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1. ABBREVIATIONS  
 
Ab Amyloid-b 
ATP Adenosine Triphosphate 
BDNF Brain-derived Neurotrophic Factor 
CNS   Central Nervous System 
DAM Damage-Associated Microglia 
DAMPs Danger-Associated Molecular Patterns 
DG Dentate Gyrus 
EMPs Erythro-Myeloid Progenitors 
GABA Gamma-Aminobutyric Acid 
GAL-3 Galectin-3 
GDNF Glial cell line-Derived Neurotrophic Factor 
GFAP Glial Fibrillary Acidic Protein 
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GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor 
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IGF-1 Insulin-like Growth Factor-1 
IL Interleukin 
IL-10R IL-10 Receptor 
IL-6R IL-6 Receptor 
LPS Lipopolysaccharide 
LTP Long-Term Potentiation 
MBP Myelin Basic Protein 
MHC-II Major Histocompatibility Complex-II 
MRI Magnetic Resonance Imaging 
NGF Nerve Growth Factor 
NMDA N-Methyl-D-Aspartate 
NO Nitric Oxide 
NT-3 Neurotrophin-3 
NPCs Neural Stem Cells 

OPCs Oligodendrocyte Precursor Cells 

PAM Proliferating-Associated Microglia 
PAMPs Pathogen-Associated Molecular Patterns 
PRRs Pattern-Recognition Receptors 
PS Phosphatidylserine 
ROS Reactive Oxygen Species 
sIL-6R Soluble IL-6 Receptor 

TGFb Transforming Growth Factor-b 
TLRs Toll-Like Receptors 



 

2 

 
 

TNFa Tumor Necrosis Factor-a 
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2. ABSTRACT 
 

 

ging is a time-dependent physiological process that affects to all living organisms. In the 

central nervous system (CNS) this process is characterized by neuroinflammation and 

cognitive decline, being the main risk factor for developing neurodegenerative diseases. In this 

context, microglial cells play a fundamental role as the intrinsic immune cells of the CNS 

parenchyma. Microglia are continuously surveilling their surrounded microenvironment and they 

maintain the brain homeostasis regulating physiological and pathological processes. During 
aging, these cells undergo morphological and phenotypical changes probably due to the 

environmental modifications produced at this life stage. However, few is known about the 

influence of these microglial changes on age-related processes like increased load of cellular 

debris, decreased neurogenesis, synaptic impairments or myelin alterations. If cellular intrinsic 

factors govern the microglial alterations observed in the aged brain or age-associated 

environmental factors lead to changes in microglial properties, it is an issue that need to be deeply 

explored. For this purpose, we investigated the influence of a CNS microenvironment modulated 
by the chronic overexpression of either IL-10 or IL-6, two different cytokines with traditionally 

opposite properties that highly regulate microglia cells, on the microglial population during 

physiological aging. Adult and aged mice with astrocyte-targeted production of IL-10 or IL-6 and 

their corresponding wild-type (WT) littermates were used in this study. By different behavioral, 

biochemical and histological approaches, we evaluated physical and cognitive status of mice as 

well as changes in microglial population and their implication in processes altered during aging 

like phagocytosis and neurogenesis. No differences in animal survival were observed by chronic 

IL-10 or IL-6 overproduction. However, animals overexpressing IL-6 developed motor problems 
with aging. Our results showed that both cytokines induced an increased microglial activation and 

density along different brain areas of grey matter (GM) and white matter (WM) in adult mice. 

These changes were also observed by the effect of normal aging mainly in WM areas, suggesting 

an age-derived myelin damage. Specifically, aged WT mice showed a particular microglial 

phagocytic phenotype characterized by receptors involved in myelin recognition without changes 

in their phagocytic capacity of myelin. In addition, a decreased lipid oxidation restricted to highly 

myelinated areas was detected during aging. Interestingly, while microglial age-related changes 

were exacerbated in animals overexpressing IL-6, no modifications in the microglial phenotype 
or density upon aging were observed in animals overexpressing IL-10. However, neither IL-10 

nor IL-6 influenced on the reduction of lipid oxidation detected in WM areas. Together with 

microglial modifications, we observed a negative impact of both cytokines on the hippocampal 

neurogenesis since adulthood. Whereas IL-6 effect was probably exerted directly on neural 

precursor cells inhibiting their survival and differentiation, the absence of IL-10 receptor in these 

cells implied an indirect effect of IL-10 on the neurogenesis regulation. In this sense, microglia-

neuron communication, which is involved in neurogenesis, was similarly impaired by both normal 
aging and IL-10 overexpression. Hippocampal learning and memory impairments developed 
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usually at advanced ages, were also observed in adult animals overexpressing IL-10. In 

conclusion, IL-10 and IL-6 chronic overexpression differently impacts on the age-associated 

microglial responses, does not interfere with the myelin status and reduces the hippocampal 

neurogenesis during aging. 
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3. INTRODUCTION 
 
 

euroinflammation is one of the most common hallmarks in neurological disorders as well as 

in physiological aging. Whereas infiltration of peripheral immune cells depends on the type 

of pathology, microglial cells, as the intrinsic immune cells of the central nervous system (CNS) 

parenchyma, are always the first line of defense in any alteration of the CNS homeostasis. These 

cells are continuously surveying the neural tissue and exerting important functions in physiology 

and pathology. Changes in the local microenvironment determine the activation of microglia and 
lead to a wide variety of cellular phenotypes and specialized functions. Thus, during aging, where 

changes in the microenvironment are produced, microglial cells acquire a special identity towards 

a pro-inflammatory status. Remarkably, in addition to the beneficial role that microglia usually 

exert, exacerbation or prolongation of their pro-inflammatory status can result in tissue damage. 

For that reason, understanding the involvement of the microenvironment in microglial cells 

modification during physiological aging, it is an issue of relevance in neuroscience with a special 

interest in the contextualization of age-related neurodegenerative diseases. 
 

3.1. Microglial cells 
 

Microglia are the principal representant of the immune system within the CNS parenchyma. This 

cellular population was first described by the Spanish researcher Pío del Río-Hortega in 1919, 

giving name to the “third element” of the neural centers that Santiago Ramón y Cajal previously 

mentioned (del Río-Hortega, 1919a). In a series of four papers (Sierra et al., 2016), del Río-

Hortega recognized the distinctive mesodermal origin of microglia unlike neuroectodermal (del 
Río-Hortega, 1919c), their morphological changes in pathological situations (del Río-Hortega, 

1919b), and their phagocytic capacity (del Río-Hortega, 1919d). However, it was not until 1990 

when publications about microglia grew at an exponential rate in Pubmed. One century after their 

discovery, around 4,000 publications per year about microglia are generated.   

 

3.1.1. Origin and heterogeneity 

 

As already proposed del Río-Hortega, microglia present a different origin from the rest of the 
nervous system cells. However, the exact source of microglial population has been very difficult 

to clarify, and to date, it continues being studied. Initially, microglial ontogeny was believed to 

arise mostly from bone marrow-derived hematopoietic stem cells due to their myeloid lineage 

(Chan et al., 2007). It was in 2010 when microglial origin was attributed to myeloid precursors 

derived from the yolk sac, which invade the brain parenchyma through blood vessels between 

embryonic day 8.5 and 9.5 (Ginhoux et al., 2010). Some years later, it was demonstrated that 

most tissue-resident macrophages arise from erythro-myeloid progenitors (EMPs) developed in 
the yolk sac (Hoeffel et al., 2015; Gomez Perdiguero et al., 2015). Interestingly, whereas microglia 

N 



3. Introduction 

6 

 
 

are the unique tissue-resident macrophage that derive from early c-Myb- EMPs, the rest of tissue-

resident macrophages are derived from late c-Myb+ EMPs that first colonize the fetal liver, giving 

rise to fetal monocytes, and later invade the different tissues (Hoeffel et al., 2015). Like other 

tissue-resident macrophages, the microglial pool is self-renewed locally by proliferation without 

infiltration of circulating bone marrow-derived precursors or monocytes in the steady state and 

even after microglial ablation or some CNS insults (Ajami et al., 2007; Hashimoto et al., 2013; 
Bruttger et al., 2015; Askew et al., 2017). Nevertheless, the microglial proliferation rate in 

homeostasis is a controversial issue. It has been assumed that microglia are long-lived cells with 

a low proliferation rate that usually takes place during inflammatory conditions, indicating that a 

stable microglial population is maintained throughout life (Lawson et al., 1992). However, other 

studies have updated this issue showing that microglia are renewed several times by cell 

proliferation coupled to apoptosis, resulting in a stable but renewed microglial density over a 

lifetime (Askew et al., 2017; Réu et al., 2017).  

 
The yolk sac-derived origin of microglia confers them a special identity. Thus, engrafted 

hematopoietic stem cell-derived macrophages in the brain parenchyma acquire a microglia-like 

signature, but differs from that of microglia in some genes such as Sall1 and Gpr56 (Bennet et 

al., 2018; Cronk et al., 2018; Lund et al., 2018; Shemer et al., 2018). However, microglial identity 

is not only stablished by their ontogeny, the CNS microenvironment is also an essential factor to 

confer and maintain the unique microglial signature (Gosselin et al., 2014; Lavin et al., 2014; 

Bennet et al., 2020). This is demonstrated by studies reporting that cultured microglia undergo 
dramatic transcriptional changes (Bohlen et al., 2017; Gosselin et al., 2017), which are reverted 

when cells are transplanted in the brain parenchyma (Bennet et al., 2018).  

 

Moreover, CNS cues differ between cerebral regions and life stages, giving rise to different 

microglial phenotypes across brain areas and throughout life. The most evident region-specific 

microglial phenotypes are observed when compared white matter (WM) and grey matter (GM) 

areas, although microglial properties also differ between determined areas such as basal ganglia, 

hippocampus, cerebellum and subventricular zone (Lawson et al., 1990; de Haas et al., 2008; 
Olah et al., 2011; Böttcher et al., 2019; Tan et al., 2020). Microglial population heterogeneity is 

also observed throughout the lifespan, being the most diverse during developmental stages (Olah 

et al., 2011; Hammond et al., 2019; Masuda et al., 2019). Interestingly, microglial population in 

the postnatal brain shares characteristics with that of the aged brain and during disease (Li et al., 

2019).  

 
3.1.2. Properties and functions  

 

Microglial cells present specific cellular properties that given them the ability to play key roles in 

physiological and pathological processes of the CNS (Casano and Peri, 2015; Sierra et al., 2019). 

In Figure 1 are listed the main properties and functions attributed nowadays to microglia. 
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Figure 1. Microglial properties and functions. Arrows indicate the main cellular processes in 
which microglial cells are involved. Abbreviations: ROS (reactive oxygen species), NO (nitric 
oxide). Created by Biorender.com. 
 

 

The high motility of their processes and their wide repertory of proteins for sensing endogenous 
and exogenous ligands allow microglia to be continuously surveying the brain parenchyma and 

detect tissue disturbances (Nimmerjahn et al., 2005; Hickman et al., 2013). Thus, after recognition 

of infection, brain injury or neurodegeneration, microglia play a critical role modulating 

neuroinflammation thanks to specific cellular properties like their phagocytic capacity and the 

production of different soluble mediators. Clearance of cellular debris is one of the principal 

functions that microglia exert after an insult. They can phagocyte exogenous pathogens like 

viruses and bacteria, disease-associated protein aggregates, myelin debris, and apoptotic cells 

(Neumann et al., 2009). In addition to phagocyte, microglia can secrete anti-inflammatory 
cytokines and growth factors to repair the neuronal damage (Streit et al., 2005; Neumann et al., 

2009; Duarte Azevedo et al, 2020). Remarkably, when neurons are endangered, microglia are 

able to detach pre- and post-synaptic terminals to promote neuroprotection in a mechanism 
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termed “synaptic stripping” (Blinzinger and Kreutzberg, 1968; Trapp et al., 2007). Moreover, after 

pathogen invasion, microglia usually release toxic factors and pro-inflammatory cytokines to end 

with the infection. Although microglia represent the cells of the innate immune system in the CNS, 

they also participate in adaptative immune responses when is required. Thus, microglial cells can 

communicate with lymphocytes acting like antigen-presenting cells due to their ability to express 

MHC-II and costimulatory molecules (Almolda et al., 2011). However, it is important to highlight 
that although microglia play an important role in most neurological diseases, it is not possible to 

generalize the effect of these cells to all pathological situations but rather they respond in a very 

precise manner depending on the type, origin and duration of the insult.  

 

In addition to pathology, microglia are equally necessary under physiological conditions where 

they intervene in several processes, such as vasculogenesis, synaptic remodeling, 

myelinogenesis and neurogenesis, to maintain the CNS homeostasis. Along life, microglial 

processes directly monitor synapses participating in their remodeling by phagocytosis of synaptic 
elements (Wake et al 2009; Tremblay et al., 2010; Wu et al, 2015). Specifically, microglia engulf 

presynaptic structures instead of entire synapses, which is termed “trogocytosis” (Weinhard et 

al., 2018). In addition, microglial release of neurotrophic factors like BDNF is essential for a correct 

synaptic plasticity (Parkhurst et al., 2013). Due to the participation of microglia in synapses, the 

term “quad-partite” synapse has been introduced (Schafer et al., 2013). Moreover, microglia can 

modulate neuronal circuits phagocyting stressed-but-viable live neurons, in a mechanism termed 

“phagoptosis” (Brown and Neher, 2014). Microglia are also implicated in adult neurogenesis 
through engulfing apoptotic neural precursors cells (Sierra et al., 2010) and modulating the 

neurogenic niche by the secretion of soluble factors such as growth factors (Lichtenwalner et al., 

2001; Scharfman et al., 2005; Battista et al., 2006). Thus, depletion of microglia in the dentate 

gyrus (DG) inhibits adult neurogenesis due to a reduction of neuroblast survival (Kreisel et al., 

2019). On the contrary, microglial secretion of pro-inflammatory cytokines impacts negatively on 

neurogenesis (Monje et al., 2003; Cacci et al., 2005; Nakanishi et al., 2007; Carpentier and 

Palmer, 2009). Furthermore, a correct communication between microglia and neurons is 

necessary for the promotion of newborn cells. Supporting this, it has been shown that 
modifications of this communication lead to a different microglial activation resulting in adult 

neurogenesis alterations (Bachstetter et al., 2011; Vukovic et al., 2012; Varnum et al., 2015).  

 

Remarkably, microglial functions acquire a special relevance in critical life stages such as the 

postnatal development and aging. During brain development, microglia are involved in “synaptic 

pruning”, a process by which inappropriate synaptic connections are eliminated by C1q tagging 

and subsequent CR3/C3-dependent microglial phagocytosis (Paolicelli et al., 2011; Schafer et 
al., 2012). At this stage, the number of cortical neural precursor cells is also regulated by microglia 

limiting the production of new neurons (Cunningham et al., 2013). Similarly, myelinogenesis is 

modulated by microglial cells at postnatal stages, where a subset of proliferating-associated 

microglia (PAM) is reported in WM areas (Li et al., 2019). PAM present a specific phagocytic 
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phenotype involved in the removal of apoptotic oligodendrocytes (Li et al., 2019) and release IGF-

1 to promote oligodendrocyte precursor cells (OPCs) survival (Wlodarczyk et al., 2017). During 

aging, microglial function is especially important to clearance the age-related cellular debris and 

to modulate the characteristic neurogenesis decline. However, their function is less studied at this 

life stage and there is controversy whether they exert a detrimental or beneficial role in the aged 

brain. Microglial features during aging will be described in more detail in the 3.2. section of this 
Introduction. 

 

3.1.3. Regulation of microglial activation 

 

Microglial activation has been traditionally described as all or nothing, however, these cells are 

continuously active sensing the surrounded microenvironment with their motile processes to 

detect possible disturbances in the milieu (Davalos et al., 2005; Nimmerjahn et al., 2005). Part of 

this active surveillance is based on the communication that microglial cells establish with other 
cells of the CNS parenchyma, especially with neurons (Biber et al., 2007; Linnartz and Neumann, 

2013; Hu et al., 2014). 

 

In homeostatic conditions, neurons present on their surface and/or release “off signals” that 

interact with microglial receptors (Figure 2). These interactions lead to anti-inflammatory 

signaling pathways that maintain microglia in a homeostatic state (Biber et al., 2007; Linnartz and 

Neumann, 2013; Hu et al., 2014). The most important ligand-receptor couples that promote 
inhibitory signaling to microglia are: CX3CL1-CX3CR1 (Cardona et al., 2006), CD200-CD200R 

(Manich et al., 2018), CD47-SIRPa (Zhang et al., 2015) and CD22-CD45 (Mott et al., 2004). This 

inhibitory signaling can be also mediated by the neuronal release of trophic factors, such as 

BDNF, NGF, NT-3 and TGFb, to the extracellular space (Biber et al., 2007). Neuronal activity is 

another signal involved in the regulation of microglial function. During development, microglia 

modulate the neuronal circuits engulfing the less active synapses through the complement 

cascade (Schafer et al., 2012). Moreover, microglia detect neuronal activity in adulthood showing 

a prolongated cellular contact through their processes with highly active synapses (Wake et al., 

2009) and somas (Li et al., 2013). Neuronal ATP release play an important role in the recognition 

of this neuronal hyperactivity by microglia (Li et al., 2013; Dissing-Olesen et al., 2014; Eyo et al., 

2014; Badimon et al., 2020). Neurotransmitters also provide information about the neuronal 
activity, being mainly linked to anti-inflammatory signals for microglia (Pocock and Kettenmann, 

2007). Although neuron-microglia communication has been quite described in the last years, very 

few it is known about the dialogue between microglia and other brain resident cells. As an 

example, the astrocytic release of soluble molecules, such as TGFb (Schilling et al., 2001; Abutbul 

et al., 2012), GDNF (Rocha et al., 2012) and GABA (Lee et al., 2011), as well as the nitric oxide 
(NO) produced by endothelial cells (Katusic and Austin, 2014), are necessary to maintain 

microglia in a homeostatic state.  
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Figure 2. Microglial regulation. Neuronal “off” signals, neuronal “on” signals and microglial 
receptors are represented in green, yellow and red, respectively. Some molecules present in 
pathogens also constitute “on” signals. Arrows indicate molecules released by neurons.  
Abbreviations: BDNF (brain-derived neurotrophic factor), TGFb (transforming growth factor-b), 
C3R (complement receptor 3), PS (phosphatidylserine), TLRs (toll-like receptors), SRs 
(scavenger receptors). Created by BioRender.com. 
 
 
After brain injury or neurodegeneration, the constitutive “off signals” in neurons become altered 

and microglial responses are triggered. As example, CD47 decrease results in myelin 
phagocytosis (Zhang et al., 2015). In addition to disturbances of inhibitory signals, damaged 

neurons can induce the expression of “on signals” leading also to the activation of microglia 

(Figure 2). Thus, microglia recognize “find-me” signals, such as ATP and UTP, through their 

purinergic receptors and move towards the site of injury (Davalos et al., 2005; Chen et al., 2014; 

Castellano et al., 2016). Once in the damage site, microglia can recognize endogenous danger-

associated molecular patterns (DAMPs) through pattern-recognition receptors (PRRs), such as 

Toll-like receptors (TLRs), inflammasomes, phosphatidylserine (PS) receptors, complement 
receptors, scavenger receptors or mannose receptors (Hanisch and Kettenmann, 2007; Palm 

and Medzhitov, 2009; Lucin and Wyss-Coray, 2009). Moreover, PRRs can also recognize 

exogenous pathogen-associated molecular patterns (PAMPs), like viruses and bacterial 

components. Of importance, TREM-2 is one of the main microglial sensors due to the detection 

of damage-associated lipids, which are present in apoptotic cells, amyloid-beta (Ab) plaques and 

myelin debris, among others (Takahashi et al., 2005; Hsieh et al., 2009; Cannon et al., 2012; 
Wang et al., 2015). Recognition of DAMPs and PAMPs lead to microglial activation that usually 

is characterized by the release of cytokines and reactive oxygen/nitrogen species, as well as by 

the expression of molecules involved in antigen presentation. Damage-associated molecules can 

also act as “eat-me” signals promoting microglial phagocytosis. As example, apoptotic cells 
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expose PS on their surface leading to microglia engulfment. Moreover, as in the brain 

development, complement components induce microglial phagocytosis of synapses in pathology 

(Hong et al., 2016; Shi et al., 2017). Release of cytokines by brain resident or peripheral cells has 

also an important role regulating microglial responses. Regarding microglial phagocytic activity, 

pro-inflammatory cytokines, such as TNFa, IFNg and IL-1b, exert inhibitory effects on fibrillar Ab 

phagocytosis (Koenigsknecht-Talboo and Landreth, 2005), whereas IL-6 overexpression 

increases Ab plaques clearance (Chakrabarty et al., 2010). On the other hand, TNFa, IFNg and 

IL-10 enhance microglial phagocytosis of myelin in vitro (Smith, 1999). 

 
In general, the microenvironment composed by cellular and extracellular molecules is critical to 

the activation and regulation of microglial cells. Thus, disruption of constitutive molecules or the 

apparition of new ones lead to a wide variety of microglial responses. As is mentioned in 3.1.1. 

section, microglia diversity is determined by spatial and temporal external cues intervening in their 

activation. During aging, the milieu is altered and, therefore, microglial cells undergo specific 

changes.  

 

 
3.2. Aging 
 
Aging is a time-dependent physiological process that affects to all living organisms. It is 

characterized by genomic and metabolic changes at the cellular level, such as genomic instability, 

loss of protein homeostasis, mitochondrial dysfunction, and increase of inflammatory-mediators 

production, among others (López-Otín et al., 2013) (Figure 3).  

 

 
Figure 3. Principal cellular hallmarks of aging. Solid arrows indicate the consequences of 
altered cellular processes. Dashed arrows indicate the participation of altered cellular processes 
or their products in the triggering of other cellular alterations. Note that inflammasomes are mainly 
present in innate immune cells. Abbreviations: ROS (reactive oxygen species). Created by 
BioRender.com. 
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As consequence, telomere attrition, protein aggregation, increased production of reactive oxygen 

species (ROS), and a status of mild chronic inflammation denominated “inflammaging” are 

generated (Harman 1956; Franceschi et al., 2000; Salminen et al., 2012; López-Otín et al., 2013). 
ROS-production induced by oxidative stress can produce oxidative damage in lipids, proteins and 

DNA, as well as induce the NLRP3 inflammasome activation (Radak et al., 2011; Salminen et al., 

2012). In the CNS, these age-associated cellular changes give place to neuroinflammation and, 
ultimately, to neurodegeneration and cognitive decline (Halliwell, 1992; Berr et al., 2000; Mrak 

and Griffin, 2005; Radak et al., 2011).   

 
3.2.1. The aged brain  

 

The brain suffers anatomical modifications during aging. Studies of magnetic resonance imaging 

(MRI) have revealed a reduction especially in the volume of WM areas (Guttmann et al., 1998; 

Bartzokis et al., 2003; Hinman and Abraham, 2007), but also in specific brain regions such as the 
cerebellum, the hippocampus, and the prefrontal cortex (Salat et al., 2004; Raz et al., 2005) during 

aging. 

 

At the molecular level, the aged brain is characterized by microenvironmental changes produced 

by an imbalance between pro-inflammatory and anti-inflammatory mediators. The redox status is 

disturbed presenting reduced levels of endogenous antioxidants (glutathione, glutathione 

peroxidase, catalase, superoxide dismutase, etc.) and increased levels of ROS (Gupta et al., 
1991; Tian et al., 1998; Rodrigues Siqueira et al., 2005; Zhu et al., 2006; Radak et al., 2011). Of 

special relevance of this imbalance are the cytokines. While pro-inflammatory cytokines, such as 

IL-6, IL-1b, IFNg and TNFa, are increased during aging (Ye and Johnson, 1999; Maher et al., 

2004; Frank et al., 2006; Campuzano et al., 2009), anti-inflammatory cytokines, such as IL-10 

and IL-4, are decreased by age (Ye and Johnson, 2001; Maher et al., 2005; Nolan et al., 2005; 

Frank et al., 2006). Moreover, the expression of neurotrophic factors is reduced in the aged brain 
(Lee et al., 2000). The signaling by other anti-inflammatory mediators like corticoids, 

catecholamines and neurotransmitters may also be impaired during aging. As example, 

glucocorticoid receptor expression is reduced in the brain of old rats (Bizon et al., 2001; Kasckow 

et al., 2009; Mizoguchi et al., 2009) and a reduced number of inhibitory GABAergic interneurons 

has been reported in the hippocampus of aged mice (Gavilán et al., 2007). Thus, downregulation 

of anti-inflammatory signals together with upregulation of pro-inflammatory signals leads to 

neuroinflammation in the aged brain. Of note, long-term administration of anti-inflammatory drugs 
such as aspirin increases longevity in mice (Strong et al., 2008). 

 

Aging-associated neuroinflammation impacts on the different cell populations within the brain. 

Several studies have shown no differences in the number of neurons during aging, however, 

these cells undergo a loss of dendrite number and dendritic spines (Pannese, 2011). Moreover, 

aging drives to a dramatical reduction of neural stem cells in neurogenic niches (Rao et al., 2006; 

Klempin and Kempermann, 2007). Remarkably, in contrast with the reduced WM volume reported 
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in aged subjects (Guttmann et al., 1998; Bartzokis et al., 2003; Hinman and Abraham, 2007) as 

well as the alterations observed in myelin sheets (Safaiyan et al., 2016), the number of 

oligodendrocytes remains stable along lifetime (Tripathi et al., 2017). On the other hand, 

astrocytes and microglia increase their cellular density and become activated during aging in a 

regional-dependent manner. Astrocytes present a more reactive phenotype characterized by 

increased levels of GFAP, among other molecules, (Wu et al., 2005; Clarke et al., 2018). This 
increased astrocytic activation has been associated with microenvironmental changes mediated 

by microglial-secreted molecules (Clarke et al., 2018). As the intrinsic immune cells of the CNS, 

microglia play an essential role regulating neuroinflammation and can contribute to the cellular 

changes described in neural populations during aging (Elmore et al., 2018). Moreover, these cells 

are highly regulated by their surrounding environment, thus, they also undergo changes intimately 

related to the described pro-inflammatory milieu during aging. 

 

3.2.2. Microglial age-related changes 

 

It is widely known that microglial cells undergo evident changes during normal aging. However, 

whether these microglial changes are contributors for the inflamed aged brain, or they are 

consequences of the inflammatory and oxidative microenvironment stablished at advanced ages, 

it is still an important issue to be determined. Likely, microglia are modified by the specific altered 

landscape of the aged brain and, at the same time, they participate in this inflammatory status 

with the production of pro-inflammatory mediators and dysfunction of some relevant functions, 
such as efficient surveillance and phagocytosis. Thus, a neuroinflammatory loop is created in the 

CNS during aging. The main phenotypical and functional age-related changes described in 

microglia are listed in Figure 4.  

 

Morphologically, aged microglia present less and shorter processes than adult microglia (Sierra 

et al., 2007; Damani et al., 2011). In humans, “dystrophic” microglia showing deramification and 

spheroid formations in their processes has been observed (Streit et al., 2004). Additionally, by 

live imaging, a decrease of process motility in aged microglia has been demonstrated (Damani et 
al., 2011). These morphological changes could result in a deficient immunosurveillance of the 

neural parenchyma during aging. Supporting this notion, in response to laser-induced focal tissue 

injury, aged microglia failed to increase process motility and presented lower migratory velocity 

than adult microglia (Damani et al., 2011). Moreover, molecules related to the microglial 

“sensome” are modified during aging. While receptors that recognize endogenous ligands such 

as purinergic receptors and Siglech are downregulated, receptors involved in microbe recognition 

such as TLR2 are upregulated (Letiembre et al., 2007; Hickman et al., 2013). Additionally, 
microglial communication with neurons is altered during aging. Specifically, neuronal expression 

of molecules like CD200 (Frank et al., 2006; Lyons et al., 2007; Cox et al., 2012) and CX3CL1 

(Lyons et al., 2009; Wynne et al., 2010; Bachstetter et al., 2011; Vukovic et al., 2012) is decreased 

in aged rodents leading to microglial activation (Jurgens and Johnson, 2012). Thus, infusion of 
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CX3CL1 in the aged brain attenuates the age-related microglial activation (Lyons et al., 2009; 

Bachstetter et al., 2011). Although transcriptomical analyses have reported downregulation of 

homeostatic receptors like CX3CR1 in aged mice (Keren-Shaul et al., 2017; Krasemann et al., 

2017), modifications in the expression of microglial molecules involved in neuronal 

communication are few reported during aging.  

 

 
 

Figure 4. Main age-related phenotypical and functional microglial changes. Abbreviations: 
TLRs (toll-like receptors), DAM (damage-associated microglia), TNFa (tumor necrosis factor-a), 
NO (nitric oxide), ROS (reactive oxygen species), TGFb (transforming growth factor-b), BDNF 
(brain-derived neurotrophic factor), Ab (amyloid-b). 

 
 

Increased microglial cell number, which is associated with activation processes, has been also 

reported during aging in a local-dependent manner. Importantly, aged microglia are characterized 

by an activated phenotype with an increased expression of IBA1, MHC-II, CD86, CD11b and 

TLRs, among others (Perry et al., 1993; Frank et al., 2006; Letiembre et al., 2007; Hwang et al., 

2008). Some authors have associated this microglial phenotype with a “primed” state as 

consequence of different inflammatory stimuli throughout life that will lead to an exaggerated 

response after a second inflammatory stimuli (Franceschi et al., 2000; Cunningham et al., 2005; 
Niraula et al., 2017). Supporting this notion, aged microglial response to lipopolysaccharide (LPS) 

(Xie et al., 2003; Godbout et al., 2005; Sierra et al., 2007) or Escherichia coli (Barrientos et al., 

2006) stimulation is amplified compared with adult microglial response. Like density, microglial 

phenotype is altered differently depending on the brain region during aging (Grabert al., 2016). 
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Indeed, age-related microglial activation is higher in WM areas respect to GM areas, especially 

in terms of the expression of phagocytosis-associated markers (Sheffield and Berman, 1998; 

Sloane et al., 1999; Hart et al., 2012; Raj et al., 2017). At the transcriptomic level, a specific 

damage-associated microglia (DAM) signature has been identified during aging and 

neurodegeneration, which is characterized by the downregulation of Cx3cr1, Csf1r, Tgfbr1, 

Smad3, Hexb, P2ry12, Tmem119 and Sall1 genes as well as the upregulation of Apoe, Trem2, 
Clec7a, Lgals3, Itgax, Spp1, Axl, and Ccl2 genes, among others (Keren-Shaul et al., 2017; 

Krasemann et al., 2017). In this transcriptional profile, most of the characteristic genes are 

implicated in phagocytosis and lipid metabolism (Keren-Shaul et al., 2017; Deczkowska et al., 

2018).  

 

In addition to modifications in phagocytic receptors, aged microglia present lysosomal inclusions 

that have been associated with an altered phagocytic capacity (Vaughan and Peters, 1974; 

Tremblay et al., 2012; Safaiyan et al., 2016). Concomitantly, the lysosomal marker CD68 is 
increased in aged microglia (Perry et al., 1993; Wong et al., 2005). However, the knowledge about 

microglial functional phagocytosis during aging is poorly studied. Some ex vivo studies have 

reported deficits in Ab and beads ingestion by aged microglia (Nije et al., 2012; Ritzel et al., 2015). 

In concordance, Pluvinage et al. recently demonstrated that expression of CD22, a molecule 

upregulated in aged microglia, inhibits phagocytosis of myelin debris, Ab oligomers and a-

synuclein fibrils (Pluvinage et al., 2019). In this context, it would be of special interest to explore 

the effect of aging on microglial phagocytic function, especially in vivo, due to the accumulation 

of different substrates to eliminate in the aged brain.  

 

The activated microglial phenotype is accompanied by a differential “secretome” characterized 

by an increased production of pro-inflammatory cytokines, such as IL-1b, TNFa and IL-6 (Ye and 

Johnson, 1999; Godbout and Johnson, 2004; Sierra et al., 2007; Nije et al., 2012) as well as the 

release of NO and ROS (von Bernhardi et al., 2015). D-serine, which potentiates NMDA receptor-

dependent excitotoxicity, is also produced by aged microglia (Beltrán-Castillo et al., 2018). A more 

debatable issue is the secretion of anti-inflammatory cytokines by aged microglia. Specifically, no 

changes in microglial IL-10 production have been reported upon aging under basal conditions, 
but an increased production has been showed observed after LPS stimulation (Sierra et al., 2007; 

Henry et al., 2009). Moreover, the anti-inflammatory TGFb cytokine is increased by aged 

microglia (Sierra et al., 2007). On the other hand, BDNF is decreased in microglia during aging 

(Wu et al., 2020). Of note, microglia from aged brains present less levels of glutathione, an 

antioxidant molecule, compared with microglia from adult brains (Nije et al., 2012). 
 

3.2.3. Microglial role in age-dependent neurodegeneration 

 

Impaired immunoregulation in the CNS has been pointed as a key factor for developing age-

related neurological problems (Corona et al., 2012; Barrientos et al., 2015). As we previously 
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mentioned, microglial cells exert essential roles modulating processes like neuroinflammation, 

debris clearance, synaptic plasticity and neurogenesis, which are altered during aging and can 

contribute to neurodegeneration. Therefore, the changes observed in these cells during aging are 

proposed to be involved in age-related neurodegeneration (Lucin and Wyss-Coray, 2009; Elmore 

et al., 2018). 

 
Cellular debris, such as protein aggregates, myelin or apoptotic cells, are accumulated in the 

aged brain altering the homeostasis of the CNS parenchyma and leading to neuronal toxicity. 

Microglia, as the main phagocytes of the brain, play a critical role eliminating these products. 

Thus, alterations in their phagocytic capacity are proposed to lead to an inefficient removal of 

age-related cellular debris. Specifically, decreased phagocytosis of Ab peptides has been 

reported in aged microglia (Nije et al., 2012; Ritzel et al., 2015). Moreover, molecules involved 

in recognition and degradation of Ab are decreased in mouse models of Alzheimer’s disease 

during aging (Hickman et al., 2008). Interestingly, restoring microglial phagocytosis in healthy 

aged mice leads to cognitive function improvement (Pluvinage et al., 2019).  

 

Another feature of brain aging is an altered synaptic plasticity characterized by a reduction in 
synapses number and a decreased long-term potentiation (LTP), which contributes to age-related 

learning and memory deficits (Geinisman et al., 1986; Shi et al., 2015). Microglia, through their 

motile processes, regulate the number of synapses monitoring and engulfing synaptic 

components (Wake et al., 2009; Tremblay et al., 2010; Ji et al., 2013). However, if the reduced 

movement of microglial processes or the altered microglial phagocytic capacity reported during 

aging results in a dysregulation of synaptic activity, it is an unexplored issue. Interestingly, animals 

deficient of C3 preserve the number of synapses along life (Shi et al., 2015), indicating that 
microglial complement-mediated phagocytosis is involved in the aberrant loss of synapses during 

aging as it is observed in mouse models of Alzheimer’s disease (Hong et al., 2016; Shi et al., 

2017). Secretion of soluble mediators by microglia also interfere in synaptic modulation. Thus, 

the increased release of D-serine by aged microglia potentiates glutamate-induced excitotoxicity 

through NMDA receptors and promotes neurodegeneration and cognitive decline (Beltrán-

Castillo et al., 2018). Moreover, enhanced IL-1b expression has been associated with the 

suppression of LTP during aging (Lynch, 1998; Chapman et al., 2010; Frank et al., 2010). Further 

work to elucidate whether microglial cytokine expression during aging alter synaptic plasticity it 

would be required.  

 

Importantly, aging is the main factor affecting negatively the process of neurogenesis (Kuhn et 

al., 1996; Rao et al., 2006; Klempin and Kempermann, 2007). As it has been described in previous 

sections, microglia play an important role modulating this process throughout life by the secretion 
of soluble factors and the phagocytosis of apoptotic neural precursors. Since neuroinflammation 

is detrimental for neurogenesis (Ekdahl et al., 2003; Monje et al., 2003; Carpentier and Palmer, 

2009), microglia may affect negatively the formation of newly neurons by the pro-inflammatory 
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phenotype acquired during aging. However, although microglial phagocytic activity is altered 

during aging, no changes in the removal of apoptotic neural stem cells have been reported at this 

life stage (Sierra et al., 2010). On the other hand, the disrupted microglia-neuron dialogue 

observed during aging has an impact on the process of neurogenesis. Supporting this notion, 

infusion of CX3CL1 reverses the age-related decrease in neurogenesis (Bachstetter et al., 2011). 

Moreover, administration of CD200 restores neurogenesis in a mouse model of Alzheimer’s 
disease by suppressing microglial pro-inflammatory activation and increasing phagocytosis 

(Varnum et al., 2015). 

 

Ultimately, the accumulation of cellular debris, alterations in synaptic plasticity, and the reduction 

of new hippocampal neurons contribute to the characteristic age-related cognitive decline, 

pointing aging as the major risk factor for developing neurodegenerative diseases. However, 

whether microglial changes observed during aging are implicated in the onset or are the response 

to cognitive decline and disease, it is still a controversial issue. Indeed, as we previously 
mentioned, microglial cells are highly dependent on their local microenvironment, which is 

modified during normal aging. Remarkably, among all the molecules that shape the brain milieu, 

cytokines play a fundamental role in microglial regulation (Colton, 2009; Ramesh et al., 2013). 

 

 
3.3. Cytokines 

 
Cytokines are an extensive group of small proteins with pleiotropic functions that participate in 

cellular communication. In a simplistic classification, cytokines are classified in pro- and anti-

inflammatory. IL-1b, IL-6, TNFa, IFNg, IL-12, IL-18 and GM-CSF are related to exert pro-

inflammatory actions, whereas IL-4, IL-10, IL-13 and TGFb are referred to anti-inflammatory 

properties. Although they are usually produced by immune cells, other cells type from different 

tissues can also release them. In the CNS, neurons and glial cells are both cytokine producers 

and receptors (Sei et al., 1995; Vitkovic et al., 2000). Here, one of their main actions is the 

regulation of neuroinflammatory and neurodegenerative processes (Allan and Rothwell, 2001). 

During aging, this action is of special interest considering the reported microenvironmental 

changes towards a pro-inflammatory state in the brain. Several therapeutical approaches have 

been developed modulating cytokines towards neuroprotective actions. However, in vivo, a wide 
range of effects is observed for these cytokines depending on the route of administration or 

production, the target cell, the time of exposition and the physiological or pathological condition 

(Croxford et al., 2001; Ding et al., 2015). Indeed, several studies have described different 

functions of typical pro-inflammatory cytokines like IL-6, but also of typical anti-inflammatory 

cytokines like IL-10 in the CNS depending on the experimental design carried out. 
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3.3.1. Interleukin-10 

 

IL-10 is considered an immunoregulatory cytokine with anti-inflammatory properties in the 

periphery that appears to resolve inflammatory responses (Moore et al., 2001; Couper et al., 

2008). In the CNS, IL-10 is mainly released by astrocytes and microglia after activation (Ledeboer 

et al., 2002; Park et al., 2007; Lim et al., 2013). This cytokine exerts its effect through the binding 
to the IL-10 receptor (IL-10R), which triggers signaling cascades mediated by the JAK1/STAT3 

pathway (Moore et al., 2001; Hutchins et al., 2013). IL-10R has been reported in astrocytes, 

microglia, oligodendrocytes, and neurons (Ledeboer et al., 2002; Cannella and Raine, 2004; Zhou 

et al., 2009; Lim et al., 2013; Norden et al., 2014). However, results from our laboratory show 

that, in basal conditions, IL-10R is mainly restricted to neurons and astrocytes (Almolda et al., 

2015; Recasens et al., 2019). Importantly, several studies have associated IL-10 with a protective 

role in neurodegenerative diseases such as multiple sclerosis (Bettelli et al., 1998; Cua et al., 

2001), Alzheimer’s disease (Kiyota et al., 2012) and Parkinson’s disease (Arimoto et al., 2007; 
Schwenkgrub et al., 2013). By contrast, other studies have reported a detrimental role of IL-10 in 

these pathologies (Canella et al., 1996; Chakrabarty et al., 2015; Guillot-Sestier et al., 2015). 

Remarkably, the route of IL-10 administration/production is determinant for its actions as it has 

been shown for experimental autoimmune encepha1lomyelitis (Croxford et al., 2001; Cua et al., 

2001), traumatic brain injury (Knoblach and Faden, 1998) or excitotoxic spinal cord injury (Brewer 

et al., 1999). Interestingly, a recent study has demonstrated that modulation of IL-10R affinity can 

lead to different actions of the IL-10 signaling (Saxton et al., 2021). In physiological aging, few it 
is known about the role of this cytokine. Limited literature has reported contradictory results 

showing a decreased expression of IL-10 (Ye and Johnson, 2001; Frank et al., 2006) or no 

evidences of changes (Henry et al., 2009) in the aged brain. Regarding the IL-10 production by 

specific cells, unaltered microglial IL-10 expression has been reported during aging, however, the 

induction of this cytokine after an inflammatory stimulus such as LPS is increased by aged 

microglia (Sierra et al., 2007; Henry et al., 2009). Of note, it has been reported that aged 

astrocytes present a reduced IL-10R expression and responsiveness to IL-10 (Norden et al., 

2016). 
 

3.3.2. Interleukin-6 

 

IL-6 is classically considered as a pro-inflammatory cytokine involved in immune activation and 

sickness behavior, although anti-inflammatory properties have also been attributed to IL-6, 

pointing it as a pleiotropic cytokine (Schöbitz et al., 1995; Gadient and Otten, 1997; Bluthé et al., 

2000; Hunter and Jones, 2015). In the CNS, neurons, glial cells and endothelial cells can produce 
IL-6 and express the IL-6 receptor (IL-6R) (Schöbitz et al., 1993; Gadient and Otten, 1994; Reyes 

et al., 1999; Cannella and Raine, 2004; Erta et al., 2012). Interestingly, in addition to the classical 

IL-6 signaling mediated by the IL-6R located on the cell membrane and coupled to the gp130 

receptor subunit, IL-6R exists in a soluble form (sIL-6R) that binds to the ubiquitous gp130 protein 
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producing an alternative pathway termed trans-signaling (Kishimoto et al., 1995; Rose-John and 

Neurath 2004). Thus, in the presence of sIL-6R, IL-6 action can be exerted in all the cells. IL-6 

has been associated to contribute to major depression (Maes et al., 1993; Dowlati et al., 2010), 

schizophrenia (Smith et al., 2007; Potvin et al., 2008) and some neurodegenerative diseases like 

multiple sclerosis (Gijbels et al., 1995; Eugster et al., 1998; Samoilova et al., 1998) and 

Alzheimer’s disease (Hüll et al., 1996). However, other studies have reported that IL-6 

overexpression enhances Ab clearance in animal models of Alzheimer’s disease (Chakrabarty et 

al., 2010) and that IL-6 deficiency exacerbates Huntington’s disease phenotype (Wertz et al., 

2020). Moreover, a neuroprotective role of IL-6 in Parkinson’s disease has been observed (Müller 

et al., 1998; Bolin et al., 2002). Importantly, physiological aging is associated with high IL-6 levels 

in the serum (Wei et al., 1992; Ye and Johnson, 1999; Ershler and Keller, 2000; Godbout et al., 
2005) and in the brain (Ye and Johnson, 1999; Campuzano et al., 2009). Specifically, brain 

endothelial cells (Reyes et al., 1999) and glial cells (Xie et al., 2003; Sierra et al., 2007) from aged 

animals present an increased IL-6 production in vitro. 

 

 

 

Previous studies from our group have showed that chronic overexpression of either IL-10 or IL-6 

restricted to the CNS exerts an important impact on microglial and neuronal population of adult 
mice, demonstrating again the importance of the microenvironment in microglial function and 

responses. Specifically, mice with astrocyte-targeted IL-10 overexpression showed a distinctive 

microglial phenotype characterized by the upregulation of IBA1, CD11b, CD16/32 F4/80, and 

CD150 (Almolda et al., 2015). Interestingly, these mice also presented alterations in the neuronal 

population showing lower synaptic excitability and decreased LTP responses in the CA1-CA3 

hippocampal area (Almolda et al., 2015). On the other hand, mice with astrocyte-targeted IL-6 

overexpression were characterized by microglial activation together with neurodegeneration, 
learning impairment and reduced hippocampal neurogenesis (Campbell et al., 1993; Heyser et 

al., 1997; Vallières et al., 2002). Moreover, these animals showed increased levels of 

inflammatory mediators, such as acute-phase proteins (Campbell et al., 1993), metallothionein-I 

and -III (Hernández et al., 1997), and complement C3 (Barnum et al., 1996), in some brain areas. 

In this context, we found very interesting to study whether the changes observed by chronic IL-

10 and IL-6 overexpression in adult mice will have an impact on the process of normal aging and 

specifically on the characteristic microglial phenotype associated to this life stage
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4. HYPOTHESIS AND OBJECTIVES 
 

 

e hypothesize that changes in the CNS microenvironment by overexpression of specific 

cytokines will modulate the age-related microglial modifications, impacting on biological 

processes altered during brain aging such as phagocytosis and neurogenesis. 

 
The general objective of the present doctoral thesis is to evaluate the effect of local and chronic 

IL-10 and IL-6 overexpression on the principal microglial responses associated to physiological 
aging. 

 

Specific objectives: 

1. To study physical and behavioral general features of aging and the possible modifications 

induced by chronic and local IL-10 or IL-6 overexpression. 

2. To characterize the pattern of microglial activation and especially their phagocytic 

function along GM and WM areas during normal aging. 
3. To investigate putative effects of IL-10 and IL-6 overexpression on the microglial age-

related phenotype and especially on their phagocytic capacity. 

4. To evaluate the role of microglia in the clearance of aging-derived myelin debris and the 

implication of IL-10 and IL-6 overexpression. 

5. To analyze the impact of microglial cells on aged hippocampal neurogenesis under IL-10 

and IL-6 overexpression. 
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5. SUMMARY OF RESULTS AND DISCUSSION 
 

 

his doctoral thesis is the compendium of published studies that have been performed to 

expand the knowledge of microglial role during physiological aging and the influence of 

microenvironmental modifications in the aged brain. Specifically, we have focused on the effects 

that local production of IL-10 and IL-6 exert on microglial cells, which are notably altered during 

aging, and their subsequent impact on two crucial processes modified by the age and extremely 

regulated by microglia: phagocytosis and neurogenesis.  
 

For this purpose, two mouse transgenic lines on the C57BL/6J background with heterozygous 

overexpression of either IL-10 or IL-6 under the astrocytic GFAP promoter have been used. These 

transgenic mice denominated as GFAP-IL10Tg and GFAP-IL6Tg were previously generated and 

characterized by Almolda et al. (2015) and Campbell et al. (1993), respectively. Animals from 

both sexes and both genotypes with their corresponding wild-type (WT) littermates were grouped 

into adult (4-6 months old) and aged (18-24 months old) mice. Attending to the regional 
heterogeneity of microglial cells, brain regions of GM (cerebral cortex and hippocampus) and WM 

(corpus callosum and fimbria) areas were analyzed separately to evaluate microglial 

characteristics. Specifically, the DG was analyzed to study hippocampal neurogenesis.  

 

Most of the results obtained have been published in scientific journals and will be referred in the 

text as Article 1 (Sanchez-Molina et al., 2020, Biomolecules 10, 1099), Article 2 (Sanchez-Molina 

et al., 2021, Neurobiology of Aging 105, 280-295) or Article 3 (Sanchez-Molina et al., 2021, under 

review in Brain, Behavior, and Immunity). These articles are included as Annex I. Additional non-
published results of this thesis will be referred as Supplementary Figures, which are included as 

Annex II.  

 
5.1. General physical and behavioral status  
 
The general status of WT and transgenic animals in adulthood and aging was evaluated. Our 

observations showed no differences between genotypes in animal survival up to age of 24 months 

old. Body weight of GFAP-IL10Tg animals was similar to their WT littermates at both ages, 
however, aged GFAP-IL6Tg mice weighed less than aged WT (Supp. Figure 1). A reduced size 

of animals with overexpression of IL-6 was also reported in adult homozygous GFAP-IL6Tg mice 

(Campbell et al., 1993). Since IL-6 levels are unmodified in peripheral organs and serum of GFAP-

IL6Tg mice (Campbell et al., 1993; Giralt et al., 2013; Recasens et al., 2021), these data indicate 

that higher or chronic amount of IL-6 restricted to the CNS has a direct impact on the body weight. 

This effect could be attributed to the “sickness behavior”, a phenomenon importantly induced by 

IL-6 and characterized by a decreased intake of food, among other features (Schöbitz et al., 1995; 
Bluthé et al., 2000; Dantzer, 2006).

T 
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Behavioral analyses were performed in transgenic mice to measure general anxiety and 

locomotor activity (Article 3, Supp. Figure 2 and 3). In the corner test, animals overexpressing 

IL-10 showed a lower number of corners visited than WT animals in adulthood, indicating an 

increased neophobia (Article 3). This result was also observed by the effect of the age in WT 

mice. Moreover, aged GFAP-IL10Tg mice presented an increased grooming latency when were 

placed on the open field apparatus. However, no alterations in general anxiety-like behavior or 
locomotion, measured by the number of total rearings, the time in the center and the distance 

traveled during the 5 minutes of the open field test, were observed in GFAP-IL10Tg mice. On the 

other hand, a similar number of visited corners and a latency of grooming were observed between 

GFAP-IL6Tg and WT mice at both ages, indicating no alterations in neophobia by IL-6 

overexpression. Importantly, while the number of crossings was unchanged by age or genotype, 

the number of total rearings measured in the open field test was dramatically decreased in GFAP-

IL6Tg mice during aging (Supp. Figure 2). This result could suggest an increased anxiety in aged 

mice with IL-6 overexpression, however, the time spent in the center of the open field apparatus 
was considerably high in these animals. A more likely explanation for the low number of rearings 

during aging, would be an age-dependent affectation of general locomotion activity in GFAP-

IL6Tg mice, which was qualitative observed during the 5 minutes of testing in the open field. In 

concordance, tremor and ataxia were previously reported in GFAP-IL6Tg mice upon 6 months of 

age (Campbell et al., 1993). Therefore, we evaluated in detail the motor function of aged GFAP-

IL6Tg mice by specific quantitative tests (Supp. Figure 3). General sensorimotor features 

including balance, coordination and muscle function (measured by beam walking test, gait test 
and rotarod test) were impaired by IL-6 overexpression. Moreover, scoring for cerebellar ataxia 

(measured by ledge test, hindlimb clasping test, gait test and kyphosis) and Huntington’s disease 

(measured by neurobehavioral and physical assessments) phenotypes were significantly higher 

in aged GFAP-IL6Tg mice with respect to aged WT mice. In agreement, early IL-6 increase has 

been reported in motor-related disorders such as ataxias and Huntington’s disease (Björkqvist et 

al., 2008; Olejniczak et al., 2015; Raposo et al., 2017). Since cerebellum and thalamus are two 

of the main areas implicated in motor control and coordination (Ichinohe et al., 2000; Caligiore et 

al., 2017), the observed phenotypes in transgenic animals are probably induced by the particular 
high expression of IL-6 reported in these areas (Campbell et al., 1993; Quintana et al., 2009). In 

parallel with our study, other authors have demonstrated important cerebellar inflammation and 

volume loss together with motor problems in aged GFAP-IL6Tg mice (Gyengesi et al., 2019). 

Therefore, the chronic IL-6 production in particular CNS areas along life could be exacerbating 

the common motor problems that are usually developed with aging (Richwine et al., 2005) 

towards a phenotype similar to that of motor-related diseases.  

 
5.2. Cytokines levels in brain and serum 
 

Local microenvironment is a key point in the aged brain, which is characterized by an imbalance 

between pro-inflammatory and anti-inflammatory mediators (Cornejo and von Bernhardi, 2016). 
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Thus, in order to evaluate the possible alterations that transgenic mice present in their 

microenvironment, we analyzed the expression of the principal cytokines modified during aging 

by Luminex assay (Article 2 and 3).  

 

In adulthood, GFAP-IL10Tg and GFAP-IL6Tg mice presented higher IL-10 and IL-6 levels, 

respectively, than their counterparts WT mice in different brain areas. Interestingly, while 
overexpression of IL-10 did not induce alterations in the expression of other cytokines beyond IL-

10, IL-6 overexpression induced also an increase of cerebral IL-10 levels under basal conditions. 

These results suggest that chronic overexpression of the pro-inflammatory IL-6 cytokine may be 

counterbalanced for the promotion of life. Of note, only GFAP-IL10Tg mice showed cytokine 

modifications in the serum with increased IL-10 levels, pointing to a possible systemic action of 

this cytokine.  

 

During aging, the IL-10 and IL-6 levels observed in adult mice remained unaltered in different 
brain areas in all genotypes. These data contrast with a part of the literature reporting an increase 

of IL-6 levels in some areas of the normal aged brain (Ye and Johnson, 1999; Campuzano et al., 

2009). Age could be a determinant factor for differences in the cytokine amount. Thus, while 

studies reporting increased IL-6 levels were performed in animals around 24 months of age, we 

used around 21-month-old mice for the biochemical approach. Supporting this hypothesis, a study 

performed in 3-, 12-, 18- and 24-month-old mice showed no measurable expression of IL-6 in the 

first three ages, but an increase at 24 months of age (Terao et al., 2002). Additionally, Godbout 
et al. (2005) showed no differences of IL-6 levels in the brain of 20-24-month-old mice when 

compared to 3-6-month-old mice. Regarding to IL-6 cell production, some authors have reported 

an increased production of this cytokine by cultured brain endothelial cells (Reyes et al., 1999) 

and glial cells (Xie et al., 2003; Sierra et al., 2007; Nije et al., 2012) derived from aged animals. 

However, it must be considered that cellular cytokine secretion may differ from in vitro to in vivo 

conditions. A more robust data is published about increased IL-6 levels in the serum of elderly 

people and rodents (Wei et al., 1992; Ye and Johnson, 1999; Ershler and Keller, 2000; Godbout 

et al., 2005), which was also observed by our cytokine analysis. On the other hand, IL-10 dynamic 
during aging is poorly described with studies showing decreased (Ye and Johnson, 2001; Frank 

et al., 2006) or equal (Henry et al., 2009) IL-10 levels in the aged brain. In agreement with other 

authors (Henry et al., 2009), we showed that IL-10 levels in serum were also maintained during 

aging. Additionally, we measured IL-1b and TNFa as pro-inflammatory cytokines that have been 

reported to increase at advanced ages (Maher et al., 2004; Campuzano et al., 2009). 
Nevertheless, our analysis found that the levels of these cytokines were very low or undetectable 

in all experimental groups, suggesting no important changes in the IL-1b and TNFa production 

by age or genotype. 

 

In summary, possible differences between GFAP-IL10Tg and WT mice during aging will come 
given by increased levels of IL-10, whereas differences between GFAP-IL6Tg and WT mice could 
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be attributed to increased IL-10 and IL-6 levels. In both situations, the transgenic cytokine supply 

is present since adulthood and remains unchanged until aging despite the reported GFAP 

increase with age (Nichols et al., 1993; Kohama 1995; Wu et al., 2005).  

 

5.3. Microglial activation and density 
 
Microglial activation has been widely reported in normal aging by several markers (Perry et al., 

1993; Sierra et al., 2007; Cornejo and von Bernhardi, 2016). Our results obtained by IBA1 

immunostaining showed that, during aging, microglia from WM areas undergo a higher activation 

than microglia from GM areas (Article 2). In addition, morphological changes characterized by 

the presence of a larger soma and thicker processes were observed in aged microglia through 

the brain. Since infiltration of peripheral immune cells in the aging brain is very slight, we used 

PU.1 (a transcription factor of myeloid cells) to evaluate microglial cell density (Article 2). The 

number of PU.1+ cells was also upregulated during aging in a regional-dependent manner. Similar 
to IBA1, microglial cell density increase was higher in WM than in GM areas. Of note, we also 

observed microglial clusters specifically in WM areas of aged mice. All these results indicate an 

important microglial proliferation, which is usually associated with inflammatory processes, in WM 

areas during aging. Remarkably, although MHC-II expression is commonly associated with aging 

(Perry et al., 1993; Frank et al., 2006), this marker was absent throughout the aged brain in our 

study. MHC-II is a molecule involved in antigen presentation to T-cells and it usually appears in 

microglial cells after brain insults (Perry, 1998; Almolda et al., 2011). Along life, animals can suffer 
different infections leading to MHC-II apparition in the brain, however, it must be considered that 

experimental mice usually are maintained under sterile conditions. Thus, differences in MHC-II 

expression in aged mice could be due to the degree of sterility that present their animal’s facilities. 

 

In this thesis, we demonstrated that chronic IL-10 or IL-6 overproduction has an impact on 

microglial activation and density during aging (Article 2). Animals with IL-10 overexpression 

presented higher microglial activation and density than aged WT mice only in GM areas. 

However, when compared to aged WT animals, IL-6 overexpression exacerbated microglial age-
related changes regardless of the cerebral area. As in WT mice, no evidence of MHC-II 

expression was found in transgenic mice, suggesting no influence of IL-10 or IL-6 overproduction 

in the microglial antigen-presenting capacity during aging.  

 

Importantly, we showed that both cytokines led to an increased IBA1 immunostaining and PU.1+ 

cells number since adulthood in all the areas studied. However, the number of proliferating 

microglia in adult GFAP-IL10Tg (Almolda et al., 2015; Recasens et al., 2019) and GFAP-IL6Tg 
(Recasens et al., 2021) mice was unaltered respect to WT mice. Interestingly, an increased PU.1+ 

cell density has been also observed in transgenic mice at early postnatal stages (unpublished 

results), suggesting a higher entrance of microglial precursors into the brain parenchyma or a 

higher microglial proliferation during development. Considering that IL-10 has no effect on 
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microglial proliferation but inhibits microglial apoptosis (Sawada et al., 1999; Strle et al., 2002), 

GFAP-IL10Tg mice may present an increased microglial density due to a higher microglial 

survival during postnatal development. On the other hand, IL-6 induces microglial proliferation 

(Streit et al, 2000; Recasens et al., 2021). This cytokine action could be exerted at early stages 

leading to the higher microglial density observed in GFAP-IL6Tg mice. Moreover, previous results 

from our research group have showed an increased number of intraparenchymal monocytes in 
both transgenic lines, which could also intervene in the higher number of PU.1+ cells since 

postnatal stages (Recasens et al., 2019; Recasens et al., 2021). Since opposite properties 

regarding microglial activation have been traditionally attributed to IL-10 and IL-6, our 

observations showing similar effects concerning IBA1 expression on both adult transgenic mice 

may be unexpected. However, it must be taken into account that most of the effects described for 

these cytokines have been evaluated following acute exposure. In contrast, here we showed 

effects produced by chronic production of either IL-10 or IL-6 since the birth, which could be 

different from short-term effects of these cytokines. Moreover, independently of the cytokine, 
animals of both transgenic lines presented a disruption of the brain homeostasis since postnatal 

stages that is maintained throughout the life in a GFAP-dependent manner. Since alterations in 

the brain parenchyma alert and activate microglia, it could be expected to observe general 

changes on microglial population by IL-10 or IL-6 overproduction. In addition, we showed that 

GFAP-IL6Tg mice also present higher IL-10 levels, which could be counterbalancing the IL-6 

effect resulting in a similar effect to the observed by IL-10 overproduction. More importantly, here 

we described a similar microglial activation pattern in transgenic mice under basal conditions 
during adulthood, however, our previous results demonstrated that after a challenge this pattern 

differ depending on the cytokine-associated activation. As example, chronic IL-10 or IL-6 

overproduction leads to opposite lesion outcome after facial nerve axotomy (Almolda et al., 2014; 

Villacampa et al., 2015) and perforant pathway transection (Recasens et al., 2019; Recasens et 

al., 2021). Accordingly, in the present study we observed that the characteristic microglial 

modifications associated to aging differ between GFAP-IL10Tg and GFAP-IL6Tg animals. While 

GFAP-IL10Tg mice maintained the same microglial properties throughout life, GFAP-IL6Tg mice 

increased microglial activation and density upon aging. Thus, in the WM, where the age-related 
microglial changes are more prominent than in the GM, the effect of aging in WT animals was 

equal to that observed in GFAP-IL10Tg mice since adulthood. These results indicate that while 

normal age-related microglial activation and proliferation is observed in GFAP-IL6Tg mice, in 

GFAP-IL10Tg mice is inhibited. In agreement, previous studies from our group have shown that 

microglia from GFAP-IL10Tg mice undergo slight changes regarding activation and proliferation 

after perforant pathway transection (Recasens et al., 2019) and traumatic brain injury (Shanaki, 

2020) when compared to lesion-induced changes in microglia from WT mice.  
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5.4. Microglial phagocytosis 
 

Phagocytosis is a process that takes special relevance during physiological aging. At this life 

stage, accumulation of cellular debris, such as apoptotic cells, protein aggregates and myelin 

debris, can lead to inflammation and tissue damage (Mattson and Magnus, 2006). In the brain, 

microglia are the intrinsic phagocytes in charge of clearing cellular debris (Neumann et al., 2009; 
Fu et al., 2014) and modifications in this process have been reported during aging (Nije et al., 

2012; Ritzel et al., 2015; Safaiyan et al., 2016). 

 

5.4.1. Phagocytic phenotype 

 

A specific transcriptomic signature related to DAM has been identified in neurodegeneration and 

aging (Keren-Shaul et al., 2017; Krasemann et al., 2017). This signature is characterized by 

upregulation of genes involved in phagocytosis and lipid metabolism. Some of the most important 
genes related to phagocytosis that are enhanced in DAM are: Trem-2, Lgals3 and Itgax. 

Importantly, the induction of this transcriptomic profile is TREM-2-dependent. Our results 

corroborated the apparition of DAM markers in aged animals, however, in agreement with 

previous studies (Hart et al., 2012; Raj et al., 2017), differences in their pattern of expression 

were detected between cerebral areas (Article 2). TREM-2 was localized in the microglial soma 

from GM areas, indicating unfunctional expression, but along the microglial processes in the WM 

areas. Interestingly, Galectin-3 (encoded by Lgals3 gene) and CD11c (encoded by Itgax gene) 
were found exclusively in WM areas of aged mice (Article 2). TREM-2 is a microglial lipid sensor 

whose deficiency is linked to Nasu-Hakola disease (Paloneva et al., 2002) and impairments in 

myelin debris clearance by microglia after pathological demyelination (Poliani et al., 2015; Piccio 

et al., 2007). Moreover, TREM-2 is a key regulator of cholesterol metabolism derived from myelin 

phagocytosis (Nugent et al., 2020). In a similar way, Galectin-3 (GAL-3) is a microglial 

carbohydrate receptor that recognizes myelin debris and is necessary for their phagocytosis 

(Rotshenker et al., 2008), being induced in demyelination processes (Reichert and Rotshenker, 

1999; Hoyos et al., 2014). Additionally, GAL-3 promotes oligodendrocyte differentiation (Pasquini 
et al., 2011). CD11c+ microglia have been also found in demyelinating conditions (Remington et 

al., 2007; Wlodarczyk et al., 2014) and during postnatal myelinogenesis (Wlodarczyk et al., 2017). 

Considering the specific expression of TREM-2, GAL-3 and CD11c in WM areas of aged mice 

and taking into account the role of these receptors in myelin debris recognition, we hypothesized 

an aging-derived myelin deterioration and the need of a specialized microglia in the recognition 

and phagocytosis of myelin debris. In parallel with our study, Safaiyan et al. (2021) showed similar 

results by single cell RNA-sequencing. Safaiyan and collaborators identified a specific 
transcriptomic profile of aged microglia in WM areas, being dependent of TREM-2 expression 

and characterized by phagocytic markers. This microglial population, which is different to the 

already described DAM subset, has been denominated white matter-associated microglia (WAM) 

and proposed to be engaged in phagocyting age-related degenerated myelin (Safaiyan et al., 
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2021). Previous data support this assumption showing an increased number of microglia with 

internalized myelin fragments during aging (Safaiyan et al., 2016). 

 

In this study, we also demonstrated that chronic modifications in the microenvironment can exert 

changes in WAM related to aging (Article 2), suggesting possible effects on the removal of age-

derived myelin damage as we will explain in detail in the 5.5. section. Specifically, similar to 
microglial activation, we demonstrated that IL-10 overexpression precedes but maintains the 

microglial phagocytic phenotype upon aging, whereas IL-6 overexpression enhances this 

phenotype in aged animals.  

 

GFAP-IL10Tg mice presented an early TREM-2 and GAL-3 apparition since adulthood that could 

suggest an anticipated myelin damage by chronic IL-10 overproduction. Although IL-10 

expression is usually associated with improvement of myelin disorders such as experimental 

autoimmune encephalomyelitis, there are contradictory results depending on its route of 
administration (Beebe et al., 2002). In support with our hypothesis, transgenic overexpression of 

IL-10 in neural tissues leads to demyelinating polyneuropathy mediated by macrophage infiltration 

(Dace et al., 2009). Remarkably, we also observed an increased number of infiltrated 

macrophages in GFAP-IL10Tg mice (Article 3). As we observed for IBA1, TREM-2 and GAL-3 

expression was barely modified upon aging in GFAP-IL10Tg mice. Therefore, IL-10 

overproduction enhances microglial activation and their phagocytic phenotype in adulthood, but 

it mitigates the effect of normal aging. In this case, we could again suggest that the microglial 
response to age-related myelin damage is stopped by IL-10 overproduction. Interestingly, the 

original concept of microglial “priming” described as an amplified microglial response to a second 

inflammatory stimulus (Franceschi et al., 2000; Cunningham et al., 2005), it has been recently 

integrated as a type of microglial “innate immune memory” (Neher and Cunningham, 2019). 

Depending on the initial stimulus, microglia can become “primed” or “desensitized”, leading to a 

stronger (immune training) or weaker (immune tolerance) response to a second inflammatory 

insult, respectively (Neher and Cunningham, 2019). Thus, the early induction of age-related 

microglial markers in mice overexpressing IL-10 may lead to a “desensitized” microglia, which 
show “tolerant” responses to aging. On the other hand, CD11c expression was absent in GFAP-

IL10Tg mice throughout life, indicating that IL-10 overproduction exerts an inhibitory effect on the 

CD11c population. This is in agreement with results showing that CD11c induction after perforant 

pathway transection is downregulated by the effect of IL-10 (Recasens et al., 2019). In contrast 

to the observed under chronic IL-10 overexpression, WAM phenotype in GFAP-IL6Tg mice was 

slightly visualized during adulthood. During aging, IL-6 overproduction exacerbated TREM-2 and 

GAL-3 expression especially in the fimbria. The higher activation on aged microglia from GFAP-
IL6Tg mice could be attributed to a “primed” microglia induced by IL-6 overexpression since 

postnatal stages. Indeed, microglial priming has been already reported in the aged brain and IL-

6 has been described as a key contributor to this process (Garner et al., 2018; Godbout et al., 

2005; Norden and Godbout, 2013). Thus, microglial cells from GFAP-IL6Tg mice could exert 
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“trained” responses to aging exacerbating their phagocytic phenotype. In agreement, after 

anterograde axonal injury, GFAP-IL6Tg mice showed higher TREM-2 induction compared to WT 

mice (Manich et al., 2020). However, TREM-2 is downregulated after retrograde axonal injury 

(Manich et al., 2020) and cuprizone-induced demyelination (Petković et al., 2016) in GFAP-IL6Tg 

mice, indicating an injury-dependent control of this receptor. More studies to elucidate the role of 

IL-10 and IL-6 in phagocytic receptors such as TREM-2 and GAL-3 would be required.  
 

5.4.2. Phagocytic capacity 

 

To deepen in microglial phagocytic activity, we analyzed CD68 expression (Article 2), a molecule 

expressed in lysosomes of phagocytic cells, being upregulated in the digestion process. As 

previously reported (Perry et al., 1993; Wong et al., 2005), we observed a different lysosomal 

activity in aged microglia respect to adult determined by increased CD68 expression. Similar to 

our observations in TREM-2, while in GM areas CD68 was localized in the microglial soma during 

aging, in WM areas this molecule was homogeneously increased in microglial soma and 
processes. The observed differences in the CD68 expression pattern between GM and WM 

reinforce the presence of regional-dependent phagocytic changes in aging. CD68 inclusions 

observed in GM could be related to an inefficient phagocytic capacity to degrade the lysosomal 

content as it has been suggested by some authors (Vaughan and Peters, 1974; Mosher and 

Wyss-Coray, 2014). In contrast, the pattern of CD68 along the microglial processes observed in 

WM could mean a high and functional phagocytic activity. Interestingly, our results showed that 

both IL-10 and IL-6 overexpression induced, since adulthood, the same pattern of CD68 

expression as the observed in the WM areas of WT aged mice regardless of the cerebral area. 
This pattern was maintained in aged GFAP-IL10Tg mice and exacerbated in aged GFAP-IL6Tg 

mice. As result, microglial lysosomal activity in WM areas was unchanged by IL-10 

overexpression and increased by IL-6 overexpression during aging. 

 

To evaluate whether the specific WAM phenotype was linked to modifications in the functional 

microglial phagocytosis, we performed a myelin phagocytosis assay by flow cytometry (Article 
2). Our results showed that the percentage of microglia able to phagocyte myelin and their 
individual phagocytic capacity were similar between adult and aged mice. These data argued for 

the presence of a specific WAM during aging due to a high phagocytic demand rather than to 

microglial age-related intrinsic changes in their phagocytic capacity. In contrast with our results, 

decreased phagocytosis of Ab peptides and fluorescent beads has been reported in aged 

microglia ex vivo (Nije et al., 2012; Ritzel et al., 2015). It would be important to take into account 

that depending on the product to phagocytose, age-related changes in phagocytosis could be 
different. Moreover, microglial phagocytic capacity could be different depending on the brain area. 

In fact, whereas the mentioned works were performed in the whole brain, we studied this feature 

specifically in microglia from the corpus callosum, where we described distinctive age-related 

microglial characteristics compared to other brain areas. Thus, this study showed that phagocytic 
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function of WAM is maintained during aging for myelin products. However, both IL-10 and IL-6 

transgenic overexpression led to intrinsic changes in aged microglial cells towards a higher 

phagocytic capacity when are exposed to myelin ex vivo (Article 2). In agreement, IL-10 has 

been reported to stimulate myelin phagocytosis in cell cultures (Smith, 1999) and, although IL-6 

effect on myelin phagocytosis has not been reported before to our knowledge, overexpression of 

IL-6 increases the clearance of Ab plaques by microglia (Chakrabarty et al., 2010). In contrast to 

GFAP-IL10Tg mice, the increased microglial phagocytic capacity in GFAP-IL6Tg mice was 

observed since adulthood. 

 

Taken together, we showed that the specific phagocytic phenotype observed in microglia from 

WM areas during aging is not clearly correlated with changes in their intrinsic phagocytic capacity. 
These data suggested that the microglial shift to a phagocytic phenotype in WT mice during aging 

is dependent on local signals, such as possible myelin damage, instead of an age-related change 

at the cellular level. On the other hand, chronic IL-10 and IL-6 overexpression exerted intrinsic 

cellular modifications on microglia increasing their phagocytic capacity of myelin ex vivo. Thus, 

we hypothesized that GFAP-IL10Tg and GFAP-IL6Tg mice could present differences in the 

clearance of age-related myelin debris when compared with WT mice. To prove that, next we 

evaluated the relationship between WAM and the presence of possible myelin alterations during 

aging. 
 
5.5. Myelin and lipid status 
 

Cerebral WM lesions are a common feature of elderly people (de Leeuw et al., 2001). Moreover, 

reduction of WM volume has been widely reported in humans during aging by MRI (Guttmann et 

al., 1998; Bartzokis et al., 2003; Hinman and Abraham, 2007) and decreased myelin amount has 

been showed in aged dogs by histological analysis (Chambers et al., 2012). However, a less 
evident data about age-related WM alterations have been reported in mice until the date. As main 

finding, Safaiyan et al. (2016) showed extracellular myelin fragments in the optic nerve of aged 

mice by electron microscopy. Following our finding of a specific phagocytic microglial phenotype 

in WM areas of aged mice, we tried to clarify the effect of aging on myelin and elucidate whether 

the observed modifications in microglia by IL-10 or IL-6 overexpression, especially in relation to 

the phagocytic phenotype, could influence in this issue.  

 

Evaluation of principal protein and lipid composition by MBP and luxol fast blue analysis, 
respectively, showed a similar staining along the different ages and genotypes, indicating that no 

evident demyelination is produced during aging in mice (Article 2). However, less evident 

features affecting the integrity or composition of myelin without modifying the total amount could 

be happening. Due to the rich lipid content of myelin and the upregulation of genes related to lipid 

metabolism in DAM, we evaluated the lipid status of the aged brain by Fourier-transform infrared 

microspectroscopy based on synchrotron radiation, a useful and precise methodology to study 
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tissue biochemical properties (Baker et al., 2014). Before to study biochemical differences by age 

or cytokines depending on the cerebral area, we performed a comparative study between GM 

and WM with this method to define physiological parameters in these areas (Article 1). In both 

mouse and human samples, we demonstrated a different infrared profile between brain areas. 

Specifically, WM showed higher absorbances than GM in the lipid region, indicating a higher 

amount of this component, although lipid oxidation measured by carbonyl (C=O) and unsaturated 
olefinic (C=CH) groups was lower than in GM. Moreover, we established a lipid/protein threshold 

value to discriminate between GM and WM under basal conditions. Values higher than 1.5 for the 

lipid/protein (CH2/Amide I) ratio were related to WM areas. Therefore, we proposed that values 

under 1.5 corresponding to infrared measures from WM areas indicate important tissue 

biochemical composition alterations. Supporting this, we showed that the corpus callosum of 

animals treated with cuprizone for 5 weeks, when the major demyelination is reached, presented 

values lower than 1.5 for this ratio as well as increased values of lipid oxidation when compared 

with untreated mice (Supp. Figure 4). Next, we evaluated possible differences in lipid amount 
and lipid oxidation due to the effect of the age or the genotype in WT, GFAP-IL10Tg and GFAP-

IL6Tg mice (Article 2). Contrary to the observed after cuprizone-induced demyelination, the 

values corresponding to the lipid/protein ratio were within the threshold established for GM and 

WM in all the groups studied, suggesting an absence of important demyelination by age or 

genotype. Regarding lipid oxidation, we demonstrated a regional-dependent decrease of carbonyl 

groups (C=O/CH2), indicative of a lower oxidation, specifically in WM during aging. This result 

was in contrast with previous literature reporting increased lipid oxidation in the aged brain (Ando 
et al., 1990; Leutner et al., 2001; Clausen et al., 2010). The methodology performed in these 

studies using mainly homogenates of the whole brain in contrast to our tissue non-destructive 

methodology measuring specific areas of the brain, is probably responsible for the discrepancies 

in the results. Taking into account the presence of phagocytic microglia in WM areas during aging, 

a removal of oxidized lipids followed by their renovation could be taken place at this life stage, 

making difficult to detect lipid oxidation. In agreement, a higher lipid turnover of myelin has been 

reported in the aged brain (Ando et al., 2003). Interestingly, despite the differences observed in 

microglia, transgenic overexpression of IL-10 or IL-6 did not influence significantly in the lipid 
status reported during physiological aging. This was in contrast to the association of high IL-6 

levels with lower WM integrity in older individuals (Bettcher et al., 2014) and myelin disorders, 

such as transverse myelitis (Kaplin et al., 2005) or neuromyelitis optica (Uzawa et al., 2010). Of 

note, GFAP-IL10Tg mice showed a tendency of higher lipid oxidation than WT mice in adulthood, 

which could be related with the early apparition of phagocytic receptors such as TREM-2 and 

GAL-3 in these animals.  

 
In conclusion, although histological changes in myelin were undetected, we showed a correlation 

between a microglial phagocytic phenotype and a decrease of lipid oxidation during aging. 

However, despite the observed differences in microglia from GFAP-IL10Tg and GFAP-IL6Tg mice 

as compared to WT, lipid oxidation was similar in all genotypes. Importantly, we cannot predict 
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whether the less content of oxidized lipids during aging is the result of the specialized age-related 

WAM or rather the cause that leads to this microglial shift. In Figure 5 the main changes observed 

in WM areas of WT, GFAP-IL10Tg and GFAP-IL6Tg mice during aging are summarized.  

 

 
Figure 5. Main changes observed in the corpus callosum of WT, GFAP-IL10Tg and GFAP-
IL6Tg mice during aging. Cells represent microglia from WT (grey), GFAP-IL10Tg (blue) and 
GFAP-IL6Tg (pink) mice in the corpus callosum. Heatmaps represent the content of carbonyl 
groups (warm colors), as indicative of lipid oxidation, in the corpus callosum. Created by 
Biorender.com. 
 
 

These findings should be not misunderstood as that IL-10 or IL-6 overproduction does not 
influence in processes related to myelin damage. In fact, in pathological situations, both IL-10 and 

IL-6 have been demonstrated to have an important impact in the myelin outcome. For example, 

our results showed that, after acute demyelination induced by cuprizone, GFAP-IL10Tg mice 

presented a delay in microglial activation after cuprizone treatment, resulting in a higher myelin 

conservation than the observed in WT mice (Supp. Figure 5). On the other hand, GFAP-IL6Tg 

mice exhibited an inefficient removal of myelin debris by microglia together with impaired 

oligodendrocyte differentiation (Petković et al., 2016). IL-10 and IL-6 also exert an important role 

in animal models of multiple sclerosis. Several studies have shown that IL-10 overexpression 
confers disease resistance (Rott et al., 1994; Bettelli et al., 1998; Cua et al., 1999; Cua et al., 

2001), however, the route of IL-10 delivery can result in different therapeutic outcomes (Croxford 

et al., 2001; Cua et al., 2001). Interestingly, GFAP-IL6Tg mice develop an atypical experimental 

autoimmune encephalomyelitis redirected to the cerebellum (Quintana et al., 2009; Giralt et al., 

2013). In addition to pathological situations, our group has observed a different postnatal 

myelination in GFAP-IL10Tg and GFAP-IL6Tg mice as compared to WT. Specifically, transgenic 

mice presented the same number of Olig2+ cells but higher MBP+ myelin amount than WT mice 

during primary myelination, suggesting a role of chronic IL-10 and IL-6 overexpression in the 
maturation of OPCs (unpublished results). Therefore, it is important to mention that the effects of 

these cytokines in myelin-related processes can be different depending on the type of myelin 

alteration. 
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5.6. Hippocampal neurogenesis and memory 
 
Aging is characterized by cognitive impairment and progressive dementia. This feature has been 

associated with loss of myelinated axons and changes in the neuronal population (Tang et al., 

1997; Shobin et al., 2017). Specifically, hippocampal neurogenesis is dramatically affected by 

aging (Kuhn et al., 1996; Bondolfi et al., 2004; Kuipers et al., 2015) and the subsequent reduction 
of new neurons in the dentate gyrus is related to learning and memory deficits associated to this 

life period (Drapeau et al., 2003; Van Praag et al., 2005; Villeda et al., 2011). In our studies we 

showed that, in addition to aging, chronic overproduction of both IL-10 and IL-6 reduced 

hippocampal neurogenesis since adulthood (Article 3 and Supp. Figure 6). Importantly, the 

effect of aging was superior to the effect of IL-10 or IL-6 on the reduction of new neurons. 

 

Inflammation is considered detrimental for the generation of new neurons and several studies 

have reported a negative effect of IL-6 on this process (Vallières et al., 2002; Ekdahl et al., 2003; 
Monje et al., 2003). Of note, a role for IL-6 in inducing neural stem cells (NSCs) differentiation 

into astrocytes rather than neurons has been observed (Nakanishi et al., 2007). Oppositely, 

neurogenesis is increased in situations where IL-6 is upregulated such as after seizures or 

cerebral ischemia (Parent et al., 1997; Liu et al., 1998; Nakagawa et al., 2000). However, in these 

pathological situations, IL-6 expression was restricted to a short period together with other brain 

damage-derived factors that could be counteracting the negative effect that this cytokine may 

exert in neurogenesis. In concordance with previous studies in young mice (Vallières et al., 2002; 
Campbell et al., 2014), we reported a decreased hippocampal neurogenesis in adult and aged 

GFAP-IL6Tg mice with respect to their corresponding WT littermates (Supp. Figure 6). This 

result, together with a reduced LTP in the DG (Bellinger et al., 1995), correlates with a progressive 

age-related decline in avoidance learning (Heyser et al., 1997). Moreover, our results showed a 

tendency of spatial memory impairment in aged GFAP-IL6Tg mice using the T-maze test (Supp. 
Figure 6).  

 

On the other hand, some studies have reported a beneficial role of anti-inflammatory cytokines in 
the promotion of new neurons (Aharoni et al., 2005; Butovsky et al., 2006; Kiyota et al., 2010; 

Kiyota et al., 2012). However, our results showed that adult GFAP-IL10Tg mice present an 

important hippocampal neurogenesis reduction (Article 3). Similarly, a reduced number of 

neuroblasts in the subventricular zone was reported by IL-10 administration (Perez-Asensio et 

al., 2013). In concordance with the impaired neurogenesis detected, we demonstrated age-

related hippocampal cognitive deficits in adult mice overexpressing IL-10 as determined by the 

T-maze and the Morris water maze (Article 3). These results were in agreement with the 
decreased excitability of hippocampal CA1-CA3 synapses and the altered LTP response 

previously described in GFAP-IL10Tg mice, indicating deficits in synaptic plasticity (Almolda et 

al., 2015). Thus, we could link chronic IL-10 overexpression with a detrimental effect on the 

neuronal population in physiology despite its assigned anti-inflammatory and neuroprotective 
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properties. Moreover, in line with our findings, it has been reported that IL-10 overexpression 

exacerbates hippocampal-dependent memory impairment (Chakrabarty et al., 2015), whereas IL-

10 deficiency partially restores this cognitive deficit (Guillot-Sestier et al., 2015) in mouse models 

of Alzheimer’s disease. 

 

Although the final output of neurogenesis was the same in both transgenic lines, with a ~40% 
less of neuroblasts in adulthood, the causes leading to this reduced neurogenesis differed 

between genotypes. While IL-6 overexpression negatively affected the NSCs proliferation, 

survival, and neuronal differentiation (Vallières et al., 2002), IL-10 overexpression affected the 

NSCs survival without altering their proliferation (Article 3). Although the transmembrane IL-6R 

has been found in the granular cell layer of the DG (Gadient and Otten, 1995; Vallières and Rivest, 

1997), is rarely expressed in NSCs (Islam et al., 2009). However, IL-6/sIL-6R complex has been 

shown to bind to NSCs and induce their differentiation (Islam et al., 2009). Moreover, defective 

hippocampal neurogenesis in GFAP-IL6Tg mice is rescued blocking the IL-6 trans-signaling 
mechanism mediated by sIL-6R (Campbell et al., 2014). Thus, neurogenesis impairment in 

GFAP-IL6Tg mice is probably produced by a trans-signaling effect of IL-6 on NSCs. On the other 

hand, our results demonstrated that, although some neurons and astrocytes do, NSCs of the DG 

did not express IL-10R (Article 3). These findings indicate that while IL-6 probably acts directly 

on NSCs, the influence of IL-10 in neurogenesis must be indirect by changes produced in other 

cell populations.  

 
5.7. Neuron-microglia interactions  
 

Microglial cells play an important role modulating neurogenesis, which is affected in aging and 

neurodegeneration (Aarum et al., 2003; Carpentier and Palmer, 2009; Al-Onaizi et al., 2020). 

Therefore, microglial age-related alterations are proposed to interfere in the neurogenesis decline 

produced at advanced ages. In this sense, an important factor for neurogenesis regulation is the 

neuron-microglia communication (Bachstetter et al., 2011; Vukovic et al., 2012; Varnum et al., 

2015), which is disrupted during aging (Jurgens and Johnson, 2012). As we mentioned in the 
previous section, IL-6 effect on neurogenesis is probably given to a direct effect on NSCs, 

whereas IL-10 effect must be given for changes in other cells that play a role in the process of 

neurogenesis. Therefore, we focused on the possible microglial involvement in the decreased 

neurogenesis observed specifically in GFAP-IL10Tg mice (Article 3).  

 

By flow cytometry analysis, we studied the expression of some homeostatic molecules related to 

the communication between neurons and microglia (CD11b+/CD45low/int) or macrophages 
(CD11b+/CD45high) in the hippocampus. Our results demonstrated that the expression of different 

immunoreceptors during aging was altered specifically in microglial cells, showing an increased 

CD45, CD200R and SIRPa expression, but a decreased CX3CR1 expression. However, differing 

with some studies (Jurgens and Johnson, 2012), we did not observe important changes in the 
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expression of CX3CL1, CD200 or CD47 neuronal ligands by the effect of normal aging. BDNF 

released by neurons is another “off signal” that has been reported to decrease in the hippocampus 

during aging (Cortese 2011; Chapman 2012). In contrast, our results showed similar levels of 

hippocampal BDNF between adult and aged mice, suggesting that age-related hippocampal 

neurogenesis decrease is independent of this neurotrophic factor.  

 
Interestingly, since adulthood, GFAP-IL10Tg mice showed similar modifications in homeostatic 

microglial receptors to the observed in aged WT mice together with an increase of CD11b 

expression, indicating an effect of IL-10 on the microglia-neuron communication. Again, we 

demonstrated that chronic IL-10 overproduction predicts age-related changes. Since IL-10R was 

mainly observed in neurons and astrocytes, microglial modifications in GFAP-IL10Tg mice must 

be given by changes in these cellular types. Presumably, chronic IL-10 overexpression impacts 

directly on neurons leading to a microglial response in the mentioned homeostatic receptors. Of 

importance, we showed a reduced CX3CL1 expression in adult GFAP-IL10Tg mice that was 
accentuated with the age. This IL-10-dependent CX3CL1 decrease could be detected by 

microglia and lead to the subsequent modifications defined in their homeostatic receptors, 

especially to the reduction of CX3CR1 expression. The negative effect of altered neuron-microglia 

communication on neurogenesis has been associated with a pro-inflammatory microglial 

activation. Specifically, disruption of CX3CR1-CX3CL1 dialogue results in impaired hippocampal 

neurogenesis by increased microglial production of IL-1b, which directly acts on NSCs 

(Bachstetter et al., 2011). However, our results demonstrated very low levels of IL-6, IL-1b and 

TNFa, the main pro-inflammatory cytokines affecting the process of neurogenesis, in GFAP-

IL10Tg mice without detectable differences by age. Moreover, we did not observe differences in 

the BDNF levels by IL-10 overexpression. Of interest, neuronal activity is also involved in 

microglial responses (Neumann and Wekerle, 1998; Li et al., 2013). Since we know that IL-10 

overexpression induces a lower LTP in hippocampal neurons (Almolda et al., 2015), disruption of 

neuron-microglia dialogue in GFAP-IL10Tg mice could be also due to impairments in LTP. 

 

Altogether, here we showed that hippocampal NSCs survival is impaired by both aging and 

chronic IL-10 overproduction together with an altered neuron-microglia communication. However, 
the exact mechanisms by which microglial modifications could affect the promotion of new 

neurons should be study deeply. Impaired hippocampal neurogenesis by astrocyte-targeted IL-

10 overproduction is represented in Figure 6. 
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Figure 6. Main changes related to hippocampal neurogenesis in GFAP-IL10Tg mice. 
Abbreviations: GCL (granular cell layer), SGZ (subgranular zone), IL-10R (IL-10 receptor), NSC 
(neural stem cell). Created by Biorender.com. 
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6. CONCLUSIONS 
 

 

ollectively, our work demonstrates that local changes in the CNS microenvironment 

produced by IL-10 or IL-6 overexpression modify the microglial response to normal aging, 

especially in relation to their phagocytic function. IL-10 overexpression induces microglial age-

related changes at early stages, but it inhibits microglial response to normal aging. IL-6 

overexpression results in a higher microglial activation during aging. Furthermore, our data 

indicate that these cytokine-derived microglial modifications have no apparent effect on the myelin 
status along life, but they negatively influence the process of hippocampal neurogenesis since 

adulthood.  

 

Specifically, 

 
• Chronic IL-10 or IL-6 overexpression do not influence animal survival, but IL-6 

overexpression induces body weight loss and motor problems at advanced ages. 

• Levels of IL-10 and IL-6 are increased in the brain of GFAP-IL10Tg and GFAP-IL6Tg 

mice, respectively, without modifications upon aging. 

• Both chronic IL-10 and IL-6 overexpression induces microglial activation and increase of 

microglial cell density in adult mice. These changes are maintained in GFAP-IL10Tg mice 
and enhanced in GFAP-IL6Tg mice upon aging.  

• Aging induces a specific TREM-2+/GAL-3+/CD11c+ microglial phagocytic phenotype in 

WM areas without modifying the functional microglial phagocytic capacity.  

• IL-10 overexpression precedes the apparition of age-related phagocytic molecules in 

adulthood without modifications at advances ages, whereas IL-6 overexpression 
exacerbates their expression in aging. Both cytokines increase the functional microglial 

phagocytic capacity during aging.  

• Aging promotes a decrease of lipid oxidation in WM areas without modifying the major 

protein and lipid components of myelin. IL-10 and IL-6 overproduction does not influence 

in this age-associated lipid oxidation decrease. 

• Both IL-10 and IL-6 chronic overexpression decreases hippocampal neurogenesis and 
induces cognitive deficits since adulthood. 

• IL-10 overexpression precedes age-related alterations in molecules associated with 

neuron-microglia communication that influence neurogenesis. 
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Abstract: Fourier Transform Infrared microspectroscopy (µFTIR) is a very useful method to analyze
the biochemical properties of biological samples in situ. Many diseases affecting the central nervous
system (CNS) have been studied using this method, to elucidate alterations in lipid oxidation or
protein aggregation, among others. In this work, we describe in detail the characteristics between
grey matter (GM) and white matter (WM) areas of the human brain by µFTIR, and we compare
them with the mouse brain (strain C57BL/6), the most used animal model in neurological disorders.
Our results show a clear different infrared profile between brain areas in the lipid region of both
species. After applying a second derivative in the data, we established a 1.5 threshold value for
the lipid/protein ratio to discriminate between GM and WM areas in non-pathological conditions.
Furthermore, we demonstrated intrinsic differences of lipids and proteins by cerebral area. Lipids from
GM present higher C=CH, C=O and CH3 functional groups compared to WM in humans and mice.
Regarding proteins, GM present lower Amide II amounts and higher intramolecular β-sheet structure
amounts with respect to WM in both species. However, the presence of intermolecular β-sheet
structures, which is related to β-aggregation, was only observed in the GM of some human individuals.
The present study defines the relevant biochemical properties of non-pathological human and mouse
brains by µFTIR as a benchmark for future studies involving CNS pathological samples.

Keywords: infrared spectroscopy; grey matter; white matter; lipid oxidation; protein structure;
central nervous system

1. Introduction

Fourier Transform Infrared microspectroscopy (µFTIR) is an in situ method that offers the
possibility of analyzing in detail the biochemical properties of fixed and non-fixed cells and tissues
with no needed of staining, homogenization or further manipulations that can alter the nature of
the samples. Lipid peroxidation, de/phosphorylation and protein conformations are some of the
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measurements that the infrared spectrum can provide with a high spatial resolution and sensitivity at
the microscopic level [1–3].

The intrinsic chemical characteristics of a biological sample is essential information to understand
pathophysiological processes. Among others, numerous studies have benefited from this method to
elucidate biochemical and molecular features of different pathologies that affect the central nervous
system (CNS). The brain is composed of two main areas clearly differentiated: grey matter (GM)
and white matter (WM). GM is characterized by the presence of neuronal bodies, whereas WM is
characterized by the absence of neuronal bodies and a high presence of myelinated axons. Depending on
the disease, the affected brain area may be different and, therefore, biomedical studies are usually focused
in one specific anatomical region. µFTIR analyses have been performed in different cerebral areas
affected by neurodegenerative disorders, such as Alzheimer’s [4–7], Parkinson’s [8] and Huntington’s [9]
diseases, to detect protein aggregation and lipid peroxidation. Infrared radiation it is also very useful
to evaluate demyelinating diseases, such as multiple sclerosis, quantifying the amount and the status
of lipids in WM areas. A decrease in the lipid content, together with a high lipid oxidation, is a
characteristic feature observed by µFTIR in demyelinated areas [10–12]. In addition, some authors have
studied by infrared spectroscopy the effect of CNS related pathologies on GM and WM, at the same
time finding different alterations by area [9,11,13–15]. However, to properly understand the molecular
mechanism of pathologies, the characterization of non-pathological tissues needs to be established first.
Furthermore, it is important to highlight that most of the studies performed in the CNS are carried out
in rodents and, in consequence, it is crucial to determine the differences and the similarities between
humans and rodents with the aim of evaluating the reproducibility and applicability of this method,
comparing animal models to human.

In the present study, we characterize the protein and lipid composition and their infrared spectral
properties in GM and WM areas byµFTIR. Moreover, this work compares the regional-related properties
observed by this method in the human brain with those of the mouse, which is the most widely used
experimental model in the neuroscience field.

2. Materials and Methods

2.1. Human Samples

Postmortem human brain tissue was obtained from the Neurological Tissue Bank at the
Biobanc-Hospital Clínic-IDIBAPS (Barcelona, Spain). The whole procedure was performed in
accordance with the Helsinki Declaration, the Convention of the Council of Europe on Human
Rights and Biomedicine and approved by the Ethical Committee of the Autonomous University of
Barcelona and the Ethical Committee of Clinical Research-Hospital Clinic de Barcelona (A1-OF15016,
05/20/2015). Frontal cortex samples from individuals (n = 7) with no clinical neurological manifestations
were used in this study (five women and two men; 78 ± 7.3 years old; 15.2 ± 6.6 h of postmortem delay).

2.2. Animal Samples

C57BL/6 mice (n = 5) were used in the present study (four females and one male). In order
to mimic the experimental conditions between species, the age of the mice was 20–22 months old.
Animals were maintained in conventional plastic cages with food and water ad libitum, in a 12 h
light/dark cycle, at 22 ± 2 ◦C and 50–60% humidity. All experimental animal work was conducted
according to Spanish regulations (Ley 32/2007, Real Decreto 1201/2005, Ley 9/2003 and Real Decreto
178/2004) in agreement with European Union directives (86/609/CEE, 91/628/CEE) and was approved
by the Ethical Committee of the Autonomous University of Barcelona.

2.3. Sample Preparation

Human brains were frozen at the Neurological Tissue Bank and stored at −80 ◦C until use.
For this study, cerebral frontal cortex samples containing grey matter (GM) and white matter (WM)
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areas were used. Mice were euthanized under an anesthesia solution of xylazine (30 mg/kg) and
ketamine (120 mg/kg) and intracardially perfused for 10 min with 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4). The brains were immediately post-fixed in the same solution for 4 h at 4 ◦C,
cryoprotected with 30% sucrose solution in 0.1 M phosphate buffer for 48 h at 4 ◦C, frozen in ice-cold
2-methylbutane (320404, Sigma-Aldrich, St. Louis, MO, USA) and stored at −80 ◦C until use. The areas
of study in mice were the cerebral cortex and the corpus callosum (bregma between 0.86 mm and
−1.22 mm coordinates) as representative areas of GM and WM, respectively. Prior to µFTIR analysis,
frozen sections from human and mouse brains containing the areas of interest were cut 8 µm thick
on a cryostat (CM3050S Leica) and mounted onto polished calcium fluoride (CaF2) optical windows
(CAFP20-1, Crystran, UK). To minimize water contribution, sections on CaF2 slides were air-dried at
room temperature and stored in a vacuum protected from light until use.

2.4. µFTIR Data Acquisition

Fourier Transform Infrared microspectroscopy (µFTIR) based on synchrotron radiation was carried
out at the MIRAS beamline of ALBA synchrotron light source (Catalonia, Spain) [16]. A Hyperion
3000 microscope equipped with a 36×magnification objective and coupled to a Vertex 70 spectrometer
(Bruker, Billerica, MA, USA) was used. The spectra collection was performed in transmission mode
at 4 cm−1 spectral resolution, 10 µm × 10 µm aperture dimensions and 128 scans. All spectra were
obtained by means of Opus 7.5 software (Bruker, Billerica, MA, USA). The measuring range was
4000–600 cm−1 wavenumbers, and zero filling was performed with fast Fourier transform (FFT), so that
we obtained one point every 2 cm−1 in the final spectra. Background spectra were collected from a
clean area of each CaF2 window every 10 min. A mercury cadmium telluride (MCT) detector was used,
and both the microscope and spectrometer were continuously purged with a flow of dried air. For each
studied area, approximately 100 spectra with a step size of 50 µm × 50 µm for human samples and
30 µm × 30 µm for mouse samples were acquired. In order to represent regional differences with high
spatial resolution in the tissue, maps of 200 spectra with a step size of 6 µm × 6 µm were performed in
one representative sample of each species containing GM and WM areas.

2.5. µFTIR Spectra Analysis

Principal Component Analysis (PCA) was done using the open source software package Orange
(Bioinformatics Laboratory of the University of Ljubljana, Version 3.23, Ljubljana, Slovenia) with the
spectroscopy add-on (Version 0.4.9) [17]. The analysis was focused on the lipid region (3050–2800 cm−1)
and the protein region (1800–1500 cm−1) of the spectra. The PCA were performed after the second
derivatives were calculated and unit vector normalizations were performed on each spectrum for
each region. The second derivatives were calculated with a polynomial order of 2 and a window
size of 5 points for the lipid region and 17 points for the protein region. For a statistical and detailed
study of lipid and protein composition, Unscrambler X software (CAMO Software, Oslo, Norway) was
used. In this software, second derivation using the Savitsky–Golay algorithm with an eleven-point
smoothing filter and a polynomial order of 3 was applied on the spectra to eliminate the baseline
contribution and enhance narrow bands. After that, we measured the absorptions at the following
wavenumbers related to functional groups of biochemical interest: ~2921 cm−1 (CH2 asymmetric
stretching vibrations), ~2962 cm−1 (CH3 asymmetric stretching vibrations), ~3012 cm−1 (C=CH,
unsaturated olefinic group), ~1743 cm−1 (C=O, carbonyl group), ~1656 cm−1 (α-helix protein structure),
~1637 cm−1 (intramolecular β-sheet protein structure), ~1625 cm−1 (intermolecular β-sheet protein
structure) and ~1548 cm−1 (Amide II). The absorbances at the mentioned wavenumbers, 2 cm−1 before
and at 2 cm−1 after, were obtained and averaged to represent the peaks of interest. CH2 and CH3,
especially CH2, are functional groups mostly present in lipids, while α-helix and β-sheet structures
belong to the Amide I functional group band present in proteins. To account for variations in the tissue
thickness, CH3, C=CH and C=O peaks were normalized by the CH2 band (as an approximation of the
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total lipid content), whereas Amide II and β-sheet peaks were normalized by the total protein content
(Amide I or α-helix bands).

2.6. Statistical Analysis

Statistical analysis and graphical representation were performed using the Graph Pad Prism®

software. To determine differences between GM and WM, Student’s t-test was carried out on human
and mouse data. For statistically significance, we considered p-value < 0.05. All data are expressed as
mean values ± standard error of the mean (SEM).

3. Results

In this section, we present the mean spectra in the range 3500–1250 cm−1 wavenumbers and
the PCA of the lipid and protein regions of GM and WM samples belonging to humans and
mice. Moreover, statistical analyses were applied for the study of CH3 (d2A2962/d2A2921), C=CH
(d2A3012/d2A2921) and C=O (d2A1743/d2A2921) compositions with respect to the lipid content, and Amide
II (d2A1548/d2A1656+1637), intramolecular β-sheet structure (d2A1637/d2A1656) and intermolecular
β-sheet structure (d2A1625/d2A1656+1637) with respect to the protein content, comparing their infrared
absorptions between GM and WM in human and murine brain samples.

3.1. Different Chemical Profile of the Brain Tissue

In order to visualize the infrared profile of GM and WM areas, all spectra from each cerebral
region were averaged in both species. µFTIR data show a clear different spectrum profile for each
brain area characterized by higher CH2 (~2920 cm−1 and ~2850 cm−1) and CH3 (~2960 cm−1) peaks
in WM with respect to the GM area; however, Amide I (~1650 cm−1) and Amide II (~1550 cm−1)
peaks are very similar in both areas, as shown in Figure 1A,B. CH2 and CH3 groups are mainly
related to lipids, which are very abundant in myelin, while Amide I and II groups are related to
proteins. Our results demonstrate that lipid/protein (CH2/Amide I) amount is statistically higher in
WM compared with GM, as shown in Figure 2A,B. This different chemical composition is also observed
by high resolution imaging tissue maps, where GM and WM from the same sample were captured,
as shown in Figure 2C,D. All the mentioned observations are present in humans and mice.

3.2. Principal Component Analysis of Brain Areas and Species

Principal Component Analysis (PCA) was applied to calculate Euclidean distances between each
spectral dataset and to cluster the spectral properties of the four sample groups (WM and GM for
humans and mice). The PCA scores plots directly unravel differences and similarities among the
spectra, while the PCA loadings detail the spectral differences between the clusters. The analysis
is shown in Figure 3—left panels show the comparison of the C-H bond region (3050–2800 cm−1).
This region is mainly dominated by the infrared absorption of lipids in the system. Figure 3A shows
the score plot and Figure 3B shows the corresponding PC1 (59%) and PC2 (17%) loadings. The score
plot distribution shows that PC1 clearly differentiates human and mouse data, while PC2 differentiates
between GM and WM. PC1 loading indicates that slight shifts characterize the differences between
human and mouse samples, while PC2 indicates that differences between 3012 cm−1 (C=CH bond),
2921 cm−1 (CH2 group) and 2962 cm−1 (CH3 group) intensities differentiate between WM and GM.
For a better illustration of differences, the average spectra of the second derivative of each group are
plotted in Figure 3C. Right panels in Figure 3 show the PCA corresponding to the 1800–1500 cm−1

region where carbonyl groups and the Amide I and II absorb. The score plot in Figure 3D shows
that, as in the C–H bond region, PC1 (54%) discriminates between humans and mice and PC2 (17%)
between GM and WM. The loadings in Figure 3E indicate the wavelengths that allow for distinguishing
between groups. The strongest contribution arises at 1625 cm−1 for PC1 and at 1637 cm−1 for PC2,
indicating more intermolecular β-sheet structures for human samples, especially in GM, and more
intramolecular β-sheet structures in human and mouse GM samples. Moreover, the contribution at
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1685 cm−1 of PC1 suggests differences in the antiparallel β-sheet structures for humans and mice.
As also observed in the representation of the average spectra of the second derivative of each group,
as shown in Figure 3F, small changes in protein secondary structure discriminate between human and
mouse spectra. Differently, changes in the intensity of the carbonyl band with a maximum at 1741 cm−1
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increased absorptions of CH2 and CH3 peaks (*) in WM with respect to GM. a.u.—arbitrary units.
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Figure 2. Lipid/Protein composition by µFTIR in grey matter (GM) and white matter (WM).
Quantification of CH2/Amide I absorbance after second derivative (d2A2921/d2A1656) in humans
(A) and mice (B) confirms higher lipid amount in WM with respect to GM. Each dot in the graphs
correspond to the mean of approximately 100 infrared measurements from a subject. Representative in
situ heat maps from human (C) and murine (D) cerebral tissue showing CH2/Amide I ratio. Dashed lines
in the tissue images represent the limit between GM and WM. **** p-value < 0.0001. Scale bar = 50 µm.
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Figure 3. Principal Component Analysis (PCA) of grey matter (GM) and white matter (WM). PCA of the
normalized second derivatives of the lipid region (3050–2800 cm−1) and protein region (1800–1500 cm−1),
showing the scores plots (A,D), the resulting loadings for PC-1 and PC-2 (B,E) and the average spectra
(C,F) of the two regions, respectively. Spectra shadowing in C and F indicates standard deviation.
a.u.—arbitrary units.

3.3. Protein and Lipid Properties Differ by Cerebral Region

To thoroughly analyze the typical properties of lipids and proteins in brain areas, ratios for
different infrared wavenumber absorptions after the second derivative were performed. For lipids,
we quantified carbonyl (C=O), unsaturated olefinic (C=CH) and methyl (CH3) group absorbances
with respect to the total lipidic amount in the sample, normalizing by the CH2 absorbance. Our results
show that lipids in the GM area of humans and mice contain more carbonyl (d2A1743/d2A2921),
olefinic (d2A3012/d2A2921) and methyl (d2A2962/d2A2921) groups with respect to the WM area, as shown
in Figure 4A–C. Regarding proteins, we quantified Amide II, intramolecular β-sheet and intramolecular
β-sheet absorbances with respect to the total protein amount normalizing by the Amide I absorbance.
Compared to GM, our data show that proteins of WM present more absorption in the Amide II groups
(d2A1548/d2A1656+1637), that account for the N–H and C–H absorption, and less intramolecular β-sheet
structures (d2A1637/d2A1656) in humans and mice, as shown in Figure 4D,E. Interestingly, intermolecular
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β-sheet structures (d2A1625/d2A1656+1637) seem not to be present in mice, whereas in humans we can
observe their presence in the GM area belonging to four of the seven subjects studied, as shown in
Figure 4F. Attending to the mean values of the samples, this work also provides evidence of higher
heterogeneity, especially in the C–H region, in GM than in WM, as shown in Figure 4.Biomolecules 2020, 10, x 9 of 15 
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Graphs represents absorbance second derivative (d2A) ratios of functional groups related to lipids 
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the mean of approximately 100 infrared measurements from a subject. * p-value < 0.05; ** p-value < 
0.01; *** p-value < 0.001; **** p-value < 0.0001. 
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Figure 4. Chemical properties of lipids and proteins in grey matter (GM) and white matter (WM).
Graphs represents absorbance second derivative (d2A) ratios of functional groups related to lipids
(A–C) and proteins (D–F) in human and murine brain samples. Each dot in the graphs correspond to
the mean of approximately 100 infrared measurements from a subject. * p-value < 0.05; ** p-value < 0.01;
*** p-value < 0.001; **** p-value < 0.0001.

4. Discussion

The present work shows that synchrotron-based µFTIR is a very sensitive and reproducible
method for biochemical analyses of GM and WM areas of both human and mouse brain
tissues. Furthermore, the molecular features reported by µFTIR based on synchrotron light can
be simultaneously compared with histological features observed in the same examined sample.
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Depending on the tissue sample processing (e.g., paraffin embedding, freezing, chemical fixation, etc.)
and the data analysis (e.g., spectral correction, normalization, derivation, etc.), the infrared values
obtained may vary. Although Mazur and collaborators showed no significant differences in the infrared
output of unfixed versus formalin-fixed cells [18,19], Hackett and collaborators demonstrated some
slight differences in the infrared spectrum of the cryo-fixed tissue before and after formalin fixation [20].
However, our data in both cryo-fixed and paraformaldehyde-fixed tissue show a specific composition
between brain areas already reported in rats [9,15,21] and humans [11], regardless of histological
sample processing. A special note of caution is due for the analysis of specific wavenumbers, such as
phosphate and sugars, depending on the chemistry of sample processing (phosphate buffer, sugar-based
cryoprotectants, etc.). Because of differential sample processing between human and murine samples
in this study, we did not analyze the phosphate region to avoid the substantial contribution of the
buffer in murine samples compared to human samples.

Our infrared spectra confirm the different biochemical compositions between brain areas
characterized by a higher amount of lipid content in WM compared to GM, showing a significantly
higher lipid/protein (CH2/Amide I) ratio in WM with respect to GM. We can considerer the lipid/protein
ratio to distinguish between brain areas by the µFTIR method, considering that second derivative
absorption values < 1.5 correspond with measures in GM, whereas values > 1.5 correspond with
measures in WM. Despite the different sample processing used between species, this discrimination
can be perfectly applied to human and mouse samples. Thus, this lipid/protein 1.5 threshold value is
an interesting GM versus WM discrimination factor, that may allow unsupervised µFTIR large data
acquisition in human or murine whole brain samples. As a potential diagnostic method, values greater
than 1.5 in GM or values lower than 1.5 in WM could be indicative of lipid and/or protein alterations in
the brains of mice and humans. A similar lipid/protein threshold value (1.05) between GM and WM
was established by Bonda and collaborators in rat brain cryo-fixed samples [9], supporting the use of
the µFTIR method to discriminate between brain regions in humans, mice and rats. However, our data
in cryo-fixed human samples show values that are slightly different to those reported in the study
of Bonda et al. [9], but very similar to those of paraformaldehyde-fixed murine samples, which may,
albeit unlikely, mean that mouse is more similar to human than rat as an animal model. A more
likely explanation is that differential sample processing (fixation procedure) and data processing
(water subtraction, calculation of area, derivation, etc.) can account for variability between studies.

In addition, we are able to clearly visualize WM and GM in the tissue by high resolution infrared
maps based on lipid/protein ratio with no need of other histological or biochemical procedures.
Among the many biological differences between GM and WM, one of the most significant is that GM is
predominantly composed of rich-protein neuronal somas and WM by myelinated neuronal axons [22].
Since WM is mainly constituted by multilamellar myelin sheaths and the lipid composition of myelin
is ~70% dry weight [23], the higher content of lipid in WM can be attributed to this multilamellar
structure surrounding the axons. In addition to neurons and myelin, we have to considerer that both
GM and WM are composed by glial cells [24,25]. Cellular density and intrinsic features of glial cells
differ in each brain area and, therefore, they probably also participate in the specific tissue chemical
composition described in this study.

The PCA allows us to identify spectral differences and similarities between the four sample
groups. On the one hand, we observed that humans and mice share common spectral features
(3012 cm−1 and 2962 cm−1), while the distinction can be made between GM and WM. On the other
hand, strong differences for the PC1 of the protein region (1741 cm−1 and 1625 cm−1) were found
between humans and mice.

Our results show that lipid characteristics vary between GM and WM in humans and mice. In both
species, CH3/CH2, C=CH/CH2 and C=O/CH2 ratios were higher in GM compared to WM. Since lipids
are composed mostly by long CH2 chains and to a lesser extent by methyl groups, CH2 groups are
used to measure the lipid content of a sample, while CH3 groups could be useful to determine the
lipid chain length. Cholesterol and cerebrosides are the most abundant lipids in myelin, constituting
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approximately 27% and 19%, respectively, of the lipids in human WM [21,26]. Whereas cholesterol
is also highly present in GM, high concentration of cerebroside is specific for WM but not for GM.
As an example, galactocerebrosides, the main cerebrosides present in the WM, are composed of
two chains of numerous CH2 groups and only two CH3 groups at the end of the chains, arguing
for a differential observation depending on lipid tail length in the ratio CH3/CH2. However, as it
is shown in Benseny-Cases et al. [27], proteins have a similar number of CH2 and CH3 groups in
their lateral chains, whereas lipids have significantly more CH2 than CH3 in their hydrophobic tail.
Thus, changes in the lipid/protein ratio also implies changes in the C–H region (3000–2000 cm−1).
Absorptions of olefinic C=CH functional group at 3012 cm−1 and C=O functional group at 1743 cm−1

were used to evaluate lipid unsaturation and lipid carbonyl content, respectively. C=CH and C=O
bands examined by µFTIR are absent in cholesterol, galactocerebroside, sphingomyelin and sulfatide
lipids, which are characteristic of WM, and present in some phospholipids [28]. Thus, our results show
higher C=CH/CH2 and C=O/CH2 ratios in GM with respect to WM and are in agreement with these
data. However, Krafft et al. showed a C=CH peak in galactocerebroside, sphingomyelin and sulfatide
lipids by Raman spectroscopy [29]. On the other hand, it is known that free radicals mainly react with
carbon double bond sites present in unsaturated lipids, resulting in carbonyl compound formation
and lipid chain fragmentation [30–33]. Therefore, the high expression of C=O groups is related to
the stable end-products of lipid peroxidation and, in consequence, the analyses of lipid oxidation
status, measuring C=O/CH2 content by µFTIR, have been performed in different studies [15,27,34].
Taking these data into account, our observations suggest that the lipids in GM could be more oxidized
than in WM. Since carbon double bonds are the main target of free radicals, lipid oxidation should result
in less olefinic content, however, we found a higher C=CH/CH2 ratio in GM than WM. Some authors
have attributed this high C=CH absorption to the accumulation of lipid peroxidation end-products,
which contain numerous double bonds [4,35,36]. Altogether, the lower lipid content associated with
the higher olefinic and carbonyl content in GM, could be interpreted as a higher oxidative status of
GM with respect to WM. Brain tissue, especially WM, is very vulnerable to oxidative stress due to the
presence of a rich lipid content, high oxidative metabolic activity and low antioxidant mechanisms [37].
However, in non-pathological samples, we observed more markers related to oxidation in GM than
WM. The possible accumulation of oxidized lipids in GM could be due to the greater vulnerability to
oxidative stress that neurons present [38].

Regarding protein composition, we also found differences between GM and WM areas.
Analyzing the ratio Amide II/Amide I, we observed higher Amide II absorption (1548 cm−1) in
human and mouse WM with respect to GM. Mathematical methods, such as deconvolution or the
second derivation of the Amide I band, allow us to detect α-helix at ~1656 cm−1 and intramolecular
β-sheet at ~1637 cm−1 protein secondary conformations by µFTIR [1,39,40]. Our Amide I analysis
reveals that WM is composed by fewer intramolecular β-sheet structures (d2A1637/d2A1656) compared
with GM. These results were observed in both human and mouse brains. In addition to the principal
β-sheet structure at ~1637 cm−1, more β-components have been detected in the infrared spectra after
resolution enhancement. The presence of a band at ~1625 cm−1 represents an unusual intermolecular
β-sheet structure [41] that has been observed in β-amyloid plaques [4,42–44], α-synuclein [45] and
prion proteins [46]. In consequence, this band is used as a marker of protein β-aggregation in several
pathologies [5,6,9,45–47]. Infrared absorption intensity of the ratio d2A1625/d2A1656+1637 after second
derivative shows negative values in human WM and in both mouse brain areas. This low vibrational
intensity at 1625 cm−1 could be due to no expression of aggregated proteins in these areas. Interestingly,
some humans show positive values at this wavelength in GM. Considering studied samples belong
to aged humans, the apparition of this peak could be due to the age-dependent onset of protein
aggregation [48–50]. Murine samples also belong to aged mice and there is no expression of this band.
This finding may indicate that in mice there is no production of β-aggregation in non-pathological
conditions, while humans are susceptible to produce it in GM. Furthermore, a weak band at ~1685 cm−1,
which is assigned to antiparallel β-sheet structures [41,51], was also observed in the GM of humans.
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The antiparallel β-sheet structure has been described as a signature of β-amyloid oligomers being
absent in fibrils [42,52]. Thereby, infrared absorptions at both 1685 cm−1 and 1625 cm−1 in the GM of
some individuals could suggest the presence of oligomeric β-amyloid aggregates. This assumption is
consistent with the fact that only genetically modified mice are capable to accumulate β-amyloid [53],
and on the contrary, has been reported that healthy elder humans can present β-amyloid plaques in GM
areas [48–50]. Furthermore, the β-aggregation, observed specifically in the GM of some individuals,
is in agreement with the weaker mechanisms that present neurons to avoid protein aggregation
with respect to other cells types of the CNS [54,55]. Nevertheless, β-aggregation in healthy aged
individuals and in pathophysiology, both in human and murine samples, raises an issue that requires
further research.

In summary, this work demonstrates by µFTIR: (i) a specific lipid/protein composition of GM and
WM areas; (ii) a different presence of lipid and protein functional groups by cerebral area; (iii) that the
regional differences observed in the human brain are fairly reproduced in mice, with the exception of
β-aggregation content. These similarities between species in non-pathological conditions make the
mouse a good experimental animal model. µFTIR comparative biology studies, but also comparative
sample and data processing studies [18–20] are essential to assess and understand differences and
similarities between species, especially for disease-related animal models. Specifically, the study
of lipid-related disorders in mice could be very reliable in humans due to the high reproducibility
observed in the lipid characteristics of GM and WM; however, the study of protein-related pathologies
in mouse models requires a proper assessment sample and data processing variables.

5. Conclusions

The understanding of the brain biochemical properties in non-pathological conditions shown in
this work will help us to study the molecular dynamics in different pathologies affecting GM, WM or
both. Interestingly, this study provides evidence of mice (strain C57BL/6) as good animal models to
reproduce human properties of the brain. Thus, µFTIR is a powerful tool to progress in the knowledge
of CNS physiology and pathology performed in mice, by which data can be extrapolated to humans.
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ABSTRACT 
 
Physiological aging is characterised by an imbalance of pro-inflammatory and anti-

inflammatory mediators leading to neuroinflammation. Microglial cells, which are highly 

regulated by the local microenvironment, undergo specific changes depending upon 

the brain area during aging. The aim of this study is to evaluate the influence of age 

over microglial cells along different brain areas and microenvironments. For this 

purpose, transgenic mice with overproduction of either the anti-inflammatory IL-10 

cytokine or the pro-inflammatory IL-6 cytokine were used. Our results show that, during 

aging, microglial cells located in white matter (WM) areas maintain their phagocytic 

capacity but present a specific phagocytic phenotype with receptors involved in myelin 

recognition, arguing for aging-derived myelin damage. Whereas IL-10 overproduction 

anticipates the age-related microglial phagocytic phenotype, maintaining it over time, 

IL-6 overproduction exacerbates this phenotype in aging. These modifications were 

linked with a higher efficiency of myelin engulfment by microglia in aged transgenic 

animals. Moreover, we show, in a novel way, lower lipid oxidation during aging in WM 

areas, regardless of the genotype. The novelty of the insights presented in this study 

open a window to deeply investigate myelin lipid oxidation and the role of microglial 

cells in its regulation during physiological aging.  

 
Key words: aging, neuroinflammation, phagocytosis, microglia, myelin, lipid oxidation, 

cytokines  
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1.  INTRODUCTION 

  

Aging is a physiological process characterised by high molecular oxidative stress, 

mainly in the form of reactive oxygen species (ROS) (Harman, 1956). In the central 

nervous system (CNS) specifically, aging is associated with an imbalance between 

ROS-induced inflammation and anti-inflammatory agents. Brain homeostasis alteration 

usually leads to different types of dementia, and it is one of the greatest risk factors for 

developing neurodegenerative processes, such as Alzheimer’s or Parkinson’s diseases 

(Griffin, 2006; Mrak and Griffin, 2005; Radak et al., 2011; von Bernhardi, 2007). 

Microglial cells, as the main intrinsic CNS immune cells, play a relevant role in the 

regulation of neuroinflammatory processes. Microglial cells present different 

characteristics depending on i) the inflammatory and/or aging scenario (Butovsky and 

Weiner, 2018; Cornejo and von Bernhardi, 2016; Holtman et al., 2015), and ii) the 

cerebral region (de Haas et al., 2008; Olah et al., 2011; Tan et al., 2020). A distinct 

morphology, a more activated phenotype and alterations in their phagocytic capacity 

are the principal features reported in aged microglia (Perry et al., 1993; Ritzel et al., 

2015; Streit et al., 2004; Streit et al., 2014), which can differ between brain areas (Hart 

et al., 2012; Raj et al., 2017).  

Especially during aging, the microglial phagocytic function is critical to eliminate 

extracellular debris, protein aggregates, apoptotic cells, and neurotoxic compounds 

produced as a consequence of the characteristic pro-inflammatory microenvironment 

at this life stage. However, how the microglial phagocytic function is affected by aging 

is a poorly understood issue. At the molecular level, aged microglia increases the 

production of oxidative radicals, nitric oxide and pro-inflammatory cytokines such as IL-

6, IL-1b and TNFa (Godbout and Johnson, 2004; Sierra et al., 2007; Ye and Johnson, 

1999), while it decreases the levels of IL-10 (Frank et al., 2006; Ye and Johnson, 2001) 

and IL-4 (Maher et al., 2005) anti-inflammatory cytokines. Aging-derived changes in 

microglia could be summarised in a dysfunctional phenotype where the microglial 

neuroprotective functions are lost (Mosher and Wyss-Coray, 2014; Streit, 2006; Streit 

et al., 2004; Streit et al., 2009) and inflammatory activation is exacerbated, leading to 

neuron excitotoxicity, neuronal damage, and finally neurodegeneration (Beltrán-Castillo 

et al., 2018; Norden and Godbout, 2013; von Bernhardi et al., 2015). 

The differences between adult and aged microglia, as well as, regional differences, 

show the importance of the surrounding microenvironment on these cells. Thus, the 

aim of the present study is to evaluate the influence that the local microenvironment 

exerts on microglial cells along different areas of the aged brain. 
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For this purpose, adult and aged mice from two different transgenic lines with 

chronic CNS-restricted overproduction of either the anti-inflammatory IL-10 cytokine 

(Almolda et al., 2015) or the pro-inflammatory IL-6 cytokine (Campbell et al., 1993) 

were used. In these animals, different brain areas of grey matter (GM) and white matter 

(WM) were analysed. 

 

  

2.     MATERIAL AND METHODS 

  
2.1. Animals and experimental groups 

Two transgenic mice lines, on the C57BL/6 background, with astrocyte-targeted 

production of either IL-10 (GFAP-IL10Tg) (Almolda et al., 2015) or IL-6 (GFAP-IL6Tg) 

(Campbell et al., 1993) and their corresponding wild-type (WT) littermates were used in 

the present study. For each genotype, animals of both sexes were randomly distributed 

into two experimental groups according to age: one group of adult mice (4-5 months 

old; n = 46) and one group of aged mice (18-22 months old; n = 32). During the study, 

animals were maintained in conventional plastic cages with food and water ad libitum, 

in a 12 h light/dark cycle and at 22 oC ± 2 oC and 50%-60% humidity. All experimental 

animal work was conducted according to Spanish regulations (Ley 32/2007, Real 

Decreto 1201/2005, Ley 9/2003 and Real Decreto 178/2004) in agreement with 

European Union directives (86/609/CEE, 91/628/CEE) and was approved by the 

Ethical Committee of the Autonomous University of Barcelona. 

 

2.2. Tissue processing for histological analysis 
Animals were euthanised under an anaesthesia solution of xylazine (30 mg/kg) and 

ketamine (120 mg/kg) and intracardially perfused for 10 min with 4% paraformaldehyde 

in 0.1 M phosphate buffer (pH 7.4). The brains were quickly removed, post-fixed for 4 h 

at 4 oC in the same fixative, cryoprotected with 30% sucrose solution in 0.1 M 

phosphate buffer for 48 h at 4 oC and, finally, frozen in ice-cold 2-methylbutane 

(320404, Sigma-Aldrich) and stored at -80 oC. Series of coronal parallel sections of the 

brain from bregma 0.86 mm to bregma -2.46 mm coordinates were obtained using a 

cryostat (CM3050S Leica). 10-µm-thick brain sections were mounted in gelatinized 

slides and stored at -20 oC until use. 30-µm-thick free-floating sections were stored at -

20 oC in a 0.01 M anti-freeze solution containing 20% sucrose, 30% ethylene glycol 

and 1% polyvinylpyrrolidone (PVP) until use (adapted from de Olmos et al., 1978). 
 
2.3. Single immunohistochemistry 
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To study the effects that IL-10 and IL-6 overproduction exert in an age-dependent 

manner through the brain, we performed immunohistochemistry in coronal brain 

sections (30-µm-thick) containing representative areas of grey matter (cerebral cortex 

and hippocampus) and white matter (corpus callosum and fimbria). For the 

visualisation of microglial morphology, distribution and general activation, sections 

were immunostained with antibodies against IBA1 and MHC-II. Microglial cell density 

was determined by PU.1 immunostaining (Walton et al., 2000). To characterise the 

microglial phagocytic phenotype, macrosalin (CD68), a triggering receptor expressed 

on myeloid cells 2 (TREM-2), Galectin-3 (GAL-3) and CD11c markers were used. 

Finally, MBP and APP immunostainings were used for studying myelin and axonal 

damage, respectively. In all cases, frozen free-floating sections were washed in Tris-

buffered saline (TBS; 0.05 M, pH 7.4) to eliminate the anti-freeze solution and 

incubated for 10 min with 2% H2O2 and 70% methanol in distilled H2O to inhibit 

endogenous peroxidase. In the case of PU.1, previous to the endogenous peroxidase 

blocking step, an antigen retrieval treatment to a major exposure of PU.1 nuclear 

antigen was used, incubating the sections with sodium citrate buffer (pH 8.5) for 40 min 

at 80 oC and 20 min at room temperature (RT). After washes with TBS containing 1% 

Triton X-100 (0.05 M, pH 7.4), sections were incubated for 1 h at RT in a blocking 

buffer (BB) containing 10% foetal bovine serum (FBS) and 0.3% bovine serum albumin 

(BSA) in TBS + 1% Triton X-100. For the TREM-2 marker, sections were blocked with 

TBS containing 0.5% Triton X-100 and 0.2% gelatin (48723, Fluka). After the blocking 

step, sections were incubated with the corresponding primary antibodies (Table 1) 

diluted in their corresponding BB, overnight at 4 oC and 1 h at RT, except for the 

TREM-2 antibody, which was incubated 48 h at RT. Sections incubated in BB lacking 

the primary antibody were used as negative control, whereas spleen sections were 

used as positive control. After washes with TBS containing 1% or 0.5% Triton, sections 

were incubated for 1 h at RT with their corresponding biotinylated secondary antibodies 

(Table 2) diluted in their respective blocking solutions. Then, sections were washed 

and incubated for 1 h at RT with horseradish peroxidase (HRP)-conjugated streptavidin 

(1:500; SA-5004, Vector Laboratories). After washes with TBS and Tris-buffered (TB; 

0.05 M, pH 7.4), the product of the reaction was visualised by incubating the sections 

for 3 min in a 3,3-diaminobenzidine (DAB) Substrate Kit (SK-4100, Vector 

Laboratories) following the manufacturer’s instructions. Afterwards, sections were 

washed in TB, mounted onto gelatinised slides and air dried at RT. To provide 

cytological details, some slides were counter-stained with 0.1% toluidine blue diluted in 

Walpole’s buffer (0.05 M, pH 4.5). Finally, sections were dehydrated in graded 



 6 

alcohols, washed in N-butyl alcohol in the case of toluidine staining, immersed in 

xylene and cover-slipped with DPX mounting media. 

  

2.4. Double immunofluorescence 

Double immunolabelling showing IBA1 and CD68 markers was performed to determine 

CD68 expression in microglial cells. Frozen free-floating brain sections were washed in 

TBS (0.05 M, pH 7.4) and TBS containing 1% Triton X-100 (0.05 M, pH 7.4) to 

eliminate the anti-freeze solution. After incubation for 1 h at RT in a BB containing 10% 

FBS and 3% BSA in TBS + 1% Triton X-100, sections were incubated with IBA1 

primary antibody (Table 1) diluted in the BB overnight at 4 oC and 1 h at RT. After 

washes with TBS containing 1% Triton, sections were incubated for 1 h at RT with an 

anti-rabbit Alexa-Fluor-488 conjugated secondary antibody (Table 2) diluted in BB. 

Following another blocking incubation for 1 h at RT, sections were incubated with 

CD68 primary antibody (Table 1) followed by anti-rat Alexa-Fluor-555 conjugated 

secondary antibody (Table 2) using the time and temperatures described for IBA1. 

Following washes with TBS containing 1% Triton and TBS, sections were incubated 

with 4,9,6-diamidino-2-phenylindole (DAPI) (1:10000; D9542, Sigma-Aldrich) in TB for 

5 min at RT to stain the cell nuclei. Finally, sections were washed with TB, mounted on 

slides and cover-slipped with Fluoromount (0100-01, SouthernBiotech) mounting 

medium. Representative photos of the cerebral cortex and the corpus callosum were 

captured using a Zeiss LSM700 confocal microscope. 

  

2.5. Luxol Fast Blue staining 

In addition to MBP, Luxol Fast Blue (LFB) staining was used to visualise myelin. 10-

µm-thick frozen brain sections mounted on slides were dehydrated in 50%, 70% and 

95% ethanol and incubated in LFB solution (0.1% Luxol Fast Blue MBS and 0.05% 

Glacial Acetic Acid 10% in ethanol 95%) for 2 h at 60 oC. After washes in 95% ethanol 

and distilled water, dips in 0.05% lithium carbonate solution followed by 70% ethanol 

were performed. Finally, sections were dehydrated with 95% and 100% ethanol, 

washed in xylene and covered with DPX mounting media. 

 

2.6. Densitometric analysis 
To analyse IBA1 and CD68 expression, photographs at 20x magnification were taken 

in the cerebral cortex, hippocampus, corpus callosum and fimbria from at least two 

different brain sections of each animal. A minimum of 12 photographs of the cerebral 

cortex, 12 photographs of the hippocampus, 8 photographs of the corpus callosum and 

8 photographs of the fimbria were captured for each animal. To analyse TREM-2 and 
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GAL-3 expression, photographs at 10x magnification were taken in the corpus 

callosum and fimbria. For these areas, a minimum of 6 photographs from at least two 

different brain sections was captured per animal. To quantify MBP and LFB 

expression, photographs at 20x magnification were taken in the medial corpus 

callosum from at least five brain sections per animal. All photographs were obtained 

with a DXM 1200F Nikon digital camera mounted on a brightfield Nikon Eclipse 80i 

microscope and using the ACT-1 2.20 software (Nikon Corporation). By means of the 

AnalySIS® software (Soft Imaging System, Germany), both the percentage of area 

occupied by the immunolabelling and the immunostaining intensity (mean grey value 

mean) were measured for each photograph. For all of the markers mentioned, 3-5 

animals of each experimental group were analyzed. 

 
2.7. Microglial cell density quantification 
To quantify microglial cell density, photographs at 10x magnification in the cerebral 

cortex, hippocampus, corpus callosum and fimbria from at least two different brain 

sections stained for PU.1 marker (Walton et al., 2000) were captured for each animal 

with the same device and software described above. A minimum of 8 photographs of 

the cerebral cortex, 8 photographs of the hippocampus, 6 photographs of the corpus 

callosum and 6 photographs of the fimbria were taken per animal. The number of 

PU.1+ cells in the region of interest was obtained using the “Image-based Tool for 

Counting Nuclei” (ITCN) plug-in from NIH ImageJ® software (Wayne Rasband, National 

Institutes of Health; USA). Data were averaged and converted to cells/mm2. 

Quantification of CD11c+ cells was carried out manually at 20x magnification in at least 

six brain sections of the cerebral cortex, hippocampus, corpus callosum and fimbria per 

animal. For both analyses, 3-5 animals of each experimental group were quantified. 

 

2.8. Myelin isolation and fluorescent labelling 
Brain-derived myelin was isolated from WT mice following the protocol described by 

Rolfe et al. (2017). Briefly, six animals were dislocated and brains were quickly 

removed, cut into pieces and homogenised in a cold 0.32 M sucrose solution prepared 

in 0.1 M Tris-HCl buffer. Next, 9 mL of the homogenised brain solution was added to 

the top of 15 mL of 0.83 M sucrose solution prepared in 0.1 M Tris-HCl buffer and 

centrifuged at 100,000 g for 45 min at 4 oC. After that, myelin was collected from the 

interface of the two sucrose densities, homogenised with 0.1 M Tris-HCl buffer and 

centrifuged twice at 100,000 g for 45 min at 4 oC. Followed by a centrifugation at 

16,000 g for 10 min at 4 oC in 0.1 M Phosphate-Buffered Saline (PBS), the resulting 

pellet of myelin was weighed and reconstituted in 0.1 M PBS to a final concentration of 
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100 mg/mL. To be able to detect internalised myelin in cellular phagolysosomes, 277.5 

μg of purified myelin was incubated with 25 μL of pHrodo™ Green STP Ester (P35369, 

Thermo Fisher) in a total volume of 250 μL of 0.1 M PBS (pH 8) for 45 min at RT. After 

spinning at 4,000 g for 10 min at 4 oC, pHrodo-conjugated myelin was resuspended in 

950 μL of 0.1 M PBS (pH 7.2) to obtain a final concentration of 0.3 μg/μL.  

 
2.9 Myelin phagocytosis assay 
To measure phagocytic capacity of microglial cells belonging to the white matter, we 

quantified the ingestion of pHrodo-conjugated myelin by microglial cells isolated from 

the corpus callosum using the flow cytometry procedure, as in Gómez-López et al. 

(2021). Briefly, under an intraperitoneal anaesthetic solution of xylazine (30 mg/kg) and 

ketamine (120 mg/kg), mice were perfused intracardially with cold 0.1 M PBS (pH 7.4) 

for 1 min and corpus callosum were quickly dissected. After dissociation of the tissue 

with a 160 μm nylon mesh, the resulting cell suspension was passed through a 70 µm 

cell strainer and incubated in a digestion solution composed of deoxyribonuclease I 

(D5025, Sigma-Aldrich) and collagenase IV (17104019, Thermo Fisher) in Hank’s 

Balanced Salt Solution (HBSS; 14025050, Thermo Fisher) for 30 min at 37 oC. To 

distinguish between different cellular phases, cell suspensions were centrifuged in a 

density gradient of Percoll® (GE17-0891-02, Sigma-Aldrich) for 20 min at 600 g. While 

the upper layer corresponding to myelin was removed, the intermediate phase containing 

cells was collected, centrifuged and incubated with 3 μg of pHrodo-conjugated myelin in 

250 μL of Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12; 

31330038, Thermo Fisher) with 10% FBS for 4 h at 37 ºC. Cell suspensions without 

pHrodo-conjugated myelin incubation were used as negative control. After washes of 

0.1 M PBS with 2% FBS for 5 min at 310 g, Fc receptors on microglial cells were 

blocked by incubating them with CD16/32 primary antibody (1:250; 553142, BD 

Biosciences) for 20 min at 4 oC. Subsequently, each cellular suspension was divided in 

two and incubated with either CD45-PerCP (1:400; 557235, BD Biosciences) and 

CD11b-APC-Cy7 (1:400; 557657, BD Biosciences) primary antibodies or their 

respective isotype controls (1:400; BD Biosciences) for 30 min at 4 oC in a conical 96-

well plate. Finally, cell suspensions were washed and centrifuged in 0.1 M PBS with 

2% FBS for 4 min at 1,700 rpm. A BD FACSCantoÔ flow cytometer with the BD 

FACSDivaÔ software was used to acquire and read the samples. Data analysis was 

performed by means of FlowJoÔ software. 

 

2.10. Tissue processing for SR-µFTIR analysis 
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For synchrotron radiation-Fourier transform infrared microspectroscopy (SR-µFTIR) 

analysis, animals were euthanised under an anaesthesia solution of xylazine (30 

mg/kg) and ketamine (120 mg/kg) and intracardially perfused for 10 min with 4% 

paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were quickly 

removed, post-fixed for 4 h at 4 oC in the same fixative and cryoprotected with 30% 

sucrose solution in 0.1 M phosphate buffer for 48 h at 4 oC. Finally, brains were frozen 

in ice-cold 2-methylbutane (320404, Sigma-Aldrich) and stored at -80 oC until use. 

Series of coronal parallel sections (9-µm-thick) between bregma 0.86 mm and bregma 

-1.22 mm coordinates were cut on a cryostat (CM3050S Leica) and mounted onto 

polished calcium fluoride (CaF2) optical windows (CAFP20-1, Crystran; UK). To 

minimise water contribution, brain sections on CaF2 windows were air-dried at RT and 

stored in a vacuum chamber protected from light until use. 
  

2.11. SR-µFTIR data acquisition 

SR-µFTIR was performed at the MIRAS beamline at ALBA Synchrotron (Catalonia, 

Spain) (Yousef et al., 2017). A Hyperion 3000 microscope equipped with a 36x 

magnification objective coupled to a Vertex 70 spectrometer (Bruker, Billerica; MA, 

USA) and a mercury cadmium telluride (MCT) detector were used. Both the 

microscope and spectrometer were continuously purged with a flow of dried air. 

Spectra were collected in transmission mode at 4 cm-1 resolution, 10 μm x 10 μm 

aperture dimensions and 64 scans and obtained by means of Opus 7.5 software 

(Bruker, Billerica; MA, USA). The measuring range was 600-4000 cm-1 wavenumber. 

Zero filling was performed with fast Fourier transform (FFT); therefore, one point every 

2 cm-1 was obtained in the final spectra. Background spectra were collected from a 

clean area of each CaF2 window every 10 min. For each animal, a minimum of 120 

spectra with a step size of 30 μm x 30 μm was acquired in the cerebral cortex and 

corpus callosum areas of two different coronal brain sections (Figure 7A,B). A total of 

4-5 animals per group were used for this experimental procedure. Furthermore, a 

tissue infrared-map of 900 spectra with a step size of 6 μm x 6 μm was performed in 

one representative animal of each experimental group. 

  

2.12. SR-µFTIR spectra analysis 

The spectra obtained from the tissue samples were firstly visualised in Opus 7.5 

software (Bruker, Billerica; MA, USA) and those exhibiting a low signal-to-noise ratio 

were eliminated. For data processing, The Unscrambler X software (CAMO Software; 

Oslo, Norway) was used. Second derivative of the spectra was calculated using a 

Savitsky-Golay algorithm with an eleven-point smoothing filter and a polynomial order 
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of 3 to eliminate the baseline contribution and enhance narrow bands. The 

spectroscopic infrared peaks at different wavenumbers are well established to 

correspond with biomolecules and functional organic groups (Figure 7C). In this study 

we focused the analysis on the determination of the amount of lipid, with respect to the 

total amount of protein in the tissue using the ratios for CH2/Amide I (d2A2921/d2A1656 

and d2A1467/d2A1656). Also, the lipid oxidation was determined by calculating the 

increase of the carbonyl group (C=O) using the d2A1743/d2A2921 ratio and the increase of 

the unsaturated olefinic group (C=CH) calculating the d2A3012/d2A2921 ratio, as in 

Benseny-Cases et al. (2018), Lamba et al. (1991) and LeVine and Wetzel (1998). 

  

2.13. Tissue processing for biochemical analysis 

Mice were euthanised under an intraperitoneal anaesthetic solution of xylazine (30 

mg/kg) and ketamine (120 mg/kg) and perfused intracardially with cold 0.1 M PBS at 

pH 7.4 for 1 min. The cerebral cortex and corpus callosum were quickly dissected, 

frozen in liquid nitrogen and stored at -80 oC. Tissue was homogenised using a 

polytron homogenizer in a lysis buffer containing 25 mM HEPES at pH 7.4 (H3375, 

Sigma-Aldrich), 0.2% IGEPAL (I-3021, Sigma-Aldrich), 5 mM MgCl2 (A376433, Merck), 

1.3 mM EDTA at pH 8 (20302, VWR), 1 mM EGTA at pH 8 (E4378, Sigma-Aldrich), 1 

mM PMSF (P7626, Sigma-Aldrich), protease inhibitor cocktail (1:100; P8343, Sigma-

Aldrich) and phosphatase inhibitor cocktail (1:100; P0044, Sigma-Aldrich) in deionized 

water. After 2 h at 4 oC, tissue lysates were centrifuged at 13,000 rpm for 5 min at 4 oC. 

Then, the supernatants were collected and stored aliquoted at -80 oC until use. 

  

2.14. Luminex bead-based multiplex assay 

Total protein concentration of the cerebral cortex and the corpus callosum lysates were 

determined with a commercial Pierce BCA Protein Assay Kit (23225, Thermo Scientific) 

according to the manufacturer’s instructions. To quantify IL-10, IL-6, IL-1b and TNFa 

cytokine levels, Luminex® Multiple Analyte Profiling (xMAP®) technology was performed 

according to the MILLIPLEX® MAP Kit (MHSTCMAG-70K, Merck) manufacturer’s 

protocol. Briefly, 25 μL of each sample (total protein concentration of 3 μg/μL), 

standards and controls were added to their corresponding wells in a 96-well plate. 

Additionally, 25 μL of Assay Buffer were added to the samples’ wells, whereas 25 μL of 

lysis buffer (See “2.13. Tissue processing for biochemical analysis” section) were 

added to standard and control wells. In all wells, 25 μL of magnetic beads were added 

and incubated on a plate-shaker (700 rpm) overnight at 4 oC. After removing wells’ 

contents with a handheld magnet and three washes with Wash Buffer, 25 μL of 

Detection Antibodies were added into each well and incubated with agitation for 1 h at 
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RT. Next, 25 μL of Streptavidin-Phycoerythrin was also added to each well and 

incubated with agitation for 30 min at RT. Finally, the wells were washed three times 

with Wash Buffer, and 150 μL of Drive Fluid were added. Followed by a 5 min shaking, 

a Luminex MAGPIX® instrument with xPONENT® 4.2 software was used to read and 

analyse the plate. 

 

2.15. Statistical analysis 
Statistical analysis and graphical representation were performed using the Graph Pad 

Prism® software. In this study, we were interested in determining i) differences between 

transgenic and WT animals of the same age and ii) differences between aged and 

adult animals of the same genotype; for this reason, Student’s t-test was used. 

Statistical significance was considered with p < 0.05 for all of the tests performed. All 

experimental results are expressed as mean values ± standard error of the mean 

(SEM). 
 

 

3.     RESULTS 
 

3.1. Microglial activation and cell density 
To characterise microglial morphology, activation and cell density, IBA1, MHC-II 

and PU.1 immunolabelling from different brain areas of grey matter (cerebral cortex 

and hippocampus) and white matter (corpus callosum and fimbria) (Figures 1 and 2; 
Suppl. Figures 1 and 2) was analysed. 

During aging, a regional-dependent microglial activation was observed by an 

increase of IBA1 expression together with morphological changes. Whereas microglia 

from the cerebral cortex undergoes slight changes, microglia from hippocampus, 

corpus callosum and fimbria become highly activated, presenting a significant increase 

of IBA1 levels (Figure 1R; Suppl. Figure 1D,R). In these cerebral regions, aged 

microglial cells exhibited a larger soma and thicker processes, as compared to adult 

microglia. To study microglial cell density, microglial nuclei were quantified with the 

myeloid transcription factor PU.1 (Walton et al., 2000). In parallel to the greater 

activation observed, microglial cell density was also increased during aging with 

differences between the studied areas. Thus, while microglial cell density was not 

modified in the cerebral cortex, cell density was increased in the hippocampus, corpus 

callosum and fimbria of aged mice (Figure 2; Suppl. Figure 2). This increase was 

more pronounced in the white matter areas, which presented about twice the cell 

density in aging than in adulthood. Moreover, we show the presence of a high 
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microglial cell density (Figure 2E; Suppl. Figure 2E) and IBA1 immunolabelling 

(Figure 1R; Suppl. Figure 1R) in specific locations belonging to white matter areas 

during aging. However, despite the described microglial activation upon aging, no 

expression of MHC-II in microglial cells was observed (data not shown). 

 

 
Figure 1. Microglial activation and morphology represented by IBA1 immunohistochemistry in the 
cerebral cortex and the corpus callosum. Representative images of IBA1 immunohistochemistry in the 
cerebral cortex (A-L) and the corpus callosum (O-T) of WT, GFAP-IL10Tg and GFAP-IL6Tg mice. Insets in 
A-F images show the microglial morphology at high magnification in the cerebral cortex (G-L). Graphs 
show the quantification of the immunostained area multiply by the immunostaining intensity of IBA1 in the 
cerebral cortex (M,N) and the corpus callosum (U,W) of GFAP-IL10Tg (M,U) and GFAP-IL6Tg (N,W) mice 
with respect to their corresponding WT littermates. Grey and magenta asterisks are referred to significant 
differences by age between WT and GFAP-IL6Tg mice, respectively. Data are represented as the mean ± 
SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. AI (Area x Intensity); a.u. (arbitrary units). Scale 
bar = 30 µm. 
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Figure 2. Microglial cell density represented by PU.1 immunohistochemistry in the cerebral cortex 
and the corpus callosum. Graphs show the quantification of PU.1 cell density in the cerebral cortex (A,B) 
and the corpus callosum (C,D) of GFAP-IL10Tg (A,C) and GFAP-IL6Tg (B,D) mice with respect to their 
corresponding WT littermates. Grey asterisks are referred to significant differences by age between WT 
mice. Data are represented as the mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001. Representative 
photographs showing accumulations of microglial cells (arrows) observed in the corpus callosum of aged 
WT (E) and aged GFAP-IL6Tg (F) mice. Scale bar = 30 µm 
 

Additionally, our results show that modifications in the brain microenvironment 

affect the age-related microglial activation. Both IL-10 and IL-6 transgenic 

overproduction induces an increase of IBA1 expression (Figure 1B,C,P,Q; Suppl. 
Figure 1B,C,P,Q) and microglial cell density (Figure 2; Suppl. Figure 2) in all areas 

studied during adulthood. In GFAP-IL10Tg mice, this induction remains unaltered along 

time, resulting in a higher activation and cell density than in WT mice in the grey matter 

areas during aging (Figures 1M and 2A; Suppl. Figures 1M and 2A), but being 

similar to WT in the white matter areas (Figures 1U and 2C; Suppl. Figure 1U). In this 

way, we show that microglial activation observed in adult GFAP-IL10Tg mice is similar 

to that observed during aging in the white matter areas of WT mice. On the other hand, 

IBA1 expression in GFAP-IL6Tg was exacerbated along time in the hippocampus, 

corpus callosum and fimbria (Figure 1W; Suppl. Figure 1N,W). Thus, these animals 

presented a greater microglial activation than WT during aging in all of the areas 

studied. Likewise, more microglial cell density was detected by IL-6 overproduction 

(Figure 2B,D; Suppl. Figure 2B,D). Concomitant with this activation, a high microglial 

cell density (Figure 2F; Suppl. Figure 2F) and IBA1 immunolabelling (Figure 1T; 
Suppl. Figure 1T) in specific locations of the white matter areas were remarkably 

visualised in aged GFAP-IL6Tg mice. Another feature affected by the IL-10 and IL-6 
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transgenic overproduction was the microglial morphology. In all areas studied, 

microglia from both transgenic animals showed a larger soma and thicker processes 

than WT microglia since adulthood (Figure 1; Suppl. Figure 1). Remarkably, 

microglial cells from the hippocampal CA1 region of these animals, at both ages, 

presented a distinctive elongated morphology following the same direction as the 

dendrites of the pyramidal neurons of this area (Suppl. Figure 1I-L).   
 

3.2. Microglial phagocytic phenotype 

Detection of macrosalin (CD68) was used to determine lysosomal phagocytic 

activity in grey matter (cerebral cortex and hippocampus) and white matter (corpus 

callosum and fimbria) areas (Figure 3; Suppl. Figure 3).  
In contrast to the slight CD68 immunolabelling observed in adult mice, an 

intense staining of CD68 restricted to the microglial cell soma was detected during 

aging in the cerebral cortex and the hippocampus of WT mice (Figure 3D,L-N; Suppl. 
Figure 3D). In the corpus callosum and the fimbria, CD68 expression was also 

considerably increased in aged animals; however, its cellular distribution was more 

heterogeneous, including microglial soma and processes (Figure 3AD,AL-AN; Suppl. 
Figure 3L).  

As we observed with IBA1 and PU.1 markers, both IL-10 and IL-6 transgenic 

overproduction induces an increase of CD68 expression in adulthood for all areas 

studied, but in aging, the expression of this molecule is differently affected depending 

on the cytokine. While GFAP-IL10Tg animals presented similar levels of CD68 at both 

ages (Figure 3G,AG; Suppl. Figure 3G,O), GFAP-IL6Tg animals showed an age-

dependent CD68 increase reaching higher levels than those observed in aged WT 

mice (Figure 3H,AH;  Suppl. Figure 3H,P). The distribution of CD68 in the grey matter 

of aged transgenic animals was also different to that observed in WT, being localised 

not only in the perinuclear region, but also in microglial ramifications. 

In addition to analysing the lysosomal phagocytic activity, triggering receptor 

expressed on myeloid cells 2 (TREM-2), Galectin-3 (GAL-3), and CD11c markers were 

used to determine the expression of phagocytic receptors on microglial cells (Figure 4; 
Suppl. Figure 4). 

During aging, we show an upregulation of TREM-2, GAL-3 and CD11c 

expression specifically in the white matter areas of WT mice. While the expression of 

TREM-2 in the cerebral cortex and the hippocampus was weakly visualised and 

localised perinuclearly at both ages (data not shown), a significant increase of the 

TREM-2 immunolabelling in the microglial cell soma and processes was observed in 

the corpus callosum and the fimbria of aged mice (Figure 4A,D; Suppl. Figure 4A,D).  
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In parallel, the expression of GAL-3 and CD11c molecules was absent in the grey 

matter areas regardless of age, but de novo expression of both markers was observed 

in the white matter areas of WT mice upon aging (Figure 4I,L; Suppl. Figure 4I,L). 
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Figure 3. Microglial phagocytic capacity represented by CD68 immunostainings in the cerebral 
cortex and the corpus callosum. Representative images of CD68 immunohistochemistry in the cerebral 
cortex (A-F) and the corpus callosum (AA-AF) of WT, GFAP-IL10Tg and GFAP-IL6Tg mice. Graphs show 
the quantification of the immunostained area multiply by the immunostaining intensity of CD68 in the 
cerebral cortex (G,H) and the corpus callosum (AG,AH) of GFAP-IL10Tg (G,AG) and GFAP-IL6Tg (H,AH) 
mice with respect to their corresponding WT littermates. Note the restricted perinuclear distribution of 
CD68 in the cerebral cortex of aged WT animals (D,L) in contrast with the distribution along the microglial 
ramifications of GFAP-IL10Tg (E,R) and GFAP-IL6Tg (F,X) mice. Representative images of CD68 and 
IBA1 double-immunofluorescence in the cerebral cortex (I-Z) and the corpus callosum (AI-AZ) of WT, 
GFAP-IL10Tg and GFAP-IL6Tg mice. Yellow color indicates co-localization. Grey and magenta asterisks 
are referred to significant differences by age between WT and GFAP-IL6Tg mice respectively. Data are 
represented as the mean ± SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001. AI (Area x Intensity); a.u. 
(arbitrary units). Scale bar (A,AA) = 30 µm. Scale bar (I,O,U,AI,AO,AU) = 50 µm 
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Figure 4. Microglial phagocytic phenotype represented by TREM-2, Galectin-3 and CD11c 
immunohistochemistries in the corpus callosum. Representative images of TREM-2 (A-F) and 
Galectin-3 (I-N) immunohistochemistries in the corpus callosum of WT, GFAP-IL10Tg and GFAP-IL6Tg 
mice. Graphs show the quantification of the immunostained area multiply by the immunostaining intensity 
of TREM-2 (G,H) and Galectin-3 (O,P) in the corpus callosum of GFAP-IL10Tg (G,O) and GFAP-IL6Tg (H, 
P) mice with respect to their corresponding WT littermates. The number of CD11c positive cells (Q) per 
section was quantified in the corpus callosum of GFAP-IL10Tg (R) and GFAP-IL6Tg (S) mice with respect 
to their corresponding WT littermates. Grey and magenta asterisks are referred to significant differences 
by age between WT and GFAP-IL6Tg mice, respectively. Data are represented as the mean ± SEM. *p < 
0.05, **p < 0.01. AI (Area x Intensity); a.u. (arbitrary units); CC (corpus callosum). Scale bar = 50 µm. 
 

Specific changes in the expression of TREM-2, GAL-3 and CD11c are shown in 

transgenic animals with overproduction of IL-10 or IL-6. In GFAP-IL10Tg mice, TREM-2 

and GAL-3 were observed in the corpus callosum (Figure 4B,G,J,O) and the fimbria 

(Suppl. Figure 4B,G,J,O) since adulthood, with only modifications along time in the 

case of GAL-3 in the fimbria. However, the earlier-mentioned age-related CD11c 

expression was absent in this transgenic line (Figure 4R; Suppl. Figure 4R). On the 

other hand, GFAP-IL6Tg mice showed an upregulation of TREM-2, GAL-3 and CD11c 

expression during aging, reaching levels similar to those observed in aged WT mice 

(Figure 4H,P,S). Especially in the aged fimbria, the levels of TREM-2 and GAL-3 were 

higher in animals with IL-6 overproduction, comparing them with WT mice (Suppl. 
Figure 4H,P).  

 

3.3. Functional phagocytosis of microglial cells 
To elucidate whether the observed increase of phagocytic markers on microglial 

cells belonging to the white matter areas correlate with a functional increase of 

phagocytosis, a myelin phagocytosis assay by flow cytometry in the corpus callosum 

was performed (Figure 5).  
After isolating live CD45+/CD11b+ cells (Figure 5A,B), we show that around 

35% of them phagocytose pHrodo-conjugated myelin, however, no differences in this 

percentage were observed between ages or genotypes (Figure 5D). In this assay, we 

also measured the intrinsic microglial phagocytic capacity by quantifying the cellular 

mean fluorescence intensity (MFI) emitted in the FITC channel. In physiological 

conditions, our results show that microglial cells maintain the same phagocytic capacity 

during aging (Figure 5E). Nevertheless, we demonstrated that microenvironmental 

alterations by both IL-10 and IL-6 modify the efficiency of myelin engulfment by 

microglial cells. Thus, overexpression of IL-6 induces an increase of the microglial 

phagocytic capacity since adulthood, while overexpression of IL-10 upregulates the 

cellular ingestion of myelin exclusively in aging (Figure 5E). 
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Figure 5. Functional myelin phagocytosis by microglial cells from the corpus callosum. Flow 
cytometry analysis showing gating strategy of live cells (A) and microglial population by CD45 and CD11b 
fluorescent staining (B). The selected region in panel B corresponds to the cell population used in this 
study. Fluorescence histogram showing myelin negative control versus pHrodo-conjugated myelin (C) was 
used to distinguish between phagocytic and non-phagocytic microglial cells. Graphs show the percentage 
of CD45+/CD11b+ cells phagocyting myelin (D) and their individual myelin phagocytic capacity (E). Data 
are represented as the mean ± SEM. *p < 0.05, **p < 0.01. MFI (Mean Fluorescence Intensity); a.u. 
(arbitrary units). 
 

3.4. Demyelination and axonal damage 

Taking into account that major differences in the microglial phenotype were 

observed in the WM areas, possible structural myelin alterations in aging or induced by 

the overproduction of IL-6 and IL-10 were assessed by analysing the expression of 

myelin basic protein (MBP) and the main lipid content by Luxol fast blue (LFB). Our 

results show no differences in the MBP or LFB staining between ages or genotypes 

(Figure 6).  
Furthermore, amyloid precursor protein (APP) positive bulbs were analysed to 

evaluate possible axonal damage. APP accumulation was mostly absent in all of the 

groups studied. In particular, some APP+ bulbs were observed in the axons of aged 

GFAP-IL6Tg mice (data not shown). 
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Figure 6. Myelin density represented by MBP immunohistochemistry and LFB staining in the 
corpus callosum. Representative images of MBP immunohistochemistry (A) and LFB staining (D) in the 
corpus callosum. Quantification of the stained area multiply by the staining intensity of MBP (B,C) and LFB 
(E,F) in the corpus callosum is represented in the graphs. Data are represented as the mean ± SEM. AI 
(Area x Intensity); a.u. (arbitrary units). Scale bar = 30 µm. 
 

3.5. Tissue lipid/protein content and lipid oxidation 

Since oxidative stress is one of the main aging hallmarks, and the lipid content 

of myelin is very high, we evaluated the lipid/protein ratio and the presence of lipid 

oxidation by synchrotron radiation-Fourier transformed infrared microspectroscopy 

(SR-µFTIR) in the cerebral cortex and the corpus callosum as representative areas of 

GM and WM, respectively (Figure 7). 
The representative infrared spectra acquired in the cerebral cortex and the 

corpus callosum confirm the regional biochemical differences between GM and WM 

areas, previously reported by our group (Sanchez-Molina et al., 2020). High 

absorptions in the infrared bands corresponding to lipid acyl chains (CH2) and methyl 

groups (CH3), were found on WM, when compared to GM, regardless of age or 

genotype (Figure 7C). However, no major differences in the lipid/protein ratio 

(d2A2921/d2A1656 and d2A1467/d2A1656) were observed in the cerebral cortex (Figure 7D-K) 
or the corpus callosum (Figure 7T-AA) by the effect of the age or the genotype.  

Regarding lipid oxidation, the infrared absorbance was measured at 1743 cm-1 

to detect carbonyl groups (C=O) and at 3012 cm-1 to detect olefinic groups (C=CH). To 

normalise for the total amount of lipid present in the tissue, C=O and C=CH 

absorptions were represented, with respect to the CH2 absorption at 2921 cm-1. For 

these ratios, differences between animals were specifically detected in the corpus 

callosum. In this area, a reduction of carbonyl groups (d2A1743/d2A2921) was found during 

aging regardless of the genotype (Figure 7AB-AH). 
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Figure 7. Lipid/Protein ratio and lipid oxidation represented by synchrotron-based µFTIR analysis 
in the cerebral cortex and the corpus callosum. Representative image of the different points in the 
cerebral cortex (blue square) and the corpus callosum (red square) tissue sections measured by infrared 
spectroscopy in WT, GFAP-IL10Tg and GFAP-IL6Tg mice (A,B). Representative average infrared spectra 
from cerebral cortex (blue line) and corpus callosum (red line) indicating the assignments of the main 
absorptions peaks to chemical functional groups is represented in (C). Asterisks indicate higher 
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absorptions of CH3 and CH2 in the corpus callosum compared to the cerebral cortex. Tissue heat-maps 
represent lipid/protein (CH2/Amide I) content (D-I,T-Y) and lipid oxidation (C=O/CH2) status (L-Q,AB-AG) in 
the cerebral cortex and the corpus callosum. Graphs show the infrared absorptions after the second 
derivative of 𝑣CH2/Amide I (J,Z), ẟCH2/Amide I (K,AA), 𝑣C=O/𝑣CH2 (R,AH) and 𝑣C=CH/𝑣CH2 (S,AI) ratios. 
Grey, cyan and magenta asterisks are referred to significant differences by age between WT, GFAP-
IL10Tg and GFAP-IL6Tg mice, respectively. Data are represented as the mean ± SEM. *p < 0.05, ***p < 
0.001. a.u. (arbitrary units); d2A (second derivative absorbance). Scale bar = 50 µm. 
 

3.6. Determination of cytokine levels 

Finally, IL-10, IL-6, IL-1b and TNFa cytokine levels were measured by Luminex® 

assay in the cerebral cortex and the corpus callosum as representative areas of GM 

and WM, respectively (Figure 8).  
 

 
Figure 8. IL-10 and IL-6 levels represented by Luminex analysis in the cerebral cortex and the 
corpus callosum. Quantification of IL-6 (A,C) and IL-10 (B,D) levels in the cerebral cortex (A,B) and the 
corpus callosum (C,D) of WT, GFAP-IL10Tg and GFAP-IL6Tg mice. Cyan asterisk is referred to significant 
differences by age between GFAP-IL10Tg mice. Data are represented as the mean ± SEM. *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001. 
 

Our results showed no differences in the levels of IL-10 and IL-6 cytokines due to 

the effect of normal aging, nevertheless, we observed significant variations because of 

the effect of IL-10 and IL-6 cytokine transgenic overproduction. GFAP-IL10Tg mice 
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presented higher levels of IL-10 than WT mice during adulthood without variations 

along time in the cerebral cortex (Figure 8B). However, no modifications in the levels 

of IL-10 were found in the corpus callosum of this transgenic line at any age (Figure 
8D). Additionally, a decrease of IL-6 levels was observed in GFAP-IL10Tg mice with 

aging (Figure 8A). In GFAP-IL6Tg animals, levels of IL-6 were higher than in WT at 

both ages in the two studied areas (Figure 8A,C). Moreover, in the cerebral cortex of 

these transgenic animals, IL-10 expression was also increased specifically in 

adulthood (Figure 8B). The values obtained for IL-1b and TNFa cytokines were lower 

than were the minimum detectable concentration calculated by MILLIPLEX® Analyst 

5.1 software in all of the animals, making it impossible to obtain reliable results. 

 

 

4.  DISCUSSION 

  

This work provides evidence of differences in microglial activation and phenotype 

between brain areas and ages, together with biochemical changes at the tissue level. 

Our data show that during aging, microglia from the WM areas acquire a specific 

phenotype specialised in the recognition and phagocytosis of altered myelin. This 

phenotype is characterised by the expression of CD68, TREM-2, GAL-3 and CD11c 

molecules. However, in the WM, the percentage of phagocytic microglial cells and their 

intrinsic phagocytic capacity is unaltered with aging. Moreover, this study highlights the 

importance of the local microenvironment in the fate of microglial cells and their 

efficiency of myelin phagocytosis along time, but without influencing in the lipid 

oxidation associated to aging.  

During physiological aging, we corroborated a pronounced microglial activation and 

cell density in WM areas, whereas microglia in GM areas remained similar to those 

found in adulthood (Hart et al., 2012; Sheffield and Berman, 1998; Sloane et al., 1999). 

Transgenic overproduction of IL-10 and IL-6 induces an exacerbation of microglial 

activation in GM areas, whereas in WM only GFAP-IL6Tg mice showed higher levels of 

reactivity than WT, indicating that microenvironmental effects are different between 

WM and GM. Modifications of microglial activation in both transgenic animals have 

already been reported during adulthood in our previous works (Almolda et al., 2014; 

Almolda et al., 2015; Recasens et al., 2019) and also corroborated by this study, which 

also focuses on the effect of transgenic IL-10 and IL-6 overproduction during aging. 

The effect observed in adult mice was only exacerbated by age in the case of GFAP-

IL6Tg animals, and specifically in WM, indicating again that this is the most affected 

area by both age and genotype. 
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In agreement with previous studies (Perry et al., 1993; Wong et al., 2005), microglia 

in WT mice presented a higher phagocytic phenotype during aging, characterised by 

enhanced expression of the lysosomal marker CD68, among others. Whereas GFAP-

IL10Tg and GFAP-IL6Tg mice presented greater CD68 expression than WT in the GM 

areas, expression of CD68 in the WM areas was exacerbated only in GFAP-IL6Tg 

mice during aging. Similar to aging, CD68 is increased in several diseases (Petkovic et 

al., 2016; Raj et al., 2017), but also in a physiological situation, such as the early 

postnatal brain, where phagocytosis of apoptotic cells, myelin and synapses is required 

(Hammond et al., 2019). 

Interestingly, microglia from WM areas presented a specific phagocytic phenotype 

characterised by an increase of CD68+ lysosomes and a de novo expression of TREM-

2, GAL-3 and CD11c molecules in aging, as already observed for mice and humans 

(Hart et al., 2012; Raj et al., 2017). In pathological situations, a different microglial 

phenotype in WM areas, with respect to GM, has also been observed (Lee et al., 

2019). 

TREM-2 is an immunoglobulin superfamily membrane receptor expressed in 

myeloid cells. Current studies, trying to unveil TREM-2 ligands, have shown that 

TREM-2 has a specific affinity for anionic lipid recognition (Cannon et al., 2012; Wang 

et al., 2015), such as damage-associated lipids interacting with fibrillar b-amyloid 

(Wang et al., 2015). Our results show TREM-2 expression in aged animals is mainly 

restricted to WM areas, arguing for microglia as sensors of myelinated axons, 

oligodendrocytes and/or astrocytes in these areas. Furthermore, TREM-2 deficiency 

leads to demyelination processes, such as Nasu-Hakola disease (Paloneva et al., 

2000; Paloneva et al., 2002) or impairments in microglial clearance of myelin debris 

after cuprizone-demyelination and experimental autoimmune encephalomyelitis (EAE) 

(Poliani et al., 2015; Piccio et al., 2007). These data indicate that TREM-2 recognises 

myelin-associated lipids pointing to TREM-2+ microglial cells of WM areas as 

specialised microglia detecting myelin-damage during aging. In addition to lipid 

recognition, a very recent work has demonstrated TREM-2 as a key regulator of 

cholesterol metabolism derived from myelin phagocytosis (Nugent et al., 2020). 

Similar to TREM-2, both GAL-3 and CD11c have been reported to be upregulated 

in demyelination situations like EAE (Reichert and Rotshenker, 1999; Wlodarczyk et 

al., 2014), optic nerve degeneration (Reichert and Rotshenker, 1996) and cuprizone-

demyelination (Remington et al., 2007). Specifically, GAL-3 has been shown to 

mediate microglial phagocytosis of myelin (Rotshenker et al., 2008). In addition to 

myelin phagocytosis, a role of GAL-3 and CD11c in oligodendrocyte survival and 

differentiation has been described (Hoyos et al., 2014; Pasquini et al., 2011; 
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Wlodarczyk et al., 2017). Thus, animals with a deficiency of GAL-3 present basal 

hypomyelination and myelin structure abnormalities (Pasquini et al., 2011), as well as 

an inability to promote remyelination after demyelination by cuprizone (Hoyos et al., 

2014). 

Moreover, CD68, TREM-2, GAL-3 and CD11c have also been related to damage-

associated microglia (DAM) in neurodegeneration and aging (Keren-Shaul et al., 2017; 

Krasemann et al., 2017), together with upregulation of other genes implicated in 

apoptotic cells and myelin debris phagocytosis and lipid metabolism (Deczkowska et 

al., 2018; Keren-Shaul et al., 2017). Curiously, proliferating-associated microglia (PAM) 

cells also express the markers observed in the WM areas of aged animals, such as 

CD68, TREM-2, GAL-3 and CD11c. PAM cells are present in WM areas during 

postnatal development, and they are specialised in the clearance of apoptotic 

oligodendrocytes and myelin debris that takes place in the primary myelination (Li et 

al., 2019; Wlodarczyk et al., 2017), suggesting that this specific phenotype might also 

be required for the detection of altered myelin during aging. 

Considering all of these data, the age-related phagocytic microglial phenotype 

observed in WM areas argues for myelin deterioration during physiological aging and, 

therefore, the need of a specialised phagocytic microglia for the recognition of 

damaged products. Accordingly, a study in mice shows an increase of myelin 

fragments inside of aged microglia (Safaiyan et al., 2016). In this line, several magnetic 

resonance imaging studies in humans have shown a decline in the volume of WM 

areas in elderly brains (Bartzokis et al., 2003; Guttmann et al., 1998; Hinman and 

Abraham, 2007) and a reduction of myelin density by histological analysis in aged dogs 

(Chambers et al., 2012). Nonetheless, to the best of our knowledge, there is no 

evidence of demyelination by physiological aging in rodents, and we were not able to 

find differences in either the total lipid amount or in the major protein component of 

myelin.  

Another explanation of the observed microglial phagocytic phenotype in WM areas 

during aging could be the high heterogeneity that microglial cells present in the 

different brain areas. Thus, microglia from WM areas could undergo specific 

phagocytic changes during aging, in comparison to GM areas. In contrast to studies 

reporting a deficient phagocytosis in aged microglia (Pluvinage et al., 2019; Ritzel et 

al., 2015), we demonstrate herein that microglia isolated from the WM of aged mice 

present the same phagocytic activity that microglia from adult mice when exposed to 

myelin debris. This result reinforces the idea that, during aging, the microglial shift to a 

more phagocytic phenotype in the WM areas is given to the detection of myelin 

damage in the tissue instead of intrinsic cellular factors.  
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In order to go deeper into the biochemical tissue state during aging and considering 

that DAM signature is associated to lipid metabolism genes, WM and GM areas along 

time were analysed by SR-µFTIR. Our results show a lower lipid oxidation in the WM 

area of aged animals without variations in the total lipid amount, with respect to protein. 

In addition to the specific lipid properties previously described between brain areas in 

mice and humans by SR-µFTIR analysis (Sanchez-Molina et al., 2020), with these data 

we also show a regional vulnerability of the brain-lipid alterations by the effect of age in 

mice. To our knowledge, this is the first study reporting a decrease of lipid oxidation 

during physiological aging, which is in contrast to many studies that have reported an 

increase (Ando et al., 1990; Clausen et al., 2010; Leutner et al., 2001) or absence of 

changes (Cini and Moretti, 1995). Considering that oxidant species can affect proteins 

or DNA without affecting lipids (Halliwell, 1987), an important aspect to take into 

account is the analysis methodology. Most of the previous studies reporting an 

increase in lipid oxidation were biochemical assays in brain homogenates, with 

limitations to i) disregarding contributions of other macromolecules other than lipids, 

and ii) the difficulty to discriminate between specific brain regions, such as WM and 

GM areas, which, as we show, are significantly different regarding lipid oxidation.  

Our results, together with studies reporting high oligodendrocyte stability along the 

lifespan (Tripathi et al., 2017) and the possibility of changes in myelin lipid composition 

without modifications in the total lipid amount (Norton and Poduslo, 1973), reinforce the 

idea that age affects myelin quality rather than myelin quantity. Alterations in lipid 

composition usually have an impact on the structure and permeability of membranes; 

specifically, lipid oxidation is considered as a precursor of neurological disorders 

(Shichiri, 2014). In this work, we show changes in the carbonyl content of lipids from 

WM during aging, however, the final cellular result of this modification is difficult to 

predict. Indeed, we cannot elucidate whether the observed lower lipid oxidation is a 

negative consequence of the process of aging or a beneficial mechanism response to 

combat this process. Based on the observed phagocytic microglial phenotype, it is 

likely that while microglial cells recognise and remove altered lipids, a lipid renovation 

takes place reaching lipid levels similar to those of adulthood. This would be consistent 

with studies that show a higher lipid turnover of myelin in the aged brain (Ando et al., 

2003), but this premise requires further investigation. 

In this study, the influence of pro- and anti-inflammatory cytokines chronic 

production on microglial cells was also evaluated. Interestingly, we observed that IL-6 

and IL-10 exert similar effects on microglial phenotype since adulthood, such as an 

increase of microglial cell density, activation and CD68 expression. This result is 

unexpected if we consider the opposite effects attributed to these cytokines in many 
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pathological situations. As a specific example, previous results from our research 

group demonstrated that after retrograde axonal injury, GFAP-IL6Tg mice presented 

an increase in motor neuron cell death (Almolda et al., 2014) whereas in GFAP-IL10Tg 

mice, neuronal death decreased (Villacampa et al., 2015). On the contrary, here we 

show microglial regulation in a physiological situation; therefore, we are not able to 

know whether the similar activation observed in adult GFAP-IL10Tg and GFAP-IL6Tg 

animals could mean a similar microglial function in age-related pathologies. In this way, 

we report an increase of microglial density and IBA1 and CD68 expression in the 

hippocampus of both transgenic mouse models under basal conditions, however, after 

the perforant pathway transection, the hippocampal microglial response and lesion 

outcome is different according to IL-10 or IL-6 overproduction (Recasens et al., 2019; 

Recasens et al., 2021). Another important aspect to take into account related to the 

changes produced in the microenvironment by transgenic cytokines is homeostatic 

compensation. In this line, our results show that overexpression of the pro-

inflammatory IL-6 cytokine leads to an upregulation of IL-10 production in adulthood. 

Curiously, the overexpression of the anti-inflammatory IL-10 does not result in any 

compensation by a pro-inflammatory cytokine, assuming that chronic IL-6 

overproduction must be counterbalanced for the promotion of life, whereas it is not 

necessary when it comes to IL-10. Thus, the resulting microenvironmental signals in 

both transgenic lines could be similar for microglial cells in the absence of harmful 

stimuli. 

As an interesting datum, adult microglia from WM areas of GFAP-IL10Tg, but 

not those of GFAP-IL6Tg mice, already express TREM-2 and GAL-3 receptors. The 

early appearance of these myelin-related receptors, which were also observed in aged 

WT mice, could be explained by the reported IL-10-induced myelin phagocytosis 

stimulation (Smith, 1999). Nevertheless, isolated microglia from the corpus callosum of 

adult GFAP-IL10Tg mice present the same phagocytic capacity that microglia from 

adult WT mice. On the other hand, although the intrinsic microglial phagocytic capacity 

was increased, the expression of CD68, TREM-2 and GAL-3 markers was barely 

modified upon aging in transgenic mice. Accordingly, previous results from our group 

show a maintenance of microglial activation after perforant pathway transection 

(Recasens et al., 2019) and traumatic brain injury (Shanaki, 2020) in GFAP-IL10Tg 

mice. Taken together, these observations lead to hypothesise that IL-10 

overproduction induces an increased microglial activation in physiological conditions, 

but, however, it avoids normal microglial responses under inflammatory conditions, 

such as aging. The onset of phagocytic receptors in the WM of GFAP-IL10Tg mice 

during adulthood could also be explained by premature tissue deterioration in these 
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transgenic animals and, therefore, a need to eliminate myelin debris at these early 

stages. Supporting this hypothesis, we found a tendency to higher lipid oxidation in the 

WM area of adult GFAP-IL10Tg mice, as compared to adult WT mice, by SR-µFTIR 

analysis together with a tendency for lower lipid content. 

In contrast to GFAP-IL10Tg animals, mice with IL-6 overproduction presented 

higher microglial density, activation, and expression of CD68, TREM-2, and GAL-3 

molecules in WM areas, as compared to WT mice during aging, especially in the 

fimbria. These data could indicate that the tissue in aged GFAP-IL6Tg animals is more 

damaged by the effect of a high pro-inflammatory microenvironment, and therefore, 

highest microglial activation is induced. This would be in agreement with a work that 

associates higher IL-6 levels with lower WM integrity in older individuals (Bettcher et 

al., 2014). Additionally, in myelin disorders, such as transverse myelitis (Kaplin et al., 

2005) or neuromyelitis optica (Uzawa et al., 2010), elevated IL-6 levels have been 

directly associated with the pathogenesis. However, histological and biochemical 

analysis by SR-µFTIR demonstrated that WM composition of GFAP-IL6Tg mice was 

similar to WT mice along time, indicating that this environment does not exacerbate the 

myelin damage. Another possibility of the exacerbated microglial activation shown in 

aged GFAP-IL6Tg mice could be due to the presence of primed microglia induced by 

the influence of IL-6 overexpression. This hypothesis would be in concordance with the 

observed higher phagocytic capacity after myelin debris exposure that GFAP-IL6Tg 

mice present, with respect to WT since adulthood. Microglial priming has been reported 

in the aged brain, pointing to IL-6 as a key contributor of this process (Garner et al., 

2018; Godbout et al., 2005; Norden and Godbout, 2013). Thus, age-related myelin 

deterioration may be similar in WT and GFAP-IL6Tg mice, but microglial cells from 

transgenic mice are primed since adulthood, exacerbating the microglial phagocytic 

response during aging, as compared to WT animals. 

To summarise, this study shows that microglial cells acquire a specific 

phagocytic phenotype involved in myelin recognition solely in WM areas during aging, 

suggesting age-related myelin damage. The specific phagocytic function of microglia in 

these areas may trigger lipid renovation of oxidised products at advanced ages, 

arguing for the lower lipid oxidation in WM areas of aged animals, although the 

microglial phagocytic capacity remained unaltered during aging. Moreover, this work 

shows that overproduction of IL-10 accelerates the specific microglial activation 

observed in the WM areas of aged WT mice, which is sustained throughout aging. On 

the other hand, overproduction of IL-6 enhances microglial activation and phagocytic 

capacity in adult and aged mice, with a special upregulation of phagocytic markers in 

WM areas during aging, although lipid properties are similar to those of WT animals 
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throughout aging. Despite the fact that both transgenic animals present a different 

microglial phagocytic phenotype in WM areas, their functional phagocytosis is equally 

increased during aging. Interestingly, in these opposite inflammatory scenarios, lipid 

properties are equally altered as in normal aging, arguing for age as a greater lipid 

regulator than are cytokines. 
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TABLES  
 
Table 1. List of primary antibodies used for immunohistochemistry and immunofluorescence. 

Target  Host Dilution  Cat. Number  Manufacturer 
IBA1 Rabbit 1:3000 019-19741 Wako 

PU.1 Rabbit  1:400 2258S Cell Signaling  

MHC-II Rat hybridoma 1:25 TIB-120 ATCC 

CD68 Rat 1:1000 MCA1957 Bio-Rad 

 TREM-2 Sheep 1:400 AF1729 R&D Systems 

Galectin-3 Rat 1:500 125401 BioLegend 

CD11c Hamster 1:500 74935 Genetex 

APP Rabbit 1:2000 A8717 Sigma-Aldrich 

MBP Rat 1:1000 Ab7349 Abcam 

 
 

Table 2. List of secondary antibodies used for immunohistochemistry and immunofluorescence. 
 Host Dilution Cat. Number Manufacturer 
Anti-Rabbit Biotinylated Goat 1:500 BA-1000 Vector Laboratories 

Anti-Rat Biotinylated Rabbit 1:500 BA-4001 Vector Laboratories 

Anti-Sheep Biotinylated Rabbit 1:500 BA-6000 Vector Laboratories 

Anti-Hamster Biotinylated Goat 1:500 BA-9100 Vector Laboratories 

Anti-Rabbit Alexa-Fluor-488 Donkey 1:500 A-21206 Invitrogen 

Anti-Rat Alexa-Fluor-555 Goat 1:500 A-21434 Invitrogen 
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SUPPLEMENTARY FIGURES 
 
 
 

 
 
 
Suppl. Figure 1. Microglial activation and morphology represented by IBA1 immunohistochemistry 
in the hippocampus and the fimbria. Representative images of IBA1 immunohistochemistry in the 
hippocampus (A-L) and the fimbria (O-T) of WT, GFAP-IL10Tg and GFAP-IL6Tg mice. Insets in A-F 
images show the microglial morphology in the CA1 hippocampal area at high magnification (G-L). Note the 
elongated morphology characteristic of both transgenic mice (I-L). Graphs show the quantification of the 
IBA1 immunostained area multiply by the IBA1 immunostaining intensity in the hippocampus (M,N) and the 
fimbria (U,W) of GFAP-IL10Tg (M,U) and GFAP-IL6Tg (N,W) mice with respect to their corresponding WT 
littermates. Grey and magenta asterisks are referred to significant differences by age between WT and 
GFAP-IL6Tg mice, respectively. Data are represented as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 
0.001, ****p < 0.0001. AI (Area x Intensity); a.u. (arbitrary units). Scale bar = 30 µm. 
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Suppl. Figure 2. Microglial cell density represented by PU.1 immunohistochemistry in the 
hippocampus and the fimbria. Graphs showing the quantification of PU.1 cell density in the 
hippocampus (A,B) and the fimbria (C,D) of GFAP-IL10Tg (A,C) and GFAP-IL6Tg mice (B,D) mice with 
respect to their corresponding WT littermates. Grey asterisks are referred to significant differences by age 
between WT mice. Data are represented as the mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001. 
Representative photographs showing accumulations of microglial cells (arrows) observed in the fimbria of 
aged WT (E) and aged GFAP-IL6Tg (F) mice. Scale bar = 30 µm. 
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Suppl. Figure 3. Microglial phagocytic capacity represented by CD68 immunohistochemistry in the 
hippocampus and the fimbria. Representative images of CD68 immunohistochemistry in the 
hippocampus (A-F) and the fimbria (I-N) of WT, GFAP-IL10Tg and GFAP-IL6Tg mice. Insets in D-F 
images show characteristic CD68 accumulations found in the CA3 hippocampal region. Graphs show the 
quantification of the CD68 immunostained area multiply by the CD68 immunostaining intensity in the 
hippocampus (G,H) and the fimbria (O,P) of GFAP-IL10Tg (G,O) and GFAP-IL6Tg (H,P) mice with respect 
to their corresponding WT littermates. Grey and magenta asterisks are referred to significant differences 
by age between WT and GFAP-IL6Tg mice, respectively. Data are represented as the mean ± SEM. *p < 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. AI (Area x Intensity); a.u. (arbitrary units). Scale bar = 30 
µm. 
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Suppl. Figure 4. Microglial phagocytic phenotype represented by TREM-2, Galectin-3 and CD11c 
immunohistochemistries in the fimbria. Representative images of TREM-2 (A-F) and Galectin-3 (I-N) 
immunohistochemistries in the fimbria of WT, GFAP-IL10Tg and GFAP-IL6Tg mice. Graphs show the 
quantification of the immunostained area multiply by the immunostaining intensity of TREM-2 (G,H) and 
Galectin-3 (O,P) in the fimbria of GFAP-IL10Tg (G,O) and GFAP-IL6Tg (H,P) mice with respect to their 
corresponding WT littermates. The number of CD11c positive cells (Q) per section was quantified in the 
fimbria of GFAP-IL10Tg (R) and GFAP-IL6Tg (S) mice with respect to their corresponding WT littermates. 
Grey, cyan and magenta asterisks are referred to significant differences by age between WT, GFAP-
IL10Tg and GFAP-IL6Tg mice, respectively. Data are represented as the mean ± SEM. *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001. AI (Area x Intensity); a.u. (arbitrary units); Fi (fimbria). Scale bar = 50 
µm. 
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ABSTRACT 
 

The subgranular zone of the dentate gyrus is an adult neurogenic niche where new 

neurons are continuously generated. A dramatic hippocampal neurogenesis decline 

occurs with increasing age, contributing to cognitive deficits. The process of 

neurogenesis is intimately regulated by the microenvironment, being inflammation 

considered a strong negative factor for this process. Thus, we hypothesize that the 

reduction of new neurons in the aged brain could be attributed to the age-related 

microenvironmental changes towards a pro-inflammatory status. In this work, we 

evaluated whether an anti-inflammatory microenvironment could counteract the 

negative effect of age on promoting new hippocampal neurons. Surprisingly, our 

results show that transgenic animals chronically overexpressing IL-10 by astrocytes, 

present a decreased hippocampal neurogenesis since adulthood resulting from an 

impairment in the survival of neural newborn cells without differences in cell 

proliferation. In parallel, hippocampal-dependent spatial learning and memory 

processes were affected by IL-10 overproduction as assessed by the Morris water 

maze test. Microglial cells, which are key players in the neurogenesis process, 

presented a different phenotype in transgenic animals characterized by high activation 

together with alterations in receptors involved in neuronal communication, such as 

CD200R, SIRPa and CX3CR1. Interestingly, the changes described in adult transgenic 

animals were similar to those observed by the effect of normal aging. Thus, our data 

suggest that chronic IL-10 overproduction mimics the physiological age-related 

disruption of microglia-neuron dialogue resulting in an anticipated hippocampal 

neurogenesis decrease and spatial memory impairment. 

 

Key words: Neurogenesis, IL-10, Aging, Microglia, Memory, CX3CR1, CD200R, 

SIRPa, Hippocampus  
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1. INTRODUCTION  
 
 

Neurogenesis is the process of new cells formation from neural stem/progenitor 

cells (NSCs), which have the ability to proliferate and differentiate into astrocytes, 

oligodendrocytes, or neurons (Akkermann et al., 2017; Bond et al., 2020; Hirabayashi 

and Gotoh, 2005; Mira and Morante, 2020; Taupin and Gage, 2002). After the nervous 

system development in the embryonic stage, neurogenesis remains physiologically 

active in specific cerebral regions of mammals (Altman and Das, 1965; Eriksson et al., 

1998; Kaplan and Hinds, 1977). Specifically, two neurogenic niches have been 

described in the adult mammal brain: the subventricular zone (SVZ) of the lateral 

ventricles and the subgranular zone (SGZ) of the hippocampal dentate gyrus (Imayoshi 

et al., 2009; Ming and Song, 2005).  

The newborn neurons formed in the SGZ during adulthood, migrate through the 

granular cell layer of the dentate gyrus and are integrated into the existing neuronal 

circuits participating in the hippocampal-dependent memory (Saxe et al., 2006; Snyder 

et al., 2005; Stanfield and Trice, 1988). During aging, a dramatic decrease of NSCs 

proliferation, leading to reduced neurogenesis, is specifically observed in the dentate 

gyrus (Bondolfi et al., 2004; Kuhn et al., 1996; Kuipers et al., 2015) concomitant with 

age-related cognitive deficits (Drapeau et al., 2003; Van Praag et al., 2005; Villeda et 

al., 2011). 

The systemic and the local microenvironment is one of the main factors that 

regulate adult neurogenesis (Borsini et al., 2015; Carpentier and Palmer, 2009; Palmer 

et al., 2000; Villeda et al., 2011). In the aged hippocampus, the microenvironment is 

altered towards a pro-inflammatory and oxidized status (Cornejo and von Bernhardi, 

2016; Lucin and Wyss-Coray, 2009; Ojo et al., 2015). Numerous studies demonstrate 

that inflammation is detrimental to the process of neurogenesis (Carpentier and 

Palmer, 2009; Ekdahl et al., 2003; Monje et al., 2003). Thus, induction of pro-

inflammatory molecules, such as IL-6 (Monje et al., 2003; Vallières et al., 2002), IL-1b 

(Goshen et al., 2008; Koo and Duman, 2008; Ryan et al., 2013), TNF-a (Cacci et al., 

2005; Sheng et al., 2005) and nitric oxide (Packer et al., 2003), has an inhibitory effect 

on the generation of new hippocampal neurons. Contrary to pro-inflammatory 

signaling, fewer it is known about the influence of anti-inflammatory molecules on 

neurogenesis. However, some studies have demonstrated that growth factors (Battista 

et al., 2006; Lichtenwalner et al., 2001; Scharfman et al., 2005; Wagner et al., 1999; 

Zigova et al., 1998) and anti-inflammatory cytokines (Aharoni et al., 2005; Butovsky et 

al., 2006; Kiyota et al., 2010; Kiyota et al., 2012) promote neurogenesis.  
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In this context, microglial cells play an important role in regulating 

neuroinflammation and, therefore, neurogenesis. Accordingly, it has been 

demonstrated that a pro-inflammatory microglial activation impacts negatively on the 

hippocampal neurogenesis by the secretion of pro-inflammatory cytokines (Cacci et al., 

2005; Carpentier and Palmer, 2009; Monje et al., 2003; Nakanishi et al., 2007). In 

agreement, Ekdahl and collaborators showed a significant negative correlation 

between the number of LPS-activated microglia and the number of newborn neurons in 

the hippocampal neurogenic niche (Ekdahl et al., 2003). The importance of microglia-

neuron communication in both neurogenesis and aging must also be highlighted. In 

this sense, alterations in the “do-not-eat-me” signaling, which maintains microglial cells 

in a homeostatic state, impact the generation of new neurons (Bachstetter et al., 2011; 

Varnum et al., 2015; Vukovic et al., 2012). In addition to microglial cells, other immune 

cells, such as lymphocytes, can modulate neurogenesis crossing blood vessels located 

in the neurogenic niche (Aharoni et al., 2005; Wolf et al., 2009).  

Because most of the studies exploring the influence of the neurogenic 

microenvironment have been performed in vitro or by acute administration of specific 

molecules, it is of special interest to study the effect of a local and chronic 

microenvironment under physiological conditions in vivo. Specifically, the anti-

inflammatory IL-10 cytokine has been described to influence neurogenesis differently in 

vivo depending on the administration route and the neurogenic niche. Thus, 

hippocampal IL-10 gene delivery by adeno-associated virus enhances neurogenesis 

and cognitive function in an Alzheimer’s disease mouse model (Kiyota et al., 2012), 

whereas intraventricular IL-10 administration reduces neurogenesis of the SVZ (Perez-

Asensio et al., 2013). Of special interest are previous results from our research group 

describing neuronal and microglial modifications in the hippocampus of adult and aged 

mice with astrocyte-targeted overproduction of IL-10 (Almolda et al., 2015; Sanchez-

Molina et al., 2021). Considering the direct association between higher inflammation 

and lower neurogenesis in aging, the present study aimed to evaluate the impact that 

an anti-inflammatory microenvironment produced by chronic astrocyte-targeted IL-10 

overproduction exerts on the aged hippocampal neurogenesis under physiological 

conditions.  

 

 
2. MATERIAL AND METHODS 
 
2.1. Animals 
Transgenic mice with astrocyte-targeted overproduction of IL-10 (GFAP-IL10Tg) and 

their corresponding wild-type (WT) littermates were used in this study. GFAP-IL10Tg 
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mice generation on the C57BL/6 background was described previously (Almolda et al., 

2015). Genotype determination was performed by polymerase chain reaction (PCR) 

analysis of DNA obtained from mice tail biopsies. Animals of both sexes were 

distributed in two experimental groups according to the age: adult (4-6 months old) and 

aged (18-24 months old) mice. Animals were maintained in standard cages with food 

and water ad libitum, in a 12 h light/dark cycle (lights on at 8 a.m.), 22 ± 2 °C and 50-

60% humidity. All experimental animal work was conducted according to Spanish 

regulations (Ley 32/2007, Real Decreto 1201/2005, Ley 9/2003 and Real Decreto 

178/2004) in agreement with EU Directive (2010/63/UE) on this subject. The study 

complies with the ARRIVE guidelines developed by the NC3Rs and aims to reduce the 

number of animals used. 

 
2.2. Behavioral assessment 
A set of four behavioral tests was performed in adult (4-5 months old) and aged (18-19 

months old) mice of both genotypes (n = 7-12 by experimental group) to characterize 

the anxious profile, locomotion and cognitive function of the animals. Physical status 

and animal survival were also evaluated.  

Corner test: Neophobia in a new standard home-cage was measured as the 

number of visited corners and rearings during 30 seconds. 

Open field test: Animals were placed in the center of a white apparatus (48 × 33 

× 25 cm) and observed for 5 min. Vertical activity was manually quantified, counting the 

rearing latency and the number of rearings for each minute of the test. Horizontal 

activity, including total distance traveled, total time in movement, and the time in the 

apparatus center/periphery, was analyzed using the ANY-maze behavioral tracking 

system. Latency, number, and duration of grooming episodes, defecations, and urine 

were also recorded to measure emotionality. 

T-maze: Working memory was measured using a T-shaped black maze (short 

arms of 30 cm). Animals were placed at the beginning of the vertical arm facing the 

wall and observed for 3 minutes. The time of reaching the three-arms intersection 

(nose criteria) and the number of errors (exploration of an already explored arm) were 

manually recorded. 

Morris water maze: Hippocampal-dependent spatial short- and long-term 

learning and memory were analyzed during 5 consecutive days using three paradigms 

consisting of cue- and place-learning tasks and a probe trial for short-term memory 

(Figure 4A-C). The test was carried out in a circular pool (120 cm diameter, 60 cm 

height) with opaque white water at 25 °C and surrounded by black curtains. On the first 

day, a cue-learning task with a flag in a visible platform (7 cm diameter) was performed 
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(4 trials of 1 min maximum, 60 min intertrial time), and escape latencies to reach the 

platform were recorded. The following four days, reversal place-learning tasks 

measuring the escape latencies were performed (4 trials of 1 min maximum, 60 min 

intertrial time) with the platform hidden 1 cm below the water surface and external cues 

in the black walls. In both paradigms, the animals were introduced into the pool by a 

different cardinal point per trial. Mice that failed to find the platform within the 60 

seconds were manually guided and placed on it for 10 seconds -such as for the 

successful animals- before taking them out of the pool. On the fifth day, two hours after 

the last place-learning trial, the platform was removed and a probe was performed 

recording the mice trajectory in the pool for 1 min. The time the mouse spent swimming 

in the quadrant where the platform was previously located was used as indicator of 

memory. The ANY-maze behavioral tracking system was used to record and analyze 

this test. 
 

2.3. BrdU administration 
5-Bromo-2’-deoxyuridine (BrdU), a synthetic thymidine analog, was used to study 

neural stem cell proliferation because it is incorporated into DNA during S-phase cell 

cycle. One 100 mg/kg dose of BrdU (B5002, Sigma-Aldrich) diluted in NaCl (pH 7.4) 

was intraperitoneally injected during five consecutive days in adult (5 months old) and 

aged (19 months old) mice of both genotypes. A set of animals (n = 3-5) were 

euthanized one day after the last BrdU administration to evaluate cell proliferation, 

whereas another set of animals (n = 4-8) were euthanized two weeks after the last 

BrdU administration to evaluate cell survival (Figure 1F). 

2.4. Tissue processing for histological analysis  

Under an intraperitoneal anesthetic solution of xylazine (30 mg/kg) and ketamine (120 

mg/kg), mice were intracardially perfused for 10 min with 4% paraformaldehyde in 0.1 M 

phosphate buffer (pH 7.4). The brains were quickly removed, post-fixed for 4 h at 4 °C in 

the same fixative solution, cryoprotected with 30% sucrose in 0.1 M phosphate buffer for 

48 h at 4 °C, frozen in ice-cold 2-methylbutane (320404, Sigma-Aldrich) and stored at -

80 °C. Parallel coronal sections (30-µm-thick) of the telencephalon containing the 

hippocampus were obtained using a CM 3050S Leica cryostat and were stored at -20 °C 

in an anti-freeze solution containing 20% sucrose, 30% ethylene glycol and 1% 

polyvinylpyrrolidone until use. 
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2.5. Single immunohistochemistry 

For the visualization of neuroblasts and proliferating cells, brain sections were 

immunostained with antibodies against doublecortin (DCX) and BrdU, respectively, in 

adult (4-5 months old) and aged (19-20 months old) mice of both genotypes. Frozen 

free-floating sections were washed in Tris-buffered saline (TBS; 0.05 M, pH 7.4) to 

eliminate the anti-freeze solution and incubated for 10 min with 2% H2O2 and 70% 

methanol in distilled H2O to inhibit endogenous peroxidase. For BrdU immunostaining, 

DNA denaturation incubating the sections in 0.082 N HCl at 4 °C for 10 min followed by 

another incubation in 0.82 N HCl at 37 °C for 30 min was performed, then sections 

were neutralized with 0.1 M sodium borate (pH 8.5). After washes with TBS containing 

1% Triton X-100 (TBS-T; 0.05 M, pH 7.4), all sections were incubated for 1 h at room 

temperature (RT) in a blocking buffer (BB) containing 10% fetal bovine serum (FBS) in 

TBS-T. Afterwards, sections were incubated overnight at 4 °C plus 1 h at RT with anti-

DCX (1:1000; ab77450, Abcam) or anti-BrdU (1:100; ab6326, Abcam) primary 

antibodies diluted in BB. Neonatal brain sections were used as positive control for 

DCX, whereas the corresponding small intestine sections of animals treated with BrdU 

were used as positive control for BrdU. Sections incubated in BB lacking the primary 

antibody were used as negative control. After washes with TBS-T, sections were 

incubated for 1 h at RT with biotinylated anti-rabbit (1:500; BA-1000, Vector 

Laboratories) and anti-rat (1:500; BA-4001, Vector Laboratories) secondary antibodies 

diluted in BB for DCX and BrdU immunostaining, respectively. Then, sections were 

washed with TBS-T and incubated for 1 h at RT with horseradish peroxidase (HRP)-

conjugated streptavidin (1:500; SA-5004, Vector Laboratories). After washes with TBS 

and Tris-buffered (TB; 0.05 M, pH 7.4), the immunolabeling was visualized incubating 

the sections for 3 min with a DAB Substrate Kit (SK-4100, Vector Laboratories) 

following the manufacturer’s instructions. Nickel was additionally added in the revealed 

of BrdU. Afterwards, sections were washed in TB, mounted onto gelatinized slides and 

air dried at RT. To provide cytological details of DCX immunostaining, sections were 

counter-stained with 0.1% toluidine blue diluted in Walpole’s buffer (0.05 M, pH 4.5). 

Finally, sections were dehydrated in graded alcohols, washed in N-butyl alcohol in the 

case of toluidine staining, immersed in xylene and coverslipped with DPX mounting 

medium.  

 

2.6 Double immunofluorescence 
To evaluate whether proliferating cells express IL-10 receptor (IL-10R), double 

immunolabeling against BrdU and IL-10R markers was performed in animals sacrificed 
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one day after the last BrdU administration. A double immunofluorescence against IL-

10R and GFAP was also performed. Frozen free-floating brain sections were washed 

in TBS and DNA denaturation was performed as is explained in the above section for 

BrdU immunostaining. After washes with TBS-T, brain sections were incubated for 1 h 

at RT in a BB containing 10% FBS in TBS-T followed by anti-BrdU primary antibody 

(1:100; ab6326, Abcam) or anti-GFAP primary antibody (1:6000; G3893, Sigma-

Aldrich) diluted in the BB, overnight at 4 °C and 1 h at RT. After washes with TBS-T, 

sections were incubated for 1 h at RT with an anti-rat AlexaFluor-488 conjugated 

secondary antibody (1:1000; A-11006, Thermo Fisher) or an anti-mouse AlexaFluor-

488 conjugated secondary antibody (1:1000; A-11029, Thermo Fisher) diluted in BB. 

Following another blocking incubation for 1 h at RT, sections were incubated with anti-

IL-10RA primary antibody (1:100; ab225820, Abcam) diluted in the BB for 48 h at 4 °C 

and 1 h at RT. Then, incubations for 1 h at RT with biotinylated anti-rabbit secondary 

antibody (1:500; BA-1000, Vector Laboratories) followed by incubation with AlexaFluor-

555 conjugated streptavidin (1:1000; S32355, Thermo Fisher) were performed. After 

washes with TBS-T and TBS, sections were incubated with 4,9,6-diamidino-2-

phenylindole (DAPI) (1:10000; D9542, Sigma-Aldrich) in TB for 5 min at RT to stain the 

cell nuclei. Finally, sections were washed with TB, mounted on slides and coverslipped 

with Fluoromount (0100-01, SouthernBiotech) mounting medium. Representative 

photos in the dentate gyrus were captured at 63x magnification using a Zeiss LSM700 

confocal microscope. 

2.7. Cell quantification  

Photographs were captured with a DXM 1200F Nikon digital camera mounted on a 

brightfield Nikon Eclipse 80i microscope using the software ACT-1 2.20 (Nikon 

Corporation). A minimum of 4 animals of each age group was analyzed using the 

sections immunostained for DCX and BrdU. For each animal, at least 6 dentate gyrus 

(DG) areas from the hippocampus were used to count manually the number of DCX+ 

cells in each DG section using the 40x magnification. BrdU+ cells from at least 12 

hippocampal sections, were quantified manually in the DG and the hilus region at 40x 

magnification. 

2.8. Blood collection  
Under an anesthetic solution of xylazine (30 mg/kg) and ketamine (120 mg/kg), mouse 

blood was intracardially extracted from the right ventricle and centrifugated at 9,300 x g 

for 5 min at 4 °C. After that, serum was collected and stored at -80 °C until use. 
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2.9. Tissue processing for biochemical analysis 
Under an intraperitoneal anesthetic solution of xylazine (30 mg/kg) and ketamine (120 

mg/kg), mice were intracardially perfused with cold 0.1 M Phosphate-Buffered Saline 

(PBS) at pH 7.4 for 1 min. Hippocampus was quickly dissected, frozen in liquid nitrogen 

and stored at -80 °C. Tissue was homogenized using a polytron homogenizer in a lysis 

buffer containing 25 mM HEPES at pH 7.4 (H3375, Sigma-Aldrich), 0.2% IGEPAL (I-

3021, Sigma-Aldrich), 5 mM MgCl2 (A376433, Merck), 1.3 mM EDTA at pH 8 (20302, 

VWR), 1 mM EGTA at pH 8 (E4378, Sigma-Aldrich), 1 mM PMSF (P7626, Sigma-

Aldrich), protease inhibitor cocktail (1:100; P8343, Sigma-Aldrich) and phosphatase 

inhibitor cocktail (1:100; P0044, Sigma-Aldrich) in deionized water. After 2 h at 4 °C, 

tissue lysates were centrifuged at 15,600 x g for 5 min at 4 °C. Then, the supernatants 

were collected and stored aliquoted at -80 °C until use. In all the study, the 

hippocampus of each animal was analyzed separately. 

 

2.10. Luminex bead-based multiplex assay  
Total protein concentration of each hippocampal lysate was determined with a 

commercial Pierce BCA Protein Assay Kit (23225, Thermo Scientific) according to the 

manufacturer’s instructions. To quantify specific proteins, Luminex® Multiple Analyte 

Profiling (xMAP®) technology was used. In adult (6 months old) and aged (21 months 

old) animals of both genotypes, IL-10, IL-6, IL-1b and TNF-a cytokines levels were 

measured by MILLIPLEX® MAP Kit (MCYTOMAG-70K, Merck) in hippocampal (n = 6-9 

by experimental group) and serum (n = 4-5 by experimental group) samples. In the 

same animals, hippocampal levels of brain-derived neurotrophic factor (BDNF) and 

fractalkine (CX3CL1) were measured by MILLIPLEX® MAP Kit (MMYOMAG-74K, 

Merck). Both Luminex multiplex assays were performed according to the 

manufacturer’s protocol. Briefly, 25 μL of each sample (total protein concentration of 3 

μg/μL), standards or controls were added to their corresponding wells in a 96-well 

plate. Besides, 25 μL of Assay Buffer were added to samples wells, whereas 25 μL of 

lysis buffer (see “2.9. Tissue processing for biochemical analysis” section) were added 

to standard and control wells. In all the wells, 25 μL of magnetic beads conjugated with 

the antibodies of interest were added and incubated on a plate-shaker overnight at 4 

°C. After removing wells content with a handheld magnet and two washes with Wash 

Buffer, 25 μL of Detection Antibodies were added into each well and incubated with 

agitation for 1 h at RT. Next, 25 μL of Streptavidin-Phycoerythrin was also added to 

each well and incubated with agitation for 30 min at RT. Finally, the wells were washed 

twice with Wash Buffer and 150 μL of Drive Fluid were added, followed by a 5 min 
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shaking. Luminex MAGPIX® instrument with xPONENT® 4.2 software was used to read 

and analyze the plate. 

 
2.11. Flow cytometry 
Characterization of microglial and neuronal populations was performed by flow 

cytometry. Under an intraperitoneal anesthetic solution of xylazine (30 mg/kg) and 

ketamine (120 mg/kg), adult (5-6 months old) and aged (23-24 months old) animals of 

both genotypes (n = 7-8 by experimental group) were intracardially perfused with cold 

0.1 M PBS at pH 7.4 for 1 min. Hippocampi were quickly dissected and dissociated with 

a 160 μm nylon mesh in Hank’s Balanced Salt Solution (HBSS) with 10% FBS and 

passed into a centrifuge tube through a 70 μm cell strainer. The splenocytes cell 

suspension obtained from one animal was used as positive control throughout the 

procedure. After three centrifugations for 10 min at 310 x g (24 °C) retaining the pellet, 

the homogenized tissue was digested in a solution composed of 1.25% 

deoxyribonuclease I (D5025, Sigma-Aldrich) and 0.5% collagenase IV (17104019, 

Thermo Fisher) in HBSS for 30 min at 37 °C. Cellular suspensions were centrifuged for 

10 min at 310 x g (24 °C), then a density gradient was generated by using 1.122 g/mL 

and 1.088 g/mL of Percoll® (GE17-0891-02, Sigma-Aldrich) and centrifuging for 20 min at 

600 x g (24 °C) without brake. The upper phase corresponding to myelin was removed, 

and the intermediate phase containing cells was collected. Cellular suspensions were 

centrifugated for 5 min at 860 x g, and 200 μL of each sample diluted in PBS with 2% 

FBS were seeded in a 96-wells conical bottom plate. Each sample was divided into five 

wells attending to the following treatments: microglial primary antibodies combination, 

neuronal primary antibodies combination, microglial isotypes control combination, 

neuronal isotypes control combination and unstained samples. After a centrifugation for 4 

min at 515 x g (4 °C), FcgIII (CD16) and FcgII (CD32) receptors expressed on cells were 

blocked adding 50 μL of CD16/32 antibody (1:250; 553142, BD Biosciences) diluted in 

PBS with 2% FBS to all the wells for 20 min at 4 °C. After adding 150 μL of PBS with 2% 

FBS and centrifuging for 4 min at 515 x g (4 °C), surface markers of microglial cells and 

neurons were immunolabeled by incubating for 30 min at 4 °C in 50 μL of CD45-PerCP 

(1:400; 557235, BD Bioscience), CD11b-APC-Cy7 (1:400; 557657, BD Bioscience), 

CX3CR1-PE (1:400; FAB5825P, RD Systems), CD200R-AlexaFluor-647 (1:50; 566345, 

BD Bioscience), SIRPa-FITC (1:50; 144005, BioLegend), CD200-PE (1:400; 123807, 

BioLegend) and CD47-APC-Cy7 (1:50; 127525, BioLegend) antibodies diluted in PBS 

with 2% FBS. Samples in parallel wells were incubated with their corresponding 

conjugated-isotype control combinations (1:400; BD Biosciences). To immunolabel the 

intracellular marker NeuN, wells containing neuronal combinations of primary antibodies 
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and isotype controls were treated with 200 μL of a Fixation/Permeabilization solution (00-

5123-43 and 00-5223-56, eBioscience) for 40 min at 4 °C. After centrifugations with a 1X 

permeabilization buffer (00-8333-56, eBioscience) for 4 min at 515 x g (4 °C), 50 μL of 

biotinylated-NeuN antibody (1:400; MAB377B, Millipore) diluted in the permeabilization 

buffer were added to the corresponding wells and incubated for 30 min at 4 °C. 

Afterwards, wells to study the neuronal combinations were incubated with Streptavidin-

Cy5 (1:400; PA45001, Sigma-Aldrich) diluted in the permeabilization buffer for 20 min at 

4 °C. After centrifugations, all samples were resuspended in 150 μL of PBS with 2% FBS 

and transferred from plate wells to cytometry tubes. Finally, 50 μL of CytoCountÔ 

(S2366, Dako) fluorescent beads were added to the samples. Cell suspensions were 

acquired and read using a BD FACSCantoÔ flow cytometer with the BD FACSDivaÔ 

software. Analysis of the data was performed using the FlowJoÔ software. 

 

2.12. Statistical analysis  

Statistics and graphical representation were performed using the GraphPad Prism® 

software. To determine differences between the different groups of animals, unpaired 

Student’s t-test or two-way ANOVA were used. p-value < 0.05 was considered 

statistically significant. All experimental results are expressed as mean ±	SEM. 

 
3. RESULTS 
 
3.1. Decreased hippocampal neurogenesis  

To study net neurogenesis, the number of doublecortin (DCX) positive cells, a 

specific marker of neuroblasts and immature neurons, was quantified in the granular 

cellular layer (GCL) of the dentate gyrus. In all experimental groups, DCX+ cell bodies 

were found in the subgranular zone (SGZ) or the inner GCL (Figure 1A-D). DCX+ cells 

displayed the typical morphology of neuroblasts, extending dendrites from the GCL 

through to the molecular cell layer (Figure 1A-D). Our results showed a dramatic 

decrease of DCX+ cells number with aging regardless of genotype (Figure 1E). 
Moreover, GFAP-IL10Tg mice presented lower number of DCX+ cells with respect to 

WT mice at both ages (Figure 1E).  
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Figure 1. Hippocampal neurogenesis is decreased in GFAP-IL10Tg mice by low survival of neural 
proliferating cells. Representative images showing doublecortin (DCX) immunostaining in the granular 
cell layer of WT (A, C) and GFAP-IL10Tg (B, D) mice during adulthood (A, B) and aging (C, D). 
Quantification of DCX+ cells per dentate gyrus (DG) section is represented in the graph (E). Temporal 
scheme of intraperitoneal BrdU administration (5 consecutive days) and time points of mice sacrifice (day 
6 and 19) is shown in the panel (F). Graphs showing the number of proliferating BrdU+ cells (G) and 
surviving BrdU+ cells (H) per dentate gyrus section. Representative images showing BrdU immunostaining 
in the dentate gyrus after two weeks of the last BrdU administration (survival time) in adult WT (I) and 
GFAP-IL10Tg (J) mice. Representative images showing BrdU and IL-10 receptor (IL-10R) double 
immunostaining in the dentate gyrus after one day of the last BrdU administration in adult WT (K) and 
GFAP-IL10Tg (L) mice. Grey and cyan asterisks are referred to significant differences by age between WT 
or GFAP-IL10Tg mice, respectively. **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are represented as the 
mean ± SEM. DCX: doublecortin, BrdU: 5-Bromo-2’-deoxyuridine, DG: dentate gyrus, GCL: granular cell 
layer, SGZ: subgranular zone, IL-10R: IL-10 receptor. Scale bar = 30 µm (A, I) and 100 µm (K). 
 

 To determine whether the reduced neurogenesis observed in transgenic 

animals with respect to WT was due to a lower proliferation rate of NSCs, we visualized 

BrdU-labeled mitotic cells located in the SGZ one day after five consecutive days of 

BrdU administration. In the adult SGZ of the hippocampus, BrdU+ cells were visualized 

in clusters indicating recent mitotic divisions. In both genotypes, an important reduction 

in the number of proliferating BrdU+ cells was observed during aging (Figure 1G). 
However, no differences in the number of BrdU+ cells were found between WT and 

GFAP-IL10Tg mice at any age in the proliferation period (Figure 1G). The 

hippocampal hilus is another proliferating, but non neurogenic (Bondolfi et al., 2004), 

region of the adult CNS. In this area, a lower number of proliferating cells compared to 

the SGZ was observed. Like in the SGZ, BrdU+ cells number in the hilus decrease with 

aging (although in a less pronounced way) and no differences were detected between 

genotypes (data not shown).  

 Before NSCs differentiation, some NSCs undergo apoptosis in a period taking 

approximately 15 days after their proliferation (Encinas et al., 2011; Sierra et al., 2010). 

Therefore, the next step we addressed was to analyze putative differences between 

WT and GFAP-IL10Tg animals in terms of NSCs survival. Thus, following 5 days of 

consecutive BrdU injections, the number of surviving BrdU+ cells was quantified two 

weeks after the last administration. At this time point, a slight reduction in the number 

of BrdU+ cells comparing with the number of BrdU+ cells quantified one day after the 

last BrdU administration was observed in adult WT mice (Figure 1G,H). This reduction 

was significantly higher in adult GFAP-IL10Tg mice compared to WT mice, showing 

that animals overexpressing IL-10 present a lower NSC survival rate in adulthood with 

respect to WT animals (Figure H-J). In aging, these differences were attenuated by the 

general low number of proliferating NSCs (Figure 1H).  
 To determine whether IL-10 could be directly affecting NSCs survival, we 

evaluated IL-10 receptor (IL-10R) expression in proliferating NSCs before their 

differentiation by a double immunofluorescence against BrdU and IL-10R. Our results 
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demonstrated no expression of IL-10R in BrdU+ cells of the SGZ (Figure 1K,L). IL-10R 

expression was mainly observed in neuronal dendrites and astrocytes of the 

hippocampal CA area, and in some neuronal bodies located in the hippocampal hilus 

(data not shown). No variations in the expression pattern of IL-10R by age or genotype 

were observed. 

 

3.2. Unaltered animal survival and physical status 
No differences in survival between WT and GFAP-IL10Tg mice up to 24 months 

of age were observed. All animals reached the age of sacrifice without evidences of 

motor problems or physical deterioration. Body weight was increased in WT and 

GFAP-IL10Tg mice upon aging without differences between genotypes (data not 

shown). 

 

3.3. Neophobia and spatial memory impairment 
Prior to cognition measurement, locomotion and anxiety of mice were evaluated 

by the corner test and the open field test. As compared to adult WT mice, a lower 

number of visited corners was observed by the effect of both age and genotype in the 

corner test for neophobia (Figure 2A). This neophobia was also shown in aged GFAP-

IL10Tg mice in the open field test as a delayed rearing latency than age-matched WT 

mice (Figure 2B). However, the total vertical and horizontal locomotor activity recorded 

during the 5 min of the test was similar between all animal groups studied when 

considering rearings, distance traveled and time spent in the center of the open field, 

indicating no differences in total locomotion or anxiety-like behavior by age or genotype 

(Figure 2C-F). Changes in emotionality were also found as indicated by a longer 

grooming latency in aged transgenic mice than WT mice counterparts (Figure 2G), 
though the number and the total duration of grooming did not reach statistical 

significance (Figure 2H,I). In this test, no urine and a very low number of defecations 

were recorded in all the studied groups.  
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Figure 2. GFAP-IL10Tg mice present increased neophobia, but normal total locomotion. Graph 
showing the number of visited corners in the corner test as measure of neophobia (A). In the open field 
test, vertical activity as measured by the rearing latency (B) and the number of total rearings (C). 
Horizontal activity is graphically represented by the distance traveled (D), the time active (E) and the time 
in the center of the apparatus (F). Quantification of grooming latency (G), total number of groomings (H) 
and total duration of grooming episodes (I) in the open field test. Grey and cyan asterisks are referred to 
significant differences by age between WT or GFAP-IL10Tg mice, respectively. *p < 0.05, **p < 0.01. Data 
are represented as the mean ± SEM. 
 

 Since neurogenesis of the dentate gyrus is involved in hippocampal-dependent 

memory, two spatial learning and memory tests, the T-maze and the Morris water 

maze, were used to evaluate possible cognitive deficits in working, short- and long-

term learning and memory.  

Working memory was assessed using the spontaneous alternation in the T-

maze, where the number of arms-exploratory errors was quantified. In this memory 

task, the overall incidence of GFAP-IL10Tg mice doing more than one single error 

(50%, 5/10 in adulthood, 6/12 in aging) was higher compared to WT mice (18.75%, 1/6 

in adulthood, 2/10 in aging), indicating working memory affectation (Figure 3A). The 

latency to the arms intersection, which is related to coping with stress, showed a trend 

to be delayed with aging and IL-10 overexpression albeit did not reach statistical 

significance (Figure 3B). 
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Figure 3. Working memory deficits in GFAP-IL10Tg mice assessed by the T-maze. Graphs showing 
the number of errors that mice made by exploring the same arm again in the maze, indicating significant 
differences in the overall incidence of more than one single error between genotypes (A), and the latency 
to cross the intersection between vertical and horizontal arms (B) in WT and GFAP-IL10Tg mice. Data are 
represented as the mean ± SEM. 
 

For spatial short- and long-term learning and memory, three paradigms were 

used in the Morris water maze. On the first day, aged GFAP-IL10Tg mice showed poor 

cognitive capacity requesting more time to reach the visible cued platform than the 

aged WT group (Figure 4D). In the reversal place-learning task for spatial learning and 

memory, day (Two-way ANOVA, p < 0.001) and group (Two-way ANOVA, p < 0.0001) 

effects were found (Figure 4E). Here, the aged transgenic mice showed the worst 

performance in the task, unveiling long-term learning and memory deficits (Figure 4E). 
Two hours after the last trial, the platform was removed and spatial memory was 

evaluated measuring the time that animals spent in the quadrant where the platform 

was previously located (Figure 4G,H). Our results demonstrated that spatial memory 

was impaired with aging and that this deficit was already observed in GFAP-IL10Tg 

mice since adulthood (Figure 4F). In summary, these paradigms showed that animals 

with IL-10 overexpression presented hippocampal cognitive deficits in long-term 

learning acquisition and memory processes at old age, but short-term memory 

impairment was subjacent earlier.  
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Figure 4. Short- and long-term spatial learning and memory impairment in GFAP-IL10Tg mice 
assessed by the Morris water maze. Swimming pool representation showing a visible platform (black 
circle) in the cue-learning task (A) and a hidden platform (white circle) in the place-learning task (B) of the 
Morris water maze. Temporal scheme for the 3 paradigms for learning and memory performed in the 
Morris water maze (C). Graphs show the latency to reach the visible platform on the first day of test (D) 
and the hidden platform on the next consecutive four days of test (E). After platform removal, the time 
spent in the quadrant where the platform was is represented in the graph (F). Panels (G, H) show 
representative swimming pool heat-maps indicating mouse path in the memory task. Grey asterisk is 
referred to significant differences by age between WT mice. *p < 0.05, ***p < 0.001, ****p < 0.0001. Data 
are represented as the mean ± SEM. N: north, NE: northeast, E: east, SE: southeast, S: south, SW: 
southwest, W: west, NW: northwest.  
 

3.4. Increased hippocampal and serological IL-10 levels 
To address whether the observed neurological and behavioral alterations in 

transgenic animals correlated with IL-10 overproduction, IL-10 levels in the 

hippocampus and the serum of animals were measured by Luminex assay. Our data 

demonstrated that GFAP-IL10Tg mice presented higher levels of IL-10 respect to WT 
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mice in both hippocampal and serum samples, but no effect of IL-10 expression by the 

age was observed for any genotype (Figure 5A,C).  
Because growth factors are involved in the process of neurogenesis, 

hippocampal BDNF levels were measured. Although high BDNF expression was 

detected in all the studied groups, no differences by age or genotype were observed 

(Figure 5B). The levels of pro-inflammatory IL-6, IL-1b and TNF-a cytokines were also 

measured in the hippocampus and the serum, as possible negative regulators of 

neurogenesis. Very low or undetected levels of these cytokines, without differences 

between the studied experimental groups, were detected in the hippocampus (data not 

shown). Only a tendency to IL-6 increase in the serum of aged animals was observed 

regardless the genotype (Figure 5D).  
 

 
 
Figure 5. Increased levels of IL-10 in the hippocampus and the serum of GFAP-IL10Tg mice. Graphs 
showing quantitative IL-10 (A) and BDNF (B) protein expression in the hippocampus and IL-10 (C) and IL-
6 (D) protein expression in the serum of WT and GFAP-IL10Tg mice by Luminex assay. *p < 0.05, **p < 
0.01. Data are represented as the mean ± SEM. BDNF: brain-derived neurotrophic factor. 
 
3.5. Different hippocampal immune cells profile 

Immune cells, especially lymphocytes, macrophages and microglia, play a role 

in the process of neurogenesis. By flow cytometry we distinguished three leucocyte 
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populations: non-myeloid cells (CD11b-/CD45+), high-activated myeloid cells 

(CD11b+/CD45high) and low/intermediate-activated myeloid cells (CD11b+/CD45low/int).  

 

 
 
Figure 6. Elevated number of CD11b+/CD45high cells and high activation of CD11b+/CD45low/int cells 
in GFAP-IL10Tg mice. Gate strategy showing the selection region of myeloid and non-myeloid cell 
populations by CD11b and CD45 expression is represented in panel (A). Histograms representing isotype 
control and positive staining of CD11b-APC-Cy7 (B) and CD45-PerCP (C) isotypes/antibodies. Histogram 
(C) showing the separation between CD11b+/CD45low/int (microglia) and CD11b+/CD45high (macrophages) 
populations by CD45-PerCP fluorescence intensity. Graphs showing the number of CD11b-/CD45+ (D), 
CD11b+/CD45high (F) and CD11b+/CD45low/int (I) cells in the hippocampus of WT and GFAP-IL10Tg mice. 
CD45 (E, G, J) and CD11b (H, K) cell expression is represented by the mean fluorescent intensity in 
CD11b-/CD45+ (E), CD11b+/CD45high (G, H) and CD11b+/CD45low/int (J, K) cells. Grey and cyan asterisks 
are referred to significant differences by age between WT or GFAP-IL10Tg mice, respectively. *p < 0.05, 
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**p < 0.01, ***p < 0.001, ****p < 0.0001. Data are represented as the mean ± SEM. MFI: mean 
fluorescence intensity, a.u.: arbitrary units.  
 

Non-myeloid cells number was increased by the age in both genotypes, but no 

differences between WT and GFAP-IL10Tg mice were observed (Figure 6D). 
However, the expression of CD45 in these cells was higher in GFAP-IL10Tg respect to 

WT mice during aging (Figure 6E). On the other hand, no effect by the age was 

observed in the number of myeloid cells, although transgenic animals presented more 

CD11b+/CD45+ cells than WT at both ages (Figure 6F,I). Our results showed that 

CD45 expression on CD11b+/CD45high cells decreased in WT with aging, whereas 

GFAP-IL10Tg mice already present similar CD45 levels to those observed in aged WT 

mice since adulthood (Figure 6G). Oppositely, CD45 expression on CD11b+/CD45low/int 

cells was increased by both aging and IL-10 overexpression (Figure 6J). However, the 

effect of IL-10 overproduction on CD45 expression was more pronounced than the 

effect produced by normal aging (Figure 6J). Regarding CD11b expression, a higher 

level was found in the CD11b+/CD45low/int cells from adult GFAP-IL10Tg with respect to 

WT animals (Figure 6K), while no differences by age or genotype were observed in 

CD11b+/CD45high cells (Figure 6H). 
 

3.6. Altered microglia-neuron communication  
Considering that microglia/macrophages (CD11b+/CD45+) cell number, as well 

as CD45 and CD11b expression, were different between WT and GFAP-IL10Tg mice 

since adulthood when neurogenesis impairment was already observed in transgenic 

mice, we studied myeloid receptors that are involved in neuronal communication as 

possible modulators of the generation of newborn neurons. CD200R, SIRPa and 

CX3CR1 expression were analyzed separately in CD11b+/CD45high and 

CD11b+/CD45low/int cells. No differences of CD200R, SIRPa or CX3CR1 expression by 

the effect of the age or the genotype were observed in CD11b+/CD45high cells (Figure 
7G-I). However, in CD11b+/CD45low/int cells, both age and genotype modified the 

expression of these receptors. Our results showed that CD200R and SIRPa levels 

increased with normal aging and under IL-10 transgenic overproduction (Figure 7J,K). 
Thus, CD200R and SIRPa expression in GFAP-IL10Tg mice along the lifespan was 

similar to the observed in aged WT mice (Figure 7J,K). On the contrary, CX3CR1 

expression decreased in aged and transgenic animals (Figure 7L). In this case, the 

reduction of CX3CR1 caused by IL-10 overproduction was higher than the produced by 

normal aging (Figure 7L).  
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Figure 7. Altered homeostatic receptors in CD11b+/CD45low/int cells of GFAP-IL10Tg mice. 
Histograms representing isotype control and positive staining of CD200R-AlexaFluor-647 (A), SIRPa-FITC 
(B), CX3CR1-PE (C), NeuN-Cy5 (D), CD200-PE (E), CD47-APC-Cy7 (F) isotypes/antibodies. Cell 
expression of CD200R (G, J), SIRPa (H, K) and CX3CR1 (I, L) is represented by the mean fluorescence 
intensity in CD11b+/CD45high (G-I) and CD11b+/CD45low/int (J-L) hippocampal cells. CD200 (M) and CD47 
(N) cell expression is represented by the mean fluorescence intensity in hippocampal NeuN+ cells, 
whereas CX3CL1 (O) expression is showed by Luminex assay in hippocampal lysates. Grey and cyan 
asterisks are referred to significant differences by age between WT or GFAP-IL10Tg mice, respectively. *p 
< 0.05, **p < 0.01, ***p < 0.001. Data are represented as the mean ± SEM. MFI: mean fluorescence 
intensity, a.u.: arbitrary units. 
 

Regarding neurons, our data showed a similar number of NeuN+ cells in all the 

studied groups (data not shown). Expression of CD200, CD47 and CX3CL1, the 

neuronal ligands of CD200R, SIRPa and CX3CR1, respectively, was also studied. No 
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significant differences in CD200 or CD47 expression by age or genotype were detected 

in the neuronal population (Figure 7M,N). Total CX3CL1 levels were unchanged with 

the aging. However, animals with IL-10 overproduction presented lower levels than WT 

animals at both ages (Figure 7O). Additionally, transgenic animals underwent a 

reduction of this molecule upon aging (Figure 7O). 
 

4. DISCUSSION 
 

The present study shows that chronic transgenic IL-10 overproduction in the 

CNS induces a hippocampal microglial phenotype in adults very similar to the observed 

in the physiological aging, which could be anticipating the aged-related decreased 

neurogenesis and cognitive deficits. To the best of our knowledge, this work is the first 

showing a negative effect of chronic IL-10 overproduction on hippocampal 

neurogenesis of the adult and the aged brain under physiological conditions in vivo. 

During aging, the brain microenvironment has been reported to be modified 

upon a pro-inflammatory status characterized by high oxidative stress, pro-

inflammatory cytokines, and microglial activation (Nakanishi and Wu, 2009; Sierra et 

al., 2007; Udeochu et al., 2016). Specifically, hippocampus is one of the most affected 

brain areas by age (Barrientos et al., 2015; Mattson and Magnus, 2006; Ojo et al., 

2015). In this area, neurogenesis decreases dramatically with normal aging, impacting 

cognitive functions (Drapeau et al., 2003; Klempin and Kempermann, 2007; Villeda et 

al., 2011). Since neurogenic niches are intimately associated with the 

microenvironment, and it is known that inflammation is detrimental to the process of 

neurogenesis, it is plausible to think that the neuroinflammation of the aged brain is a 

critical factor for the decreased process of neurons generation in aging. In this context, 

we analyzed adult and aged hippocampal neurogenesis in transgenic animals with an 

anti-inflammatory microenvironment generated by the astrocyte-targeted 

overproduction of IL-10.  

Our observations showing both fewer DCX+ and BrdU+ cells in aged animals 

are consistent with the lower hippocampal neurogenesis reported during aging 

(Klempin and Kempermann, 2007; Kuhn et al., 1996; Kuipers et al., 2015). Moreover, 

in these animals, we also report spatial memory impairment as principal feature of 

hippocampal affectation. Surprisingly, our results demonstrate that transgenic animals 

with overexpression of the anti-inflammatory IL-10 cytokine present lower hippocampal 

neurogenesis than WT mice during both adulthood and aging. In concordance with the 

decrease of newly neurons formation, IL-10 overproduction impaired hippocampal-

dependent spatial learning and memory, as was determined by the T-maze and the 
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Morris water maze. These cognitive deficits also corroborate the lower excitability of 

hippocampal synapses and the absence of long-term potentiation, previously described 

in GFAP-IL10Tg animals (Almolda et al., 2015). In line with our observations, it has 

been reported that adeno-associated virus-mediated IL-10 expression exacerbates 

hippocampal-dependent memory impairment (Chakrabarty et al., 2015), whereas IL-10 

deficiency partially restores this cognitive deficit (Guillot-Sestier et al., 2015) in 

Alzheimer’s disease transgenic mouse models.  

The negative effect of chronic IL-10 overexpression on hippocampal 

neurogenesis here reported, is consistent with a previous study reporting that IL-10 

administration decreases the number of DCX+ cells in the SVZ, while in IL-10-KO mice 

DCX expression is increased (Perez-Asensio et al., 2013). On the contrary, another 

study reports that IL-10 gene delivery by adeno-associated virus enhances 

hippocampal neurogenesis and improves cognitive function in an Alzheimer’s murine 

model (Kiyota et al., 2012). As possible cause of the different IL-10 effects, in Kiyota et 

al. (2012) study, the IL-10 was punctually administered at three months of age, while in 

our work, a chronic astrocyte-dependent IL-10 production exists since the birth. 

Moreover, unlike our study, neurogenesis is enhanced by IL-10 injections in a 

pathological situation. To study modifications in neuronal precursor proliferation as a 

possible explication of reduced neurogenesis in GFAP-IL10Tg mice, the number of 

cells incorporating the synthetic nucleotide BrdU was quantified before the apoptosis 

period. At this time, no differences in the number of proliferating BrdU+ cells were 

detected by IL-10 overexpression. Interestingly, our data showing a significant 

reduction in the number of BrdU+ cells after the apoptosis period in transgenic mice 

with respect to WT mice, demonstrate that IL-10 overexpression is negatively affecting 

the survival of hippocampal NSCs leading to a decreased neurogenesis since 

adulthood. However, no differences in the expression of hippocampal BDNF, which 

promotes neural survival/differentiation (Goldman et al., 1997; Lee et al., 2002; Taliaz 

et al., 2010), were detected between WT and GFAP-IL10Tg mice discarding this factor 

as the putative aspect affected by IL-10. Thus, this data demonstrates that BDNF is not 

the only factor required for neural survival.  

Our results showing greater IL-10 levels in the hippocampus and serum of 

transgenic mice compared to WT, point to IL-10 as a key regulator of hippocampal 

neurogenesis. IL-10 intraventricular administration has been shown to maintain NSCs 

in an undifferentiated transition state by a direct effect of this cytokine on the NSCs 

allocated in the SVZ niche (Pereira et a., 2015; Perez-Asensio et al., 2013). However, 

as previously reported Perez-Asensio and collaborators (2013), our work demonstrates 

that neither WT nor GFAP-IL10Tg animals express IL-10 receptor in NSCs of the 
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hippocampal SGZ niche, and therefore, IL-10 must be indirectly acting on the 

neurogenesis regulation. In this way, immune cells, and especially microglial cells, are 

highly dependent on environmental signals (Bennett et al., 2018; Gosselin et al., 2014; 

Lavin et al., 2014) and play an important role in the process of neurogenesis 

(Carpentier and Palmer, 2009; Kokaia et al., 2012; Ziv and Schwartz, 2008). Here, we 

observed that transgenic animals present microglial modifications in markers of general 

activation (CD45 and CD11b) and markers involved in neuronal communication 

(CD200R, SIRPa and CX3CR1). Curiously, the specific microglial phenotype acquired 

by IL-10 overexpression in both ages was very similar to the observed in normal aging. 

This similar phenotype between adult GFAP-IL10Tg and aged WT microglia was 

already found in our previous study, where we showed an increased microglial cell 

density, high IBA1 expression and upregulation of phagocytic markers in GFAP-IL10Tg 

mice (Sanchez-Molina et al., 2021).  

In concordance with our results, microglial pro-inflammatory activation has been 

reported specifically to affect hippocampal survival of newborn cells rather than cell 

proliferation or differentiation (Bastos et al., 2008; Ekdahl et al., 2003). Specifically, the 

present work shows CD200R and SIRPa increase as well as CX3CR1 decrease in 

transgenic mice and during physiological aging. Generally, CD200R-CD200 (Manich et 

al., 2018), SIRPa-CD47 (Zhang et al., 2015) and CX3CR1-CX3CL1 (Cardona et al., 

2006) interactions maintain microglia in a homeostatic state characterized by anti-

inflammatory signaling pathways (Biber et al., 2007; Hu et al., 2014; Linnartz and 

Neumann, 2013). Disruption of these interactions upon aging and its association with 

age-related microglial activation has been previously described by several studies 

(Jurgens and Johnson, 2012). Specifically, decreased levels of CD200 (Cox et al., 

2012; Frank et al., 2006; Lyons et al., 2007) and CX3CL1 (Bachstetter et al., 2011; 

Lyons et al., 2009; Vukovic et al., 2012; Wynne et al., 2010) neuronal ligands have 

been reported in aged rodents. However, to the best of our knowledge, our findings 

demonstrate for first time different expression of CD200R, SIRPa and CX3CR1 

microglial receptors with normal aging. Interestingly, research developed in the last 

decade has demonstrated that microglia-neuron communication is involved in 

hippocampal neurogenesis. As an example, administration of the neuronal ligand 

CD200 restores neurogenesis in a mouse model of Alzheimer’s disease coinciding with 

an anti-inflammatory microglial status, however, CD200 overexpression did not 

enhance neurogenesis in WT mice (Varnum et al., 2015). Considering this data, the 

higher CD200R expression that we report in aged and transgenic animals could be 

trying to compensate the lower neurogenesis observed in these animals. On the other 
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hand, disruption of CX3CR1-CX3CL1 dialogue negatively regulates hippocampal 

neurogenesis by increased production of IL-1b leading to a pro-inflammatory scenario 

(Bachstetter et al., 2011). Thus, our findings showing decrease of CX3CR1 and 

CX3CL1 expression in GFAP-IL10Tg mice are in concordance with previous studies 

reporting their correlation with neurogenesis decline (Bachstetter et al., 2011; Reshef 

et al., 2017; Vukovic et al., 2012). Moreover, we provide evidence of SIRPa increase in 

aged mice as well as in GFAP-IL10Tg mice, suggesting that SIRPa-CD47 disruption 

also contributes to the neurogenesis process. In general, alterations of “do-not-eat-me” 

signaling result in a pro-inflammatory microenvironment shift affecting the production of 

new neurons. Here, we identify that homeostatic microglial receptors are altered by 

both IL-10 overexpression and normal aging. However, the levels of the main pro-

inflammatory cytokines negatively involved in the process of neurogenesis, such as IL-

6, IL-1b and TNF-a, were very low without differences between WT and GFAP-IL10Tg 

mice. Likewise, no differences in BDNF expression were detected by aging or IL-10 

overproduction.  

Taken together, our results suggest that IL-10 effect on neurogenesis could be 

mediated by a cell-to-cell contact between microglia and neurons. In this line, Kiyota 

and colleagues (2012) demonstrated that microglia pretreated with IL-10 enhances 

NSCs proliferation and survival in direct co-cultures. However, microglial conditioned 

medium through indirect (transwell) co-cultures with IL-10-treated microglia had no 

effects on neural population (Kiyota et al., 2012). These findings support the need for 

direct microglia-neuron contact for a correct neurogenesis promotion.  

Although IL-10 has been usually described as an anti-inflammatory cytokine 

with neuroprotective functions (Burmeister and Marriott, 2018; Lobo-Silva et al., 2016), 

its temporal expression is critical for its effect. Moreover, IL-10 effect has been recently 

described as dual, including anti- and pro-inflammatory properties depending on the 

binding affinity for IL-10 receptor and its intracellular signaling (Saxton et al., 2021). 

Thus, here we report a microglial shift toward a more activated phenotype similar to 

that of aged microglia, with a detrimental effect on hippocampal neurogenesis in 

animals chronically overexpressing IL-10 since postnatal development.  

 
5. CONCLUSIONS 
 

This work shows the importance of the microenvironment on microglial cells and 

their relationship with neurogenesis. Interestingly, we demonstrated that chronic anti-

inflammatory IL-10 overproduction has a similar effect to physiological aging on the 

hippocampus. Specifically, in transgenic animals and wildtype with normal aging, 
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hippocampal neurogenesis and memory are impaired together with alterations in the 

microglia-neuron communication. Likely, IL-10 overexpression modifies microglial 

receptors involved in neuronal communication resulting in reduced neurogenesis. This 

study emphasizes the variety of possibilities that a specific cytokine can exert 

depending on the moment and the time in which is expressed. Thus, we describe new 

properties of IL-10 in hippocampal neurogenesis in vivo.  
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ANNEX II. SUPPLEMENTARY FIGURES 
 
 

 
 
 

 
 

Supp. Figure 1. Body weight of aged WT, GFAP-IL10Tg and GFAP-IL6Tg mice. Data are 
represented as the mean ± SEM. **p < 0.01. 
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Supp. Figure 2. General locomotion and anxiety-like behavior measured in WT and GFAP-IL6Tg 
mice during adulthood and aging. A) Number of corners visited during 30 seconds in a new 
standard home-cage. B) Grooming latency (s), C) number of total rearings, D) time spent in the 
center of the apparatus (s) and E) number of crossings during 5 minutes in the open field test. 
Data are represented as the mean ± SEM. Magenta asterisks are referred to significant 
differences by age in GFAP-IL6Tg mice. *p < 0.05; **p < 0.01, ***p < 0.001. 
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Supp. Figure 3. Locomotor study in aged WT and GFAP-IL6Tg mice. A) Latency (s) in the beam 
walking test. B) Graphs showing latency (s) and distance traveled (cm) in the rotarod test 
performed in accelerated mode (0-48 rpm). C) Left panel: Gait test showing footprint (“+”) from 
one mouse hindlimb (step tracking) and the speed of the steps (step speed) in WT (upper) and 
GFAP-IL6Tg (lower) mice. Note the repetitive steps in GFAP-IL6Tg mice. Right panel: 
Quantification of stride length (cm) and its variability (%) in the gait test. D) Semi-quantitative 
scoring for cerebellar ataxia phenotype measured by ledge test, hindlimb clasping test, gait test 
and kyphosis. All measures were scored using 0-3 points and summed, being the total maximum 
scoring of 12. E) Left panel: Semi-quantitative neurobehavioral assessment for Huntington’s 
disease phenotype measured by clasping (1-2 points), grooming (1-2 points), spontaneous motor 
activity (1-3 points), tremor (1-2), locomotor activity in the periphery (1-3) and rotarod latency (1-
3). All measures were scored and summed, being the total maximum scoring of 15. Right panel: 
Semi-quantitative physical assessment for Huntington’s disease phenotype measured by body 
position, palpebral closure, piloerection and tail position. All measures were scored using 1-2 
points and summed, being the total maximum scoring of 8. Data are represented as the mean ± 
SEM. *p < 0.05; **p < 0.01. 
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Supp. Figure 4. Synchrotron-based Fourier-transform infrared microspectroscopy (µFTIR) 
analysis in the corpus callosum of WT mice fed with normal chow (control) and with 0.2% (w/w) 
cuprizone mixed into normal chow for 3 and 5 weeks to induce demyelination, and for 5 weeks 
plus 1 week of control chow (5+1) to induce remyelination. A) Lipid and protein relative amount 
determined by CH2/Amide I ratio (d2A2921/d2A1656) with their respective heatmaps. B) Lipid 
oxidation determined by C=O/CH2 ratio (d2A1743/d2A2921) with their respective heatmaps. 
Abbreviations: wk (weeks), d2 (second derivative). Data are represented as the mean ± SEM. *p 
< 0.05; ***p < 0.001; ****p < 0.0001. 
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Supp. Figure 5. Microglial activation and demyelination in the corpus callosum of WT and GFAP-
IL10Tg mice fed with normal chow (control) and with 0.2% (w/w) cuprizone mixed into normal 
chow for 3 and 5 weeks to induce demyelination, and for 5 weeks plus 1 week of control chow 
(5+1) to induce remyelination. A) Quantification of IBA1 immunohistochemistry and 
representative histological images after 3 weeks of treatment with cuprizone. B) Quantification of 
myelin basic protein (MBP) immunohistochemistry and representative histological images after 5 
weeks of treatment with cuprizone. Abbreviations: AI (area x intensity), a.u. (arbitrary units), wk 
(weeks). Data are represented as the mean ± SEM. ****p < 0.0001. 
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Supp. Figure 6. Hippocampal neurogenesis and spatial memory in WT and GFAP-IL6Tg mice 
during adulthood and aging. A) Quantification of the number of doublecortin (DCX) positive cells 
in the granular cell layer of the dentate gyrus (DG) and representative histological images. B) 
Quantification of the number of errors (exploration of an already explored arm) performed in the 
T-maze test as measure of working memory. Data are represented as the mean ± SEM. Grey 
and magenta asterisks are referred to significant differences by age in WT and GFAP-IL6Tg mice, 
respectively. *p < 0.05; ***p < 0.001. 
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