory and synaptic plasticity deficits (Ashe and Zahs, 

2010; Saito et al., 2014; Sasaguri et al., 2017). However, total plaque load is not strongly 

correlated with cognitive decline (Nelson et al., 2012) or synaptic pathology in AD 

progression (Masliah et al., 1991; Blennow et al., 1996). Extensive research 

demonstrates that soluble forms of Aβ, rather than the large insoluble fibrils and 

plaques, are most toxic to synapses (Masliah et al., 1991; Cline et al., 2018). Moreover, 

alterations in postsynaptic density protein (PSD95) and glutamate receptor 1 (GluR1) are 

blocked by γ-secretase inhibition in APP mutant neurons, supporting the role of Aβ on 

synaptic dysfunction (Almeida et al., 2005).  

There is ample evidence from both human brain and disease models supporting 

synaptotoxicity roles of soluble pathological forms of Aβ and tau, as well as glia-

mediated neuroinflammation (Wilde et al., 2016). Particularly, microglia are likely key 

players in complement-mediated synapse loss in AD; they are the main source of C1q in 

the brain (Fonseca et al., 2017) and they phagocytose synapses during development 

(Stevens et al., 2007; Schafer et al., 2012; Sekar et al., 2016). Mouse models of β-

amyloidosis exhibit elevated C1 levels, with increased synaptic localization of C1q even 

before plaques have formed (Hong et al., 2016). Genetic knockout of C1q or neutralizing 

antibodies against C1q protect against synapse loss observed in amyloid-bearing mice 

or induced by injected Aβ (Fonseca et al., 2004; Hong et al., 2016). 
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1.5. Inflammation in AD. 

Inflammation is another key hallmark of AD. It is the body response to either 

intrinsic or extrinsic detrimental agents and is intended to be protective in the first place, 

although an excessive inflammatory response can cause or contribute to tissue damage 

and disease pathology (Lyman et al., 2014). Neuroinflammation refers to the 

inflammatory response that occurs within the CNS secondary to an insult. Astrocytes 

and microglial cells are the main cell types in charge of the inflammatory response in the 

CNS (Calsolaro and Edison, 2016). Aβ peptides and fibrils are potent glial activators, 

triggering an inflammatory response and microglial release of neurotoxic cytokines 

(Barger and Harmon, 1997). What is not well known yet is whether inflammation is a 

cause or a consequence of AD progression and whether its effect on disease progression 

depend on either its nature being acute or chronic. Moreover, the precise mechanism 

through which microglia contribute to AD-related inflammation remains to be 

elucidated. Inflammation, and in particular the role of microglia in AD is discussed more 

in detail in chapter 3.1. 

2. Microglia and their functions. 

Microglia are the main immune cells of the CNS and account for approximately 

10% of the total CNS cell population, with regional variation in density (Lawson et al., 

1990; Mittelbronn et al., 2001; Soulet and Rivest, 2008). Microglia terminology was 

firstly introduced by Pio del Rio Hortega in 1919 (Río-Hortega, 1919). After years of 

discussion, in vivo lineage tracing studies supported the hypothesis that microglial cells 

are of mesodermal origin and derive from primitive myeloid progenitors that arise 

before embryonic day 8 from the yolk sac (Ginhoux et al., 2010, 2013). The microglia 

lineage is similar but not identical to that of macrophages and is driven by the cytokine 

macrophage colony- stimulating factor (MCSF) (Ginhoux et al., 2010), the transcription 

factors Pu.1, interferon regulatory factor 8 (IRF8) (Kierdorf et al., 2013), and spalt-like 

transcription factor 1 (SALL1) (Buttgereit et al., 2016). As shown by parabiosis 

experiments, and unlike other myeloid cells, the adult microglia population does not 

renew from bone-marrow circulating progenitor cells (Ajami et al., 2007) but from local 

proliferation of resident cells, coupling apoptosis and mitosis (Askew et al., 2017). 
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Additional to its principal role in inflammation, microglia are implicated in 

diverse and important functions in the CNS such as neurogenesis (Walton et al., 2006; 

Cunningham et al., 2013), vasculogenesis (Checchin et al., 2006; Kubota et al., 2009), 

blood-brain barrier (BBB) permeability (Fernández-López et al., 2016), 

myelination/remyelination process (Wlodarczyk et al., 2017), surveillance, synapse 

monitoring and pruning, neuronal connectivity and function, and phagocytosis (Figure 

7). 

In homeostatic conditions, microglia continuously extend and retract their 

processes while maintaining their cell bodies relatively statical (Davalos et al., 2005; 

Nimmerjahn, 2005). This process movement, henceforth termed ‘‘surveillance’’ of the 

brain, is assumed to play a key role in monitoring the ingress of bacteria, fungi, and 

viruses (Hanisch and Kettenmann, 2007). Also, microglial surveillance plays an important 

role in monitoring synaptic function and determining the ‘‘wiring’’ of the brain (Wake et 

al., 2009; Tremblay et al., 2010; Schafer et al., 2012). During postnatal development, 

synapses that are to be pruned become tagged with complement molecules and are 

thus removed by microglia (Stevens et al., 2007; Schafer et al., 2012) in a process called 

“synaptic pruning”. 
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Figure 7. Microglia play several functions in the CNS. Microglia diverse roles in the CNS under 
physiological and pathological conditions: neurogenesis, surveillance, phagocytosis, inflammation, BBB 
permeability, vasculogenesis, myelination/remyelination, synapse monitoring and pruning and neuronal 
connectivity and function. Adapted from (Sierra et al., 2019). 

In healthy homeostatic conditions, microglia have a small cell body and present 

highly ramified processes. However, in response to injury or pathogen invasion, 

microglia transform into phagocytic microglia (Stence et al., 2001), migrate, and 

accumulate at the site of injury through chemotaxis (Eugenin et al., 2001). These pro-

inflammatory microglia are identified by their retracted processes and “amoeboid” 

morphology, release of both pro- and anti-inflammatory molecules and reactive oxygen 

species (ROS), and highly phagocytic towards apoptotic cells and debris (Gehrmann et 

al., 1995; Neumann et al., 2008). 

Microglial phagocytosis relies on specific receptors expressed on the cell surface 

and downstream signaling pathways that contribute to the reorganization of actin 

protein and engulfment of harmful microparticles such as Aβ in AD. Microglial 

phagocytosis is modulated by several distinctive types of receptors: Toll-like receptors 
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(TLRs), triggering receptor expressed on myeloid cells 2 (TREM-2), Fc receptors, 

complement receptors, scavenger receptors (SR), purinergic receptor P2Y6 (P2RY6), 

macrophage antigen complex 2 (MAC-2), mannose receptor and lipoprotein receptor-

related protein 1 (LRP1) receptor. They participate in microglial clearance of misfolded 

proteins, apoptotic cells and dead neurons, in both acute and chronic brain injury 

(Smith, 1999; Fu et al., 2014).  

Microglia have been shown to play key roles in orchestrating brain inflammation 

that occurs during AD (Hemonnot et al., 2019). When an acute inflammatory injury 

occurs in the brain, there is an initial defensive glial response aimed to repair the tissue 

damage. However, if the “stimulus” persists, a chronic inflammatory condition develops, 

becoming harmful to the CNS and contributing to neuronal dysfunction, injury, and loss 

(Streit et al., 2004).  

3. Dual role of microglia in AD. 

Many studies have described microglia surrounding senile plaques both in AD 

patients and transgenic mouse models of AD (Itagaki et al., 1989; Frautschy et al., 1998; 

Meyer-Luehmann et al., 2008; Serrano-Pozo et al., 2011). Microglia associated with 

plaques present a specific, transformed morphology, which consists of a larger cell body 

and thicker processes, indicating pro-inflammatory activation (Wyss-Coray and Mucke, 

2002; Prokop et al., 2013; Kamphuis et al., 2015, 2016). However, various GWAS studies 

have established that most AD risk loci are found in or near genes that are highly and 

sometimes uniquely expressed in microglia. Moreover, single cell transcriptome studies 

of microglial cells found extensive phenotypic heterogeneity of microglia from both AD 

patients (Young et al. 2021) and mouse models (Mathys et al., 2017), pointing towards 

temporal changes of microglia response to neurodegeneration. Microglia has been 

classified in different subgroups and cellular states in aging and AD such as Disease 

Associated Microglia (DAM) (Keren-Shaul et al., 2017) with phagocytic profile versus 

Microglial neurodegenerative Disease (MGnD) with dysfunctional phenotype 

(Krasemann et al., 2017).  In relation to gender, while microglia from female mice seem 

to be more protective than microglia from males in healthy conditions, under 

pathological circumstances female ones seem to accelerate the course of the disease 
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(Sala Frigerio et al., 2019). Significantly, immune response pathways involving 

inflammation and/or clearance mechanisms line up with the genetics and pathological 

features of late-onset AD (reviewed at Tenner, 2020). This leads to the concept of 

microglia being critically involved in the early steps of the disease and identifying them 

as important potential therapeutic targets. Whether microglia reaction is beneficial, 

detrimental or both to AD progression is still unclear and the subject of intense debate 

(Combs et al., 2001; Qin, 2006; Hemonnot et al., 2019). 

Microglia can play a dual role when interacting with Aβ in AD. Although microglia 

are able to phagocytose Aβ (Xu et al., 2020), with the progression of the disease, 

impairment of the phagocytosis has been described (Krabbe et al., 2013). Also, studies 

reported that microglia are not able to degrade Aβ efficiently unless activated by 

immunotherapy (Wilcock, 2004) or the action of cytokines (Monsonego et al., 2006; 

Medeiros et al., 2013) such as MCSF (Majumdar et al., 2007). On the other hand, 

microglia mediate synaptic loss in AD mouse models due to a pruning phenomenon 

(Hong et al., 2016). Importantly, pharmacological ablation of microglia or inhibition of 

their proliferation, prevented cognitive decline and slowed disease progression in AD 

models highlighting the contribution of microglia to AD (Gomez-Nicola et al., 2013; 

Dagher et al., 2015; Olmos-Alonso et al., 2016; Spangenberg et al., 2019) (Described in 

detail in chapter 5). 

In the following subsections we will review some of microglial actions and 

functions related to amyloid pathology in AD such as inflammation, Aβ clearance and 

lysosomal biogenesis and function. 

3.1. Contribution of microglia to AD-related inflammation.  

Over the past two decades, researchers have determined that microglia are one 

of the key initiators of inflammation associated with neurodegenerative disease (Filipov, 

2019). Microglia-driven inflammation was first identified in a number of seminal studies 

using mouse models of AD (Benzing et al., 1999; Yoshiyama et al., 2007). Post-mortem 

brains from AD patients as well as brains from APP transgenic mice show increased levels 

of pro-inflammatory cytokines as well as chemokines, including interferon γ (IFNγ), 

tumor necrosis factor α (TNFα), transforming growth factor β (TGFβ), interleukin 1β (IL-
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1β), and interleukin 6 (IL-6) (Fillit et al., 1991; Vandenabeele and Fiers, 1991; Chao et al., 

1992, 1994; van der Wal et al., 1993; T. Griffin et al., 1995; Prehn et al., 1996; Chong, 

1997; Tarkowski et al., 1999; Sheng et al., 2001; Griffin et al., 2006; Hoozemans et al., 

2006; Wyss-Coray, 2006; Heneka and O’Banion, 2007; Rojo et al., 2008). Nonetheless, 

some studies reported an association between low producing interleukin 10 (IL-10) 

genotypes and the risk of AD (Lio et al., 2003; Arosio et al., 2004).   

Some microglial receptors can play different inflammation-related functions in 

response to Aβ. CD36 and cluster of differentiation 40 (CD40) can mediate production 

of ROS in response to Aβ fibrils (Coraci et al., 2002; el Khoury et al., 2003). Engagement 

of CD40 receptor with its ligand leads to the production of TNFα and IL-1β (Tan et al., 

1999). Expression of CD40 receptor, as well as its ligand are increased around Aβ plaque 

deposits in the AD brain (Togo et al., 2000; Calingasan et al., 2002). Another receptor 

associated with Aβ is AGER or RAGE. AGER is a transmembrane receptor of the 

immunoglobulin superfamily that has been mainly involved in mediating the 

inflammatory cascade in activated microglia (Jones et al., 2013). Aβ induces kB nuclear 

factor (NF-kB) activation and promotes the production of pro-inflammatory molecules 

through the interaction with AGER (Doens and Fernández, 2014). Also, increased 

expression of cluster of differentiation 74 (CD74), a type II transmembrane protein 

which functions as a molecular chaperone of class II major histocompatibility complex 

(MHC II) (Matza, 2003), has been reported in AD cases relative to age-matched controls 

(Bryan et al., 2008).  

Finally, the complement system is an essential component of the innate immune 

system and acts as a bridge between innate and adaptive immunity (reviewed at Shah 

et al., 2021). The levels of complement system factors are altered in AD, and CR1 gene 

variant is linked to an increased risk for AD (Tremblay et al., 2011; Crehan et al., 2012). 

Knock out animals or Inhibition of C3, C1q, or complement system receptor 3 [CR3; 

constituted by cluster of differentiation 11b (CD11b) and cluster of differentiation 18 

(CD18)] rescued early synapse loss (Hong et al., 2016). Also, increased C3 and C4 levels 

have been reported in AD patients and patients suffering from mild cognitive 

impairment (MCI) progressing to AD relative to patients suffering from MCI but not 

progressing to AD (Daborg et al., 2012). 
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3.2. Microglial contribution to Aβ clearance in AD. 

Microglial cells play an important role during AD progression by interacting, 

internalizing and intracellularly degrading Aβ, and by secreting degrading enzymes 

involved in its extracellular degradation (Table 1). Indeed, the mechanisms of 

degradation by glial cells include the production of proteases, interaction with 

extracellular chaperones alone or in association with receptors or transporters that 

facilitate their exit to the blood circulation, autophagy, and internalization (Ries and 

Sastre, 2016). 

 Aβ internalization. 

Aβ can be internalized by microglia via pinocytosis, phagocytosis, or receptor-

mediated endocytosis.  

Pinocytosis is a non-selective process of extracellular fluid engulfment (Solé-

Domènech et al., 2016).  Soluble Aβ1-42 is able to induce its pinocytic self-uptake by 

stimulating the P2Y4 receptor (Li et al., 2013).  

Microglia cells express several receptors that modulate oligomeric and fibrillar 

Aβ recognition, internalization, and clearance as well as cell activation (Doens and 

Fernández, 2014). Receptor-mediated Aβ endocytosis can be mediated by Scavenger 

receptors (SR), cluster of differentiation 33 receptor (CD33), TREM2, TLRs, formyl 

peptide receptor (FRL1/FPR2), LRP1 and complement system receptors.  

SRs are structurally diverse cell surface receptors that participate in cellular 

adhesion and uptake of ligands (Krieger and Krieger, 1994). The SR family can be 

classified into at least eight classes in mammalian species. Two of them have been 

described in AD: SR-A and SR-B.  

SR-A [also called macrophage scavenger receptor (MSR1), scavenger receptor 

class A member 1 (SCARA1) and cluster of differentiation 204 (CD204)] can bind both 

soluble and fibrillar Aβ in vitro and facilitate its subsequent uptake (Khoury et al., 1996; 

Paresce et al., 1996; Yang et al., 2011; Frenkel et al., 2013). Moreover, increased 

microglial expression of MSR1 around Aβ plaques has been found in multiple AD 
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transgenic models (Bornemann et al., 2001; Wilkinson and el Khoury, 2012) as well as in 

human AD brains (Christie et al., 1996). 

Table 1 . List of microglial Aβ internalization and clearance mechanisms involved in AD. 

Mechanism 

 

Proteins 
involved 

Aβ species References 

Internalization Pinocytosis P2Y4 receptor Soluble Aβ (Li et al., 2013) 

Phagocytosis SRA, SRB, 
complement 
receptors, (CR1, 
CR3, CR4), CD45, 
CD11b, CD11c 

Soluble and 
fibrillar Aβ 

(Reviewed at Solé-
Domènech et al., 
2016) 

Receptor-
mediated 
endocytosis 

SRA, SRB, CD33, 
TREM2, TLRs, 
FRL1/FPR2, LRP1, 
complement 
receptors (CR1, 
CR3, CR4) 

 

Soluble and 
fibrillar Aβ 

(Yang et al., 2011; 
Fu et al., 2012; 
Frenkel et al., 2013; 
Sheedy et al., 2013; 
Solé-Domènech et 
al., 2016; Wang et 
al., 2016b; Griciuc 
et al., 2020) 

Intracellular 
degradation 

Lysosome Cathepsin B, D, 
TPP1 

Soluble and 
fibrillar Aβ 

(Cataldo et al., 
1995; Mueller-
Steiner et al., 2006; 
Solé-Domènech et 
al., 2018; Kim et al., 
2021) 

UPS β1i, β2i, β5i Soluble and 
fibrillar Aβ 

(Orre et al., 2013) 

Autophagy ATG12-ATG5, 
LC3II 

Fibrillar Aβ (Cho et al., 2014) 

Extracellular 
degradation 

Metallopeptidases Neprylisin, IDE Soluble and 
fibrillar Aβ 

(Zhao et al., 2007; 
Wang et al., 2010) 

Plasminogen 
activators 

PLAT Soluble and 
fibrillar Aβ 

(Shibata et al., 
2007) 

Matrix 
metalloproteinases 

MMP2, MMP9 Soluble and 
fibrillar Aβ 

(Gu et al., 2020; 
Wang et al., 2020) 

  

 

SR-B or CD36 mediate phagocytosis of fibrillar Aβ1-42 (Koenigsknecht, 2004; 

Wilkinson and el Khoury, 2012; Yu and Ye, 2015). CD36, also known to bind soluble Aβ1-
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42 directly (Sheedy et al. 2013; Wilkinson K 2011), may play a redundant role in soluble 

Aβ1-42 clearance (Frenkel et al., 2013). While CD36 confers neuroprotection through 

induction of Aβ removal, it also activates NLRP3 inflammasome in microglia and 

stimulates pro-inflammatory cytokine release (i.e. IL-1β, and ROS) (Sheedy et al. 2013). 

Cluster of differentiation CD33 (CD33) receptor is a member of the sialic acid-

binding immunoglobulin-like lectin family and it is thought to inhibit the immune 

response presumably via immunoreceptor tyrosine-based inhibition motifs (ITIM) (Pillai 

et al., 2012). In the brains of AD patients, CD33+ microglia are enriched relative to age-

matched controls and correlate with greater Aβ1-42 levels and plaque burden (Griciuc et 

al., 2013, 2020). 

Some of the complement system receptors play a prominent role in the removal 

of Aβ such as CR3. Thus, CR3 is involved in the uptake and clearance of Aβ in vivo and in 

vitro (Maier et al., 2008; Choucair-Jaafar et al., 2011; Fu et al., 2012). Moreover, CR3 acts 

together with MSR1 in the uptake of Aβ (Fu et al., 2012).  

TREM2 is a single pass type I transmembrane protein that is part of the 

immunoglobulin superfamily. TREM2 mutations have been implicated in increased 

susceptibility to late-onset AD (Holtzman et al., 2012; Guerreiro et al., 2013). Moreover, 

TREM2 can interact with fibrillar Aβ, recruiting microglia around plaques, thereby 

limiting Aβ diffusion and associated toxicity (Wang et al., 2015, 2016b). 

Also, adaptor proteins can associate with various receptors and transmit their 

signals. In particular, Transmembrane Immune Signaling Adaptor (Tyrobp) also called 

DNAX-activation protein 12 (DAP12) associates with cell membrane receptors such as 

TREM2 or CR3 (Lowell, 2011). Tyrobp is mainly expressed in microglia (Colonna, 2003), 

acts as a downstream adaptor of numerous immune receptors and may play a role in 

pathogenesis of AD since its expression is upregulated in plaques-associated brain 

regions of APP23 mice (Frank et al., 2008). 

Another internalization process is phagocytosis, a vesicular engulfment process 

by which cells internalized large particles (reviewed at Solé-Domènech et al., 2016). 

Microglia phagocytose fibrillar Aβ (Lee and Landreth, 2010) and interestingly, oligomeric 

Aβ attenuates the induction of microglial phagocytosis by fibrillar Aβ (Pan et al., 2011). 
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Principal receptors involved in phagocytosis has been previously mentioned and are SR-

A, SR-B, complement receptor such us CR1, CR3 and CR4 and surface receptors CD45, 

CD11b an CD11c (Solé-Domènech et al., 2016). 

 Intracellular Aβ degradation. 

Once Aβ is internalized, it can be degraded by lysosomes, the ubiquitin 

proteasome system (UPS) or by autophagy.  

Lysosomes contain more than 60 hydrolytic enzymes involved in the degradation 

of molecules delivered via endocytic, phagocytic and autophagic pathways (Lübke et al., 

2009; Maxfield et al., 2016). Lysosomal hydrolases are expressed by neurons and glia 

surrounding senile plaques (Cataldo et al., 1991, 1996). In fact, endosomal-lysosomal 

system is upregulated in AD (Cataldo et al., 1995, 1996, 1997, 2004). The mayor 

lysosomal proteases are cathepsins. Among the different cathepsins present in 

microglial lysosomes, cathepsin D and B have shown to cleave soluble Aβ in vitro 

(Cataldo et al., 1995; Mueller-Steiner et al., 2006; Sun et al., 2015; Kim et al., 2021). 

Cathepsin B is also involved in proteolyzing fibrillar Aβ both in vivo and in vitro (Mueller-

Steiner et al., 2006). Fibrillar Aβ is also degraded by Tripeptidyl peptidase 1 (TPP1) (Solé-

Domènech et al., 2018). 

UPS is the major protein quality control system and degrades misfolded or 

abnormally modified proteins. Both inhibition (Oh et al., 2005; Almeida, 2006; Tseng et 

al., 2008) and increment  (Orre et al., 2013) of proteasome activity has been shown in 

AD. Interestingly, subunits β1i, β2i, β5i of the immunoproteasome, a proteasome variant 

mediated by pro-inflammatory cytokines and associated with microglia, are increased 

both AD mice and in post-mortem samples of human AD patients (Orre et al., 2013). 

Autophagy is another important cellular degradative mechanism involved in Aβ 

digestion. Autophagy is a tightly regulated catabolic pathway for lysosomal degradation 

of cytoplasmic organelles or cytosolic components and the recycling of the resulting 

macromolecules (Wong and Cuervo, 2010). Cho et al., (2014) reported increased of both 

ATG12-ATG5 complex and LC3II autophagic markers in microglia upon fibrillar Aβ 

treatment, highlighting the contribution of microglial autophagy to Aβ clearance. 
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Defective autophagy is a common phenomenon in AD mice, and it is believed that such 

defects are in part caused by lysosomal dysfunction (Wolfe et al., 2013). 

 Extracellular Aβ degradation. 

Microglia also promotes Aβ clearance by secreting proteases like 

metallopeptidases neprilysin (Wang et al., 2010), insulin degrading enzyme (IDE) (Zhao 

et al., 2007), plasminogen activators (tissue -type plasminogen activator precursor or 

PLAT) (Shibata et al., 2007), matrix metalloproteases Metalloproteinases 2 (MMP2) 

(Wang et al., 2020) and 9 (MMP9) (Gu et al., 2020) among others. 

3.3. Lysosomal biogenesis and function in AD. 

The lysosome is the terminal degradative organelle of the cell (Bajaj et al., 2019). 

In recent years, the study of the lysosome and its processes related to late-onset 

neurodegenerative diseases has gained renewed interest (Sharma et al., 2018).  

Lysosomal biogenesis involves the synthesis, targeting, functional residence, and 

turnover of the proteins that comprise the lysosome (reviewed at Solé-Domènech et al., 

2016). Transcription factor EB (TFEB), a master regulator of the lysosomal system, 

coordinates the expression of lysosomal hydrolases, lysosomal membrane proteins, and 

autophagy proteins in response to pathways sensing lysosomal stress and the nutritional 

conditions of the cell among other stimuli. In physiological conditions, TFEB is localized 

in the cytosol. Under stress or starvation, cytosolic TFEB translocates to the nucleus and 

promotes transcriptional activity that will lead to the synthesis of lysosomal enzymes, 

proton pumps and lysosomal structural proteins such as Lysosome-associated 

proteins (LAMPs) (Sardiello and Ballabio, 2009; Sardiello et al., 2009). The TFEB 

homologs transcription factor binding to IGHM enhancer 3 (TFE3) and microphthalmia-

associated transcription factor (MITF), which belongs to the same subfamily of MiT/TFE 

transcription factors, also contribute to the transcriptional regulation of the autophagy-

lysosome pathway (Martina et al. 2014). 

TFEB regulates expression of proteins involved in lysosomal function such as 

osteopetrosis-associated transmembrane protein 1 (OSTM1) and chloride channel 7 

(CLC-7)(Palmieri et al., 2011), which act in cooperation and are essential for regulating 
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lysosomal pH and Aβ clearance (Lange et al., 2006; Lacombe et al., 2013; Spampanato 

et al., 2013).  

Lysosomal biogenesis may be impaired in the AD brain (Wong and Cuervo, 2010). 

Studies in primary microglia treated with fibrillar Aβ showed a dose-dependent 

reduction of nuclear TFEB coinciding with an increase in cytoplasmatic TFEB levels, 

retaining this transcription factor inactive outside the nucleus, along with a dramatic 

decrease in OSTM1 levels (Guo et al., 2017).  MCSF increases OSTM1 expression, which 

also increases CLC-7 mobilization to the lysosome. When this happens, the lysosomes 

become more acidic, and can degrade fibrillar Aβ more efficiently (Majumdar et al., 

2007, 2011). Also, TFEB overexpression promoted the clearance of intracellular Aβ1-42 

mediated by elevated lysosome activity and suppressed oxidative stress and cell 

apoptosis induced by Aβ1-42 in SH-SY5Y cells  (Yi-dan Zhang and Zhao 2015). 

However, adult APP/PS1 mice and macrophage cell lines exhibited increased 

levels of LAMP1, cathepsin D and p62, proteins regulated by TFEB (Pastore et al. 2016; 

Yi-dan Zhang and Zhao 2015). The previously mentioned study in primary microglia 

treated with fibrillar Aβ that showed a dose-dependent reduction of nuclear TFEB, also 

showed significant increase levels of LAMP1 lysosomal marker (Guo et al., 2017). 

Consistent with these findings, LAMP1 mRNA and protein expression are elevated in 

cerebral cortex of AD cases (Barrachina et al., 2006). Whether this LAMP1 increase is 

aberrant and/or represents unfunctional lysosomes that will result in a deficient 

degradation by microglia, has not been clarified.  

Overall, scientific evidence indicates that it is crucial to understand the 

mechanisms behind the degradative capacity of microglia in order to discover new 

therapeutic targets that contribute to a more efficient lysosomal function in AD. 

4. Macrophage colony-stimulating factor (MCSF). 

Macrophage colony-stimulating factor (MCSF, also known as CSF1) is a 

hematopoietic cytokine expressed by a wide range of cells and tissues, namely the 

kidney, brain, liver, retina, spleen, lung, adipose tissue, skin, and joints (Ryan et al., 2001; 

Nandi et al., 2006). It stimulates progenitor cells from bone marrow (Stanley et al., 1976) 
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and has a role in the development, proliferation, and maintenance of mononuclear 

phagocytes such as monocytes, dendritic cells, microglia, and osteoclasts (Chitu et al., 

2016). MCSF is secreted by neurons, astrocytes, and microglia (Nandi et al., 2012). 

4.1. MCSF/ CSF-1R signaling. 

MCSF signals through a tyrosine kinase family receptor (CSF-1R) also known as 

cluster of differentiation 115 (CD115) or fms (Ségaliny et al., 2015). CSF-1R is a class III 

receptor tyrosine kinase activated by two homodimeric glycoprotein ligands, MCSF 

(Stanley and Heard, 1977) and interleukin 34 (IL-34) (Lin et al., 2008). MCSF signals 

exclusively through the CSF-1R, while IL-34 interacts with at least one additional 

receptor known as receptor protein tyrosine phosphatase-ᶉ (PTP-ᶉ), which is 

coexpressed with CSF-1R on neuronal progenitor cells (von Holst, 2006). In myeloid cells, 

activation of the CSF-1R by MCSF and IL-34 leads to comparable biological outcomes (Lin 

et al., 2008; Wei et al., 2010). Even though CSF-1R is primarily expressed on microglia 

(Akiyama et al., 1994; Raivich et al., 1998), there are contradictory reports concerning 

its expression in the neuronal lineage (Chitu et al., 2016). 

MCSF binding to CSF-1R leads to rapid dimerization and several waves of tyrosine 

phosphorylation (Baccarini et al., 1991; Li and Stanley, 1991; Lee, 1999; Wang et al., 

1999). The resulting MCSF/CSF-1R complex is internalized by the cell and incorporated 

into multivesicular bodies, and thereafter into the lysosomal system, in which both 

ligand (Guilbert and Stanley, 1986) and receptor (Lee, 1999) are degraded.  

MCSF/CSF-1R signaling is involved in variety of functions of myeloid cells such as 

proliferation, inflammation, internalization and clearance mechanisms (Stanley and 

Chitu, 2014; Nishida et al., 2016). 

4.2. Role of MCSF in microglial proliferation. 

CSF-1R activates mitogen-activated protein kinase (MAPK) and Akt signaling 

pathways that contribute to macrophage proliferation (reviewed at Stanley and Chitu, 

2014). Additionally, Tyrobp adaptor mediates CSF-1R proliferative signals through a 

MAPK- and Akt-independent pathway (Otero et al., 2009). MCSF treatment increases 

microglial proliferation and Tyrobp in primary human microglia (Smith et al., 2013). 
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4.3. MCSF impact on inflammatory profile of microglia. 

MCSF has the ability to polarize microglia towards both pro-inflammatory and 

anti-inflammatory directions depending on the microenvironment and other 

inflammatory molecules (Hamilton et al., 2014). 

MCSF is a survival and differentiation factor for mononuclear phagocytes. 

Previous findings demonstrated that IL-1β, at least in part, transcriptionally upregulated 

MCSF production in human monocytes, a process that can be negatively regulated by 

both interleukin 4 (IL-4) and IL-10 (Gruber et al., 1994). Moreover, MCSF-induced 

maturation of human macrophages was accompanied by an increase in CD40, TNFα, IL-

6 and TGFβ1 expression compared with other maturation factors (Vogel et al., 2014). In 

turn, MCSF (as priming or maturation factor), and activation factors like IL-4, IL-10, 

interleukin 13 (IL-13), or a mixture of these mediators are used for anti-inflammatory 

induction, towards anti-inflammatory profile by macrophages (Mantovani et al., 2004; 

Durafourt et al., 2012).  

Moreover, decreases the expression of antigen-presenting proteins in human 

microglia (Smith et al., 2013) and decreases the inflammatory phenotype in mouse 

macrophages (Caescu et al., 2015), suggesting that MCSF promotes a surveillant 

phenotype in microglia that may prevent pro-inflammatory activation and neurotoxicity. 

4.4. MCSF impact on microglial clearance and internalization functions. 

Since most of the work done on MCSF came from studies on monocytes, little is 

known about MCSF impact on microglia clearance and internalization. Gene expression 

studies in peripheral monocytes of patients with atherosclerosis showed increased 

mRNA of scavenger receptors MSR-1 and CD36, elevated serum concentration of MCSF 

and a positive correlation of MCSF levels with MSR-1 and CD36 expression relative to 

control individuals (Nishida et al., 2016). 

MCSF treatment can modulate microglial clearance function by increasing CD68, 

MMP2 and MMP9 expression in a monocyte cell line (Mohana et al., 2015), and by rising 

MMP9 levels in human monocytes (Asakura et al., 1999).  
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4.5. MCSF impact on lysosomal biogenesis in microglia. 

Microglia may respond to MCSF with increased lysosomal function (reviewed at 

Solé-Domènech et al., 2016). However, little is known about the effects of this cytokine 

on lysosomal biogenesis in microglia.  

TFE3 was identified to bind MITF and has a redundant role in osteoclast 

(specialized cells differentiated from monocyte/macrophage precursors in the bone 

tissues) development and function (Steingrimsson et al., 2002; Hershey and Fisher, 

2004). MITF and TFE3 become activated by MCSF and receptor activator of NF-kB 

(RANKL) signaling pathways during osteoclast differentiation. They are essential for 

osteoclast proliferation and differentiation and regulate a network of genes associated 

with bone-degrading function of mature osteoclasts (Motyckova et al., 2001; 

Weilbaecher et al., 2001; Meadows et al., 2007). In addition to MITF and TFE3, TFEB is 

also activated upon RANKL stimulation and it enhances lysosomal biogenesis in mature 

osteoclasts (Ferron et al., 2013). Pastore et al. (2016) observed several cytokine 

expressions such as MCSF were reduced in TFEB deficient macrophages. However, little 

is known about the link between TFEB and MCSF and how they affect each other in 

signaling.  

5. Role of MCSF-activated microglia in AD. 

Patients with presymptomatic AD or MCI exhibited low levels of MCSF as well as 

low levels of other hematopoietic cytokines, which was predictive of progression toward 

a dementia diagnosis 2–6 years later (Laske et al., 2010). However, a recent study 

showed an increased expression of MCSF and CSF-1R mRNAs and reduced expression of 

IL-34 mRNA in AD samples (Walker et al., 2017). Moreover, human microglia derived 

from AD patients stimulated with MCSF or IL-34 adopted a pro-inflammatory profile and 

genes associated with lysosomal biogenesis such as TFEB, LAMP1 or CD68 were 

downregulated while genes that encoded IDE and TFGβ were upregulated (Walker et 

al., 2017). In addition, microglia derived from post-mortem brain of AD patients 

expressed higher levels of MCSF than those from non-demented elderly control brains 

(Lue et al. 2001). 
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Neurodegenerative diseases are associated with a robust microglial response, 

which is known to have both beneficial and detrimental properties depending on the 

disease, animal model, comparing acute versus chronic conditions, and environmental 

signals (Aguzzi et al., 2013).  

Microglia pharmacological ablation with the specific CSF-1R receptor inhibition 

(PLX5622) prevented microglial association with plaques while improved cognition in 

aged 3xTg-AD model (Dagher et al., 2015). PLX5622 treatment also led to a marked 

reduction of brain plaque load in adult 5XFAD mice (Spangenberg et al., 2019). Another 

approach targeting microglia was by inhibiting its proliferation with the selective 

inhibitor of CSF-1R tyrosine kinase activity (GW2580) (Olmos-Alonso et al., 2016). 

GW2580 blocked microglia proliferation and shifted microglia to an anti-inflammatory 

phenotype (Olmos-Alonso et al., 2016). This treatment also slowed neuronal damage 

and disease progression in a chronic neurodegeneration mouse model (Gomez-Nicola 

et al., 2013). These studies highlight the contribution of microglia to disease progression.  

However, extracellular supplementation of MCSF have also shown positive 

results. In vitro studies showed that increased expression of CSF-1R or MCSF treatment 

on cultured murine and human microglia resulted in microglial proliferation, increased 

pro-inflammatory environment, and enhanced Aβ phagocytosis in part through SR and 

Fcγ receptor (Mitrasinovic et al., 2001, 2003; Mitrasinovic and Murphy, 2002; 

Mitrasinovic, 2003). Also, when a co-culture was stablished with microglia 

overexpressing CSF-1R and in hippocampal organotypic slices treated with NMDA (N-

methyl d-aspartate), microglia rescued neurons from excitotoxicity (Mitrasinovic, 2005) 

or even when microglia and organotypic cultures were treated with MCSF there was no 

neuronal affection induced by Aβ or NMDA (Vincent, 2002; Vincent et al., 2002).  

MCSF promotes Aβ phagocytosis by microglia (Mitrasinovic et al., 2003). MCSF 

treatment in primary microglia induced lysosomal acidification to levels similar to those 

measured in J774 macrophage (Majumdar et al., 2007). MCSF treatment led to an 

increase in OSTM1 expression, the chaperone of CLC-7, which facilitated CLC-7 

mobilization to the lysosome leading to full lysosomal acidification and efficient fibrillar 

Aβ degradation in and by microglia (Majumdar et al., 2011) described in chapter 3.3. 
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Treatment of APP/PS1 mice with MCSF led to a reduction in brain Aβ load and 

improved performance in cognitive tests (Boissonneault et al., 2008). In addition, MCSF 

treatment in young animals without neurological alterations or evident Aβ plaque load 

prevented AD-like pathology. The main conclusion of this study was that MCSF was able 

to increase microglial proliferation, microglial association with amyloid deposits, Aβ 

clearance and led to a reduction in Aβ toxicity to neuronal elements. Moreover, 

internalized Aβ highly colocalized with microglial late endosomal/lysosomal markers 

(Boissonneault et al., 2008).  

In summary, microglia participate actively in AD, both in a beneficial and 

detrimental manner. Therefore, a better understanding of the role of MCSF/CSF-1R axis 

in microglial modulation is crucial to exploit the potential of these cells as targets of 

therapy in AD. The MCSF/CSF-1R axis is implicated in the regulation of important 

microglial functions, and it could bring new therapeutic targets for the amelioration of 

AD progression. This thesis project aims to study MCSF/CSF-1R signaling in order to, in 

the future, identify similar molecules that could be used to modulate this pathway. 
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Accumulation of soluble, oligomeric Aβ species in the brain is one of the main 

hallmarks of AD and occurs early during disease pathogenesis. Several studies have 

shown that microglia are observed surrounding Aβ plaques contributing to the 

development of the disease. Microglia are inefficient at degrading fibrillar Aβ unless 

activated by immunotherapy or other methods. There is currently limited knowledge on 

the effect of MCSF on microglial gene expression, microglial Aβ clearance and synapse 

pathology. Given the importance of the MCSF/CSF1R signaling axis, we hypothesize that 

this pathway can be used to enhance microglial degradation of Aβ and therefore in the 

treatment of AD. In order to investigate this hypothesis, we plan to characterize the 

effects of MCSF activation of microglia in vitro and in mouse models of AD. 

 

To that aim, the following specific objectives were addressed: 

 

Aim 1. To analyze the effect of MCSF on microglial transcriptomics and proteomics in an 

AD in vitro model. 

Aim 2. To study the impact of MCSF activation on microglial oAβ clearance and synapse 

pathology in vitro. 

Aim 3. To analyze the role of MCSF treatment on microglial dynamics using organotypic 

brain slices from an AD mouse model. 

Aim 4. To characterize the effects of MCSF treatment in vivo in the 3xTg-AD mouse 

model of AD. 

Aim 5. To study the MCSF/CSF-1R axis and TFEB transcription factor signaling pathways 

as potential biomarkers of AD. 
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1. Animals. 

All experiments were conducted with the approval and under the supervision of 

the internal animal ethics committee (University of the Basque Country, UPV/EHU). 

Animals were handled in accordance with the European Communities Council Directive. 

All possible efforts were made to minimize animal suffering and the number of animals 

used. 

Animals were housed in standard conditions with 12 h light cycle and with ad 

libitum access to food and water. Experiments were performed in Sprague Dawley rats; 

in the triple transgenic mouse model of Alzheimer´s disease (3xTg-AD), which harbors 

the Swedish mutation in the human amyloid precursor protein (APPSwe), presenilin 

knock-in mutation (PS1M146V), and TauP301L mutant transgene (TauP301L) (Oddo et al., 

2003); in the 5XFAD mouse model of Alzheimer’s disease, which overexpresses APP(695) 

with the Sweedish (K670N, M671L), Florida (I716V) and London (V717I) mutations as 

well as human PS1 with mutation M146L and L286V (Holly Oakley et al. 2006). 

2. Cell cultures. 

2.1. Primary cortical neuron culture. 

Primary cultures of cerebral cortical neurons were prepared from E18 Sprague-

Dawley rats embryos according to previous described procedures (Ruiz et al., 2009). 

Brain hemispheres were dissected out, meninges and basal nucleus were removed, and 

cortical lobes were extracted. Selected cortical tissue was enzymatically digested with 

0.25% trypsin (Sigma-Aldrich, #T4799) and 0.004% deoxyribonuclease (Sigma-Aldrich, 

#D5025-15KU) in Hank’s balanced salt solution (HBSS, Sigma-Aldrich, #14175-053) for 5 

min at 37ºC. Next, the enzymatic reaction was stopped by adding Neurobasal medium 

(Invitrogen, #21103049) supplemented with 10% Fetal bovine serum (FBS, Gibco, 

#10270), B27 (Invitrogen, #17504044), 2 mM glutamine (Sigma-Aldrich, #68540) and 

antibiotic-antimycotic mixture (Gibco, #15140-122), followed by centrifugation at 1,000 

rpm for 5 min. The cell pellet was resuspended in 1 ml of the same solution. Mechanical 

dissociation was performed by using 23-, 25-, and 27G- gauge cutting needles and the 

resulting cell suspension was filtered through a 40 μm nylon mesh (Millipore, 
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#NY4104700). 10 μl of filtrate was collected to determine cell number and viability by 

trypan blue staining (Sigma-Aldrich, #T6146), and all the rest was seeded onto 6/24/48 

well plates or glass coverslips (12 mm ø) at 1 x 105 or 1 x 106 cells per well. Prior to cell 

culture, the plates and/or glass coverslips were coated with 30 µg/ml Poly-L-ornithine 

(Sigma-Aldrich, #P4957) for 1 h at room temperature (RT) and washed three times in 

sterile distilled water.  

24 h after seeding cells, culture medium was replaced by supplemented 

Neurobasal medium without FBS to avoid astroglial growth. Cell cultures were 

essentially free of astrocytes and microglia and were maintained at 37ºC and 5% CO2. 

Cortical neuronal cell cultures were used at 8–10 days in vitro (DIV).  

2.2. Primary glial cell culture. 

Primary cultures of cerebral cortical glial cells were prepared from P0–P2 

Sprague Dawley rats as described previously (McCarthy and de Vellis, 1980). Cortical 

lobes were extracted and enzymatically digested with 400 μl of 2.5% trypsin (Sigma-

Aldrich, #T4799) and 40 μl of 0.5% deoxyribonuclease (Sigma-Aldrich, #D5025-15KU) in 

HBSS (Sigma-Aldrich, #14175-053) for 15 min at 37ºC. The enzymatic reaction was 

stopped by adding IMDM (Gibco, #42200014) medium supplemented with 10% FBS 

(Gibco, #10270) and centrifuged at 1,200 rpm for 6 min. The cell pellet was resuspended 

in 1 ml of the same solution and mechanical dissociation was performed by using 23- 

and 25G- gauge cutting needles. Resulting cell suspension was centrifuged at 1,200 rpm 

for 6 min and plated onto 75 cm2 flasks coated with 30 µg/ml Poly-D-Lysine (PDL, Sigma-

Aldrich, #P0899).  

After maintaining for 11 DIV, flasks were shaked during 2 h in order to isolate 

microglia and then microglia were plated onto PDL-coated 6/24/48 well plates or glass 

coverslips (12 mm ø) at 5 x 104 or 1.5 x 105 cells per well, depending on the experimental 

technique. 

2.3. Primary neuronal-microglial co-culture. 

After maintaining neurons for 7 DIV and glia for 11 DIV, flasks were shaked for 2 

h to detach the cells from the bottom of the flasks. Microglia were added to neuronal 
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primary cultures in a 10:1 ratio. Following addition, the co-culture was stabilized 

overnight at 37ºC and 5% CO2. 

2.4. Organotypic cerebral cortex and hippocampal slice cultures. 

Hippocampal and/or cortical slice cultures were prepared from 5-7 days old 

mouse pups according to previously described procedures (Stoppini et al., 1991). The 

brains were extracted and placed on ice in a small petri dishes with HBSS (Sigma-Aldrich, 

#14175-053) with calcium and magnesium and without phenol red. Brains were then 

sectioned in 350 μm coronal slices using a vibratome Leica VT 1200S. Intact individual 

slices of cortex and hippocampus were selected under the microscope and transferred 

onto membrane inserts (Millipore, #PIHP03050) with fresh culture medium [50% 

neurobasal medium (Gibco, #21103049), pH 7.2 supplemented with 25% horse serum 

(Invitrogen, #26050-088),  25% basal medium eagle (Sigma-Aldrich, #M5650), 1.8% 

glucose (Panreac, #141341.1211), 1% glutamine (Sigma-Aldrich, #68540), 0.5% Penicilin-

Streptomicin (Invitrogen, #15240062), 0.5% fungizone (Merck, #1397-89-3) and 21.2% 

HBSS (Sigma-Aldrich, #14175-053)] (Figure 8). 

Cell cultures were maintained at 37ºC and 5% CO2, and culture media was 

renewed every 2 days. Experiments were performed after 7 or 11 DIV of incubation, 

depending on the experiment. 

 

Figure 8. Organotypic culture protocol steps. Representative image of the main steps in the protocol: 
brain sectioning in 350 µm-thick slices (A), slice selections (B) and slice incubation in 6-well culture plates 
(C). 
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3. Human samples. 

Patients gave informed consent to all clinical investigations, which were 

performed in accordance with the principles embodied in the Declaration of Helsinki.  

Frozen samples from prefrontal cortex and hippocampus of 53 subject and 34 

subjects respectively, were obtained from the Neurological Tissue Bank Hospital Clinic-

IDIBAPS Biobank (Table 2). AD samples were sorted according to Braak and Braak staging 

(Braak and Braak, 1995)  into AD-II, AD-III, AD-IV and AD-V, and by CERAD classification 

(Mirra et al., 1991) into AD-A, AD-B and AD-C. 

Table 2. Characteristics of controls and AD subjects, categorized as stages I to VI of Braak and Braak and 
A, B or C of CERAD criteria. *Time (h) elapsed between death and sample extraction. Hp, hippocampus. 

Case nº Ref. nº Braak stage 

NFT 

CERAD 

Senile plaque 

Gender Age Region 

analyzed 

Postmortem 

delay* 

1 1733 -  M 76 Hp 11:30 

2 1423 - A F 82 Hp 5:00 

3 1536 -  M 79 Hp 4:45 

4 1878 - B M 78 Hp 7:30 

5 1357 II  F 79 Hp 10:30 

6 1405 II  M 80 Hp 5:30 

7 1431 II - F 97 Hp 20:00 

8 1543 II  M 80 Hp 4:30 

9 1687 II  F 69 Hp 12:00 

10 1697 II - M 78 Hp 6:00 

11 1912 II B F 72 Hp 13:35 

12 1937 II B F 83 Hp 7:20 

13 0892 III B M 76 Hp 16:00 

14 1180 III C F 86 Hp 14:00 

15 1200 III B F 89 Hp 16:25 

16 1247 III C F 80 Hp 8:00 

17 1345 III A M 78 Hp 8:00 

18 1411 III C F 74 Hp 13:30 

19 1435 III B F 93 Hp 5:45 

20 1791 III B F 75 Hp 21:00 

21 0497 IV B M 82 Hp 2:30 

22 0608 IV - M 78 Hp 7:00 

23 0806 IV C M 67 Hp 6:00 

24 1040 IV C M 76 Hp 8:25 

25 1102 IV - F 84 Hp 3:25 

26 1417 IV - F 79 Hp 4:30 

27 1914 IV - F 80 Hp 8:30 

28 1230 IV C M 79 Hp 4:15 

29 1286 V C M 79 Hp 5:00 
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30 1392 V C M 77 Hp 5:00 

31 1445 V C F 73 Hp 3:30 

32 1456 V C F 74 Hp 3:30 

33 1585 V C F 74 Hp 6:30 

34 1622 V C M 76 Hp 5:00 

35 1637 V C M 78 Hp 7:00 

36 1645 V C F 77 Hp 5:30 

37 1198 V C F 77 Hp 5:00 

 

4. Preparation of amyloid β-oligomers and fibrils. 

Aβ1-42 (ABX, Radeberg, Germany) was solubilized in hexafluoroisopropanol (HFIP, 

Sigma-Aldrich, #105228) to 1 mM and distributed into aliquots in sterile microcentrifuge 

tubes. Hexafluoroisopropanol was totally removed under vacuum in a speed vac system 

and the peptide film was stored dried at -80°C. For the aggregation protocol, two 

procedures were carried out to yield either oligomeric or fibrillar Aβ species. The peptide 

was first resuspended in anhydrous dimethyl sulfoxide (DMSO) (Sigma-Aldrich, 

#D12345) to a concentration of 5 mM. For oligomer preparation, the DMSO-

resuspended peptide was diluted to a final concentration of 100 μM in Hams F-12 

(Biowest, #L0136-500) pH 7.3 and incubated at 4ºC for 24 h. For fibril preparation, the 

DMSO-resuspended peptide was diluted to a final concentration of 100 μM in 10 mM 

HCl (Thermo fisher scientific, #15578334) and incubated at 37º for 24 h (Dahlgren et al., 

2002).  

5. Drugs and treatment. 

The following drugs and inhibitors were used: Rat (#40028) and murine (#31502) 

macrophage colony-stimulating factor (MCSF) (Preprotech). 

6. Viability assay. 

Calcein-AM (Sigma-Aldrich, #C1354) was used to quantify the number of living 

cells. Cells were incubated with 1 µM calcein-AM for 30 min followed by 2 washes with 

Phosphate saline buffer (PBS) (125 mM NaCl (Thermo fisher scientific, #S/3160/65), 19 

mM Na2HPO4 (Panreac, #141679.1211), 8 mM KH2PO4 (Acros organics, #AC205925000) 
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in ddH2O, pH 7.4). Fluorescence was measured with a Synergy-HT fluorimeter (Bio-Tek 

Instruments Inc.). 

7. Electron microscopy. 

Aβ1-42 oligomers were prepared following the protocol described in section 4 

(Preparation of Aβ oligomers). After overnight incubation, 5 µl of 100 µM Aβ1-42 were 

incubated on nickel coated grids (EMSdiasum, #G150-Ni) for 1 min. The solution was 

carefully removed using filter paper 5 µl of filtered 4% uranyl acetate (Merck, 

#K18237473) were then incubated on top of the grid for 1 min as contrast agent and the 

solution was dried using filter paper. The grids were allowed to dry for a few mins prior 

to imaging. Grids were imaged using a Zeiss EM900 electron microscope (Zeiss). 

Oligomeric Aβ1-42 images were taken at 80000x magnification while fibrillar Aβ1-42 

images were taken at 15000x magnification. 

8. Protein extracts preparation and detection by Western blot. 

8.1. Total protein preparation. 

After treatment, cultured cells were washed twice in cold 1X PBS. Cell lysates 

were prepared from cultures using a cell scraper (Costar, #3008) and 50-100 µl Pierce™ 

RIPA buffer (Thermo Fisher Scientific, #89900), with Halt™ Protease & Phosphatase 

Inhibitor Cocktail (Thermo Fisher Scientific, #1861284) and 0.5 M ethylenediamine 

tetraacetic acid solution (EDTA, #1861283). All this process was performed on ice to 

enhance the lysis process and prevent protein degradation. After that, protein 

concentration of the samples was measured with a detergent-compatible protein assay 

reagent (DC protein assay reagent A #5000113, DCtm Protein assay reagent S #500-

0115, DC Protein assay reagent B #5000114 from Biorad) according to the 

manufacturer’s instructions, then was mixed with sample buffer in a fixed protein 

concentration and finally boiled at 95ºC for 5 min. 

8.2. Western blot. 

Equal amounts of protein lysates were separated by SDS-PAGE using Bolt 4-12% 

Bis-Tris plus gels (Invitrogen, #NW04127BOX). Electrophoresis was conducted in a Bolt 
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SDS running buffer (Invitrogen, #B000202) using a protein gel electrophoresis chamber 

system (Invitrogen). Gels were transferred to iBlot PVDF mini stacks (Invitrogen, 

#IB24002).  

For immunoblotting, membranes were blocked in PBST buffer (125 mM NaCl 

(Thermo fisher scientific, #S/3160/65), 19 mM Na2HPO4 (Panreac, #141679.1211), 8 mM 

KH2PO4 (Acros organics, #AC205925000) in dH2O, pH 7.4, 0.1% Tween-20 (Acros 

organics, #A0406604) in dH2O, pH 7.6) in the presence of 5% fat-free milk during 1 h at 

RT. Membranes were incubated overnight with the specific primary antibodies in the 

same solution at 4ºC with gentle shaking. Following incubation, membranes were 

washed three times with PBST and incubated with secondary antibodies in blocking 

solution for 1 h at RT. Finally, membranes were again washed three times with PBST.  

Immunoreactive bands were detected by using enhanced electrochemical 

luminescence (NZY standard ECL #MB40101 and NZY advanced ECL #MB40201 by 

Nzytech) and ChemiDoc XRS Imaging System (Bio-Rad). Signals were quantified using 

Image Lab® software (Bio-Rad) and values were normalized to β-actin or α-tubulin signal 

and provided as the mean ± S.E.M. of at least three independent experiments.  

When needed, membranes were stripped of antibodies using Restore Western 

Blot Stripping Buffer (Thermo Fisher Scientific, #21059) for 8 min at RT. Membranes 

were then washed in PBST for three times, blocked and incubated again with other 

primary antibodies. 

8.3. Antibodies for Western blot. 

The following antibodies were used for western blot: mouse anti-6E10 (1:1000, 

Biolegend, #803015), rabbit anti-CSF-1R (1:1000, Cell Signaling, #3152S), rabbit anti-

TFEB (1:500, Cell Signaling, #803015), rabbit anti-CD11b (1:1000, Invitrogen, 

#ab128797), rabbit anti-CD18 (1:1000, Thermo fisher scientific, #PA5-95027), mouse 

anti-Tyrobp (1:100, Santa Cruz Biotechnology, #sc166084), rabbit anti-MSR1 (1:1000, 

Invitrogen, #MA1-81060), rabbit anti-CD36 (1:1000, Abcam, #ab252922), mouse anti-

AT8 (1:1000, Invitrogen, #44-752G), mouse anti-hT7 (1:1000, Invitrogen, #MN1000), 

mouse anti-α-tubulin (1:5000, Abcam, #ab7291) and rabbit anti-β-actin (1:5000, Sigma-
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Aldrich, #SAB5600088). Secondary antibodies conjugated with horseradish peroxidase 

(HRP) were purchased from Sigma-Aldrich (1:1000). 

9. Immunoprecipitation. 

Neuron cultures and neuronal-microglial co-cultures were incubated with 1 µM 

oAβ for 24 h (Manterola et al., 2013) and Aβ levels in the media were quantified by 

immunoprecipitation thereafter. Following incubation, media samples were 

immunoprecipitated overnight at 4ºC with 4G8 antibody (Biolegend, #800701) and 

rabbit anti-mouse secondary antibody (Invitrogen, #31188) and Protein A sepharose 

(Abcam, #ab193256) in IP buffer composed of 760 mM NaCl, 200 mM TrisHCl pH8.8, 24 

mM EDTA, 10% Triton X-100. Next day, samples were washed with IP buffer B, 

composed of 150 mM NaCl, 10 mM TrisHCl pH 8.3, 5 mM EDTA, 0.1% Triton X-100 

(Sigma-Aldrich, #11332481001). Next, loading buffer was added to the samples, which 

were then heated at 95ºC for 5 min and thereafter centrifuged at 14000 rpm at 4ºC for 

3 min. Aβ species were isolated from media samples using electrophoresis with Mini-

PROTEAN Tris-Tricine gel containing 10-20% poliacrilamide (Invitrogen, #EC66252BOX) 

and later transferred to nitrocellulose membranes (Invitrogen). Membranes were boiled 

in 1X PBS for 5min and processed by Western blotting using 6E10 primary antibody 

(1:1000, Biolegend, #803015) and sheep anti-mouse HRP secondary antibody (1:1000, 

Cell Signaling, #7076) to detect oligomeric Aβ. 

10. Intraperitoneal injection in adult mice. 

Prior to injection, animals were anesthetized with isoflurane. The animals used 

in the in vivo study of MCSF were all female mice of the 3xTg-AD mouse model starting 

at 12 months of age and were injected intraperitoneally every week for 4 months. 

Animals were injected with either 0.9% NaCl (130 µl) (ERN, #999789.2) or a solution 

containing 10 ng/µl mouse MCSF (Preprotech, #31502) (final injection: 40 µg/kg, 130 µl). 

After 4 months of treatment, animals were anesthetized with pentobarbital, 

followed by CSF extraction from the cisterna magna (Lim et al., 2018) intracardial blood 

extraction and finally by intracardial perfusion with phosphate buffer (PB). Brain 

hemispheres were separated during dissection. One hemisphere was snap frozen at -
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80ºC and the other hemisphere was post-fixed by overnight incubation in 4% 

paraformaldehyde (PFA, Panreac, #141451.1211) 4ºC, followed by incubation in 30% 

sucrose containing 0.1 M PBS pH 7.5 at 4°C overnight. Following sucrose gradient, the 

hemisphere was stored in cryoprotectant solution (30% ethylene glycol (Merck, 

#1.09621), 30% glycerol (Acros organics, #410985000) and 10% PB 0.4 M in dH2O) at -

20°C.  

11. Immunochemistry. 

11.1. Immunofluorescence. 

11.1.1. Primary neuronal and microglial cell cultures. 

9 DIV neurons and 12 DIV microglia were fixed with methanol or 4% PFA 

depending on the protein analyzed (PFA in case of presynaptic markers, methanol in 

case of postsynaptic markers) and rinsed once with 1X PBS. Fixed cells were 

permeabilized with blocking buffer [2% Normal Goat Serum (NGS, Palex, #S-1000), 1% 

Bovine Serum Albumin (BSA, Nzytech, #MB04602), containing 0.1% saponin (Sigma-

Aldrich, #57900) in 1X PBS] for 1 h at RT followed by incubation in primary antibodies in 

blocking buffer, overnight at 4ºC. Next, cells were rinsed three times with PBST buffer 

[0.1 M PBS pH 7.5 containing 0.1% Tween-20 (Acros organics, #233362500)] and 

incubated with fluorescent secondary antibodies in blocking buffer for 1 h at RT. After 

incubation, cells were washed three times with PBST for 10 min, the second wash 

containing 4 µg/ml DAPI (4′,6-diamidino-2-phenylindole, Sigma-Aldrich, 

#10236276001). Finally, coverslips with cells were mounted on glass slides with 

Fluoromount-G mounting medium (SouthernBiotech, #0100-01). Preparations were 

kept at 4ºC until examination. 

 11.1.2. Animal tissue and organotypic slices. 

Mice were anesthetized with chloral hydrate and perfused intracardially, first 

with 30 ml of 0.1 M PB followed by 30 ml of 4% PFA in 0.1 M PB. The brains were 

extracted and postfixed with the same fixative solution for 4 h at RT, followed by 

incubation in 30% sucrose in 0.1 M PBS at 4°C. After incubation with sucrose, brains 

were stored in cryoprotectant solution [30% ethylene glycol (Merck, #1.09621), 30% 
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glycerol (Acros organics, #410985000) and 10% PB 0.4 M in dH2O] at -20°C. Tissues were 

sectioned using a Leica VT 1200S vibratome (Leica microsystems). 40 μm-thick coronal 

sections were prepared.  

In the case of organotypic slices, slices were fixed in 4% PFA for 40 min at RT 

followed by three washes in 0.1 M PBS, followed by storage in 0.1 M PBS at 4°C. Free-

floating vibratome sections were permeabilized and blocked with 0.25% Triton X-100 

(Sigma-Aldrich, #1133248100), 3% NGS (Palex, #S-1000) in 0.1 M PB for 1 h at RT and 

thereafter incubated with primary antibodies overnight at 4ºC with gentle shaking. 

Followed primary antibody incubation, slices were washed three times in 0.1 M PB and 

incubated with blocking solution containing fluorescent secondary antibodies at RT for 

1 h. After that, slices were washed three times in 0.1 M PB, the second wash containing 

4 μg/ml DAPI (Sigma-Aldrich, #10236276001) and were mounted on glass slides with 

Fluoromount-G mounting medium. In Magdalena Sastre’s lab, organotypic slices were 

permeabilized with 0.5% Triton X-100 (Sigma-Aldrich, #1133248100), 5% NGS (Palex, #S-

1000) in 0.1 M PBS for 3 h at RT and washed three times in 0.1 M PBS. After that, tissues 

were incubated with primary antibodies in a solution containing 0.1% Triton X-100 

(Sigma-Aldrich, #1133248100) and 1% NGS (Palex, #S-1000) in 0.1 M PBS, overnight at 

4ºC with gentle shaking. Slices were then washed three times in 0.1 M PBS and 

incubated with fluorescent secondary antibodies in a solution containing 0.1% Triton X-

100 (Sigma-Aldrich, #1133248100) and 1% NGS (Palex, #S-1000) in 0.1 M PBS at RT for 

1h, followed by three washes in 0.1 M PBS, the second wash containing DAPI 4 μg/ml 

(Sigma-Aldrich, #10236276001). Slices were finally mounted on glass slides using 

Fluoromount-G mounting medium (Southern biotech). 

11.2. Antibodies for immunofluorescence. 

The following antibodies were used for immunofluorescence: mouse anti-

Synaptophysin (1:500, Millipore, #101002), rabbit anti-Homer (1:500, Synaptic systems, 

#160003), guinea pig anti-Iba1 (1:500, Synaptic systems, #234004), rabbit anti-TFEB 

(1:500, Cell Signaling, #4240), rabbit anti-OSTM1 (1:500, Sigma-Aldrich, #HPA010851), 

mouse anti-LAMP1 (1:500, Abcam, #ab25630), rabbit anti-Iba1 (1:500, Wako, #019-

19741), mouse anti-AT8 (1:1000, Invitrogen, #44-752G), and rat anti-GFAP (1:500, 
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Invitrogen, #13-0300). For amyloid plaque detection, Thioflavin-S dye was used (1:1000, 

Sigma-Aldrich, #T1892). Secondary antibodies coupled to Alexa Fluor 488, Alexa Fluor 

594, Alexa Fluor 546 were purchased from Invitrogen (1:500). 

12. RNA extraction and quantitative PCR. 

12.1. RNA isolation. 

Cultured microglia were treated with 1 μM oAβ and/or 25 ng/ml MCSF for 24 h. 

Total RNA was isolated using trizol (300ul per well) (Ambion, #T9424) and stored at -

80ºC. The extracted RNA samples were processed by the Gene Expression Unit of the 

Genomics and Proteomics Service at the University of the Basque Country (UPV/EHU) to 

carry out large-scale gene expression analysis via the use of high-density microarray. 

12.2. Retrotranscription and Real Time-Polymerase Chain Reaction (RT-qPCR). 

RNA was reverse transcribed in a 20 μl reaction volume containing 5X reaction 

buffer (Invitrogen, #p/n y02321), 0.1M DTT (Invitrogen, #p/n y00147), random primers 

(Promega, #C118A), dNTPs (Invitrogen, #18427-013), RNase OUT and Superscript II 

retrotranscriptase (Invitrogen, #10777-019) following manufacturer’s instructions in a 

Verity Thermal Cycler (Applied Biosystems). Resulting cDNA samples were diluted in 

sterile Mili-Q H2O and stored at 20ºC. 

Quantitative Polymerase Chain Reaction (qPCR) was performed in a reaction 

mixture containing 3.5 μl RNAse-free water (Promega, #P1195), 5 μl Master mix Sybr 

[30µM] (Bio-Rad, #1725124), 1 μl diluted primers [500 nM] (Integrated DNA 

technologies, IDT) and 0.5 μl cDNA sample [10ng/µl]. All reactions were performed in 

triplicates and carried out in cDNA CFX96 Touch Real-Time PCR Detection System (Bio-

Rad). Amplification reactions were optimized: 3 min at 95ºC, 40 cycles of 10 sec at 95ºC 

and 30 sec at 60ºC and finally, 5 sec at 60ºC and 5 sec at 95ºC. 

Primers were purchased from Integrated DNA Technologies (IDT) taking the 

optimal sequence option by PrimerBlast (NIH). PCR product specificity was checked by 

melting curves. Data were normalized by a normalization factor obtained in geNorm 
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Software through the analysis of the expression of 4 housekeeping genes. Primer 

sequences are detailed in the Table 3. 

Table 3. Sequences of primers used in the transcriptional analysis grouped in the different categories: 
housekeeping genes, microglial receptors, inflammation, complement system, lysosomal biogenesis and 
secreted degrading enzymes. 

Category Gene Gene bank nº Sequence 

H
ou

se
ke

ep
in

g 
ge

ne
s GAPDH NM_017008 

 
Fwd GAAGGTCGGTGTCAACGGATTT 

Rev CAATGTCCACTTTGTCACAAGAGAA 

HPRT2 NM_012583 Fwd ATGGACTGATTATGGACAGGACTGA 

Rev ACACAGAGGGCCACAATGTG 

BM2 NM_012512.2 Fwd CACCGAGACCGATGTATATGCTT 

Rev TTACATGTCTCGGTCCCAGG 

CICA NM_017101.1 Fwd CAAAGTTCCAAAGACAGCAGAAAA 

Rev CCACCCTGGCACATGAATC 

UBC NM_017314.1 Fwd CCTGACAGGCAAGACCATCAC 

Rev ACACCATTGAAAATGTCAAGGCA 

M
ic

ro
gl

ia
l r

ec
ep

to
rs

 CSF1R NM_001029901.1 
 

Fwd GGGCGGTGACCACTGAGATT 

Rev GATGGGGCCATCCCATTCCA 

CD33 NM_001100836.1 Fwd GAGCAGGCGTCACTGTGGAA 

Rev TCAGGAGCTTGACTGCTGCC 

CD36 NM_031561.2 Fwd TGGCTAGCTGATTACTTCTGTGTAG 

Rev TGCAGCAGAATCAAGGAAGAGCA 

CD40 NM_134360.1 Fwd AAGGTGGTCAAGAAACCAAAGGA 

Rev GCTGACACCCATGCAACGTC 

CD74 NM_013069.2 Fwd GGACCCGTGAACTACCCACA 

Rev TGTCCAGTGGCTCTTTAGGTGG 

MRC1 NM_001106123 
 

Fwd AGGTTCCGGTTTGTGGAGCA 

Rev AGAGCCATCCATCTGACCGC 

MSR1 NM_001191939.1 Fwd GACGCACGTTCCATGACAGC 

Rev AGAGCGACGAGGGCAACTTT 

AGER, 

RAGE 

NM_053336.2 
 

Fwd GCTATCGGAATTGTCGATGAGG 

Rev GCTGTGAGTTCAGAGGCAGGAT 

ITGAM NM_012711.1 

 

Fwd TACTTTGGGCAGTCTCTGAGTG 

Rev ATGGTTGCCTCCAGTCTCAGCA 

ITGB2 NM_001037780.2 Fwd AGTCCCAGTGGAACAACGAC 

Rev AGCACTGGGGCTAGCTGTAA 

TYROBP NM_212525.1 Fwd TTCCTGTCCTCCTGACTGTGG 

Rev AGGAACATTCGCATCCTGGGTAA 

In
fla

m
m

at
io

n TNFA NM_012675.3 Fwd GGTGTCTGTGCCTCAGCCTCTT 

Rev GCCATGGAACTGATGAGAGGGAG 

IL1B NM_031512.2 Fwd TGTCTTGCCCGTGGAGCTT 

Rev AGGTCGTCATCATCCCACGA 

IL6 NM_012589.2 
 

Fwd TACCACTTCACAAGTCGGAGGC 

Rev CTGACAGTGCATCATCGCTGTTC 
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STAT1 NM_032612.3 Fwd GGAAGCACCAGAACCGATGGA 

Rev ATGGGAAGCAGGTTTTCTGTGC 

IRF8 NM_001008722.1 
 

Fwd CGTCCCCGAGGAAGAGCAAA 

Rev GCCACACTCCATCTCCGTGA 

MCSF1 NM_023981.4 
 

Fwd CAGGCTCTCCAGCCACTAGC 

Rev GTGGCTACAGTGCTCCGACA 

IL10 NM_012854.2 
 

Fwd CTGCGACGCTGTCATCGATTT 

Rev AGTAGATGCCGGGTGGTTCAA 

TFGB1 NM_021578.2 
 

Fwd TGCCAACTTCTGTCTGGGGC 

Rev TGCGACCCACGTAGTAGACG 

TFGB3 NM_013174.2 
 

Fwd AATCTGTTCCGGGCGGAGTT 

Rev GCGCTGCTTGGCTATGTGTT 

Co
m

pl
em

en
t s

ys
te

m
 C1qA NM_001008515.1 Fwd CAAAGGAGAGAGAGGGGAGCC 

Rev GGTCCCTGATATTGCCCGGAT 

C1qB NM_019262.2 

 

Fwd AACCAGGCACTCCAGGGATAAA 

Rev TTGTAGTCTCCAGAGCCACCTT 

C1qC NM_001008524 

 

Fwd GATGGACTTCAGGGGCCCAA 

Rev CATGGGGCCGTTTTTCCCAC 

C2 NM_172222.2 Fwd TGGGCATCAGTCGGAACAGA 

Rev CTCTCGCCGTCCTTCTTGGA 

C3 NM_016994.2 
 

Fwd GAAGATCCTGAGTGCGCCAAG 

Rev CTTTGTCCATCCTCCTTTCCATCA 

C4A NM_031504.3 Fwd GTCCTGTTGCAAGTTTGCTGAG 

Rev CGCACGAGAATGTCATCTTCATC 

Ly
so

so
m

al
 b

io
ge

ne
si

s 

LAMP1 NM_012857.2 Fwd GCCTACCTGCCGAGTAGCAA 

Rev GGGTTTGTGGGCACAAGTGG 

OSTM1 NM_001029925.2 Fwd GCCGGATCTGGAGCCTGAAT 

Rev GAGGCGTTCCCGACGTTTC 

TFEB NM_001025707.1 Fwd TGCTGATCCCCAAGGCCAAT 

Rev TCCAGCTCCTGGATGCGAAG 

MITF NM_001191089.3 Fwd ATCGGGAATCGTGGCGGATT 

Rev CTGGCGTAGCAAGATGCGTG 

Se
cr

et
ed

 d
eg

ra
di

ng
 e

nz
ym

es
 

IDE NM_013159.2 Fwd CAAACCTCTCCTTCCAAGTCAGC 

Rev TGTTCTCCGAGGTGCTCTGCAT 

MMP2 NM_031054.2 Fwd ATGCCTTTGCTCGGGCCTTA 

Rev CCGTCCTTGCCGTCAAATGG 

MMP9 NM_031055.2 Fwd AAAGGCCATTCGTTCACCGC 

Rev GCGGCAAGTCTTCGGTGTAG 

PLAT NM_013151.3 
 

Fwd ATCAGCTCAGCGCCAAGGAGAAG 

Rev TTTTGCTCCCCGTTTCTTCCGT 

 

^Ct value was calculated from the threshold cycle (Ct) of each gene (Table 3), by 

subtracting the Ct of the housekeeping gene from the Ct of the target gene. Then, ^^Ct 

was calculated by subtracting ^Ct of a given gene in the condition fixed as the 
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normalization to the resting conditions ̂ Ct. Finally, gene expression fold change relative 

to control was calculated as 2-^^Ct for each ^^Ct. Differences in gene expression (fold 

change data) were assessed by One-way ANOVA test and a following posttest 

(Bonferroni and Sidak) depending on the sample characteristics. 

13.  Enzyme-linked immunosorbent assay (ELISA). 

The levels of human Aβ1-42 were determined in homogenates using the High 

Sensitivity Human Amyloid Aβ42 ELISA kit (Millipore, #KHB3491). For the analysis of 

mouse cytokines (IL-1β #900TM73, TNFα #900M95 and MCSF #900M245) in tissue 

lysates from the cultures we used kits from Preprotech. For the analysis of human MCSF 

from tissue lysates, we used a kit from Invitrogen #EHCSF1. Concentrations were 

quantified according to the manufacturer’s instructions and normalized to total protein 

concentration. 

Supernatant samples were used undiluted, and tissue homogenates were used 

diluted to quantify cytokine concentration in a fixed protein sample concentration (in 

mouse samples, 0.5 µg/µl and in case of human samples, 1 µg/µl). 100 µl of standards 

solutions and samples were added into a 96-well plate pre-coated for the corresponding 

cytokine and incubated for 2.5 h at RT with gentle shaking. The plate was washed with 

washing solution, and 100 µl of biotinylated detection antibody were added to each 

well. After incubating for 1 h at RT with gentle shaking, the plate was washed again, and 

100 µl of HRP-Streptavidin solution were added to each well. The plate was incubated 

for 45 min at RT with gentle shaking and washed before adding 100 µl of stabilized 

chromogen, tetramethylbenzidine (TMB) reagent to each well. After a 30 min incubation 

at RT with gentle shaking in darkness, 50 µl of stop solution were added and the plate 

was read immediately in a fluorimeter at 450 nm. The standard curve was obtained 

plotting the standard concentration (pg/ml) on the x-axis and absorbance on the y-axis. 

All the solutions and the protocol mentioned in this section come in the kit from 

Preprotech and Invitrogen. 
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14.  Single molecule array (SiMOA). 

The levels of human Aβ1-42 and Aβ1-40 were quantified in CSF using the High Single 

Molecule Array (SiMOA) Amyloid Tau, Aβ42 and Aβ40 kits from Quanterix called SIMOA 

Neurology 3-plex advantage kit (#101995). Samples were prepared according to the 

manufacturer’s instructions.  

15.  Image acquisition and analysis. 

15.1. Image acquisition. 

15.1.1. Immunofluorescence images. 

Images were acquired by Leica TCS STED CW SP8X confocal microscope using a 

63X oil-immersion objective. Except in two cases: first, fluorescence immunostaining 

preparations from ex vivo cultures in 5XFAD model were visualized by Leica TCS STED 

CW SP8X confocal microscopy of Imperial College London microscopy facility using a 20X 

objective; and second, for the quantification of Iba1+ microglia cell number in vitro, 3D 

Histech Pannoramic MIDI II slide scanner was used to scan of the immunofluorescence 

coverslips with Iba1 staining. 

In experiments with multiple fluorophores, channels were scanned sequentially 

to avoid crosstalk. The same settings were applied to all images within the same 

experiment.  

When the expression of a protein was analyzed inside the microglia (6E10, 

OSTM1, TFEB and LAMP1), the image was acquired with zoom 2x, both in case of in vitro 

and in vivo experiments. 

15.1.2. Two-Photon Time-Lapse Imaging. 

Microglia dynamics were imaged via two-photon time-lapse microscopy in 

organotypic cortical slices from Cx3Cr1+/eGFP mice, where microglia and monocytes 

display green fluorescence (Jung et al., 2000). Live imaging was performed at a 

continuous perfusion of medium at 37ºC bubbled with 95% O2 and 5% CO2, at a depth 

of 50-80 m below the surface of the slice. Laser power was adjusted to 3% of its 
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maximum power at 920 nm, corresponding to 9 mW, well within the intensities used by 

others (Pfeiffer et al., 2016; Madry et al., 2018). For imaging of microglial surveillance 

(baseline surveillance), stacks of 20 slices (z-step 2 m) were acquired every 60 sec. 

Images were typically 512 x 512 pixels and covered a square field of view 200 to 250 m 

wide. 

16. Image analysis. 

16.1. Immunofluorescence image analysis. 

Most of the image analysis was carried out by Fiji-ImageJ. All the images were 

background corrected.  

Protein (6E10, Synaptophysin, Homer, TFEB, OSTM1 and LAMP1) expression 

levels were quantified in Iba1+ microglia in microglia and neuronal-microglial cultures. 

ROIs (region of interest) were created around each Iba1+ cell and fluorescence was 

measured within these ROI. A threshold was applied to discard background signal. Next, 

the mean gray value of each target protein was measured inside the ROIs and 

normalized to the area measured to calculate the average intensity. 

In case of LAMP1 analysis, a filter based on the median signal was applied to the 

signal to discriminate background and all the signal outside the ROI was deleted. Next, 

default threshold available in Fiji-ImageJ was applied. “Analyze particles” function was 

used to identify the number, area and size of LAMP1+ signal spots. In this case, this 

procedure was done due to characteristic and define labelling of LAMP1 to quantify 

number, area and size.  

For TFEB staining analysis, ROIs of Iba1+ and DAPI+ staining were created to 

dissect cells and TFEB staining intensity was measured in total cell area, nuclear area and 

cytoplasmatic area. In the case of the cytoplasmatic area, there is an option named XOR 

in the “ROI manager” of Fiji-ImageJ that selects the area between 2 ROIs, in this case, 

the Iba1 ROI and the DAPI ROI. Each mean gray value was normalized by its own area 

value. For the MCSF in vivo treatment experiments, for this same analysis, z-stack of 10 

slices was needed to reconstruct entire microglia with the Iba1 and DAPI staining 

maximal projection. 



  Experimental procedures 

52 
 

A macro designed by Dr. Jorge Valero was used to quantify synaptic marker 

staining in distal neuronal processes or neurites in primary neurons as a measure of 

synaptic damage. 20x4 µm ROIs were fixed in the image with the help of a rotable tool 

to localize properly the ROI in the corresponding neurite orientation and then, 

integrated density value was calculated for each ROI. 

Iba1+ microglia cell numbers for each coverslip were quantified manually using 

Case viewer software (3HDHistech Pannoramic MIDI II). 

In 5XFAD model ex vivo experiments, maximal projection of z-stacks from two 

channels (on the one hand, IBA1 and DAPI and on the other hand, GFAP and DAPI) was 

created with a custom-made macro provided by the laboratory of Dr. Magdalena Sastre. 

Then, the area (µm2) of both channels was measured using the area quantification FL 

module in the HALO software (Indico Labs) and finally, a ratio of both areas was 

calculated as a percentage of the Iba1 or GFAP staining area normalized by the nuclei 

area. 

Iba1 staining was measured in rat cortical organotypic slices, fixing a threshold 

and calculating the area fraction by Fiji-ImageJ. 

Quantification of Iba1 and GFAP staining in the MCSF in vivo treatment was based 

on a previous published quantification protocol (Young and Morrison, 2018). First, z 

stack of 10 slices were converted to maximum intensity projection by Fiji-ImageJ of Iba1 

and GFAP staining independently. In this analysis, 2 different quantification process 

were carried out: skeleton analysis and Fraclac analysis. For the skeleton analysis, 8-bit 

binary skeletonized image of individual cells was needed, and the quantification was 

carried out with the Fiji-ImageJ plugin named “AnalyzeSkeleton (2D/3D)”. In this case 

we compared the data obtained by Fiji-ImageJ of total length, branches, junctions, and 

triple points of the skeleton of Iba1+ cells between the analyzed groups. These 

parameters give information about the spread and process complexity of the cells. For 

Fraclac analysis, images of individual cells were binarized and converted in outlined 

form, and the quantification was carried out with the Fiji-ImageJ plugin. In this case we 

compared density (number of pixels of foreground color divided by the total number of 

pixels in the convex hull) and span ratio (a measure of shape, as ratio of major and minor 
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axes for the convex hull) of outlined cells between the analyzed groups (3xTg-AD treated 

with vehicle and MCSF). 

Thioflavin-S staining was measured in tyled scans acquired on organotypic brain 

slices using an Eclipse E600 Nikon. Then, a ROI of the subiculum area was created in each 

slice, a threshold of Thioflavin-S staining was fixed and the % area (area of the staining 

normalized by the total area) was calculated by Fiji-ImageJ. 

16.2. Microglia analysis. 

For microglia analysis, a maximum intensity projection was generated, and a 

fluorescence intensity profile was captured by drawing through the longest dimension 

of the cell body and across a cross-section of the outer most tips of all associated 

processes (Figure 9). This intensity profile was then used to estimate the soma size as 

well as the number and area of processes using custom written code in MATLAB 

currently used in Madgalena Sastre’s laboratory at Imperial College London. Soma size 

was estimated by normalizing the portion of the fluorescence trace corresponding to 

soma to the background and then calculating the area under the curve for this section 

by multiplying the fluorescence peak by the width. The number of branch processes was 

estimated by using a custom written code (MATLAB) to detect peaks that were 25% 

greater than background (threshold derived from visual inspection). These peaks were 

then used to estimate the process area, which was calculated by adding the area under 

each fluorescence peak. Finally, the total process perimeter was calculated by adding 

the total number of pixels covered by all detected peaks and dividing this number by the 

scaling factor of the image (pixels/µm). 
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Figure 9. Microglial morphology quantification in organotypic slices. Schematic illustration of an 
intensity profile drawn through the microglial soma and around the cell perimeter, capturing the number 
and area of processes along with microglial soma size. 

16.3. Image analysis of time-lapse recordings. 

Image processing and analysis was performed in Fiji-ImageJ (Schindelin et al., 

2012). A pre-processing of images was performed using a series of custom scripts 

(Nikolic et al., 2018). Time-lapse two-photon microscopy images were captured as 

individual z-stacks (xyz), concatenated as hyperstacks (xyzt) and registered to minimize 

drift. Individual cells were then cropped, and background fluorescence was corrected 

through a difference of Gaussians filter. For motility analysis, a custom macro (Available 

at https://github.com/SoriaFN/Microglia_tools) was used to binarize the images and 

quantify the territory surveyed by each microglial cell. Cumulative area was then 

monitored through at least 20 minutes (t-step = 1 min). To estimate the ratio of change 

in motility, we quantified the initial slope of the cumulative area curve, i.e. the difference 

in cumulative territory from the first two frames. We also compared the total cumulative 

territory surveyed by microglia in each condition. 

The binary images obtained from the motility analysis were also used to analyze 

morphology of GFP+ microglia. From the hyperstacks, frame number 5 was extracted to 

analyze as the representative point of each condition. Binary images were skeletonized 

and analyzed by Sholl analysis using the “Neuroanatomy” plugin in Fiji-ImageJ (starting 

radius = 5 µm, ending radius 50-100 µm, step size 1 µm). The comparison between 

conditions was done with the area under curve of the data. 
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17.  Statistical analysis. 

Measurements are expressed as mean ± S.E.M (Standard error of the mean) and 

scaled that the average value for the corresponding control was 100%. Statistical 

analyses were performed comparing raw data or fold change value between conditions 

using with GraphPad Prism 8 software (Graph Pad Software). Raw data values were 

analyzed when data belong to independent experiments performed at the same 

conditions and the same time, and fold change value were analyzed when data belong 

to experiments performed at the same conditions but at different time.  All data sets 

were tested for normality and homoscedasticity. Paired or not paired two-tailed 

Student’s t-test or One-way ANOVA test were applied and corrections (Bonferroni and 

Sidak) were applied depending on the sample characteristics. Statistical significance was 

represented as p<0.05 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****). 
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Soluble forms of Aβ, rather than the large insoluble fibrils localized in plaques, 

are the main toxic species (Masliah et al., 1991; Cline et al., 2018) and appear soon after 

the onset of AD (Selkoe, 2002). Moreover, Aβ can activate microglia in early stages of 

the disease (Lautner et al., 2011), indeed, as the disease progresses microglia surround 

amyloid plaques (Nicoll et al., 2003). However, microglia are not able to eliminate Aβ 

unless are activated by immunotherapy (Wilcock, 2004) or the action of cytokines such 

as MCSF (Majumdar et al., 2007). Thus, it is still in debate which is the role of microglia 

in AD progression. In this thesis project we will study the role of MCSF-activated 

microglia in the context of AD. 

1. Role of MCSF and oligomeric Aβ on microglial transcriptomic and proteomic 

profile. 

1.1. Characterization of Aβ species and the use of MCSF for in vitro experiments. 

Experimental models of AD typically use synthetic Aβ peptides. In this thesis 

project we have used oligomeric forms of Aβ to evaluate early amyloid-related 

pathology in different in vitro and ex vivo models. First, we assessed that our protocol 

was specific for oligomeric, non-fibrillar, Aβ. We prepared both oligomers and fibrils 

following the protocol detailed in experimental procedures (section 4) (Dahlgren et al., 

2002) and visualized them by electron microscopy. Accordingly, we observed Aβ in the 

oligomeric (Figure 10A) and fibrillar (Figure 10B) forms in these preparations. Then, we 

evaluated the toxicity of different concentrations (0.5, 1, 2, 3, 5µM) of oAβ applied to 

both primary neurons and microglia for 24 h. We observed neuronal toxicity at 2 µM of 

oAβ for 24 h (a viability reduction of 2.6±1.5%, *p<0.05) compared with control (Figure 

10C); however, there was no viability reduction in neither of the concentrations used on 

microglia compared with the control condition (Figure 10D). Therefore, we confirm that 

our preparation contains mainly oligomers and that the optimal concentration for our 

in vitro experiments with neurons and microglia is 1 µM oAβ as the viability of the cell 

types is not compromised. 

Since we are going to study the role of MCSF-activated microglia in the context 

of AD, we also tested different concentrations of MCSF in neurons and microglia. 

Previous publications showed that 25 ng/ml of MCSF could activate microglia to 
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efficiently degrade fibrillar Aβ (Majumdar et al., 2007, 2011). We treated primary 

neurons and microglia separately with 25, 50 and 100 ng/ml for 24 h and performed a 

viability assay. According to the results, there is no toxicity induced by MCSF neither in 

neurons nor in microglia at these conditions (Figures 10E and 10F, respectively). 

 

Figure 10. Characterization of Aβ species and the use of oAβ and MCSF for in vitro experiments. 
Representative images of oligomeric (A) and fibrillar (B) forms of synthetic Aβ1-42 observed by electron 
microscopy. Quantification of the viability assay of oAβ at 0.5, 1, 2, 3 and 5 µM for 24 h in neurons (C) and 
microglia (D) (N=4 and N=3, respectively). Quantification of the viability assay of MCSF at 25, 50 and 100 
ng/ml for 24h in neurons (E) and microglia (F) (N=3). Scale bar in A is 100 nm and in B is 500 nm. Bars 
indicate means ± SEM. Statistical differences between groups were assessed by repeated measures One-
way ANOVA with Bonferroni correction. *p<0.05 compared with control cells. 
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1.2. MCSF promotes the expression of microglial receptor and inflammation 

associated genes. 

Once we established the subtoxic concentrations of both oAβ and MCSF in 

microglia, we performed a transcriptomic analysis of genes belonging to the categories 

of microglia receptors, inflammation, complement system, lysosomal biogenesis, and 

secreted degrading enzymes (Table 4). Microglial expression of these genes is altered in 

AD (reviewed at the introduction section), and therefore, we studied how oAβ (1 µM) 

and MCSF (25 ng/ml) modify their expression in microglia cultures. 

Table 4. List of the genes included in the transcriptomic analysis in primary microglial cultures. 

Category Gene 

Microglial receptors CSF-1R, CD33, CD36, CD40, CD74, MRC1, MSR1, 

AGER, ITGAM, ITGB2 and Tyrobp. 

Inflammation TNFα, IL-1β, STAT1, IRF8, MCSF1, IL-10, TGFβ1 

and TGFβ3. 

Complement system C1qA, C1qB, C1qC, C2, C3 and C4a. 

Lysosomal biogenesis LAMP1, OSTM1, TFEB and MITF. 

Secreted degrading 
enzymes 

IDE, MMP2, MMP9 and PLAT. 

 

First, we analyzed the expression of microglial receptors and adaptor genes in 

our in vitro model, to evaluate microglial activation upon oAβ and/or MCSF 

administration. We measured the expression of these genes by RT-PCR in isolated 

murine primary microglia treated with or without 1 µM oAβ and/or 25 ng/ml MCSF 

during 24 h. The following genes were analyzed: macrophage colony-stimulating factor 

receptor 1 (CSF-1R); cluster of differentiation 33 (CD33); cluster of differentiation 36 

(CD36); cluster of differentiation 40 (CD40); cluster of differentiation 74 (CD74); 

mannose receptor c type 1 (MRC1), macrophage scavenger receptor 1 (MSR1), advance 

glycosylation end-product specific receptor (AGER), integrin subunit αM (ITGAM), 

integrin subunit β2 (ITGB2) and transmembrane immune signaling adaptor (Tyrobp) 

(Table 4). Our results showed that 1µM oAβ did not modify the expression of these 
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microglia receptor genes compared with control condition (Figure 11). However, MCSF 

induced the upregulation of CD36 (17.36±4.27 fold change (fc), **p<0.01), MSR1 

(3.94±0.59fc, *p<0.05), ITGAM (1.96±0.19fc, *p<0.05), TYROBP (1.46±0.096fc, *p<0.05) 

and a tendency to increase of CD40 (3.35±0.90fc, p=0.07) and ITGB2 (1.92±0.19fc, 

p=0.06) compared with control condition (1fc) (Figure 11). oAβ did not significantly 

change the effects of MCSF on the expression of these genes. Moreover, there was a 

significant increase in microglia cotreated with oAβ and MCSF in the case of CD36 

(15.56±3.89fc, **p<0.01), CD40 (3.35±0.90fc, *p<0.05), MSR1 (3.14±0.47fc, **p<0.01) 

and ITGAM (1.81±0.17fc, **p<0.01) compared with oAβ alone [CD36 (1.19±0.14fc), 

CD40 (1.11±0.13fc), MSR1 (1.05±0.06fc) and ITGAM (0.96±0.05fc), respectively]. CSF-1R, 

CD33, CD74, MRC1 and AGER genes expression did not change with oAβ and/or MCSF 

treatment compared with the control condition (Figure 11). These results suggest that 

MCSF promotes the expression of microglial receptors in vitro and that oAβ does not 

significantly interfere with this effect. 

 

Figure 11. Effect of MCSF and oAβ treatments on microglial receptor genes. (A) Heatmap and (B) 
quantification of relative expression of CSF-1R, CD33, CD36, CD40, CD74, MRC1, MSR1, AGER, ITGAM, 
ITGB2 and Tyrobp genes in primary microglia treated with oAβ and/or MCSF during 24h measured by RT-
PCR (N=6). Data is represented in heat map (upregulated genes in green and downregulated genes in 
orange) and in graph indicate means ± SEM. In the graph the control condition is represented as a 
horizontal dashed line. Statistical differences between groups were assessed by repeated measures One-
way ANOVA with Sidak correction. *p<0.05, **p<0.01 compared with control cells. 

Next, we measured the expression of downstream genes classified in four 

categories (Table 4): 1) inflammation (genes that encode tumor necrosis α, TNFα; 

interleukin 1β, IL-1; interleukin 6, IL-6; signal transducer and activator of transcription 

1, STAT1; interferon regulatory factor 8, IRF8; macrophage colony-stimulating factor 1, 
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MCSF1; interleukin 10, IL-10; transforming growth factor β1 and β3, TGF1 and TFG3); 

2) complement system (three genes that encode complement factor 1q (C1QA, C1QB, 

C1QC), and genes that encode complement factor 2, C2; complement factor 3, C3; and 

complement factor 4, C4A); 3) lysosomal biogenesis (genes that encode lysosomal-

associated membrane protein 1, LAMP1; osteopetrosis-associated transmembrane 

protein 1, OSTM1; transcription factor EB, TFEB; and microphthalmia-associated 

transcription factor, MITF); and 4) secreted degrading enzymes (genes that encode 

insulin degrading enzyme, IDE; matrix metallopeptidase 2, MMP2; matrix 

metallopeptidase 9, MMP9; and plasminogen activator tissue type, PLAT).  

As we did for the receptors, we analyzed the expression of inflammatory genes 

by RT-PCR in isolated primary microglia treated with or without 1 M oA and 25 ng/ml 

MCSF during 24 h. Results showed that 1M oAβ treatment caused a reduction of IL-10 

gene expression (0.79±0.06fc, *p<0.05) compared with control condition (1fc) (Figure 

12). No differences were observed in the expression of TNFα, IL-1β, IL-6, STAT1, IRF8, 

MCSF1, TGFβ1 and TGFβ3 genes treated with oAβ compared with the control condition 

(Figure 12). On the other hand, MCSF treatment induced significant upregulation of 

TNFα (6.24±2.19fc, *p<0.05), IL-6 (3.99±0.81fc, *p<0.05) and TGFβ1 

(1.86±0.17fc,*p<0.05) and a trend to increase in case of IL-1β (2.09±0.71, p=0.37) genes 

compared with the control (1fc), and that the presence of oAβ did not alter significantly 

this effect (Figure 12). On the contrary, IL-10 gene expression was reduced with MCSF 

(0.22±0.05fc, *p<0.05) and MCSF+oAβ (0.25±0.04fc, ***p<0.001) treatment compared 

with control condition (1fc). Besides, there were significant changes in oAβ and MCSF 

cotreatment for TNFα (5.35±1.22fc), IL-10 (0.25±0.04fc) and TGFβ1 (1.96±0.11fc) 

relative to oAβ treatment [TNFα (1.17±0.17fc), IL-10 (0.78±0.05fc) and TGFβ1 

(1.19±0.17fc), respectively] (Figure 12). These data indicates that MCSF treatment 

induced changes of microglial inflammatory profile in vitro by upregulating pro-

inflammatory and anti-inflammatory cytokines such as TNFα, IL-6 and TGFβ1, and 

downregulating IL-10 anti-inflammatory cytokine expression and that the presence of 

oAβ does not interfere significantly with these modifications. 
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Figure 12. Effect of MCSF and oAβ treatments on inflammatory genes. (A) Heatmap and (B) 
quantification of relative expression of TNFα, IL-1β, STAT1, IRF8, MCSF1, IL-10, TGFβ1 and TGFβ3 genes in 
primary microglia treated with oAβ and/or MCSF during 24 h measured by RT-PCR (N=6). Data is 
represented in heat map (upregulated genes in green and downregulated genes in orange) and in graph 
indicate means ± SEM. In the graph the control condition is represented as a horizontal dashed line. 
Statistical differences between groups were assessed by repeated measures One-way ANOVA with Sidak 
correction. *p<0.05, **p<0.01, ***p<0.001 compared with control cells. 

In the case of complement system, oAβ treatment alone did not modify the 

expression of any of the studied genes. MCSF treatment significantly downregulated C2 

expression (0.46±0.06fc, *p<0.05) compared with control condition (1fc) and showed a 

tendency to reduce in the case of C3 and C4a relative to control condition. Also, there 

were significant differences in C3 gene expression following oAβ treatment 

(0.97±0.12fc, *p<0.05) and MCSF+oAβ cotreatment (0.60±0.14fc, p=0.10) (Figure 13). In 

conclusion, MCSF reduces the expression of C2 and C3, an effect that is not significantly 

modified by oAβ. 

 

Figure 13. MCSF reduces the expression of C2 and C3, and oAβ does not modify these changes. (A) 
Heatmap and (B) quantification of relative expression of C1qA, C1qB, C1qC, C2, C3 and C4a genes in 
primary microglia treated with oAβ and/or MCSF during 24 h measured by RT-PCR (N=6). Data is 
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represented in heat map (upregulated genes in green and downregulated genes in orange) and in graph 
indicate means ± SEM. In the graph the control condition is represented as a horizontal dashed line. 
Statistical differences between groups were assessed by repeated measures One-way ANOVA with Sidak 
correction. *p<0.05, **p<0.01, ***p<0.001 compared with control cells. 

In lysosomal biogenesis category, neither oAβ nor MCSF treatments showed 

significant modification of the expression of LAMP1, OSTM1, TFEB and MITF. 

Interestingly, MCSF induced an increase in TFEB gene expression. However, this 

difference in gene expression relative to control was not statistically significant. LAMP1, 

OSTM1 and MITF gene expression did not significantly vary among the different 

conditions (Figure 14).  

 

Figure 14. MCSF and oAβ treatments do not modify the expression of genes associated with lysosomal 
biogenesis. (A) Heatmap and (B) quantification of relative expression of LAMP1, OSTM1, TFEB and MITF 
genes in primary microglia treated with oAβ and/or MCSF during 24 h measured by RT-PCR (N=6). Data is 
represented in heat map (upregulated genes in green and downregulated genes in orange) and in graph 
indicate means ± SEM. In the graph the control condition is represented as a horizontal dashed line. 
Statistical differences between groups were assessed by repeated measures One-way ANOVA with Sidak 
correction. 

In the group of secreted degrading enzymes, as was the case for genes associated 

with lysosomal biogenesis, neither oAβ nor MCSF treatments induced any significant 

changes in gene expression. MCSF induced an increase in the expression of IDE and 

MMP9 genes, albeit statistically non-significant, relative to control condition (Figures 

15). In conclusion, these results show that neither Aβ oligomers nor MCSF treatments 

were able to modify the expression of genes associated with lysosomal biogenesis or 

extracellular enzymatic degradation in our in vitro microglia model.  
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Figure 15. Neither MCSF nor oAβ treatments modified the expression of Aβ-related secreted degrading 
enzymes. (A) Heatmap and (B) quantification of relative expression of IDE, MMP2, MMP9 and PLAT genes 
in primary microglia treated with oAβ and/or MCSF during 24 h measured by RT-PCR (N=6). Data is 
represented in heat map (upregulated genes in green and downregulated genes in orange) and in graph 
indicate means ± SEM. In the graph the control condition is represented as a horizontal dashed line. 
Statistical differences between groups were assessed by repeated measures One-way ANOVA with Sidak 
correction. 

Overall, the transcriptomic analysis shows that 1 µM oAβ treatment does not 

modify the expression of genes related to microglial receptors, inflammation, 

complement system, lysosomal biogenesis, and secreted degrading enzymes. MCSF 

does alter the expression of microglial receptors, inflammation and complement 

systems, oAβ does not significantly alter the effects induced by MCSF treatment. 

1.3. Oligomeric Aβ partially reverts the expression of MCSF-promoted microglial 

receptors. 

Following our study on gene expression, we next evaluated the effect of oAβ 

and/or MCSF treatments on protein levels. To do so, we incubated primary microglia 

cultures with 1 M oA and/or 25 ng/ml MCSF for 24 h. Following treatment, we 

prepared cell lysates and measured protein expression levels by Western blot. As per 

our earlier transcriptomic results, we measured protein expression levels of microglial 

receptors CD36, MSR1, CD11b (protein encoded by ITGAM gene), CD18 (protein 

encoded by ITGB2 gene), adaptor protein Tyrobp and CSF-1R. Even though CSF-1R gene 

expression did not vary upon MCSF and oAβ exposure, we opted for measuring its 

protein levels too. 
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We first evaluated the effect of oAβ on the protein expression of CSF-1R, CD36, 

MSR1, CD11b, CD18 and Tyrobp and we observed that oAβ treatment did not modify 

the amount of these proteins being produced in the microglia (Figure 16). This result 

confirmed transcriptomical data, where no significant changes were observed in gene 

expression following oAβ treatment. When evaluating the effect of MCSF treatment 

alone, there was a significant reduction in the protein expression of CSF-1R 

(33.92±10.33%, *p<0.05) and CD36 (26.95±6.13%, ***p<0.001) relative to control 

condition (100%) (Figure 16A and 16B, respectively). In contrast, MCSF treatment 

induced an increase in the expression of MSR1 (182.30±20.23%, *p<0.05), CD11b 

(175.10±22.18%, *p<0.05), Tyrobp (192.7±22.48%, **p<0.01) and CD18, although the 

latter was not statistically significant (151.9±16.76%, p=0.0503) relative to control 

condition (100%) (Figures 16C-F). These differences in protein levels were no longer 

statistically significant when oAβ was added to MCSF during the incubation, specifically 

for CSF-1R (50.79±20.63%, p=0.32), CD36 (45.91±12.94%, *p<0.05), MSR1 

(159.60±18.02%, p=0.10), CD11b (132.90±6.40%,**p<0.01), CD18 (131.80±13.15%, 

p=0.12) and Tyrobp (159.20±19.73%, p=0.08) relative to control condition (100%), with 

the exception of CD11b (132.90±6.40%, **p<0.01). Also, there was a significant 

reduction of CSF-1R protein expression between MCSF+Aβ condition (50.79±20.63%) 

and Aβ condition (112.0±8.09%, *p<0.05) (Figure 16). These results indicate that MCSF 

changes protein expression of CSF-1R, CD36, MSR1, CD11b/CD18 (CR3) and Tyrobp and 

oAβ attenuates this effect. 
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Figure 16. Effect of MCSF and oAβ in the protein expression of microglial receptors and adaptor Tyrobp. 
Representative image and quantification of protein expression of CSF-1R (A), CD36 (B), MSR1 (C), CD11b 
(D), CD18 (E) and Tyrobp (F) in primary microglia treated with oAβ and/or MCSF during 24 h measured by 
Western blot (N=5-7). Bars indicate means ± SEM. Most of the protein levels are normalized by α-tubulin 
signal except for Tyrobp. Statistical differences between groups were assessed by repeated measures 
One-way ANOVA with Sidak correction. *p<0.05, **p<0.01, ***p<0.001 compared with control cells. 

1.4. MCSF treatment induces CSF-1R downregulation. 

Our proteomic study revealed that even though we did not see differences at the 

transcriptomic level, the expression of the CSF-1R protein level was reduced in microglia 

upon MCSF treatment. To further characterize MCSF/CSF-1R interaction, we first 

evaluated whether other cell types expressed CSF-1R.  Quantification of the expression 

of CSF-1R in neurons, microglia, and astrocytes at physiological conditions revealed that 

only primary microglia expressed CSF-1R in detectable amounts (Figure 17A). We 

evaluated the expression of CSF-1R both in neuronal-microglial co-cultures and 
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organotypic cultures in the presence and absence of MCSF and oAβ. We treated 

neuronal-microglial co-cultures and cortical organotypic cultures with 1 M oA and/or 

25 ng/ml MCSF during 24 h. As was the case for microglia primary culture, oAβ did not 

alter the expression levels of CSF-1R. However, MCSF treatment did decreased CSF-1R 

expression both in neuronal-microglial co-cultures (24.7±5.28%, ***p<0.001) and in 

organotypic cultures (54.72±6.52%, *p<0.05) relative to control condition (100%) 

(Figures 17B and 17C). This effect was preserved, through attenuated, when oAβ was 

added to MCSF in the incubation media in the neuronal-microglial co-cultures 

(41.05±12.34%, *p<0.05), but not in the organotypic cultures (76.7±15.37%, p=0.65) 

(Figures 17B and 17C). 

 

Figure 17. CSF-1R levels decrease in microglia after MCSF treatment in microglia-neuron co-cultures and 
organotypic cultures. (A) Representative image of CSF-1R expression in neuron, astrocyte and microglia 
culture in physiological conditions. Representative image and quantification of protein expression of CSF-
1R in neuronal-microglial co-culture (B) and organotypic culture (C) treated with oAβ and/or MCSF during 
24 h measured by Western blot (N=5-6). Bars indicate means ± SEM. N: neurons, A: astrocyte, MG: 
microglia. Statistical differences between groups were assessed by repeated measures One-way ANOVA 
with Sidak correction. *p<0.05, ***p<0.001 compared with control cells. 

The MCSF/CSF-1R complex is incorporated into the endosomal system, and 

eventually reaches late endosomal and lysosomal compartments, in which both ligand 

and receptor undergo enzymatic degradation (Guilbert and Stanley, 1986; Lee, 1999). 

To study the MCSF/CSF-1R axis in vitro, we incubated primary microglia cultures with 25 

ng/ml MCSF for different times (5’, 10’, 30’, 1h, and 24h) (Figures 18). After 30 min 

incubation, there was an already significant decrease in CSF-1R receptor levels 
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(59.71±4.51%, **p<0.01) and a 24 h incubation time led to a 50 % decrease in CSF-1R 

receptor levels (41.71±1.08%, ****p<0.0001) relative to control condition (100%). 

These data indicates that the presence of MCSF promotes CSF-1R degradation as earliest 

as 30 minutes after exposure, which is consistent with a rapid and dynamic activation of 

the of the MCSF/CSF-1R axis.  

 

Figure 18. MCSF promotes CSF-1R reduction after 30 minutes. Representative measurement of protein 
levels (A) and quantification (B) of CSF-1R expression in primary microglia exposed to 25ng/ml MCSF for 
5 min, 10 min, 30min, 1 h and 24 h measured by Western blot (N=4). Bars indicate means ± SEM. Statistical 
differences between groups were assessed by repeated measures One-way ANOVA with Sidak correction. 
*p<0.05, **p<0.01, ****p<0.0001 compared with control cells. 

In summary, transcriptomic and proteomic studies show that incubation of 

various cellular models with MCSF induces changes in the gene expression and protein 

levels of CSF-1R, CD36, MSR1, CD11b/CD18 (CR3) and Tyrobp. In addition, MCSF 

modulates inflammatory cytokine expression towards a pro-inflammatory profile and 

downregulates genes of classical complement cascade proteins. Interestingly, oAβ alone 

does not modify the expression of those genes. In turn, in cotreatment with MCSF, oAβ 

does not alter the microglial response to MCSF. 

2. MCSF-activated microglia internalize oAβ and prevent synaptic pathology in vitro. 

2.1. MCSF promotes oAβ internalization by microglia. 

Previous studies reported that MCSF treatment improved fibrillar Aβ 

degradation (Majumdar et al., 2007; Boissonneault et al., 2008). Whether MCSF 

modulates oAβ elimination has not yet been determined. Thus, we investigated how 

MCSF treatment affected internalization of oAβ by microglia in cell culture. To that aim, 



  Results 

70 
 

we treated microglia primary cultures with 1 µM Aβ and with or without 25 ng/ml MCSF 

for 24 h and performed immunofluorescence staining with 6E10 antibody (against 

amino acid residue 1-16 of human Aβ) and Iba1 antibody (microglial marker) thereafter. 

MCSF treatment significantly increased 6E10 immunoreactivity in Iba1+ microglia 

(11.26±2.16fc, *p<0.05) relative to the unstimulated microglia (6.89±1.86fc) (Figures 

19A and 19B). These results indicate that MCSF increases Aβ internalization by microglia. 

 

Figure 19. MCSF promotes oAβ internalization in microglia cultures. Representative image (A) and 
quantification (B) of 6E10 staining (red) inside Iba1+ cells (green) in microglia primary culture in presence 
of Aβ, with or without the addition of 25 ng/ml MCSF for 24h (N=7). Scale bar 10 µm. MG: microglia. Bars 
indicate means ± SEM and dots represent individual cells. In the graph the control condition is represented 
as a horizontal dashed line. Statistical differences between groups were assessed by paired repeated 
measures Student’s t-test. *p<0.05, compared with control microglia. 

The effect of MCSF treatment on oAβ internalization was also studied in rat 

neuronal-microglial co-cultures (1:10 ratio). We treated co-cultures with 1 µM Aβ and 

with or without 25 ng/ml MCSF for 24 h (Figure 20A). Double immunofluorescence 

staining with 6E10 and Iba1 antibodies showed that in presence of MCSF microglia 

internalized similar amount of oAβ compared with unstimulated neuronal-microglial co-

culture (Figures 20A and 20B). These experiments indicate that microglia internalize Aβ 

in presence of neurons, but MCSF does not further increase the internalization. 

We then examined extracellular oAβ levels in neuronal-microglial co-culture. We 

treated neuronal and neuronal-microglial co-cultures with oAβ in presence or absence 

of MCSF and measured oAβ1-42 levels in supernatants by immunoprecipitation. 
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Measurements indicated that neuronal MCSF treatment did not reduce oAβ levels in 

neuronal primary cultures (Figures 20D and 20E).  However, in neuronal-microglial co-

cultures, there was a significant reduction in extracellular oAβ (39.13±4.81%, **p<0.05) 

compared with neuronal cultures (100%). This reduction was higher in the presence of 

MCSF (52.13±6.452%, **p<0.01) although not significant. In conclusion, the presence of 

microglia in the co-culture reduces extracellular Aβ levels and MCSF treatment tends to 

further reduce extracellular Aβ, although this observation was not statistically 

significant. 
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Figure 20. MCSF promotes extracellular Aβ elimination by microglia in neuronal-microglial co-culture. 
Representative microscopy image of 6E10 immunostaining (red) inside Iba1+ cells (green) in neuronal-
microglia primary co-culture incubated with or without 25 ng/ml MCSF in presence of 1 µM Aβ (A and B) 
and extracellular oAβ1-42 levels measured in neuronal and neuronal-microglial primary co-culture 
incubated with 1 µM Aβ and 25 ng/ml MCSF for 24 h determined by immunoprecipitation (N=4) (D and 
E). Scale bar 10 µm. N: neuron; N/MG: neuronal-microglial co-culture. Bars indicate means ± SEM and 
dots represent individual cells (B) and individual experiments (D). Statistical differences between groups 
were assessed by repeated measures One-way ANOVA with Bonferroni correction and Students’s t-test. 
**p<0.01, compared with control cells. 

As Smith et al. (2013) described, MCSF promotes microglial proliferation in adult 

human microglia. Thus, we evaluated the effect of MCSF on microglial proliferation in 

neuronal-microglial co-culture. We treated co-cultures with 25 ng/ml MCSF for 24 h and 
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measured Iba1+ immunoreactivity thereafter. Our data showed an increase in the 

number of Iba1+ cells per field following MCSF treatment (220.8±33.91%, *p<0.05) 

relative to control (100%) (Figures 21). Our data supports the proliferative effect of 

MCSF on microglia in neuronal-microglial co-culture. 

 

Figure 21. MCSF promotes microglial proliferation in neuronal-microglial co-culture. Representative 
image and quantification of Iba1+ (green) cells in neuronal-microglial primary co-culture treated with 25 
ng/ml MCSF for 24 h relative to control (MCSF absence) (N=4). Scale bar 10 µm. N/MG: neuron/microglia 
co-culture. Bars indicate means ± SEM and dots represent individual fields. Statistical differences between 
groups were assessed by repeated measures Student’s t-test. *p<0.05, compared with control cells. 

In sum, microglia internalize synthetic oAβ both in primary cell cultures and in 

co-culture with neurons. Furthermore, MCSF treatment promotes microglial oAβ 

internalization and induces microglial proliferation in neuronal-microglial co-culture.  

2.2. MCSF-activated microglia prevent oAβ-induced synaptic pathology in vitro. 

MCSF treatment increases oAβ internalization and reduces extracellular oAβ. 

Next, we examined whether the reduction in extracellular oAβ ameliorates oAβ-induced 

synaptic pathology. For this purpose, we treated neuronal primary cultures with oAβ 

and/or MCSF and measured synaptophysin as presynaptic marker and homer as 

postsynaptic marker thereafter by immunofluorescence staining. Synaptophysin and 

homer immunofluorescence were specifically measured in neurites using a digital image 

analysis procedure developed for Fiji-ImageJ by Dr. Jorge Valero. This analysis is 

described in detail in the experimental procedures (subsection 16.1). 
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First, we confirmed, using our primary neuronal culture model, previous findings 

reporting that 1 µM oAβ-induced synaptic damage in primary neuronal cultures 

(Almeida et al., 2005). We observed that 1 µM Aβ treatment for 24 h significantly 

reduced synaptophysin (68.24±6.18%, **p<0.01) and homer (66.61±6.12%, *p<0.05) 

immunostaining in neurites relative to control (100%) (Figures 22). Thus, oAβ induces 

pre- and postsynaptic damage in our neuronal primary cultures. 

 

Figure 22. Aβ induces synaptic damage in neurons. Representative immunofluorescence image (A) and 
quantification (B-C) of synaptophysin and homer immune-staining of neurites in primary neuronal 
cultures incubated with 1 µM Aβ for 24 h (N=5 and N=7, respectively). Scale bar 20µm. N: neuron. Bars 
indicate means ± SEM and dots represent individual neurites (red region of interest). Statistical differences 
between groups were assessed by repeated measures Student’s t-test. *p<0.05, **p<0.01, compared with 
control cells. 

Next, we determined whether these synaptic alterations were also present in 

neuronal-microglial co-cultures at 10:1 proportion with the purpose of studying the role 

of microglia in this synaptic dysfunction induced by Aβ. As previously described in the 

experimental section (subsection 2.3), we added 12 DIV primary microglia to a 7 DIV 

neuron primary cultures. The presence of microglia without Aβ did neither alter the 

expression of synaptophysin nor homer (Figures 23).  
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Figure 23. Coculturing microglia with neurons does not change the number of synapses in neurons. 
Representative image and quantification of synaptophysin (A, B) and homer (A, C) staining (gray scale) on 
neuronal-microglial primary co-cultures in physiological conditions for 24h measured by 
immunofluorescence (N=5-7). Scale bar 20 µm. N: neuron. Bars indicate means ± SEM and dots represent 
individual neurites (red region of interest). Statistical differences between groups were assessed by 
repeated measures Student’s t- test. *p<0.05, **p<0.01, compared with control cells. 

Next, to study the role of microglia on oAβ-induced synaptic pathology in vitro, 

neuronal-microglial co-cultures were treated with oAβ (1 µM for 24 h) and synaptic 

markers were measured by immunostaining. oAβ treatment significantly reduced 

presynaptic marker synaptophysin (76.33±3.15%, *p<0.05) immunostaining in neurites 

compared with control condition (N/MG, 100%) (Figures 24A and 24B). In case of homer 

marker (77.1±8.15%), the reduction was no significant (N/MG, 100%) (Figures 24A and 

24C). 

Overall, these results demonstrate that the presence of microglia in the 

neuronal-microglial co-culture is not able to recover presynaptic pathology induced by 

oAβ and oAβ does not cause significant synaptic damage in the postsynaptic 

compartment.  

Next, we evaluated the impact of MCSF-activated microglia on synaptic damage 

induced by oAβ. To do so, neuronal-microglial co-cultures were treated with 1 µM oAβ 

in presence or absence of 25 ng/ml MCSF for 24 h. Results showed no differences in 
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synaptophysin and homer immunostaining intensity in neurites in the co-cultures 

treated with or without MCSF in presence of Aβ (Figures 24A-D). Moreover, there was a 

significant increase of homer staining in MCSF-activated microglia (99.58±13.58%) 

compared with unstimulated microglia in presence of Aβ (77.1±8.14%) (Figures 24A-D).  

These results suggest that MCSF treatment attenuated synaptic damage induced by oAβ 

in presynaptic compartment and improved postsynaptic compartment in neuronal-

microglial co-cultures. 

 

Figure 24.  MCSF prevents synaptic damage induced by oAβ in neuronal-microglial co-cultures. 
Representative immunofluorescence image and quantification of synaptophysin (A and B) and homer (C 
and D) in neurites in neuronal-microglial primary co-cultures incubated with 1 µM oAβ and/or 25 ng/ml 
MCSF for 24 h (N=5). Scale bar 20µm. N/MG: neuronal-microglial co-culture Bars indicate means ± SEM 
and dots represent individual neurites (red region of interest). Statistical differences between groups were 
assessed by repeated measures Student’s t-test. *p<0.05, compared with control cells. 
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Synaptic pruning is a physiological process that occurs mainly during 

development to eliminate excessive production of synapses. In AD, synaptic pruning 

contributes to synaptic loss and disease progression (Hong et al., 2016). To determine 

whether microglia engage in synaptic pruning when co-cultured with neurons and the 

effect of oAβ and MCSF on this process, we measured synaptic markers inside microglia 

in primary co-cultures treated with 1 µM oAβ and/or 25 ng/ml MCSF for 24 h. Treated 

co-cultures were immunostained with synaptophysin and Iba1 as well as homer and Iba1 

antibodies and synaptophysin and homer immunostaining intensities were measured 

inside Iba1+ microglia. We did not observe any changes in any synaptic markers inside 

the microglia in presence and absence of oAβ and/or MCSF relative to control condition 

(Figures 25A-D). According to these results, there is no evidence of oAβ-induced synaptic 

pruning in our AD in vitro model. 
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Figure 25. No evidence of synaptic pruning in neuronal-microglial co-culture. Representative 
immunofluorescence images (A, C) and quantification of synaptophysin (B) and homer (D) staining (red) 
inside Iba1+ microglia (green) in neuronal-microglial primary co-cultures incubated with 1 µM Aβ and/or 
25 ng/ml MCSF for 24 h (N=5). Scale bar 30µm. N/MG: neuronal-microglial co-culture. Bars indicate means 
± SEM and dots represent individual cells. Statistical differences between groups were assessed by 
repeated measures One-way ANOVA with Bonferroni correction. 
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2.3. Effect of oAβ and MCSF on the lysosomal degradation machinery in microglia. 

The lysosome is the degradative endpoint of the cell, in which misfolded proteins 

and other resistant substrates undergo enzymatic degradation (Nixon et al., 2008; 

Majumdar et al., 2011). Once internalized by microglia, fibrillar Aβ species reach 

lysosomal compartments for degradation (Paresce et al., 1996; Majumdar et al., 2011). 

However, little is known regarding the effects of soluble Aβ species on microglial 

endolysosomal system integrity. Lysosomal function is compromised in AD (reviewed by 

Orr and Oddo 2013). Lysosomal LAMP1 mRNA and protein expression is upregulated in 

cerebral cortex of AD cases (Barrachina et al., 2006). Also, 10 µM fibrillar Aβ treatment 

increases LAMP1 expression in primary microglia (Guo et al., 2017).  

In order to determine the effects, if any, of oAβ on the lysosomal degradation 

machinery in microglia, we treated primary microglia cultures with 1 µM oAβ in 

presence or absence of 25 ng/ml MCSF for 24 h and measured LAMP1 in Iba1+ microglia 

by double immunofluorescence staining thereafter. We quantified LAMP1 

immunostaining intensity, number of puncta and their size. The resulting data indicated 

that neither 1 µM oAβ nor treatment with MCSF alone induced any changes in LAMP1 

intensity, number of puncta or puncta size.  Nor cotreatment with oAβ and MCSF did 

not led to any changes in LAMP1 measurements either, relative to control (Figure 26).  

oAβ treatment induced an increase in the number of LAMP1 puncta in microglia but 

such increase did not statistically differ relative to control (521.2±172.3% versus 100%, 

p=0.33). According to these results, 1 µM oAβ and/or MCSF do not alter the expression 

of microglial LAMP1 protein expression in vitro.  
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Figure 26. LAMP1 intensity, puncta number and puncta size do not change in presence of oAβ and/or 
MCSF in microglia. Representative immunofluorescence images of LAMP1 and Iba1 (A) and quantification 
of LAMP1 (red) staining intensity (B), puncta number (C) and puncta size (D) inside Iba1+ (green) microglia 
primary cultures incubated with 1 µM Aβ and/or 25 ng/ml MCSF for 24 h (N=3). Scale bar 10 µm. MG: 
microglia. Bars indicate means ± SEM and dots represent individual cells. Statistical differences between 
groups were assessed by repeated measures One-way ANOVA with Dunnett correction, compared with 
control cells 

LAMP1 protein expression is regulated by the action of TFEB, the master 

regulator of lysosomal biogenesis (Zhang and Zhao, 2015). Treatment of microglia with 

10 µM fibrillar Aβ during 24 h, inhibits TFEB translocation from the cytoplasm to the 

nucleus, retaining this transcription factor in the cytoplasm and reducing the expression 

of genes associated with lysosomal biogenesis (Guo et al., 2017; Napolitano et al., 2018). 

To investigate whether MCSF or oAβ alter TFEB expression in microglia, we measured 

TFEB levels in Iba1+ microglia using double immunofluorescence. TFEB immunostaining 

was quantified in both nucleus and cytoplasm to evaluate its activation state. No 

changes were seen in nuclear TFEB expression in microglia treated with 1 µM Aβ relative 
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to the untreated condition. However, significant increase in nuclear TFEB localization 

was seen following MCSF treatment compared with control condition (196.5±23.99% 

versus 100%, *p<0.05). Cotreatment with oAβ and MCSF attenuated this effect (Figures 

27A and 27B). There were no differences in cytoplasmic TFEB expression (Figures 27A 

and 27C).  

 

Figure 27. MCSF augments TFEB nuclear expression in microglia. Representative immunofluorescence 
images of TFEB (red) and Iba1 (green) (A) and quantification of nuclear (B) and cytoplasmic (C) TFEB levels 
quantified in areas delineated with white ROIs (A) in primary microglia incubated with 1 µM oAβ and/or 
25 ng/ml MCSF for 24 h (N=6). Scale bar 10 µm. MG: microglia. Bars indicate means ± SEM and dots 
represent individual cells. Statistical differences between groups were assessed by repeated measures 
One-way ANOVA with Dunnett correction. *p<0.05 compared with control cells. 

TFEB belongs to the MiTF/TFE family of transcription factors regulating the 

expression of several proteins implicated in lysosomal biogenesis, such as OSTM1 

(Hershey and Fisher, 2004; Meadows et al., 2007). OSTM1 scaffold protein was 

described as a chaperone for CLC-7, a chloride antiporter that facilitates full lysosomal 

acidification. OSTM1 plays a key role in the mobilization of CLC-7 to the lysosome 

(Majumdar et al., 2011). MCSF treatment upregulates CLC-7 and OSTM1 proteins, thus 
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promoting optimal lysosomal acidification, which in turn allow microglia to degrade 

fibrillar Aβ more efficiently (Majumdar et al., 2011). 10 µM fibrillar Aβ treatment for 24 

h resulted in a significant reduction in OSTM1 expression (Guo et al., 2017). To 

determine the effect of oAβ in OSTM1 expression, primary microglia were treated with 

1 µM oAβ and/or 25 ng/ml MCSF for 24 h and OSTM1 was measured by 

immunofluorescence in Iba1+ microglia thereafter. No changes were seen in OSTM1 

expression following treatments (Figures 28). In conclusion, our results suggest that, as 

opposed to 10 µM fibrillar Aβ, 1 µM oAβ does not alter OSTM1 expression in primary 

microglia. 

 

Figure 28. Neither MCSF nor oAβ changes OSTM1 expression in microglia. Representative images of 
OSTM1 and Iba1 immunostaining (A) and OSTM1 (red) quantification (B) inside Iba1+ (green) cells in 
primary microglia cultures incubated with 1 µM oAβ and/or 25 ng/ml MCSF for 24 h (N=4). Scale bar 10 
µm. MG: microglia. Bars indicate means ± SEM and dots represent individual cells. Statistical differences 
between groups were assessed by repeated measures One-way ANOVA with Dunnett correction, 
compared with control cells. 

Overall, 1 µM oAβ treatment did not induce any significant changes in the 

expression of LAMP1, OSTM1 or TFEB. However, MCSF treatment induced an increase 

in TFEB nuclear levels in microglia, which should promote lysosomal biogenesis. 
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3. MCSF treatment reverts Aβ-induced alterations in microglia dynamics in an ex vivo 

model of AD. 

3.1. MCSF reverts Aβ-induced microglial morphological alterations. 

When microglia sense different stimuli such as external agents, inflammatory 

signals, and misfolded proteins, the cells adopt a pro-inflammatory state, change their 

morphological features (shortening their processes and enlarging their somas), 

proliferate, and migrate (Nimmerjahn, 2005; Tremblay et al., 2011). To study the impact 

of MCSF on microglial dynamics, we took advantage of two organotypic AD ex vivo 

models; cortical organotypic rat cultures treated with oAβ and organotypic cultures 

from the 5XFAD model of AD. 

First, we evaluated the pro-inflammatory state of microglia in the presence of 

oAβ in cortical rat organotypic cultures. To do so, 13 DIV organotypic slices were 

incubated with 3 µM oAβ in presence or absence of 25 ng/ml MCSF for 24h, and Iba1 

immunoreactivity was measured thereafter by immunofluorescence. oAβ treatment 

induced an increase in Iba1+ area (159.3±15.2%, *p<0.05) relative to the control 

condition (100%), and MCSF addition reduced Iba1 area levels (84.91±14.4%), but this 

change was not significant relative to Aβ condition (Figures 29A-B). 
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Figure 29. MCSF reverts Iba1 area increase both in oAβ-treated rat cerebral cortex in the hippocampus of 
5XFAD mice organotypic cultures. (A and B) Representative images and quantification of Iba1 
immunofluorescence (green) area in organotypic cultures from rat cerebral cortex incubated with 3 µM 
Aβ and/or 25 ng/ml MCSF for 24 h (N=5). (C-F) Representative images of Iba1 and quantification of Iba1 
area by immunofluorescence in hippocampus (D) and cerebral cortex (E). IL-1β cytokine quantification in 
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the extracellular media used to maintain organotypic cultures, by ELISA assay (F) in 5XFAD and wild type 
mice (N=18-28). Scale bar 40 µm. WT: wild type. Bars indicate means ± SEM and dots represent individual 
fields. Statistical differences between groups were assessed by not-pairing measures One-way ANOVA 
with Sidak correction. *p<0.05, **<0.01 compared with control cells.  

A number of additional experiments devoted to further study microglial 

dynamics in the context of AD were completed at the laboratory of Dr. Magdalena Sastre 

(Imperial College London, London, England). The Sastre laboratory previously showed 

that microglial morphology and its inflammatory state were altered in organotypic slices 

from 5XFAD mice (Davis et al., 2021). We aimed to determine whether MCSF was able 

to revert the morphological alterations seen in microglia following oAβ treatment, using 

the 5XFAD mouse model available and well stablished at the Sastre laboratory.  The 

5XFAD mouse model of AD is characterized by high levels of intracellular and 

extracellular Aβ, gliosis and synapse degeneration (Oakley et al., 2006; Jawhar et al., 

2012; Richard et al., 2015) and it is a very robust model to study amyloidosis-associated 

AD pathology. Organotypic slices of 5XFAD mice were treated with 25 ng/ml MCSF for 

24 h followed by Iba1 immunostaining for microglial area detection via 

immunofluorescence. Iba1+ area was quantified in both hippocampal and cortical 

regions of the organotypic slices. Results show that Iba1+ total area was increased in 

hippocampal regions (210.1±35.25%, *p<0.05) when compared with wild type (WT) 

(100±10.45%) (Figure 29D). This increase was abrogated in the presence of MCSF 

(96.77±9.61%, *p<0.05). No changes were seen in cortical Iba1 area occupancy between 

5xFAD and WT slices (Figure 29E). Quantification of IL-1β levels by ELISA in conditioned 

media of organotypic cultures revealed a significant increase in the levels of the cytokine 

in 5XFAD (148.1±9.51%, *p<0.05) when compared with WT (100±8.99%). Again, this 

effect was reverted in the presence of MCSF (107.2±6.14%, *p<0.05) (Figure 29F). These 

data confirm a pro-inflammatory profile in 5XFAD mice when compared with WT, as 

shown by Iba1 and IL-1β measurements. MCSF treatment reverts this pro-inflammatory 

profile. Moreover, the results in both organotypic models show that presence of Aβ 

causes inflammation represented by microglial area increase and increment of IL-1β, 

and MCSF treatment reverts it. 

Since results on Iba1+ areas measured in the cortex of 5XFAD mice were very 

variable, a detailed microglial morphological analysis was performed using MATLAB 
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following a protocol designed by the Sastre Laboratory (Davis et al., 2021) and described 

in detail in the Experimental section 16.2.  

This analysis revealed a significant increase in the number of processes 

(150.0±4.97%, ****p<0.0001), process area (155.6±5.43%, ****p<0.0001) and process 

perimeter (128.8±2.87%, ****p<0.0001) in microglia from 5XFAD relative to WT 

[number of processes (100±3.43%), process area (100±4.17%) and process perimeter 

(100±2.14%), respectively] (Figure 30). In contrast, microglial soma size was reduced in 

5XFAD (28.35±3.43%, ****p<0.0001) relative to WT mice (100±5.29%). MCSF treatment 

induced a reduction in the number of processes (123.6±4.39%, ***p<0.001), process 

area (128.4±4.59%, **p<0.01) and process perimeter (109.4±2.67%, ****p<0.0001) and 

an increase in soma size (48.58±5.33%) when compared with untreated 5XFAD mice 

[number of processes (150.0±4.97%), process area (155.6±5.43%), process perimeter 

(128.8±2.87%) and soma size (28.35±3.43%), respectively].  

Interestingly, MCSF induced the opposite effect in WT mice. Following the 

treatment, there was an increment in number of processes (126.7±5.05%, ***p<0.001), 

process area (160.1±7.76%, ****p<0.0001) and a reduction in soma size (55.21±6.58%, 

****p<0.0001) when compared with untreated WT [number of processes (100±3.43%), 

process area (100±4.17%) and soma size (100±5.29%), respectively] (Figures 30). 

Taken together, these results show that MCSF treatment partially reverts 

microglial morphological changes in the 5XFAD mice towards a WT phenotype.    
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Figure 30. Microglial morphology changes in the cerebral cortex of 5XFAD mice are partially reverted 
by MCSF. Quantification of the number of processes (A), process area (B), process perimeter (C) and soma 
sizes (D) in Iba1+ microglia in cortex of organotypic cultures from 5XFAD and WT mice, incubated with 25 
ng/ml MCSF for 24h and measured by immunofluorescence (N=100). Scale bar 10 µm. WT: wild type. Bars 
indicate means ± SEM. Statistical differences between groups were assessed by not-pairing measures 
One-way ANOVA with Sidak correction. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared with 
control cells. 

3.2. MCSF reverts Aβ-induced astrocytic morphological alterations. 

To broaden our analysis on inflammation, we measured astrogliosis in 

organotypic brain sections. Astrocytic area was measured by immunofluorescence using 

a GFAP antibody in brain slices from 5XFAD and WT, previously treated with MCSF or 

control vehicle. We noted an increase in the area occupied by GFAP+ astrocytes in the 

hippocampus of 5XFAD mice (264.9±49.22%, *p<0.05) relative to WT (100±10.45%). 

MCSF treatment reduced the area occupied by GFAP+ astrocytes in 5XFAD mice 

(93.39±9.99%, *p<0.05). Similar to the previous study on microglia, no differences were 

seen in cortical GFAP levels between 5XFAD and WT mice, irrespective of MCSF 

treatment (Figures 31).  
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Figure 31. MCSF reduces astrogliosis in 5XFAD organotypic brain slices. Representative image of GFAP 
immunofluorescence (red) (A) and quantification of the area occupied by the staining in hippocampus (B) 
and cerebral cortex (C) of organotypic cultures from 5XFAD and WT mice incubated with 25 ng/ml MCSF 
for 24 h (N=18-27). Scale bar 40 µm. WT: wild type. Bars indicate means ± SEM and dots represent 
individual fields. Statistical differences between groups were assessed by not pairing-measures One-way 
ANOVA with Sidak correction. **<0.01 compared with control cells. 

3.3. MCSF reverts Aβ-associated alterations in microglial surveillance activity and 

motility. 

Microglia motility and surveillant activity are altered during AD (Gyoneva et al., 

2016), and we hypothesized whether MCSF could mitigated these alterations. In 

collaboration with Dr. Federico N. Soria, we used two-photon microscopy to measure 

microglial surveillant activity in organotypic brain slices. We used the Cx3Cr1+/eGFP mouse 

model, where myeloid cells express the GFP fluorescent reporter driven by the CX3CR1 

promoter (Jung et al., 2000). eGFP+ microglia from organotypic brain slices were 

visualized by two-photon time-lapse microscopy imaging. GFP+ microglia were imaged 
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for no longer than 20 minutes to avoid tissue toxicity. The qualitative live-imaging 

evaluation of microglia in 14 DIV organotypic cultures showed separated cell bodies as 

sign of less integrated tissue derived from cell death and changes in extracellular space 

during culture, presenting ameboid-like morphology with recurrent phagocytic patches 

(red arrows) formation indicating an over-reactive phenotype (Figure 32A). To reduce 

activation as much as possible and to test microglial motility in the best of homeostatic 

conditions, we decided to study microglial dynamics in 7 DIV organotypic cultures 

instead of 14 DIV cultures. At 14 DIV, microglia showed a more distended ameboid-

shaped with increased phagocytic patches and at 7 DIV, microglial morphology changed 

into an integrated, more interactive, elongated and more ramified cell shape with 

smaller patches (Figure 32B). 

 

Figure 32. Microglial morphological difference between 14 and 7 DIV organotypic cultures. 
Representative image of eGFP+ (gray) microglia of organotypic cultures from Cx3Cr1+/eGFP mice in control 
conditions cultured for 14DIV (A) or 7DIV (B). (A) At 14DIV, microglia showed ameboid shaped with 
increased phagocytic patches indicated with red arrows. (B) At 7DIV microglial morphology showed more 
integrated, elongated, and ramified cell shape with smaller patches indicated with red arrows. Scale bar 
20µm. 

Seven DIV cortical organotypic slices were incubated with 3 µM Aβ in presence 

or absence of 25 ng/ml MCSF treatment for 24 h. Microglial motility was evaluated by 

quantifying the area surveyed by the eGFP+ signal per unit of time. This measure 

depends both on the number of cell processes present in the cell and on their speed and 

range of movement. oAβ treatment reduced the area surveilled by microglia and MCSF 

treatment increased it (Figure 33B). The comparison of the area under the curve 

measured for the various conditions revealed a significant reduction in surveillant 

activity following oAβ treatment (67.18±6.06 %, **p<0.01) compared with control 
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(100±13.74%). Also, there was a significant increase in surveillant activity when MCSF 

was added to the oAβ incubation relative to oAβ (121.5±13.68 versus 67.18±6.06%, 

respectively, **p<0.01) (Figure 33C). The rate of variation in microglial motility was 

estimated by calculating the initial slope of the surveyed area per unit of time in the first 

minute. Indeed, there was a significant reduction in the rate following treatment with 

oAβ (44.6±4.90%, **p<0.01) relative to control (100±10.99%, **p<0.01) and a significant 

increase of the initial slope between Aβ condition (44.6±4.90%, **p<0.01) and MCSF+Aβ 

condition (97.49±16.94%) (Figure 33D). These results indicate that oAβ induces a 

reduction in microglia surveillant activity, and this reduction can be rescued by MCSF 

treatment. 
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Figure 33. MCSF reverts the reduction in microglial surveilled area and motility induced by oAβ in 
organotypic cultures visualized by two-photon time-lapse microscopy. Representative image of eGFP+ 
(black) microglia in the various conditions studied in this experiment (A). Quantification of eGFP+ surveyed 
area during 20 min recordings (B). Integrated area surveilled during 20 min recordings (C) and initial slope, 
or rate of variation, of area surveillance (D) in organotypic cultures from Cx3Cr1+/eGFP mouse model 
incubated with 3 µM Aβ and/or 25 ng/ml MCSF for 24 h (N=11-20). Scale bar 10 µm. Bars indicate means 
± SEM and dots represent individual cells. Statistical differences between groups were assessed by not 
pairing-measures One-way ANOVA with Sidak correction. **<0.01 compared with control cells. 

Additionally, we took advantage of this model to investigate microglial 

morphology and if/how MCSF altered it. Microglia processes were quantified by Sholl 

analysis. Sholl analysis is a quantitative analysis of cell morphology. A significant 
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decrease (52.4±4.77%, *p<0.05) in the number of Sholl ring crossings were seen in oAβ-

treated microglia relative to control (100±16.8%), indicative of a decrease in both 

process branching and extensions from the cell body (Figure 34). MCSF treatment 

prevented the oAβ-induced reduction in the branching and extensions in the MCSF+Aβ 

(111.0±15.53%, **p<0.01). These results indicate that oAβ reduces complexity of 

microglial morphology and that MCSF rescues this effect. 

 

Figure 34. MCSF reverts the reduction of microglial morphological complexity induced by oAβ in 
organotypic culture visualized by two-photon time-lapse microscopy. Representative image of Sholl 
analysis (A), quantification of 20 min recordings (B) and quantification of area under curve (C) in 
organotypic cultures from Cx3Cr1+/eGFP mouse model incubated with 3 µM Aβ and/or 25 ng/ml MCSF 
for 24 h (N=11-20). Scale bar 10 µm. Bars indicate means ± SEM and dots represent individual cells. 
Statistical differences between groups were assessed by not pairing-measures One-way ANOVA with 
Sidak correction. p*<0.05, p**<0.01 compared with control cells. 

Overall, the presence of oAβ induces an increase in the area occupied by 

microglia in organotypic cultures from rat cerebral cortex. Organotypic brain cultures 

from 5XFAD also show an increase in the area occupied by microglia when compared 

with WT mice, presumably due to the presence of high levels of endogenous Aβ in the 

tissues. This is consistent with a pro-inflammatory state. These observations are further 
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supported by the increased area occupied by GFAP+ astrocytes in 5XFAD. Moreover, 

microglial surveilled area, motility and morphological complexity are reduced in 

Cx3Cr1+/eGFP mice following treatment with oAβ. Remarkably, MCSF treatment reverts 

these alterations. 

4. Preclinical study of MCSF treatment in the 3xTg-AD mouse model of AD. 

A previous study reported the capacity of MCSF treatment to prevent cognitive 

decline associated with Aβ burden in young APP/PS1 mice (Boissonneault et al., 2008). 

Based on this study, we examined amyloid and tau pathology, synaptic pathology and 

inflammation in adult 3xTg-AD mice subjected to MCSF treatment. The 3xTg-AD mouse 

model of AD is characterized by age-related, progressive neuropathology including Aβ 

plaques and neurofibrillary tangles. Extracellular Aβ deposits are described as early as 6 

months of age and tau pathology is evident at 12 months. Also, synaptic dysfunction, 

including LTP deficits, prior to plaques and tangles has been reported (Oddo et al., 2003; 

Billings et al., 2005; Rodríguez et al., 2008). The animals used in this study were all 

female, 12-month-old 3xTg-AD mice. The animals were injected weekly with either 

MCSF or vehicle control (saline) for 4 months (Figure 35). A detailed description of the 

treatment protocols is included in the experimental procedures (section 10). 

 

Figure 35. Timeline of MCSF in vivo treatment of the 3xTg-AD female mice. 

4.1. Effect of MCSF treatment in amyloid and tau pathology  

3xTg-AD coronal brain sections were stained with Thioflavin-S dye, which binds 

to fibrillar Aβ (Xinze et al., 2018). The area occupied by the staining was quantified as a 

measure of plaque load (Figure 36A). A significant reduction in Thioflavin-S+ area was 

observed in animals treated with MCSF (48.56±13.35%, *p<0.05) relative to the vehicle 

group (100±14.28%) (Figures 36B and 36C). Aβ1-42 levels in cortical brain homogenates 

were also measured, by ELISA. No differences were found in Aβ brain levels between 
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animals treated with MCSF or vehicle control (76.07±20.8% and 100±30.75%, 

respectively p=0.54) (Figure 36D).  Aβ42/40 ratio was measured in CSF extracted from the 

mice by Single Molecule Assay (SIMOA). No differences were observed in the ratio in 

animals treated with MCSF relative to vehicle group (114.4±12.67% and 100±10.74%, 

respectively p=0.41) (Figure 36E). According to these results, MCSF treatment reduces 

fibrillar plaque load in the 3xTg-AD mice. 

 

Figure 36. MCSF treatment reduces Aβ plaque load in the 3xTg-AD model of AD. (A) Representative 
images of Thioflavin-S (gray) staining on a half coronal brain section. The areas of subiculum, CA1 and 
cortex (Cx) are indicated. (B) Representative images of subiculum and (C) quantification of Thioflavin-S 
staining in the subiculum of the 3xTg-AD mice treated with MCSF or vehicle control for 4 months (D) 
Quantification of cortical (Cx) Aβ1-42 levels by ELISA in animals treated with MCSF or vehicle control. (C) 
Quantification of the Aβ42/40 ratio in CSF extracted from mice treated with MCSF or vehicle control. 
Vehicle N=4, and MCSF treatment N=5. Scale bar 1000 µm (A) and 250 µm (B). Veh: vehicle. Bars indicate 
means ± SEM and dots represent individual animals. Statistical differences between groups were assessed 
by not pairing-measures Student’s t-test. P*<0.05 compared with vehicle group. 

Next, the effect of MCSF treatment on tau pathology was assessed. To do so, 

hyperphosphorylated tau levels were measured by Western blot in cortical brain 

homogenates and by immunofluorescence on brain slices prepared from 3xTg-AD mice 
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treated with MCSF or vehicle control. For both techniques, we used an AT8 antibody. 

AT8 is a phosphorylation-tau-specific monoclonal antibody that is a commonly used as 

marker of tauopathy. AT8 is reactive towards phosphorylation sites at pSerine202 and 

pThreonine205 (Goedert et al., 1995; Malia et al., 2016). Western blot analysis showed 

a decrease in hyperphosphorylated tau (measured using AT8 antibody 

immunoreactivity) levels normalized to total tau (measured using hT7 antibody 

immunoreactivity), in mice treated with MCSF relative to vehicle group. However, this 

difference was not statistically significant (64.44±8.89% versus 100±19.77%, p=0.12) 

(Figures 37A and 37B). The tissues were immunostained with AT8 and 

immunofluorescence was measured in the CA1 hippocampal region. The area occupied 

by the immunostaining and its mean gray value were quantified. No differences in 

hyperphosphorylated tau load were seen between mice treated with MCSF or vehicle 

control (Figures 37D-F). These results indicate that MCSF treatment of adult 3xTg-AD 

mice does not reduce tau pathology. 

 

Figure 37. MCSF treatment in adult 3xTg-AD mice does not reduce tauopathy. Representative image of 
a Western blot using AT8 immunoreactivity to detect hyperphosphorylated tau(A) and quantification of 
AT8 signal normalized to hT7 total tau levels (B) in cortex tissue homogenates from 3xTg-AD mice treated 
with either MCSF or vehicle control. Representative images of AT8 immunofluorescence (C) and 
fluorescence quantification indicating hyperphosphorylated tau area (D) and mean gray value (E) in CA1 
hippocampal region from mice treated with MCSF or vehicle control. Vehicle N=4, and MCSF treatment 
N=5. Scale bar 250 µm. Veh: vehicle. Bars indicate means ± SEM and dots represent individual animals. 
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Statistical differences between groups were assessed by not pairing-measures Student’s t-test, compared 
with vehicle group. 

In summary, MCSF treatment in the 3xTg-AD model of AD reduces Aβ brain 

plaque load but does not reduce hyperphosphorylated tau.  

4.2. MCSF treatment does not modify TFEB expression in the 3xTg-AD mouse model 

of AD. 

MCSF reduced Aβ plaque burden in the 3xTg-AD mouse model of AD and 

promoted nuclear localization of the lysosomal master regulator TFEB. Next, we 

evaluated the effect of MCSF treatment on TFEB expression in 3xTg-AD mice in vivo. 

TFEB and Iba1 double immunofluorescence staining was performed on mouse brain 

coronal tissue sections. As per our previous findings, the study focused on TFEB 

expression in microglia on the CA1 region of the hippocampus. TFEB 

immunofluorescence intensity was measured both in the nucleus and cytoplasm of Iba1+ 

microglia. Both compartments were created based on Iba1 and DAPI staining, as 

explained in experimental procedures (subsection 16.1). No differences were seen in 

hippocampal microglial nuclear or cytosolic TFEB levels between animals treated with 

MCSF and vehicle control (Figure 38A and 38B). According to these results, MCSF 

treatment in adult 3xTg-AD mice does not modify TFEB activation state in hippocampal 

microglia. 
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Figure 38. MCSF treatment does not change TFEB expression in CA1 microglia in the 3xTg-AD mouse 
model of AD. Representative image of TFEB and Iba1 immunofluorescence (A) and quantification of TFEB 
staining in microglial nucleus (B) and cytoplasm (C) in the CA1 hippocampal region in 3xTg-AD mice treated 
with MCSF or vehicle control. Vehicle (N=4), and MCSF treatment (N=5). Scale bar 10 µm. Veh: vehicle. In 
the image, nuclear (2) and cytoplasmatic (1) compartment are indicated in white ROIs. Bars indicate 
means ± SEM and dots represent individual animals. Statistical differences between groups were assessed 
by not pairing-measures Student’s t-test, compared with vehicle group.  

4.3. MCSF treatment elevates hippocampal postsynaptic markers in the 3xTg-AD 

mouse model of AD. 

To evaluate the effect of MCSF on synaptic pathology in the 3xTg-AD model of 

AD, tissue sections from mice treated with MCSF or vehicle control were 

immunoreacted against synaptophysin and homer and immunofluorescence was 

measured in the CA1 hippocampal region. Data showed a significant increase in the 

levels of homer postsynaptic marker in MCSF-treated mice (153.5±9.864%, **p<0.01) 
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relative to vehicle group (100±3.73%) (Figure 39A and 39B). However, there were no 

changes in synaptophysin levels in MCSF-treated mice compared with vehicle group 

(Figure 39C and 39D). 

 

Figure 39. MCSF treatment increases homer protein levels in the CA1 area of hippocampus in the 3xTg-
AD mouse model of AD. Representative images of homer and synaptophysin immunoreactivity (A, C) and 
quantification of homer (A and B) and synaptophysin (C and D) immunofluorescence in the CA1 area of 
hippocampus in mice treated with MCSF or vehicle control Vehicle (N=4), and MCSF (N=5). Scale bar 35 
µm. Veh: vehicle. Bars indicate means ± SEM and dots represent individual animals. Statistical differences 
between groups were assessed by not pairing-measures Student’s t-test. P**<0.01 compared with vehicle 
group.  

Overall, MCSF treatment improves postsynaptic pathology in the CA1 region of 

the hippocampus in the 3xTg-AD model mice. 

4.4. MCSF treatment reduces inflammation in the 3xTg-AD mouse model of AD. 

Finally, we studied the impact of MCSF treatment on inflammation in the 3xTg-

AD mouse model of AD. To do so, we first measured baseline microgliosis in the CA1 

area of the hippocampus as a relative measure of inflammation. Mouse brain sections 

were immunoreacted against Iba1 antibody and immunofluorescence was used to 

assess microglial morphological alterations in 3xTg-AD mice and WT mice. A significant 

increase in the area occupied by Iba1 staining was observed in 3xTg-AD mice 
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(208.8±18.8%, **p<0.01), relative to WT mice (100±12.65%, **p<0.01) (Figures 40A and 

40B).  

Microglial morphology was also evaluated, using FIJI plugins -AnalyzeSkeleton 

(2D/3D) and Fraclac, as described in the experimental section (subsection 16.1). Briefly, 

AnalyzeSkeleton (2D/3D) plugin generates skeletonized images that dissect microglial 

processes and examines the complexity and spread of the cells, whereas the Fraclac 

plugin uses outlined images to examine the morphology and spread of cells. Digital 

image analysis using these approaches revealed a significant increase of Iba1 total length 

(214.2±19.24%, **p<0.01), branches (405.5±29.55%, ****p<0.0001), junctions 

(435.4±45.76%, ***p<0.001), and triple points (440.5±51.89%, ***p<0.001) and a 

significant reduction in density (48.32±0.92%, ***p<0.001) in 3xTg-AD mice relative to 

WT [total length (100±14.68%), branches (100±12.3%), junctions (100±18.93%), triple 

points (100±17.09%) and density (100±5.85%), respectively]. However, microglial 

process span ratio did not differ between 3xTg-AD and WT (Figures 40C-J). These 

parameters give information about cell spread, complexity and shape, as described in 

experimental procedures (subsection 16.1). According to these results, 3xTg-AD 

microglia show increased overall lengths and morphological complexity when compared 

with WT mice. 
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Figure 40. Microglia morphology is more complex in the 3xTg-AD model of AD when compared with WT 
mice. Representative images of Iba1 immunofluorescence (green) (A) and quantitative analysis (B) in the 
CA1 hippocampal region in 3xTg-AD mice and WT mice. Representative image of Iba1+ microglia converted 
to skeletonized (C) and outlined (H) forms and quantification of total length (D), branches (E), junctions 
(F), triple points (G), density (I) and span ratio (J) in the CA1 area of hippocampus in 3xTg-AD and WT mice. 
WT N=5 and 3xTg-AD N=4 Scale bar 40 µm (A) and 10 µm (C and H). WT: wild type. Bars indicate means ± 
SEM and dots represent individual animals. Statistical differences between groups were assessed by not 
pairing-measures Student’s t-test. **p<0.01, ***p<0.001, ****p<0.0001 compared with WT group. 

Next, we evaluated baseline astrogliosis in 3xTg-AD brain and compared it with 

WT. To do so, brain tissue sections were immunoreacted against immune GFAP antibody 

and morphological alterations in astrocytes were measured GFAP+ astrocytes changed 

remarkably in 3xTg-AD brain tissue when compared with WT. First, a significant increase 

in GFAP staining area was seen in 3xTg-AD brain (693.5±68.32%, ****p<0.0001) relative 

to WT (100±7.73%) (Figures 41A and 41B). Moreover, Fraclac analysis revealed a 

significant decrease in the density (57.75±2.55%, ***p<0.001) and span ratio 

(63.1±1.61%, **p<0.01) of astrocytes in 3xTg-AD relative to WT [density (100±5.39%) 

and span ratio (100±6.55%), respectively]. (Figures 41C-E). These results suggest that 
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astrocytes became hypertrophic and develop a more complex morphology in 3xTg-AD 

mouse brain when compared with WT.  

 

Figure 41. Astroglial area and morphology changes in the 3xTg-AD mice compared with WT. 
Representative images of GFAP immunoreactivity (red) (A) and quantitative analysis (B) of GFAP 
immunofluorescence area in the CA1 area of hippocampus in 3xTg-AD and WT Representative outlined 
images of GFAP staining (C) and quantification of density (D) and span ratio (E) in the CA1 area of 
hippocampus in the 3xTg-AD and WT mice. WT (N=5) and 3xTg-AD (N=4). Scale bar 40 µm (A) and 10 µm 
(I). WT: wild type. Bars indicate means ± SEM and dots represent individual animals. Statistical differences 
between groups were assessed by not pairing-measures Student’s t-test. **p<0.01, ***p<0.001, 
****p<0.0001 compared with WT group. 

After establishing baseline micro- and astrogliosis in 3xTg-AD and WT mouse 

hippocampus, we studied these observables in mice treated with MCSF or vehicle 

control using Iba1 and GFAP immunoreactivity. Iba1+ microglia area was significantly 

decreased in 3xTg-AD mice treated with MCSF (72.78±5.41%, *p<0.05) relative to 

vehicle group (100±9.01%) (Figures 42A and 42B). Skeletal and Fraclac analysis revealed 

a significant reduction in the number of branches (72.82±5.41%, *p<0.05), junctions 

(69.38±5.96%, *p<0.05) and triple points (70.81±5.36%, *p<0.05) as well as in the total 

length of processes (77.42±5.46%, p=0.06), although the latter was not statistically 

significant compared with vehicle group [branches (100±12.3%), junctions 

(100±10.51%), triple points (100±11.78%) and total length (100±8.98%), respectively] 

(Figures 42C-G). Density and span ratio did not differ between 3xTg-AD mice treated 
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with MCSF or vehicle (Figures 42I-J). According to these results, microglia occupied less 

area and became morphologically less complex after MCSF treatment in the 3xTg-AD 

mice, which is indicative of a reduction in microgliosis. 

 

MCSF treatment reduces microgliosis in the 3xTg-AD mouse model of AD. Representative images of Iba1 
immunoreactivity (green) (A) and quantitative analysis (B) of Iba1 immunofluorescence area (green) in 
the CA1 area of hippocampus in 3xTg-AD mice treated with MCSF or vehicle group. Representative image 
of Iba1+ microglia converted to skeletonized (C) and outlined (H) forms and quantification of total length 
(D), branches (E), junctions (F), triple points (G), density (I) and span ratio (J). Vehicle (N=4) and MCSF 
(N=5). Scale bar 40 µm (A) and 10 µm (C and H). Veh: vehicle. Bars indicate means ± SEM and dots 
represent individual animals. Statistical differences between groups were assessed by not pairing-
measures Student’s t-test. *p<0.05 compared with vehicle group. 

GFAP staining in the CA1 area of hippocampus revealed a significant reduction in 

immunoreactive area in 3xTg-AD mice treated with MCSF (67.25±6.41%, *p<0.05) 

relative to vehicle (100±9.85%) (Figures 43A and 43B). Moreover, Fraclac analysis 

showed a significant reduction in density (69.78±7.29%, *p<0.05) and a significant 

increase in span ratio (130.9±8.03%, *p<0.05) in MCSF treated mice compared with 

vehicle [density (100±4.4%) and span ratio (100±2.55%), respectively] (Figures 43C-E). 
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According to these results, both the total area occupied by astrocytes and their size are 

reduced in 3xTg-AD mice following MCSF treatment.  

 

Figure 43. MCSF treatment reduces astrogliosis in the 3xTg-AD model of AD. Representative images of 
GFAP immunoreactivity (A) and quantitative analysis (B) of GFAP immunofluorescence (red) in the CA1 
area of hippocampus in 3xTg-AD mice treated with MCSF or vehicle. Representative image of GFAP+ 
astrocytes converted to outlined (C) forms and quantification of density (D) and span ratio (E) Vehicle 
(N=4) and MCSF (N=5). Scale bar 40 µm (A) and 10 µm (C). Veh: vehicle Bars indicate means ± SEM and 
dots represent individual animals. Statistical differences between groups were assessed by not pairing-
measures Student’s t-test. *p<0.05 compared with vehicle group. 

In summary, microglia and astrocytes appear enlarged and higher number of 

processes in 3xTg-AD hippocampus when compared with WT, consistent with increased 

micro- and astrogliosis. Remarkably, MCSF treatment reduced gliosis towards a 

phenotype resembling that of WT mouse brain. These results suggest that MCSF helps 

reducing inflammation in the brains of 3xTg-AD mice. 

Next, MCSF and TNFα cytokine levels were quantified by ELISA in cortical 

homogenates prepared from 3xTg-AD mice treated with MCSF or vehicle. MCSF levels 

were increased (153.6±18.56%, p=0.18) and TNFα levels were decreased, 

(67.54±22.02%, p=0.29) in 3xTg-AD mice treated with MCSF, but these differences were 

not statistically significant compared with the vehicle [MCSF (100±33.79%) and TNFα 

(100±16.91%), respectively] (Figures 44A and 44B, respectively).  
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Figure 44. MCSF treatment does not alter MCSF or TNFα levels in the 3xTg-AD mouse model of AD. 
Quantification of MCSF (A) and TNFα (B) levels in cortical brain homogenates in 3xTg-AD mice treated 
with MCSF or vehicle quantified by ELISA immunoassay. Vehicle N=4 and MCSF N=5. Veh: vehicle Bars 
indicate means ± SEM and dots represent individual animals. Statistical differences between groups were 
assessed by not pairing-measures Student’s t-test, compared with vehicle group. 

In summary, MCSF treatment in vivo reduces Aβ brain plaque load, helps 

mitigating microgliosis and astrogliosis and increases postsynaptic markers in the CA1 

region of the hippocampus in the 3xTg-AD model of AD.  

5. Study of MCSF/CSF-1R axis and TFEB as biomarkers in the post-mortem 

hippocampus of AD. 

We proceeded to evaluate whether our findings in our in vitro, ex vivo and in vivo 

AD models translated into human AD post-mortem brain samples. For that purpose, we 

quantified the proteins of interest in post-mortem hippocampal tissue from AD patients 

and compared it to those of age-matched healthy subjects. AD cases were classified 

according to Braak stages II, III, IV and V (Braak and Braak, 1991). Cases are described in 

detail at the experimental procedures (Table 2). 

MCSF levels were measured by ELISA in hippocampal brain homogenates from 

tissues classified as Braak stages II, III, IV and V and compared with control. MCSF levels 

tended to decrease as disease progressed from Braak stages II to V relative to control 

cases (Figure 45A). Student’s t-test analysis revealed a statistically significant difference 
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between MCSF levels in tissues classified as Braak V stage (48.29±7.29 %, *p<0.05) 

relative to control condition (100±10.17) (Figure 45B). 

Our proteomic results indicated that MCSF lowers CSF-1R expression, which is 

indicative of MCSF/CSF-1R axis activation (Figure 18). Accordingly, we investigated 

whether the reduction in MCSF observed during AD pathogenesis could affect CSF-1R 

expression. Interestingly, our results showed an increase in CSF-1R protein expression 

with disease progression from Braak stage II to V relative to age-matched healthy 

subjects, although these differences were not statistically significant, as determined by 

One-way ANOVA (Figure 45C and 45D). However, a significant increase in CSF-1R protein 

expression was observed in Braak V stage (170.2±20.42 %, *p<0.05) relative to control 

cases by Student’s t-test analysis (87.88±32.04) (Figure 45C and 45E). A reduction in 

MCSF expression at late stages of the disease could reflect an alteration of the activation 

of MCSF/CSF-1R axis. 



  Results 

106 
 

 

Figure 45. MCSF and CSF-1R levels are altered in hippocampus of AD patients. (A-B) Quantification of 
MCSF levels by ELISA immunoassay in hippocampal tissue homogenates (C-E) Representative image of a 
Western blot and quantifications of CSF-1R expression in hippocampal tissue from AD cases and healthy 
subjects MCSF levels were measured in control, n=3; Braak II, n=7; Braak III, n=5; Braak IV, n=4; and Braak 
V, n=9. In turn, CSF-1R levels were evaluated in control N=4, Braak II N=8, Braak III N=7, Braak IV N=8 and 
Braak V N=9. Bars indicate means ± SEM and dots represent individual cases. Statistical differences 
between groups were assessed by not pairing-measures One-way ANOVA with Dunnett correction on A 
and D, and not pairing-measures Students t-test on B and D. *p<0.05, **p<0.01.  compared with control 
group. 

Finally, we evaluated TFEB expression in human brain samples and a significant 

increase in TFEB protein levels was found in the hippocampus of AD patients at Braak III 

(239.4±31.57%, *p<0.05) and Braak V stages (244.2±28.48%, *p<0.05) relative to age-

matched control cases (100±15.02) (Figure 46A-C). In conclusion, TFEB expression 

increases in the hippocampus as early as Braak stage III in AD. 
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Figure 46. TFEB expression is increased in the hippocampus of AD patients at Braak stages III and V. (A) 
Representative image of a Western blot and (B) quantification of TFEB expression in hippocampus of AD 
and healthy subjects Braak II N=4, Braak III N=8, Braak IV N=8 and Braak V N=9. Bars indicate means ± SEM 
and dots represent individual cases. Statistical differences between groups were assessed by not pairing-
measures One-way ANOVA with Sidak correction. *p<0.05, **p<0.01 compared with control group. 

Taken together, in the results obtained using post-mortem tissue suggest that 

TFEB expression and the MCSF/CSF-1R axis are altered in the hippocampus of AD 

patients. 
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Several studies reported that microglia modulation can play a beneficial role in 

the progression of AD. In this study, we proposed MCSF/CSF-1R signaling as a target to 

promote microglial functions that act beneficially against the amyloid-related pathology 

in AD. 

We first reported that MCSF treatment potentiates receptor density and 

cytokine expression, downregulates complement cascade factors and increases TFEB 

nuclear translocation in microglia. Interestingly, oAβ disrupts the expression of some of 

the MCSF-promoted microglial receptors and TFEB nuclear localization. Also, MCSF 

promoted oAβ internalization and attenuated oAβ-associated synaptic damage in vitro. 

Two-photon time-lapse imaging of organotypic brain cultures from the 5xFAD model of 

AD revealed a reduction in oAβ-associated microglial morphology and motility 

alterations following MCSF treatment. MCSF improves microglial surveillant activity and 

promotes a more ramified cellular morphology. This effect on surveillance was 

corroborated in an additional ex vivo model. Both in the rat organotypic culture treated 

with oAβ and in 5XFAD organotypic cultures, we observed that the area occupied by 

microglia increased, and MCSF reverted this effect. This effect was also observed in 

5XFAD astrocytes (Figure 47). 

Adult 3xTg-AD mice treated with MCSF showed decreased Aβ brain plaque load. 

Synaptic pathology was also improved, and astrogliosis and microgliosis was drastically 

reduced in the CA1 region of the hippocampus. Remarkably, MCSF treatment in 3xTg-

AD mice mitigated the increase in cellular complexity and area occupied by microglia 

and astrocytes relative to WT animals, which is indicative of a reduction in gliosis (Figure 

45). 
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Figure 47. Diagram of in vitro, ex vivo and in vivo effects of MCSF treatment in AD models. (A) MCSF-
treated microglia show increased proliferation, oAβ internalization and nuclear TFEB expression, thus 
promoting oAβ elimination, and improving synaptic pathology induced by oAβ in neuron-microglia co-
culture. (B) Ex vivo and in vivo AD models show gliosis, synaptic pathology, and Aβ plaque deposition 
whereas MCSF treatment reduces gliosis and IL-1β levels, Aβ plaque deposition and synaptic pathology. 
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Finally, we observed that MCSF levels were reduced whereas CSF-1R levels were 

increased in the post-mortem hippocampus of AD patients relative to age-matched 

healthy subjects, suggesting an alteration in the MCSF/CSF-1R axis. Furthermore, TFEB 

levels were increased in the hippocampus of AD patients relative to age-matched 

healthy subjects, which may lead to an imbalance in TFEB signaling and lysosomal 

biogenesis. 

1. MCSF activation potentiates microglial Aβ clearance. 

Aβ monomers aggregates into oligomers that will lead to protofibers and fibrils, 

and eventually generate senile plaques. Oligomeric Aβ represents the predominant 

neurotoxic Aβ species in AD (Klein, 2002; Glabe, 2005) and the Amyloid Cascade 

Hypothesis postulates that Aβ triggers synaptotoxicity, chronic inflammation and 

tauopathy, leading to a progressive cognitive decline (Jack et al. 2013; Haass and Selkoe 

2007; J. Hardy 2002). Thus, the development of strategies to remove Aβ is crucial to fight 

AD. 

Microglia are involved in different mechanisms to clear Aβ (Ries and Sastre 

2016). However, as disease progresses, microglia efficiency to eliminate Aβ is 

compromised, which might exacerbate disease progression. As Majumdar et al. (2007) 

described, surveillant microglia are not efficient at degrading fibrillar Aβ aggregates 

unless they were activated by cytokines such as MCSF. In primary microglial cultures, 

MCSF speeds up microglial Aβ internalization contributing to the reduction of 

extracellular Aβ levels.  

Additional to Aβ internalization, microglia can also secrete enzymes involved in 

the extracellular degradation of proteins. MCSF can promote the expression of secreted 

degrading enzymes such as IDE and MMP9 that have been implicated in AD degrading 

Aβ extracellular species (Zhao et al., 2007; Gu et al., 2020). To study whether MCSF was 

also involved in extracellular degradation of Aβ in primary microglia cultures, we 

evaluated the expression of IDE, MMP2, MMP9 and plasminogen. However, neither the 

presence of Aβ nor MCSF modified the expression of those genes, indicating that MCSF 

was mainly involved in promoting microglial internalization of Aβ but not its extracellular 

degradation. 
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In a previous study, Boissonneault et al. (2008) reported that MCSF treatment in 

vivo reduced Aβ brain plaque load, via increased Aβ internalization and degradation by 

microglial cells and even improving cognitive decline at 2-6 months old APP/PS1 male 

mice. To further evaluate the impact of MCSF on Aβ and tau pathology in vivo, we 

treated 3xTg-AD female mice with MCSF. The 3xTg-AD mouse harbors the Swedish 

mutation in the human amyloid precursor protein (APPSwe), presenilin knock-in 

mutation (PS1M146V), and TauP301L mutant transgene (TauP301L) and is characterized 

by age-related, progressive neuropathology including Aβ plaques neurofibrillary tangles 

and inflammation (Oddo et al., 2003). It was previously reported that Aβ-

immunoreactive plaque deposition occurs earlier in females that males (Oh et al., 2010; 

Perez et al., 2011) and we studied the effect of MCSF treatment in female mice only, 

due to animal availability. MCSF treatment in 3xTg-AD female mice led to a reduction in 

Thioflavin-S+ fibrillar Aβ plaques, but there was no change in hyperphosphorylated tau 

brain levels. Further research is necessary to evaluate the effect of MCSF in tau 

pathology. 

Thus, MCSF treatment promoted clearance of fibrillar and soluble forms of Aβ by 

microglia, leading to the reduction of amyloid both in vitro and in vivo models. MCSF 

treatment not only reduced acute Aβ1-42 exposure in vitro but also, reduces already 

established Aβ plaques of the 3xTg-AD adult mice.  

Considering our results as well as previously published, we can conclude that 

MCSF treatment reduces oligomeric and fibrillar Aβ brain load, both in vitro and in vivo 

male and female AD mice. 

2. MCSF improves synaptic pathology. 

Synaptic dysfunction is reported as an early manifestation of AD and correlates 

best with cognitive decline (Selkoe, 2002). Soluble forms of Aβ, rather than the large 

insoluble fibrils, are toxic to synapses (Masliah et al. 1991; Cline et al. 2018). Thus, 

exogenous addition of synthetic oAβ to WT neurons reduces postsynaptic markers and 

alterations in postsynaptic markers are blocked by γ-secretase inhibition in APP mutant 

neurons (Almeida et al., 2005). 
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Since MCSF treatment contributed to a reduction in Aβ levels in vitro and Aβ 

plaque load in vivo, we studied whether this could benefit Aβ-related synaptic pathology 

in our AD models. We first confirmed that 1 µM oAβ induced pre- and postsynaptic 

alterations in neuronal primary cultures and presynaptic alterations in neuronal-

microglial co-cultures. In our neuronal-microglial co-cultures, the presence of MCSF 

attenuated presynaptic damage induced by oAβ, suggesting that oAβ removal by MCSF-

activated microglia restores synapses. Moreover, post synapses increased in MCSF-

treated 3xTg-AD mice relative to vehicle. These results suggest a role played by MCSF in 

ameliorating Aβ-induced synaptic pathology, consistent with previously reported data 

indicating that MCSF treatment in vivo mitigated cognitive decline in APP/PS1 mice 

(Boissonneault et al., 2008). 

3. Role of oAβ and MCSF in microglial degradation machinery. 

Previous work showed that MCSF treatment made microglia more efficient at 

degrading fibrillar forms of Aβ. Microglial lysosomal degradation of Aβ was in part 

dependent on efficient mobilization of CLC-7, a chloride antiporter, to the lysosome. In 

turn, CLC-7 mobilization to the lysosome depends on OSTM1 protein, its chaperone, 

which is responsible for CLC-7 transport to the organelle. In MCSF-activated microglia, 

OSTM1 associates with CLC-7 at higher rates, rescues CLC-7 from endoplasmic 

reticulum-associated degradation, and helps translocate it to the lysosomes, which 

results in increased lysosomal acidification and efficient degradation of fibrillar Aβ 

(Majumdar et al., 2011).  

As per these findings, we wanted to further study the mechanisms modulating 

lysosomal degradation in the context of Aβ pathology. We first investigated the effect 

of oAβ and MCSF on transcription of genes related to lysosomal biogenesis. Overall, 

neither oAβ nor MCSF altered the expression of LAMP1, OSTM1, TFEB and MITF. MCSF 

treatment of primary microglia led to a minor increase in TFEB gene expression and a 

significant increase in TFEB nuclear translocation. As reported for the expression of 

some microglial receptors, the presence of oAβ abrogated this effect. However, we did 

not see differences in TFEB expression following MCSF treatment in vivo. Interestingly, 

TFEB expression is increased in AD patients at late stages. These findings in vitro an in 
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post-mortem tissue warrant further experiments to clarify the role of TFEB in lysosomal 

function in AD. Also, TFEB activation by MCSF as shown in vitro, needs further research 

to establish a connection between these two factors. 

Previous studies reported that high concentrations of fibrillar Aβ (5 and 10 µM) 

caused a reduction in the expression of OSTM1, promoted the cytoplasmic localization 

of TFEB and increased LAMP1 expression, indicating lysosomal dysfunction (Guo et al., 

2017). Regarding that TFEB regulates LAMP1 expression, the recruitment of TFEB in the 

cytoplasm theoretically should not induce the expression of LAMP1 and also, the Aβ 

concentration used might be too high. However, in our hands, neither LAMP1 nor 

OSTM1 levels changed following 1µM oAβ treatment in microglia in vitro. 

When compared with previous studies, our working oAβ concentration was 

significantly lower (1µM versus 10µM). Also, we used oligomeric Aβ instead of fibrillar. 

Thus, our in vitro conditions do not seem to be detrimental for microglial lysosomal 

degradation machinery.  

Further experimental work is needed to clarify whether higher concentrations of 

oAβ are detrimental for the lysosomal degradation machinery. Also, it is not yet clear 

which form of Aβ (fibrillar or soluble) is most detrimental towards the proper functioning 

of the lysosomal degradation machinery in microglia. 

4. MCSF reverts surveillance and motility alterations induced by oAβ in microglia. 

In the presence of an insult, microglia adopt a pro-inflammatory stage, change 

their morphology (shortening their processes and enlarging their soma), proliferate, and 

migrate towards the injury site, thereby accumulating around the damaged areas. In 

their highest activation state, microglia adopt a severe amoeboid morphology 

resembling that of macrophages (Fernandez-Albarral et al., 2022).  

We first evaluated whether, the area occupied by microglia and astrocytes was 

increased in our ex vivo and in vivo AD models, which could be used as an indication of 

reactive, pro-inflammatory status. Both in the two ex vivo models studied, oAβ-treated 

WT slices and 5xFAD brain slices, the area occupied by microglia and astrocytes was 

increased in the hippocampus. This observation was corroborated in vivo in 3xTg-AD 
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model mice. Also, morphological analysis of cortical microglia revealed an increase in 

the number of processes and their spread as well as a reduction in microglial soma size 

in 5XFAD ex vivo model relative to WT. 

It has been reported that MCSF triggers a rapid membrane response followed by 

cell spreading and polarization (Boocock et al., 1989; Webb et al., 1996; Chitu et al., 

2005). Accordingly, we evaluated the effect of MCSF treatment on Aβ-related glial 

morphological changes.  

The presence of MCSF in 5XFAD ex vivo slices or coincubated with oAβ in rat 

organotypic cultures, mitigated oAβ-induced glial morphological alterations. As seen in 

ex vivo experiments, MCSF treatment in 3xTg-AD mice also reverted the increase in Iba1 

and GFAP area and complexity, indicative of gliosis, towards a WT phenotype.  

Previous studies using two-photon microscopy to visualize cerebral slice 

preparations revealed that microglial motility was reduced in AD mouse models (Krabbe 

et al., 2013). Also, impaired baseline dynamics in plaque-associated microglia was 

described (Koenigsknecht-Talboo et al., 2008). Thus, we first evaluated whether oAβ 

altered microglial dynamics by in vivo time-lapse imaging in organotypic cultures. Our 

results indicate that microglial surveillance is altered in the presence of extracellular oAβ 

and MCSF treatment reverts these effects, highlighting the beneficial role of MCSF in 

promoting microglia surveillance. 

Our experiments in microglial morphology and surveillance indicate that oAβ 

alters microglial motility, and this effect can be rescued by MCSF. Surprisingly, we 

obtained somewhat opposite result depending on the experimental technical approach. 

Immunofluorescence staining with Iba1 and GFAP labeling shows a more expanded and 

complex microglia and astrocytes in the fixed ex vivo and in vivo AD models, whereas in 

the live time-lapse imaging experiments using GFP+ microglia from the Cx3Cr1+/eGFP 

model, microglia are less expanded and complex in presence of oAβ. However, in both 

cases MCSF reverts the effect induced by oAβ towards a WT phenotype. Further 

research is needed to clarify such opposed observations on glial status associated with 

different AD models. 
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Interestingly, MCSF also modulates astrocytic responses to Aβ, suggesting an 

involvement of additional mechanisms independent of microglial CSF-1R signaling 

cascade. 

5. Pro- and anti-inflammatory microglial phenotype following MCSF treatment. 

Post-mortem brains from AD patients and APP transgenic animals exhibit 

increased levels of pro-inflammatory cytokines and chemokines including IFNγ, TNFα, 

IL-1β and IL-6 (Hoozemans et al., 2006; Wyss-Coray, 2006; Heneka and O’Banion, 2007; 

Rojo et al., 2008). Aβ can interact with microglial receptors and induce inflammatory 

responses. It has been reported that CD40-CD40L system is a critical enhancer of 

microglial activation in a mouse model of AD and is involved in promoting the acute-

phase inflammatory response in the CNS. In fact, studies have shown that CD40 ligation 

and nanomolar levels of Aβ synergistically induce microglial activation as measured by 

TNFα production (Tan et al., 1999). CD36 is also related to downstream activation of 

pro-inflammatory responses (Sheedy et al., 2013). Unfortunately, even though our 

results show morphological microglial alterations indicative of reactive microglia, we did 

not observe any changes in the expression of inflammatory cytokines in our models, 

probably due to the large variability observed both in vitro and in vivo. 

MCSF has the capacity to polarize microglia towards both pro-inflammatory and 

anti-inflammatory profiles depending on the microenvironment and other inflammatory 

molecules (Hamilton et al., 2014). On the one hand, MCSF increases the expression of 

CD40, TNFα, IL-6 and TGFβ1 in macrophages (Vogel et al., 2014). However, MCSF and IL-

4, IL-10, IL-13, or a mixture of these mediators induce anti-inflammatory function 

(Mantovani et al., 2004; Durafourt et al., 2012). Notwithstanding, microglia activation 

by MCSF can generate inflammatory response. Murphy et al. (1998) observed an 

increase in MCSF levels in AD which could magnify Aβ-induced production of microglial 

inflammatory cytokines and nitric oxide, which in turn could intensify the cerebral 

inflammatory state. Moreover, in experiments using neuronal-microglial co-cultures 

MCSF and 10 µM fibrillar Aβ treatments induced an enhancement of neurotoxicity 

mediated by ROS production (Li et al., 2004).  
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Under our experimental conditions, MCSF treatment promoted microglia 

towards a pro-inflammatory, rather than anti-inflammatory, phenotype. CD40 and pro-

inflammatory cytokines TNFα, IL-6 and TGFβ1 were upregulated in our transcriptomic 

analysis. However, the anti-inflammatory receptor MSR1 as well as CD36 gene 

expression was upregulated. CD36 protein levels, however, were downregulated. 

Interestingly, under Aβ-associated pathological conditions, MCSF seems to promote an 

anti-inflammatory status. MCSF treatment reduced the levels of IL-1β observed in the 

5XFAD ex vivo model and mitigated micro- and astrogliosis both ex vivo and in vivo in 

3xTg-AD mice. 

The complement system plays an essential role in maintaining brain homeostasis 

as it participates in host defense by quickly recognizing and eliminating pathogens, 

cellular debris, and misfolded proteins (Gomez-Arboledas et al., 2021). During 

development, the complement system participates on refining the synaptic circuits. This 

process is mainly mediated by microglia and the classical complement cascade (Stevens 

et al., 2007). Interestingly, in AD mouse models, C1q and C3 are highly upregulated, 

paralleling Aβ deposition (Reichwald et al., 2009). Furthermore, C4 has also been 

implicated in mediating synaptic removal (Sekar et al., 2016). Any role presumably 

played by MCSF in modulating the complement system is currently unknown. Our 

transcriptomic analysis showed that 1 µM oAβ was not sufficient to induce alterations 

in complement components, but MCSF decreased the expression of C2 and a led to a 

minor reduction in the expression of C3 and C4a genes. Although highly speculative, this 

may be consistent with our data supporting absence of microglial pruning in our in vitro 

AD model. We cannot discard the possibility that 24 h incubation leads to a complete 

degradation of synaptic components by microglía. Detailed studies are needed to 

further evaluate the role of MCSF in modulating the complement system. 

Overall, MCSF signaling seems very versatile, with potential to act in pro-

inflammatory or anti-inflammatory ways. Exogenous supplementation of MCSF shows 

beneficial results against Aβ-related pathology. 
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6. oAβ interferes with the MCSF-activated microglial response. 

Our results indicate that even though MCSF alone has the capacity to turn 

microglia into reactive cells, it generally induces a rather anti-inflammatory state, which 

is protective against pathology. 

However, our data also showed that the presence of oAβ interferes with the 

effect of MCSF in microglia, particularly in relation to MSR1 and Tyrobp expression and 

TFEB nuclear localization. While MCSF alone reduces the expression of microglial CSF-

1R, and increments the expression of microglial MSR1, Tyrobp, the presence of oAβ 

diminishes these effects. MCSF treatment increases nuclear TFEB localization, and again 

oAβ reduces this effect. Whether these observations are due to oAβ alone or to the 

dynamic, interchangeable roles played by MCSF under pathological conditions is not 

known.  

7. Exploring biomarkers for Alzheimer’s disease. 

Discovery of biomarkers for different stages of the diseases is of key importance 

in the development of more efficient therapies against AD.  

Previous reports described that, following MCSF treatment, CSF-1R induced a 

signaling cascade leading to degradation of the receptor by the proteasome (Guilbert 

and Stanley, 1986; Lee, 1999). Our in vitro results are consistent with this observation, 

since MCSF treatment reduced CSF-1R levels in microglia primary cultures, which is 

suggestive of receptor internalization and MCSF/CSF-1R axis activation. 

However, under AD pathological conditions, MCSF and/or CSF-1R levels are 

altered. Low levels of MCSF were measured in patients with MCI, which, together with 

low levels of other hematopoietic cytokines, predicted a rapid progression of the disease 

towards a dementia diagnosis (Ray et al., 2007; Hume and MacDonald, 2012). In 

contrast, a recent study reported increased mRNA expression of MCSF and CSF-1R in AD 

(Walker et al., 2017). According to our data, MCSF/CSF-1R axis is less activated in the 

post-mortem brain hippocampus of AD patients compared with healthy individuals since 

there is less ligand and more receptor available. Thus, the levels of MCSF are reduced 

whereas CSF-1R is increased. Although additional studies are needed, the use of 
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MCSF/CSF-1R axis as biomarker of AD may constitute a promising new avenue of 

research.  

Another potential biomarker proposed by our studies is TFEB. High levels of 

microRNA-128 (miR-128) (Lukiw, 2007), a microRNA that targets TFEB mRNA, have been 

reported in hippocampus of AD patients and that lower expression of TFEB and 

lysosomal genes (Sardiello and Ballabio, 2009). Moreover, increased phosphorylation of 

TFEB in AD is consistent with its observed progressive nuclear exclusion in brain samples 

from AD patients (Wang et al., 2016a). Our results also point towards TFEB levels being 

altered during the progression of AD. Although oAβ did not modified TFEB expression in 

vitro, TFEB protein expression was increased in hippocampus of AD patients at late Braak 

stages. Our in vitro experiments did show that TFEB expression increased in nuclear 

compartment after MCSF treatment, suggesting that MCSF promotes TFEB nuclear 

traslocation. Interestingly, oAβ abrogated this effect. Again, we see how the presence 

of Aβ interferes with MCSF-activated microglial function. Overall, TFEB expression is 

altered in AD and MCSF is able to modulate its activation in vitro. Further studies are 

necessary to understand the mechanism behind this activation. 

8. Are microglia beneficial or detrimental in AD?  

Different strategies have been used to evaluate the role played by microglia in 

AD. This project focuses on the MCSF/CSF-1R axis as a key modulator of microglia against 

AD progression. However, other strategies targeting CSF-1R have also yielded positive 

results. One of those strategies is based on the ablation of microglia. The specific CSF-

1R inhibitor PLX5622 eliminates microglia from brain parenchyma, preventing microglial 

association with plaques and improving cognition in aged 3xTg-AD mice (Dagher et al., 

2015). Absence of microglia prevent plaque formation in the 5XFAD mice (Spangenberg 

et al., 2019) . This strategy implies the removal of the microglia from CNS, a drastic and 

provocative strategy that could result in the loss of essential brain functions. Another 

approach targets microglia by inhibiting their proliferation. A selective inhibitor of CSF-

1R tyrosine kinase activity, GW2580, blocks microglia proliferation and shifts microglia 

towards an anti-inflammatory phenotype (Olmos-Alonso et al., 2016). This treatment 

slowed neuronal damage and disease progression in a mouse model of chronic 
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neurodegeneration (Gomez-Nicola et al., 2013). Importantly, these two strategies 

highlight the negative contribution of microglia to AD pathogenesis. A third strategy 

used by us and others, is based on the extracellular supplementation of MCSF. 

Boissonneault et al. (2008) previously reported the beneficial effects of MCSF in vivo on 

ameliorating cognitive performance and mitigating histopathology in APP/PS1 mice. 

Majumdar et al., (2011) showed that, surveillant microglia are not able to degrade 

fibrillar forms of Aβ efficiently unless they are treated with MCSF. Herein we report that 

exogenous supplementation with MCSF activates several microglial functions that 

mitigate Aβ-induced synaptic pathology, improve microglial surveillance, and reduce the 

inflammatory state in our AD models. This third strategy implies that microglia under 

pathological conditions contribute to the disease progression but can be targeted and 

modulated to act against it. 
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1. MCSF upregulates transcription and protein expression of a number of microglial 

receptors. The presence of oAβ partially reduces this effect for some of the receptors. 

2. MCSF modulates microglial inflammatory profile by effecting gene expression for a 

number of pro- and anti-inflammatory cytokines. 

3. MCSF contributes to the removal of both extracellular oAβ in vitro and Aβ plaques in 

vivo. 

4. Microglia are not able to improve synaptic pathology induced by synthetic oAβ unless 

activated by MCSF. 

5. MCSF treatment revert micro- and astrogliosis observed in adult 3xTg-AD model mice. 

6. Microglia surveillance and motility are reduced in AD, and MCSF mitigates this effect 

in ex vivo models. 

7. The use of the MCSF/CSF-1R axis as biomarker for AD may constitute an attractive 

new avenue of research. 

 

Altogether, the results included in this doctoral thesis suggest that MCSF 

treatment can modify transcriptomics and proteomics in microglia and therefore 

modulate important microglial functions, namely mainly, we studied Aβ clearance 

capacity, surveillance, and inflammation functions in MCSF-activated microglia. Overall, 

we have observed a number of beneficial effects promoted by MCSF treatment of 

microglia in the context of AD using a variety of models -in vitro, ex vivo and in vivo. 

Importantly, MCSF treatment in 3xTg-AD adult mice was shown to be beneficial in 

reducing Aβ plaque load, ameliorating synaptic pathology and mitigating micro- and 

astrogliosis. This suggests the MCSF/CSF1-R signaling cascade as a potential therapeutic 

target to treat AD. Additionally, considering that MCSF, CSF-1R and TFEB levels are 

altered in AD patients, their use as biomarkers for AD could constitute an attractive new 

avenue of research. The relevance of these findings to AD progression warrants further 

investigation. 
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