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Chapter 1 
 

Introduction 
 

Microglia: Forms and  functions 
in the aging brain 

Divya D. A. Raj1, Bart J. L. Eggen1, Hendrikus W.G. M. Boddeke1 

Department of Neuroscience, University of Groningen, University Medical Center 
Groningen, Groningen, The Netherlands. 
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Brain aging 

 The aging brain serves as the background for most neurodegenerative 

diseases. Brain aging itself is generally accompanied by cognitive decline 

(Yankner and Loerch., 2008). However, several questions on the biology of 

brain aging remain to be answered. Interestingly, no species besides humans 

show progressively drastic neuronal loss and cognitive decline as observed 

in clinical grade Alzheimer’s disease (AD). The parameters that cause the 

shift in balance on the delicate nexus between normal and pathological 

aging are unknown. Are these changes that occur during aging merely 

sporadic or programmed by mechanisms of aging? What causes the specific 

regionality of neurodegenerative diseases in the brain? To understand these 

issues about aging related neurodegenerative conditions a careful approach 

to understanding brain aging and cellular responses to brain aging is crucial. 

In this regard, it is important to highlight that brain aging is still 

predominantly seen as an outcome of dysfunction of neurons with studies on 

glial cells being very limited. As neuro-supportive cells, glial cells might 

respond to aging related changes in neurons as well. Mechanisms that affect 

glial cell aging and how this in turn affects progression of neuronal aging 

are thus interesting avenues to address. In this review we will address the 

current theories on brain aging in view of the age related changes in the 

neuroimmune system. 

Gene expression in the aging brain  

Gene expression studies have been instrumental in gaining insight on 

brain aging. Glorioso et al (2011) highlighted the consistency in results 

across several molecular studies of  brain aging using gene expression 
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analysis. Despite different microarray chip platforms and brain areas, a 

remarkable conservation of age-regulated changes has been demonstrated 

(Lu et al., 2004; Lee et al., 2000). This suggests the presence of a specific, 

tightly controlled, age- regulated transcriptional program. A recent paper by 

Colantuoni et al (2011), showed that a wave of gene expression changes 

during fetal development decreases upon early postnatal life but is resumed 

upon aging. Development-related pathways showed a significant overlap 

with age-regulated pathways indicating that genes associated with 

developmental transcriptional programs may have a dual role in promoting 

the aging process in accordance to the “antagonistic pleiotropy” theory. The 

authors speculated on how some developmental processes, such as synaptic 

pruning mirror aging phenotypes like synapse loss and thus could extend 

from the same transcriptional programs.  

The mechanisms regulating age-related changes in gene expression 

are largely unknown. Lu et al (2004) found that DNA damage accumulates 

particularly in the promoters of genes that show low expression with age. 

Such affected promoter regions were found to be genes that play central 

roles in synaptic plasticity, vesicular transport and mitochondrial function 

and were thereby proposed to initiate a program of brain aging. The idea of 

a defined transcription program that underlies aging also implies that it 

might be affected by epigenetic mechanisms.  Indeed, cytosine methylation 

used as an epigenetic mark, (by genomic mapping for 5-

hydroxymethylcytosine) identified loci that are systematically altered during 

neurodevelopment and aging. DNA methylation patterns were shown to 

influence transcriptional states and cellular identity during both 

development and aging (Szulwach et al., 2011). A global decrease of 
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genomic DNA methylation with age has been reported (Numata et al., 

2012). In addition to global hypomethylation, a number of specific loci such 

as p16INK4a are known to become hypermethylated during aging. 

Epigenetic plasticity in DNA methylation–controlled processes influences 

activity-dependent gene regulation (Martinowich et al., 2003), learning and 

memory (Miller et al., 2007) in the central nervous system (CNS). 

Alterations in mechanisms of epigenetic programming can thus alter gene 

expression and induce functional behavioral changes in the aging brain. The 

processes of epigenetic coding and orchestration of transcriptional changes 

during brain aging are only beginning to be unraveled (Rando and Chang., 

2012). Gene expression changes in the aging brain thus most likely 

represent underpinnings that orchestrate the behavioral changes and 

cognitive decline that accompany brain aging. 

Inflammation as a hallmark of the aging brain 

Association of inflammation with aging is generally well 

acknowledged. It is interesting to note that several longevity polymorphisms 

associated with human aging are mediators of inflammation. Various 

polymorphisms in inflammatory and immune response genes such as IL-6, 

TNFα, IFNγ, IL-1β, TGFβ and C-reactive protein have been shown to be 

associated with longevity in humans. Individuals producing low levels of 

pro-inflammatory cytokines (eg: IL-6, IFNγ) or high levels of anti-

inflammatory cytokines (eg: IL-10) have been associated with longevity, 

suggesting that an enhanced pro-inflammatory response is a risk factor for 

shortened life-span (Jylhava and Hurme., 2010). Chronic inflammation is 

also associated with increased risk for age- related cognitive decline and 

dementia in several species including rodents (Gemma et al. 2005) and 
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humans (Dik et al., 2005). Cognitive modalities affected by inflammation 

include learning (Hein et al., 2010), memory formation and consolidation 

(Frank et al., 2010). Cytokines are known to act directly on neurons and 

affect their functions such as excitability and gene expression (Lisak et al., 

2011). Pro-inflammatory cytokines particularly downregulate neuronal 

genes involved in learning and memory (Godbout et al., 2005).  

To date, the best documented link between neuroinflammatory 

cytokine production and cognitive impairment has been established for IL-

1β. Sustained IL-1β overexpression in the hippocampus impairs contextual 

and spatial memory in mice (Hein et al., 2010). IL-1β is also demonstrated 

to be the mediator of lipopolysaccharide (LPS) and chronic stress induced 

cognitive dysfunction (Terrando et al., 2010). Also, increased hippocampal 

expression of IL-1β results in age-induced impairment of long-term 

potentiation (Murray et al., 1998). Caspase-1 is involved in pre-processing 

of mature IL-1β. Transgenic mice lacking the expression of caspase-1 do 

not suffer loss of contextual memory upon aging (Gemma et al., 2005). In 

aged rats, IL-1RA, the receptor antagonist for IL-1β receptor prevents 

E.coli-induced suppression of long-term memory (Frank et al., 2010). Other 

inflammatory mediators that have been most consistently linked to poor 

performance in individual cognitive capabilities, particularly in memory and 

executive functions are CRP and IL-6 (Schram et al., 2007). 

Neuroinflammation-induced cognitive impairment may promote late life 

depression disorders as inflammatory markers such as IL-6 and CRP are 

also associated with depression in the elderly (Stewart et al., 2009). 

Inflammatory markers thus show promising predictive potential for onset of 

age-associated dementia (Ravalgia et al., 2007).  
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Up to a quarter of upregulated genes in the aging brain could be 

assigned an immune or inflammatory function in the neocortex and 

cerebellum. Transcriptional alterations varied only in extent between the 

brain regions compared. Up to 3/4th of the gene expression changes were at 

least partially prevented by calorie restriction. Remarkably however, the 

effect of calorie restriction on age-associated alterations in gene expression 

was highly dependent on transcript class. Calorie restriction was largely 

shown to reverse changes in immune and stress response genes without 

affecting alterations in neuronal gene expression in the aged mouse brain 

(Lee et al., 2000). Such inhibition of brain inflammation and increased 

production of trophic factors might underlie retardation of the brain aging 

process by calorie restriction (Lee et al., 2000). It is also notable that the 

age-related genes of neuronal origin are predominantly down-regulated 

whereas genes of glial origin are up-regulated during aging. It is likely that a 

significant portion of the inflammatory gene expression in the aging brain 

originate from the local innate immune cells of the brain, microglia. 

Microglia 

Microglia constitute the sentinel immune network of the CNS 

(Graeber and Streit., 1990). Until the past decade, the role of microglia in an 

immunologically silent environment was only anticipated. It is now known 

that microglial responses are diverse and depend on the context and nature 

of environmental stimuli. Microglia fulfill a variety of functions in the 

healthy adult CNS: patrolling the brain to detect pathogens, synaptic 

scanning to check neuronal health, influencing synaptic transmission and 

promoting adult neurogenesis by mediating clearance of apoptotic neurons 

that fail to integrate in the existing neuronal network. It is conceivable that 
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the aging brain requires considerable homeostatic support. More insight in 

to the basic functions of microglia in the adult brain could aid in unraveling 

altered functions with aging.  

a. Surveillance and motility 

In 2005, two-photon imaging studies showed the dynamic response 

of microglia to disruption of the blood brain barrier (BBB) and brain injury 

mimicked by presence of ATP. This study highlighted that microglia are 

highly active in the so-called “resting state” and extremely vigilant of 

changes in brain environment (Nimmerjahn et al., 2005). Upon detecting an 

abnormality in tissue homeostasis, surrounding microglia are activated and 

target their branches towards the site of injury. Shielding of damaged sites 

by microglia may serve a neuroprotective role, as shown in an ischemic 

brain model where microglial protrusions form a barrier between healthy 

and injured tissue (Wake et al., 2009).  

b. Modulation of synaptic plasticity  

Microglia can sense synaptic activity through their neurotransmitter 

receptors and overt release of neurotransmitters can trigger microglia 

activation (Pocock and Kettenmann., 2007). Evidence from facial nerve 

transection model suggested that microglia might be able to influence the 

adult neuronal network by altering synaptic transmission (Blinzinger and 

Kreutzberg., 1968). Activated microglia were shown to be involved in 

severing of afferent synaptic boutons from the surface of regenerating motor 

neurons and this process was termed ‘‘synaptic stripping’’. Evidence for 

synaptic stripping by cortical microglia was demonstrated in a focal cortical 

inflammation model system in which activated microglia closely apposed 
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neuronal perikarya and apical dendrites and were found to displace 

approximately 45% of the axosomatic synapses. Although it has been 

argued that the role of microglia in synaptic stripping is a case of “guilt by 

association”, more recent evidence using in vivo Two-photon imaging 

indicates functional proof of the interaction of microglia with neuronal 

synapses showing that the dynamic nature of microglia is directed in 

monitoring synapses. These contacts were also shown to be activity-

dependent, being reduced in frequency by reductions in neuronal activity 

followed by the disappearance of the presynaptic bouton (Wake et al., 

2009).  

High-resolution electron microscopy has also shown the 

participation of microglia in synaptic junctions along with astrocytes 

redefining the interaction as the “quad-partite junction” (Schafer et al., 

2012). MHC class I or Ib antigens are required to regulate synaptic pruning 

on neuronal bodies that undergo retrograde degeneration after axonal 

transection (Shatz et al., 2009). Elegant experiments in the mouse visual 

system has provided proof that microglia are capable of recognizing 

neuronal activity in an experience dependent manner. Several modalities of 

microglial interactions with synapses were also found to be altered by 

sensory experience (light deprivation and subsequent exposure) in the visual 

cortex of juvenile mice. Lack of visual stimulus (by prolonged exposure to 

darkness) promoted increased contact between microglia and synapses 

(Tremblay et al., 2010) (Fig. 1).  

Synaptic stripping is now shown to be preceded by a decrease of 

synaptic activity. A weak synapse (by tetrodotoxin injection) promoted 

microglial contact and subsequent phagocytosis that is mediated by 
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complement receptor 3 (CR3) with neuronal complement C3. Strong 

synapses that produce neuronal C1q are spared from this phagocytic 

stripping (Fig. 1) (Schafer et al., 2012). This raises the intriguing possibility 

that microglia may contribute to fine-tuning the plastic capacities of 

individual synapses in the healthy brain. Since this process is modulated by 

experience, it could potentially affect crucial brain functions such as 

learning and memory (Tremblay et al., 2011). It has been proposed that 

synaptic pruning activity by microglia is necessary for normal brain 

development (Paolicelli et al., 2011). Deficient synaptic sculpting as 

mediated by the loss of fractalkine receptor (CX3CR1) has been shown to 

result in compromised synaptic transmission, decreased brain connectivity 

and functional alteration of social behavior in mice comparable to that seen 

in neurodevelopmental disorders such as  autism (Zahn et al., 2014). 

c. Phagocytic clearance during  hippocampal neurogenesis 

The subgranular zone of the dentate gyrus (DG) in the hippocampus 

is one of the few regions of the brain where neurogenesis and functional 

integration of the newborn neurons occurs over a period of 4 weeks. 

However, within a period of one week most neural progenitor cells arising 

from the DG undergo programmed cell death and are eliminated 

systematically by microglial phagocytosis (Sierra et al., 2010). It is notable 

that apoptotic nuclei are almost always found in association with microglial 

pouches in processes of normal looking “ramified microglia” (Fig. 2). 

Hippocampal neurogenesis plays a crucial role in learning and memory. In 

immune deficient mice spatial learning is impaired and cannot be rescued by 

environmental enrichment (Ziv et al., 2006). Loss of microglial CX3CR1 

resulted in decreased neurogenesis and compromised learning and spatial 
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memory (Rogers et al., 2011). Microglial removal of apoptotic neural 

progenitors and sculpting of neuronal network is likely to mediate 

hippocampal plasticity and associated behavior.  

Microglia as an adaptive tissue macrophage 

Considering the variety of functions that microglia perform under different 

environmental conditions, they are extremely plastic cells (Thomas., 1992; 

Graeber and Streit., 2010) and can acquire varied phenotypes to adapt to a 

changing environment. Microglia are distributed throughout the CNS with 

regional differences in density, morphology and marker expression (Barron., 

1995; Olah et al., 2011). Isolated microglia from different brain regions 

differ in expression of immunoregulatory and inflammatory proteins 

(Lawson et al., 1990; Xie et al., 2003; de Haas et al., 2008). Moreover, 

microglia also seem to differ in housekeeping functions and inducible 

activities. There is a subpopulation among microglia that engages with the 

clearance of myelin-laden exosomes under physiological conditions and in 

the absence of any exogenous stimulus, as demonstrated in vitro and in vivo 

(Fitzner et al., 2011). It has been shown that challenging microglia using 

agonists for pattern recognition receptors such as that of Toll-like receptors 

results in selective protein expression and functional activities in subsets of 

cells, rather than a uniform response of the entire microglia population 

(Scheffel et al., 2012). These examples illustrate that microglia may exist as 

a sub-population of cells with distinct functional portfolios and capacities. 

Resident microglia despite belonging to the macrophage superfamily 

are distinct from other tissue macrophages in several regards. For example, 

while non-parenchymal tissue macrophages (such as those in the meninges, 
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Fig. 1: A.  The mouse visual circuitry: Light is 
transduced in to electrical signals by 
photoreceptor cells in the retina. This 
information is then relayed by the only 
efferent cells of the retina, the retinal 
ganglion cells (RGCs). RGC outputs are 
majorly relayed to the contralateral 
superior colliculus (SC) in the midbrain and 
to the contralateral dorsal lateral 
geniculate nucleus (LGN) of the thalamus 
via the optic chaisma (OC). Neurons in the 
LGN that receive retinal input then project 
to the ipsilateral primary visual cortex (VC). 
B. The visual circuitry provides an elegant 
system to study the effect of microglia 
neuron interactions in the presence or 
absence of light. Electron microscopic 
analysis of microglia-neuronal interactions  
 
 

 
 
in the visual cortex showed that the degree 
of interaction was altered according to 
visual experience (B vs C). Sensory 
deprivation (continued exposure to 
darkness) in juvenile mice increased 
microglia direct contact with synapses C. 
Microglia likely perceive this information by 
sensing neuronal activity. Increased 
neuronal activity and strong synapses as 
mediated by forskolin injections showed 
less to moderate microglia contact (D) 
whereas weak synapses with decreased 
RGC input by tetrodotoxin injections causes 
increased microglia contact and 
subsequent engulfment (E). Phagocytic 
engulfment of weak synapses was 
mediated by complement receptor 3 (CR3) 
on microglia
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Fig. 2: In the CA1 region of the 
hippocampus both pre and post synaptic 
elements were shown to be phagocytized 
by microglia. Prolonged microglial contact 
was shown to result in synaptic bouton 
removal during brain development 

(Paolicelli et al., 2011). In the subgranular 
zone of the Dentate Gyrus (DG), 
supernumerary neural progenitors that 
undergo programmed cell death were 
phagocytized by ramified microglia in the 
hippocampus (Sierra et al., 2010)

.
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perivascular regions and the choroid plexus) and macrophages of non-

immune privileged organs are continuously replenished by the 

hematopoietic stem cell source, as discussed above, the parenchymal 

microglia population is apparently not replenished from the bone marrow 

after birth (Unger et al., 1993). Recently, it has been shown that microglia 

and immature dendritic cells (DC) of the skin, i.e. Langerhans cells (LC), 

have different growth factor requirements in comparison to other tissue 

macrophages. Microglia and LCs depend on interleukin-34 (IL-34), instead 

of colony stimulating factor-1 (CSF-1) for their maintenance (Greter et al., 

2012). This difference could be owing to the nature of the very early 

precursor seeding cells of microglia during development. Also, microglia 

express low levels of CD45, a protein tyrosine phosphatase expressed at 

high levels by all haematopoietically derived leukocytes (Carson et al., 

1998). Instead, certain genes of the P2Y family (GPR34, GPR12), Galectin 

3, Transforming growth factor β receptor 1 (TGFβR1) (Bedard et al., 2007) 

and TREM2 (Cella et al., 2003; Schmid et al., 2002) are highly expressed in 

microglia as compared to peripheral myeloid cells such as monocytes and 

splenic macrophages.  

Recently, the findings of an immunological genome consortium 

(ImmGen) were published that demonstrates how tissue macrophages adapt 

according to the local tissue environment and its necessities. In this 

systematic study, several unique transcripts have been attributed specifically 

to microglia (Gautier et al., 2012). In contrast to peripheral macrophages, 

ramified microglia in the healthy adult brain have significantly suppressed 

innate immune functions (Graeber and Streit., 2010) and hardly express 

immune proteins (Aloisi., 2001). Microglia were thus argued to provide a 
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brain-adaptive phagocytic population while still maintaining an 

immunologically silent environment in the healthy adult CNS ‒ even many 

years ago (Barron., 1995). This concept fits to the observation of microglia 

serving in immunologically silent disposal of myelin (Fitzner et al., 2011) 

and phagocytic removal of neural progenitors in the adult hippocampus 

(Sierra et al., 2010).  

It is well known, on the other hand, that microglia have properties in 

common with macrophages and dendritic cells (DC) (Ulvestad et al., 1994). 

Professional antigen presenting cells (APCs), such as DCs and 

macrophages, process antigens into peptides that are subsequently bound to 

major histocompatibility complex (MHC) molecules and presented on the 

cell surface to T lymphocytes. Classical antigen presentation, i.e. loading 

peptides derived from exogenous proteins on to MHC class II molecules, 

occurs also in microglia (Harding., 1995; Watts., 1997). Furthermore, 

microglia have been shown to be capable of “cross-presentation” of 

exogenous antigens via the MHC I pathway as well (Beauvillain et al., 

2008).  While some studies show maturation of microglia into functional 

APCs (Fischer and Reichmann., 2001; Ponomarev et al., 2005; 

Santambrogio et al., 2001) others show that despite presence of MHC II 

protein, these cells likely induce immunological tolerance due to absence of 

co-stimulatory molecules (Olah et al., 2011; Almolda., 2010). Studies using 

transgenic mice expressing Itgax (CD11c) fused to enhanced yellow 

fluorescent protein (EYFP) (Bulloch et al., 2008) or enhanced green 

fluorescent protein (EGFP) (Prodinger et al., 2011) suggest that CD11c-

positive cells exist in the brain, which colocalize with microglial markers 

such as Iba1. It is unclear if these are infiltrating cells or microglia changing 
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phenotype during aging. Radiation-based chimera experiments in these 

transgenic models and in acute brain tissue slices (Prodinger et al., 2011), 

show that EYFP/EGFP+ DCs are produced from the resident pool of 

microglia following immunological challenges with cytokines (Gottfried-

Blackmore et al., 2009) or upon brain injury in a stroke model (Felger et al., 

2010). The nature of the cytokine milieu likely dictates the acquisition of 

this phenotype as it has been shown that presence of IL-4 allows the 

acquisition of a DC phenotype in microglia, whereas the presence of IFNJ 

does not. A population of CD11c+ cells in the mouse brain was also shown 

to increase upon aging  and to co-exist with T cells (Stichel and Luebbert., 

2007). The above-mentioned studies clearly point to a microglial phenotype 

analogous to DCs, at least in a set of features. In the same context, it is 

particularly interesting that several features of microglia are comparable to 

immature DCs, particularly Langerhans cells of the skin (Carson et al., 

1998; Miller et al., 2012).  

Notably, lack of a well-established typical lymphatic draining 

system (Engelhardt et al., 2011) and the limited capacity of CNS-derived 

APCs to present antigens to naive T cells in peripheral lymphoid organs 

render this issue being presently unresolved (Kaminski et al., 2012; van 

Zwam et al., 2009; Goldmann et al., 2006; Hickey 1991; Kida et al., 1993). 

This has led to arguments that microglia, in contrast to peripheral 

macrophages, promote T cell anergy (Matyszak et al., 1999; Olah et al., 

2011). Also, production of high levels of IL-10 as a result of microglia T 

cell interaction could skew the microenvironment favoring such 

differentiation to a regulatory state, even under inflammatory conditions 

(Chabot et al., 1999).  
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Microglial commitment to reactive phenotypes 

Analogous to Th1, Th2 mediated immunity, the concept of 

macrophage activation states has provided a useful framework to understand 

cell-mediated immune response.  In vitro studies on peripheral macrophages 

have led to the concept of different macrophage activation states, ranging 

from ‘classical’ activation (M1-type macrophage activation) to ‘alternative’ 

activation (M2-type macrophage activation). Experimentally, these states 

are most commonly achieved by exposing macrophages in vitro to LPS and 

IFNγ, which mimic bacterial- and viral infections, respectively and induce a 

classically activated pro-inflammatory M1 phenotype. Classically-activated 

macrophages are involved in T Helper type 1 (Th-1) environment, promote 

the release of various pro-inflammatory cytokines and thus exacerbate the 

inflammation (Mackaness et al., 1964; reviewed in Gordon et al., 2007; 

O’Shea and Murray., 2008). Alternatively activated macrophages (AAMs) 

on the other hand, actively promote tissue recovery and are believed to play 

a general tissue-supportive role. IL-4 or IL-13 are commonly used to induce 

an alternatively activated phenotype in vitro. Variations in M2 activation 

depending on the inducing signal were later introduced: IL-4, IL-13 induced 

alternative activation being termed M2a; immune complex and TLR ligands 

induced type II/ M2b activation; IL-10, TGFβ induced M2c deactivation. 

Alternatively activated macrophages predominate in the T Helper type 2 

(Th-2) microenvironment such as during wound healing and tend to 

counteract inflammation and promote tissue repair (Gordon et al., 2003; 

Mosser and Edwards., 2008). In microglia as brain macrophages, this 

concept was proposed to result in formation of pro-inflammatory/ 

neurotoxic and resolving/ neuroprotective subpopulations that co-ordinate 
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and orchestrate the inflammatory process, whose predominance would 

dictate tissue damage or resolution (Popovich and Longbrake., 2008).  

Classical activation of microglia has clearly been reported during 

peripheral LPS injection, facial nerve axotomy, cuprizone and EAE induced 

demyelination and in a variety of neurodegenerative mouse models of 

Alzheimers disease, Parkinsons disease and Amyotrophic lateral sclerosis 

(reviewed in Turrin and Rivest., 2006; Schwartz et al., 2006; Colton, 2009; 

Luo et al., 2012). Alternatively activated macrophages do not express high 

levels of pro-inflammatory cytokines. Instead RNA and protein expression 

of pro-inflammatory mediators in LPS stimulated microglia and mixed glial 

cultures are suppressed by IL-4 and IL-13 (Colton et al., 2006; Kitamura et 

al., 2000; Ledeboer et al., 2000; Lee et al., 2002; Lyons et al., 2007; 

Ponomarev et al. 2007). In vitro stimulation with these anti-inflammatory 

cytokines induced expression of various mRNAs like arginase 1, mannose 
receptor, found in inflammatory zone 1, and chitinase 3-like protein 3 

(Ym1), indicating a cytokine-induced alternative activation state of 

microglia (Colton., 2009). Other in vitro studies of macrophages and 

microglia have shown that the M2 polarization potential of macrophages is 

much higher than that of microglia (Durafourt., 2012). Direct application of 

IL-4 to APP/PS1 mice suppressed Aβ deposition and gliosis, increased 

neurogenesis and restored impaired spatial learning (Kiyota et al., 2010). IL-

4 also reversed LPS-induced deficits in long term potentiation in rats (Lynch 

et al., 2004; Nolan et al., 2005).  

Evidence for microglial/macrophage subsets of a distinct phenotype 

with contradictory functionality was provided in a spinal cord injury (SCI) 

model. In this model, it was shown that while M1 neurotoxic macrophage 
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response is rapidly induced, M2 macrophages promote a regenerative 

growth response in adult sensory axons after injury. The high M1/M2 

macrophage polarizing ratio was proposed to influence the outcome of CNS 

repair. (Kigerl et al., 2009). In ischemic stroke, endogenous microglia and 

recruited macrophages assume the M2 phenotype at early stages but 

gradually switch to the M1 phenotype particularly in peri-infarct regions 

adjacent to ischemic neurons. It was also shown that while M1 microglia or 

its conditioned media exacerbated neuronal death, M2 microglia protected 

neurons against oxygen glucose deprivation (Hu et al., 2012). In an animal 

model for multiple sclerosis, experimental autoimmune encephalomyelitis 

(EAE) microglia and infiltrating macrophages were found to be positive for 

Ym1 and its expression was dependent on IL-4. The study proposed that 

alternative activation in microglia can inhibit CNS inflammation and 

outcome of pathology (Ponomarev et al., 2007). In other models such as the 

cerebral cryptococcosis infection model, alternative activation was 

exclusively found in peripheral macrophages that infiltrated the infected 

brain, but not in microglia (Stenzel et al., 2009).  

Brain aging might also promote phenotypic skewing towards an M1 

state. Aged rats, showed increased amounts of IFN-γ and decreased IL-4 

levels (Maher et al., 2006; Nolan et al., 2005). Also, activated microglia 

from aged mice were found to resist skewing towards an M2 phenotype in 

the presence of IL-4 (Fenn at al., 2012). This might promote a bias towards 

classical activation phenotype also in neurodegenerative conditions. Mouse 

models of AD, such as the APP/PS1 mouse, showed that there was a 

distinctive phenotypic shift from M2 to M1 microglial activation in the 

hippocampus of aged rodents. This change was induced by an age-
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dependent accumulation of extracellular soluble Aβ oligomers and cytotoxic 

M1 microglia were attributed to result in neuronal loss (Jimenez et al., 

2008). Further evidence in the APP mouse model of AD has shown that 

such M1 phenotypic skewing promotes neuroinflammation and inhibited the 

clearance of Aβ, whereas M2 skewing facilitated Aβ clearance (He et al., 

2007; Yamamoto et al., 2007, 2008). 

Microglia phenotypes were also induced by anti-inflammatory 

cytokines although they did not fit clearly in the Th1/Th2 immune 

paradigms. The cytokines that induce this state in macrophages include IL-

10 and TGFβ, which are well-established anti-inflammatory cytokines also 

for microglia in vitro (Plunkett et al., 2001; Mantovani et al., 2004; Lund et 

al., 2006). Gene delivery of IL-10 in to the CNS of APP/PS1 mice caused 

suppression of astro / microgliosis, increased neurogenesis, enhanced 

vascular transport of Aβ and resulted in the restoration of spatial learning 

abilities (Kiyota et al., 2012). TGFβ has been shown to enhance IL4-

induced microglia alternative activation by strongly increasing the 

expression of Arg1 and Ym1. Moreover, IL4-mediated induction of Arg1 

and Ym1 is impaired after blocking the TGFβ receptor I indicating that IL4-

induced microglia alternative activation is dependent on active TGFβ 

signaling (Zhou et al., 2012). TGFβ has been recently shown to induce gene 

transcriptional signature that is unique to microglia (Butovsky et al., 2014) 

and maintain microglia quiescence (Abutbul et al., 2012). Hence, it is not 

clear whether this cellular state represents a distinct phenotype or are 

deactivated microglia returning to the same functional state as resting 

microglia. Fig. 3 summarizes the spectrum of microglia phenotypes 
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described so far and their characteristics. It is likely that there exist several 

such functional states for these versatile immune cells.  

In addition to varied response to differential stimuli, continued 

response to same stimuli can also affect microglia phenotype and 

functionality. It has been proposed that LPS induced preconditioning of 

microglia induces a state similar to what is referred to as endotoxin 

tolerance in macrophages (Biswas and Lopez-Collazo., 2009; Ajmone-Cat 

et al., 2013; Schaafsma et al., 2015). Exposure of macrophages to small 

amounts of endotoxin causes a blunted response to subsequent endotoxin 

challenges (Fig. 4B). Such a phenomenon could be transiently based on 

receptor internalization. For instance, TLR4 receptor is internalized to 

intracellular compartments upon LPS binding (Zanoni et al., 2011). 

However, recently there is evidence indicating that endotoxin tolerance in 

macrophages and microglia could, at least in part, be explained by altered 

histone tail modifications and DNA methylation, resulting in reduced 

accessibility of pro-inflammatory genes for transcription (El Gazzar et al., 

2008; Chen et al., 2009; Schaafsma et al., 2015). Tolerance of microglia has 

been shown to be long-lasting (Schaafsma et al., 2015) and can have impact 

in lifelong behavioral alterations in mice (Williamson et al., 2011; Bilbo et 

al., 2012).  

The nature, source, strength, combination of stimuli in addition to 

time of exposure already provide multiple levels of complexity in microglial 

response. In macrophage biology, M1/M2 activation together with Th1/Th2 

paradigm has contributed to improved understanding of pathology 

particularly in case of diseases like asthma and chronic obstructive 

pulmonary disease (COPD), obesity and atherosclerosis (Shaykhiev 2009; 
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Wynn et al., 2013; Moore et al., 2013). However, there is a growing concern 

that these activation models are increasingly used in a very reductionist 

fashion with bipolar views on immunology (Martinez and Gordon., 2014). 

While the cytokine stimulation studies in vitro provide ideas of macrophage 

skewing, the in vivo scenario, particularly during pathology is likely to be 

much more complex with multiple stimuli involved, the source and context 

of which is crucial.  

Fig. 3: Spectrum of microglia phenotypes. 
The characterizing features of M1, M2, M2c 
and dendritic phenotypes are described.              
The varied graded colors of the circular 

palette signifies that microglial phenotypes 
can exist in several intermediary and mixed 
states. 
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Despite the complexity, careful modern genomic approaches with a 

critical rigor applied to setting uniform models for studying polarization, 

cellular separation methods can unravel and redefine the current grouping in 

a useful way (Murray et al., 2014; Gautier et al., 2012). While current 

therapeutic approaches aim at lowering inflammation, a more specified 

approach that promotes a supportive phenotype that helps in eliminating 

tissue debris and apoptotic bodies, promotes remodeling of inflammatory 

site by expression of matrix metalloproteinases and repair by secretion of 

growth factors would be a more constructive approach. The present 

classification system with varied descriptors almost impedes the 

understanding of pathogenesis to device such therapeutic approaches. 

Regulation of microglia quiescence and activation by extracellular signals 

Under homeostatic conditions microglia maintain quiescence in 

response to environmental cues. These environmental signals can be divided 

into two categories: “On” and “Off” signals (van Rossum and Hanisch., 

2004; Hanisch and Kettenmann., 2007; Biber et al., 2007). “On” signals are 

molecules that are recognized by microglia and trigger activation. Microglia 

express a variety of receptors to sense a plethora of molecules, that are 

absent under homeostatic conditions or that are kept in a certain 

concentration window in which physiological functions are regulated. Such 

molecules range from bacterial cell wall components, viral RNAs to 

neurotransmitters and intracellular proteins (Kettenmann et al., 2011; 

Hanisch et al., 2012). Molecules of microbial origin, i.e. PAMPs (also being 

referred to as microbe-associated molecular patterns, MAMPs),  are 

detected by TLRs and other pattern recognition receptors (PRRs) on innate 

immune cells (Kawai and Akira., 2010).  
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In addition to these 

molecules of exogenous origin, local 

signals also can function as “On” 

signals for microglia. Damaged 

neurons release a variety of 

molecules like purines that are 

detected by microglia (Koizumi et al., 2007). Neuronal chemokines, 

such as CX3CL1, CCL21 and CXCL10, are reported to induce microglia 

migration as well (reviewed in Biber et al., 2007). Microglia are also 

activated by glutamate, and excessive glutamate release is associated with 

neurodegeneration (Pocock and Kettenmann., 2007). TREM2 is a 

membrane-bound molecule involved in the control of microglial activation. 

Although not identified yet, neurons are reported to express TREM2 

ligand(s) (TREM2-L). Based on functional interaction it has been suggested 

that expression of a TREM2-L activity is greatly increased on apoptotic 

neurons and TREM2-TREM2-L interaction triggers phagocytic activity in 

microglia (Hsieh et al., 2009). Summarizing, microglia are able to monitor a 

wide variety of signaling molecules which allows them to quickly detect 

deviations from the physiological state in order to initiate an appropriate 

response.  

Alternatively, microglial quiescence is also controlled by “Off” 

signals expressed mainly by neurons (van Rossum and Hanisch., 2004; 

Biber et al., 2007; Hanisch and Kettenmann., 2007; Hanisch., 2012). 

Microglia are triggered when these signals are no longer received by cell-

mediated contact. Well-studied examples of this signaling principle are 

CD200/CD200R, CD47-SIRPD, CX3CL1/CX3CR1, CD22/CD45 and 

TREM2b (Cardona et al., 2006; Hoek et al., 2000; Schmid et al., 2002).  
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Microglia in the aging brain  

Aged microglia show increased immunoreactivity to a lysosome 

associated phagocytic receptor CD68, toll-like receptors (TLRs), MHC class 

II antigen, OX-6, matrix remodeling enzyme MMP-12, CD11b and CD11c 

integrins and cytokines in the brain (as reviewed in Luo et al., 2010). 

Activation of microglia in the healthy brain leads to an orderly beneficial 

inflammatory response, unless prolonged, overt or directed to self-antigens 

as in autoimmunity (Graeber and Streit, 2010). In the aging brain, microglia 

have been proposed to acquire an over-reactive phenotype resulting in an 

exaggerated immune response called microglial “priming”. Mounting 

evidence in several models of infection, injury and neurodegeneration 

indicates that the aged brain maintains a chronically increased level of 

inflammation.  

The best characterized and reproduced system for microglial priming 

is the response to peripheral infection. During a bacterial or viral infection, 

the neuroimmune axis comprising of microglia communicates extensively 

with the peripheral adaptive and innate immune systems to induce sickness 

behavior (Dantzer et al., 2008). The onset of this behavior is an adaptive 

response in the animal to restore homeostasis. Mimicking infection by LPS 

treatment showed higher inflammatory cytokine production in primary glial 

cultures established from the brain of aged animals compared to young 

adults (Xie et al., 2003). In vivo studies with intraperitoneal injection of LPS 

or Escherichia coli (E. coli) caused a prolonged and exaggerated cytokine 

response resulting in altered sickness behavior in aged (22-24 month) Balb/c 

mice compared to young adults (Godbout et al., 2005). Cytokine mRNA 

levels in microglia isolated ex-vivo from aged mice showed increased 
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expression of pro-inflammatory mediators such as IL-1β, TNFα, IL-6 

suggesting that the increased neuroinflammatory gene expression in the 

aging brain might originate from microglia (Sierra et al., 2007; Henry et al., 

2009). It is for this reason that microglia from aged brain were suggested to 

be “primed” for activation and may cause excessive by-stander injury to the 

aged brain thereby impeding functional recovering in the event of 

injury/insult (Godbout and Johnson, 2006; Perry et al., 2007). 

Microglia priming has been demonstrated in relation to several 

secondary stimuli in an aging background (as compiled in Table 1). This 

phenomena has been demonstrated experimentally for instance, in studies 

on 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) mouse models, 

used to study Parkinson’s disease (PD) where aged animals were used. In an 

acute MPTP-PD model, 9-12 months old C57/BL6 mice were found to be 

more sensitive to neurotoxicity with severe loss of dopaminergic neurons 

than 3 months old young mice (Sugama et al., 2003). In another study, 

administration of MPTP to C57/BL6 mice (14–15 months old) led to a 

remarkable loss of dopaminergic neurons with a marked decrease in 

dopamine levels (Phinney et al., 2006). Neurotoxicity observed in the MPTP 

mouse model therefore was shown to be age-dependent. Kainic acid-

induced neurodegeneration and glial reactivity was also found to be more 

prominent in aged mice (Benkovic et al., 2006). These examples clearly 

demonstrate that microglia activation might indeed be more exaggerated in 

an aging background. This suggests diminished control of microglia 

activation during normal aging. Fig. 4A summarizes the characteristics of 

microglial priming.  
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Microglia priming seems to result from a shift of microglia towards 

the pro-inflammatory state, also known as the “classically activated” or M1 

state. In this context, it is interesting that microglia from aged mice have 

been shown to resist skewing towards M2 phenotype in the presence of IL-4 

(Fenn at al., 2012). Aged microglia also resist “de-activation” signals like 

CX3CL1 and TGF-β (Norden and Godbout., 2012).  

Furthermore, aged rats showed increased amounts of IFN-γ, an 

inducer of M1 phenotype and decreased levels of IL-4, an inducer of M2 

phenotype (Maher et al. 2006; Nolan et al. 2005). In the Swedish mutant 

mouse model of Alzheimer’s disease M2 skewing of microglia facilitated 

Aβ clearance (He et al. 2007; Yamamoto et al. 2007). An age-dependent 

microglial phenotypic shift from M2 to M1 was shown to occur in mouse 

models of AD, such as the APP/PS1 mouse, owing to accumulation of 

soluble Aβ oligomers and neuronal loss (Jimenez et al., 2008).  

Morphological observations in human postmortem brain samples 

were shown to have a subpopulation of microglia in aged and diseased brain 

that exhibit signs of deramification and cytoplasmic degeneration termed 

“microglial dystrophy” (Streit., 2006). Indeed, the presence of dystrophic 

microglia has been found to precede age related neurodegeneration in 

senescence-accelerated mice models of aging (Hasegawa-Ishii et al., 2010). 

Dystrophic microglia were also found to be associated with tau pathology 

preceding neurodegeneration in AD (Streit et al., 2009). In R6/2, a 

transgenic mouse model of Huntington’s disease, presence of dystrophic 

microglia and a consequent decreased microglial density has been observed 

(Ma et al., 2003). These morphological observations suggest that microglia 
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lose their neuronal supportive functions with age that might predispose the 

brain to age-associated neurodegeneration (Streit et al., 2009).  
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Fig. 4: A. Schematic representation of 
distinguishing features of resting, primed 
and activated microglia. B. Microglia 
exposed to infection during prenatal phase 
of development are tolerized to 
subsequent infections.  Tolerized microglia  
produce lesser cytokines compared to  

normal microglia. Aging primes microglia to 
subsequent stimulus resulting in more 
cytokine secretion than normal microglia. 
Tolerized microglia show morphological 
ramifications comparable to normal 
microglia (Schaafsma et al., 2015). 

 

Isolated microglia from aged mice were shown to constitutively 

secrete greater amounts of IL-6 and TNF-α relative to microglia from 

younger mice. Also, microglia from aged mice were shown to internalize 

less amyloid beta peptide (Aβ) and were found to rather accumulate Aβ than 

degrading it. These studies proposed the idea that microglial cell function 

changes with aging and that compromised functionality is a hallmark of 

microglial  “dystrophy” (Njie et al., 2012). The trophic support by aging 

microglia might also be compromised. For instance in SAMP10, a 

senescence-accelerated mouse model, microglia have been shown to secrete 

unusually low amounts of osteopontin (OPN) after kainic acid treatment 

compared to SAMR1 mice (senescence-accelerated mouse resistant 1). 

SAMP10 and SAMR1 were generated by selective inbreeding for the 

characteristics of accelerated aging and resistance to accelerated aging 

respectively. CD44, an OPN receptor, was expressed on neurons and 

astrocytes and OPN–CD44 signaling axis was proposed to have 

neuroprotective benefits in the aged brain (Hasegawa-Ishii et al., 2010). 

Deregulated cytokine response and compromised trophic support of aging 

microglia may underlie age-associated neurodegeneration. 
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Changes in regulation of microglial activation with aging 

Neuronal signals, involving CD200-CD200R signaling (Hoek et al., 

2000) and the Fractalkine (CX3CL1)- Fractalkine receptor (CX3CR1) 

pathway (Maciejewski-Lenoir et al., 1999) are crucial for keeping microglia 

in a quiescent state. CD200R mRNA decreases and was found to correlate 

with increased MHCII expression upon aging in microglia (Lyons et al., 

2007). The expression of CX3CL1 on neuronal surface is involved in 

maintenance of microglia quiescence, as shown by the enhanced microglia 

activation in CX3CR1-/- mice (Cardona et al., 2006). On the other hand,  the 

soluble, cleaved form of fractalkine signals the onset of monocyte 

infiltration into the brain (Soriano et al., 2002). Fractalkine protein 

expression was found to decrease in the brain of aged mice (Wynne et al., 

2010). In aged animals, the restoration of fractalkine signaling following an

activation signal in microglia also seems to be compromised (Wynne et al., 

2010).  

In addition to the above mentioned contact-mediated interactions 

between microglia and neurons, signaling via soluble factors also occurs 

(Fig. 5). Soluble factors include cytokines, glucocorticoids, cannabinoids 

and neurotransmitters such as γ-Aminobutyric acid (GABA). Recent studies 

indicate that there is decreased glucocorticoid receptor expression on 

astrocytes in the hippocampus of older rats (Kasckow et al., 2009). These 

deficits may be associated with impaired negative feedback of 

glucocorticoids in the aged brain (Mizoguchi et al., 2009). Microglia also 

express receptors for neurotransmitters (Pocock and Kettenmann., 2007). 

GABA, an inhibitory neurotransmitter, attenuated IL-1β production by 

interacting with GABAB receptors on microglia (Kuhn et al., 2004). 
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Collectively, these data show that impaired immunoregulation in the aged 

brain by neurons may underlie the enhanced neuroimmune response. 

  
 
 
Figure 5: Normal neuronal and microglia 
interaction is mediated by a variety of 
molecular physical interactions as well as 
signaling via secretory soluble molecules. 
Ligands present on neurons and their 
corresponding receptors on microglia have  
 

 
 
been listed in the figure. Soluble factors 
such as secreted cytokines (IL10, TGFβ), 
neurotransmitters(Dopamine, GABA) from 
neurons can also signal to microglia. 
Notably alterations in a number of 
neuronal microglia interaction molecules 
have been reported in the aging brain.
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Microglia in the aging neurogenic niche  

Neurogenesis is the process of generating new neurons from neural 

precursors that functionally integrate in the neuronal network. It was shown 

that the process occurs throughout life in two restricted brain regions in the 

mammalian adult CNS: the subventricular zone (SVZ), that lines the lateral 

ventricles and the subgranular zone of the hippocampal dentate gyrus (DG) 

(Ming and Song., 2005). Depletion of new neurons leads to impairment in 

hippocampus-dependent cognitive function showing that the newly formed 

neurons are necessary for the proper cognitive functioning of the brain 

(Deng et al., 2010).  

Aging affects neurogenesis in a profound manner (Drapeau et al., 

2008) although the precise reason for this is not known yet. Two major 

factors have been proposed to underlie decreased neurogenesis during aging. 

Studies show a decrease in proliferation of neural progenitors during aging 

in the DG (Kempermann et al., 1998) and in the SVZ of rodents (Molofsky 

et al., 2006). The nature of differentiation of aged neural progenitors is 

biased towards astrocytes rather than neurons (Kempermann et al., 1998). 

Another major factor that has been suggested to be involved in decreased 

neurogenesis is the altered “microenvironment” of the aging neural stem 

cells. Previously published studies employing infusion of LPS in the brain 

(Ekdahl et al., 2003) and irradiation of brain (Monje et al., 2003) have 

highlighted the relationship between inflammation and neurogenesis. LPS-

induced inflammation caused an 85% reduction in the number of newborn 

neurons with a corresponding increase in the number of ED1+ microglia in 

the young rat. Treatment with nonsteroidal anti-inflammatory drugs 

(NSAIDs) could abrogate neuroinflammation and restore neurogenesis to 
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near basal levels (Monje et al., 2003). The mechanism by which 

inflammation reduces neurogenesis is however not by affecting the 

proliferation of neural stem cells but by reducing the survival of 

differentiated newborn neurons as observed in long-term BrDU follow up 

studies (Ekdahl et al., 2003; Monje et al.,  2003). 

Microglia have been shown to be modulators of neurogenesis. In the 

environmental enrichment paradigm a significant increase in the number of 

MHC class II-positive hippocampal microglia expressing the neurotrophic 

factor insulin growth factor (IGF)-1 was found to have a beneficial role for 

adult neurogenesis. This increase was attenuated by chronic treatment with 

minocycline (Ziv et al., 2006). The influence of microglia on neurogenesis 

was attributed to interferon-γ (IFN-γ) and subsequent T cell–microglia 

interactions (Ziv et al., 2006). Microglia have been shown to aid in 

clearance of apoptotic neurons (Sierra et al., 2010). In this study although 

phagocytic function was quantified during aging only until 12 months, 

compromised scavenging functions upon further aging could result in 

inhibition of functional integration of newborn neurons.  

Considering the relationship between inflammation and 

neurogenesis and the evidence that microglia modulates neurogenesis, the 

following studies begin to unravel the possible role of microglia in the aged 

neurogenic niche. Inhibition of caspase-1, which is an enzyme critically 

important in the processing of IL-1β, abrogates loss of hippocampal 

neurogenesis associated with aging and improves hippocampal-dependent 

memory (Gemma et al., 2005). In the adrenalectomized rodents, microglia 

was also shown to play a supportive role during neurogenesis via expression 

of the anti-inflammatory cytokine transforming growth factor-β (TGFβ1). 
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Adrenalectomy of 10 months old (middle-aged) rats has been shown to 

prevent age-related hippocampal neurogenesis and cognitive decline in aged 

rats (23 months) (Cameron and Kay., 1999). Fractalkine signaling, 

suppressed upon aging, leads to an increased microglial activation state and 

decreased neurogenesis. Fractalkine infusion in aged rat brain was 

accompanied by a decrease in microglial MHCII expression and restored 

hippocampal progenitor cell proliferation in aged animals suggesting that 

fractalkine modulates at least in part hippocampal neurogenesis in aging 

(Vukovic et al., 2012). 

 Other possibilities by which microglia could influence the aging 

neurogenic niche include its role in providing trophic support. Indeed, levels 

of growth factors known to promote neurogenesis, including fibroblast 

growth factor-2 (FGF-2), insulin growth factor-1 (IGF-1), and vascular 

endothelial growth factor (VEGF), were shown to be significantly reduced 

in aged rats compared to young rats (Shetty et al., 2005). In sum, the chronic 

pro-inflammatory state induced by aged microglia in the hippocampal 

neurogenic environment, the lack of trophic support and scavenging 

functions, altered neural progenitor-microglia interactions could 

cause/contribute to decreased neurogenesis in the aged brain. 

Implications of altered neuro-inflammation for the aging brain  

The aging brain is characterized by a shift from a homeostatic 

balance to a pro-inflammatory state. This increase in neuroinflammation is 

marked by increased expression of immune markers, cytokines and other 

inflammatory mediators. These conditions have been shown to sensitize the 

aged brain to produce an exaggerated response in the presence of an 
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immune stimulus in the periphery or following exposure to a stressor. In the 

brain, pro-inflammatory cytokines exert profound effects on behavior. 

Typically after an immune stimulus, aged animals display prolonged 

sickness behavior, increased cytokine induction and cognitive impairment. 

Gene expression profiling shows a significant fraction of gene expression 

belonging to glia derived immune- and inflammatory mediators. Microglia, 

the resident immune cells of the CNS are important mediators of brain 

response to trauma, disease, and infection. An altered microglial 

inflammatory profile may therefore underlie the increased 

neuroinflammation and heightened reactivity of the aged brain. Microglial 

age-related alterations might affect the way the aged brain responds to and 

recovers from insult. It is therefore of importance to understand aging 

associated changes in microglia and if these functional changes in microglia 

contribute to altered neuroinflammation in aging brain. 

It has been proposed that the underlying molecular mechanisms 

between aging and neurodegenerative conditions might merely vary in 

extent, thus making “physiological and pathological brain aging as points 
on a spectrum varying with age” (Cao et al., 2010). However, this spectrum 

of changes might be switched to neurodegenerative state by certain 

“precipitating events” during the course of aging as proposed by Herrup 

(2010). One instance of a “precipitating event” is the presence of episodes 

on infection, previously proposed to increase the risk of developing AD and 

worsen the course of ongoing neurodegeneration (Perry et al., 2007). It is 

therefore likely that neuroinflammatory events in the aged brain aid in the 

progression of AD (Heneka and O’Banion., 2007; Bales et al., 2000). In 

accordance, several genetic modulation studies of immune and 
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inflammatory pathways render beneficial responses in terms of development 

of plaque pathology and progression of an AD-like disease in mouse Aβ 

overexpressing models (reviewed in Wyss-Coray., 2006). Thus the aging 

background, precipitating injury and altered immune response to such injury 

may underlie initiation and progression of neurodegeneration. 

Neuroinflammation might thus be more than just an “epiphenomenon” in 

the understanding of brain aging and neurodegeneration. 

Thesis Outline 

Contrary to ideas prevalent years earlier that the nervous system and 

the immune system act as isolated entities, accumulating data suggest a 

prominent role of the immune cells in the functioning of the nervous system 

and in the pathology of neurodegenerative conditions. This thesis aims at 

understanding the role of microglia as a prominent neuroinflammatory 

component of the aging brain. In chapter 1, a detailed overview of literature 

about age-related neuroinflammation with a focus on microglia is provided. 

In chapter 2, a detailed and time-efficient protocol for the isolation of a 

pure microglia population from postmortem human brains is provided. This 

protocol allows high quality studies in human brain samples obtained at 

autopsy and is currently used to study microglia in aged human postmortem 

brain tissue.   

In chapter 3, a detailed characterization of microglia at both 

phenotypic and functional level in physiologically aged mice is provided. 

Gene expression of aged microglia showed a clear inflammatory profile and 

an increase of phagocytosis modules. Age related changes in gene 

expression were also observed in different regions of the mouse and human 
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brain. The results show that age associated changes in microglia are 

prominent in white matter regions of the brain. We performed a pilot study 

to access if these changes in microglia in the white matter can be examined 

non-invasively using Positron Emission Topography (PET) in human 

subjects. A PET ligand for benzodiazepine receptor shown to largely bind to 

activated microglia was used in this  human study. The approach provides a 

comprehensive view of the nature and extent of microglia associated 

inflammation during brain aging.  

While it is clear that neuro-inflammatory changes are predominant 

during aging across several different species, it is presently unclear if aging 

associated mechanisms directly affect neuro-immune cells. The role of two 

prominent mechanisms, progressive accumulation of DNA damage in cells 

and replicative senescence due to telomere shortening has been shown to be 

undisputedly involved in organismal aging. We used transgenic mouse 

models to study the influence of these mechanisms on age-related 

neuroinflammation mediated by microglia.  

As mentioned above, aging is associated with progressive 

accumulation of DNA damage over time. In a well characterized mouse 

model of compromised DNA repair, the ERCC1Δ/- mouse, we analyzed the 

phenotype and functionality of microglia. Chapter 4 provides the results of 

this characterization and addresses the question if the resulting phenotypic 

microglial changes are the result of intrinsic DNA damage accumulation in 

microglia or in response to the effect of DNA damage accumulation in the 

brain environment. We show evidence that microglia acquire a unique 

phenotype in ERCC1Δ/- mice, similar to that acquired during brain aging and 

that this is the result of DNA damage accumulation in neurons. 
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Microglia are differentiated tissue macrophages that self-sustain as a 

cellular population without large contribution from the peripheral myeloid 

cells after embryogenesis. Although it is known that microglia occasionally 

proliferate, currently, the lifespan of microglia and the necessity to 

proliferate is unknown. Since microglia are homeostatic tissue supportive 

cells, it is important to know to what extent the proliferative capacity of 

microglia is affected by aging and consequently its cellular properties. 

Critical shortening of telomeres has been described as the prime reason for 

replicative senescence in cells. Since mice possess much longer telomeres 

than humans, the effect of telomere shortening in wild type aging mice 

might be less apparent. Therefore we have used late generation telomerase 

knockout mice to address this issue in chapter 5. Microglia show an 

increased cytokine response upon telomere shortening. However, the 

phenotypic characteristics of microglia with shortened telomeres does not 

resemble that of microglia in aging mice. The increased cytokine response 

after LPS administration was found to be associated with compromised 

blood brain barrier in the late generation telomerase knockout mice. 

Chapter 6 provides a comprehensive discussion of the results 

obtained during the course of the PhD research project in the context of 

current ideas in neuroimmunology of the aged brain. 
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Abstract 
 

Microglia are increasingly recognized to be crucially involved in the 

maintenance of tissue homeostasis of the brain and spinal cord. Not 

surprisingly is therefore the growing scientific interest in the microglia 

phenotypes associated with various physiological and pathological 

processes of the central nervous system. Nonetheless, until recently the 

investigation of these phenotypes was hindered by the lack of an isolation 

protocol that (without an extended culturing period) would offer a microglia 

population of high purity and yield. Thus, our objective was to establish a 

rapid and efficient method for the isolation of human microglia from post 

mortem brain samples. We tested multiple elements of already existing 

protocols (e.g. density separation, immunomagnetic bead separation) and 

combined them to minimize preparation time and maximize yield and 

purity. The procedure presented here enables acute isolation of human 

microglia from autopsy (and biopsy) samples with a purity and yield that is 

suitable for downstream applications, such as protein and gene expression 

analysis and functional assays. Moreover, the present protocol is appropriate 

for the isolation of microglia from autopsy samples irrespective of the 

neurological state of the brain or specific brain regions and (with minor 

modification) could be even used for the isolation of microglia from human 

glioma tissue. 
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Introduction 

Microglia are the primary immune cells of the central nervous 

system (CNS) and contribute to innate and adaptive immune responses in 

the CNS (Ransohoff and Perry 2009; Bailey et al., 2006; Becher et al., 2006; 

Carson et al., 2007). Under physiological conditions microglia display 

ramified morphology and continuously monitor their direct surroundings, 

with their fine processes (Davalos et al., 2005; Nimmerjahn et al., 2005). 

Upon activation, microglia are involved in the response to CNS injury and 

secrete inflammatory and neurotrophic factors, phagocytize damaged cells 

and debris, and present antigens (Town et al., 2005; Schilling et al., 2003). 

Several studies on microglia have suggested that regional differences 

in microglia phenotypes exist. In addition to the initial reports regarding the 

regional differences in microglia density (Lawson et al., 1990; Mittelbronn 

et al., 2001), recently a region-dependent variety in the expression levels of 

cell surface markers on microglial cells has also been described (De Haas et 

al., 2008; Jiang-Shieh et al., 2003; Wu et al., 1997). Furthermore, upon 

activation microglia have been shown to acquire a range of different 

phenotypes depending on the stimulus (Ransohoff & Perry, 2009; Hanisch 

& Kettenmann, 2007). Given their increasingly recognised role in 

physiological as well as pathological processes in the central nervous 

system, there is a mounting interest in microglia phenotypes associated with 

these different conditions. Accordingly, several human microglia isolation 

studies have been performed recently in order to investigate microglia 

phenotypes associated with various pathological states, such as glioma, 

Alzheimer’s disease and HIV-associated dementia (Hussain et al., 2006a; 
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Hussain et al., 2006b; De Groot et al., 2000; Lue et al., 2001; Dick et al., 

1997).  

Most of the human microglia isolation procedures however, include 

extended time in culture and exposure to growth factors, such as M-CSF 

(Ponomarev et al., 2005) or GM-CSF (De Groot et al., 2001)(reviewed in 

Gibbons & Dragunow, 2010), to achieve the desirable yield and purity, that 

would enable the analysis of the microglia phenotype by molecular 

biological means. Acute isolation of human microglia from biopsy material 

has been described (Hussain et al., 2006a,b; Dick et al., 1997), but the purity 

of the obtained microglia population (percentage microglia of the live cell 

population) has not been discussed. Despite the fact, that acute microglia 

isolation procedures yielding close to 100% microglia purity have been 

recently established for mouse (De Haas et al., 2007; Cardona et al., 2006) 

and rat (Ford et al., 1995), such rapid microglia isolation protocol has not 

been available for human autopsy material up till now. 

Thus, the aim of this study was to provide an optimal isolation 

method that yields a high purity microglia population from various adult 

human CNS regions and enables immediate downstream molecular 

biological and functional analysis of microglia. To circumvent the possible 

influence of cell culturing on the microglia phenotype, we have developed a 

fast (< 90 minutes) and accurate (up to 98% microglia purity) isolation 

protocol based on mechanical dissociation and a two step density gradient 

purification followed by CD11b-bead separation. This protocol allows flow 

cytometric analysis, assessment of microglia specific functions and gene 

and protein expression analysis of acutely isolated human microglia from 

autopsy samples with as long as 20 hours post mortem delay. Furthermore, 
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our protocol is suitable for the isolation of microglia populations from 

different brain regions both from the healthy and diseased brain. 

 

Materials and methods 

Human brain tissue 
Human brain tissue was obtained in the course of full autopsy. For the 

autosomal dominantly inherited neurodegenerative diseases written 

informed consent for brain donation for research purposes was given. For 

the other cases samples were anonymized according to procedures described 

in the National Code for the Good Use of Patient Material. Both procedures 

have been approved by the Medical Ethical Committee of the University 

Medical Center of Groningen, the Netherlands. Specimen No. 23-25 were 

acquired from The Netherlands Brain Bank. The extracellular pH of post 

mortem brain tissue has been suggested to be the marker for the quality of 

the post mortem human brain material. We therefore determined the pH of 

the sampled post mortem tissues according to Monoranu et al., 2009 in 

certain cases. Detailed data of the autopsy samples have been summarized in 

Table 1. 
 
Media and reagents 

Microglia isolation was carried out using sterile solutions of 

Phosphate Buffered Saline (PBS), 1x Hank’s Buffered Salt Solution (HBSS) 

and 10x HBSS (all: PAA Laboratories GmbH). During the microglia 

isolation procedure, we used a dissection medium (referred to as ‘medium 

A’; HBSS, containing 0,5% glucose and 15 mM HEPES) for washing steps. 

For the density gradient separation steps Percoll solutions with different 

densities have been used (GE Healthcare, 17-0891). To yield a stock 
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isotonic Percoll solution (100%, density 1,123 g/ml), nine volume parts of 

Percoll (density 1,13 g/ml) were mixed with one volume part of 10x HBSS. 

Percoll solutions with various percentages were prepared via dilution of 

100% Percoll with 1x PBS or myelin gradient buffer (Phosphate Buffer, 

completed with 0,8% NaCl, 0,04% KCl, and 0,2% glucose - described in 

detail in De Groot et al, 2000). The following Percoll solutions in PBS have 

been used in this study for differential density separation of cells: 80% 

(density 1,098 g/ml), 75% (1,092 g/ml), 60% (1,074 g/ml), 40% (1,049 

g/ml), 30% (1,037 g/ml), 25% (1,031 g/ml). The 22% Percoll solution in 

myelin gradient buffer had a density of 1,03 g/ml.  

Enzymatic dissociation was carried out by incubation of minced autopsy 

tissue with collagenase and DNase I (both from Roche) for 30 minutes at 

37°C. The anti-mouse/humanCD11b antibody coupled magnetic beads were 

obtained from Miltenyi Biotech and used according to the manufacturer’s 

protocol. 

 

Optimization of the microglia isolation protocol 
The described microglia isolation protocol from human autopsy brain 

tissue consists of two important steps, namely: tissue dissociation, to obtain 

a single cell suspension, and microglia enrichment through density gradient 

centrifugation. In order to determine the optimal tissue dissociation method, 

we compared single mechanical dissociation using a glass homogenizer with 

mechanical dissociation followed by enzymatic dissociation using a 

collagenase/DNaseI solution in medium A for 30 minutes at 37oC. 

Microglia enrichment was achieved by Percoll density centrifugation. After 

separation of the myelin- and cell fraction, the cell suspension was separated 

on a discontinuous Percoll density gradient consisting of either 75% and 
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25% Percoll layers or a series of 80%, 60%, 40%, 30%, 20%, and PBS 

layers. All interfaces were analyzed for microglia purity using flow 

cytometry. The purity of the final microglia enriched cell suspension has 

been found to depend also on the amount of starting material. Clearly, 

overloading the gradient resulted in poor separation and a low yield of 

microglia. Therefore, volumes and tubes mentioned in the final protocol 

described below are based on a maximum amount of 3 grams of autopsy 

brain tissue/tube. 

 

Isolation and enrichment of microglial cells from human autopsy brain 
tissue  

The whole isolation procedure was performed on ice, using pre-

cooled solutions and equipment. A swinging bucket rotor (Falcon 6/300) 

was used for all centrifugation steps with the settings: 4oC, slow 

acceleration, and no brakes, unless otherwise mentioned. Human brain 

tissue was placed in a sterile Petri dish and weighed. Visible blood vessels 

and meninges were removed. In certain cases, brain tissue was separated 

under a magnifying glass into gray, white and mixed (containing the 

intermediate zone between cortical grey and subcortical white matter) tissue 

samples and processed separately to examine regional differences in 

microglia yield and phenotype. Tissue (3 gram tissue/tube) was minced with 

sterile scalpels, mechanically disrupted in medium A in a glass homogenizer 

(glass Potter, Braun, Melsungen, Germany) and filtered through a pre-

wetted 70-μm cell strainer (BD Biosciences 352350) in a 50 ml tube. Cell 

strainers were rinsed with excessive medium A and the cell suspension was 

centrifuged for 10 minutes at 220 g with brake. This cell pellet was 

resuspended in 25 ml Percoll solution with a density of 1,03 g/ml, consisting 
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of 40 ml myelin gradient buffer, 11,7 ml Percoll, and 1,3 ml NaCl 1,5M. 

This solution was overlaid with 10 ml PBS and centrifuged for 20 minutes 

at 950 g. The first step thus separated cells from myelin and cell debris and 

resulted in cell suspension A (Figure 1). The cell pellet was resuspended in 

10 ml of either 75% Percoll which was overlaid with 10 ml 25% Percoll or 

in 80% on which 5 ml steps of 60%, 40%, 30%, 20% Percoll layers were 

placed. The last Percoll layer was covered by 5 ml of PBS in both cases. 

This gradient was centrifuged for 25 minutes at 800 g. The cell layers at the 

interfaces between the Percoll layers were collected with a pre-wetted 

Pasteur pipette, washed with PBS to dilute the contaminating Percoll and 

centrifuged for 10 minutes at 220 g. The microglia purity of all interfaces 

was analyzed by flow cytometry. The second purification step resulted in an 

enriched microglia cell suspension which we called cell suspension B 

(Figure 1). After pelleting cell suspension B, the pellet was resuspended in 

80 μl beads buffer (PBS, containing 2 mM EDTA) and 20 μl of anti-hm/ms 

CD11b microbead suspension was added. Following 15 minutes of 

incubation at 4°C the CD11b positive fraction was collected according to 

the manufacturer’s protocol. This additional purification step, using CD11b 

microbeads, resulted in a pure microglia cell suspension which we called 

cell suspension C (Figure 1). 

 

Isolation of microglial cells from human glioma tissue after surgical 
dissection 

Microglia from glioma tissue were purified using the procedure 

described for autopsy samples with minor modifications. Due to the low 

myelin content of the bulk glioma, separation of myelin and cells was not 

necessary. After mechanical dissociation the cell suspension was directly 
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purified using a Percoll gradient (consisting of Percoll 60%, 40%, and PBS) 

was centrifuged for 20 minutes at 950 g. The interface was collected, 

washed, and examined for microglia purity. 

 
Flow cytometry 

Cell suspensions were incubated for 15 minutes with human Fc 

receptor binding inhibitor (eBioscience; 14-9161) to reduce nonspecific 

immunofluorescence staining. After washing, cells were incubated for 20 

minutes on ice with the fluorescence-labeled primary antibodies or isotype 

controls (see Table 2). After washing, stained cell suspensions were 

resuspended in 200 μl PBS and about 10 minutes before commencing with 

the flow cytometric measurements, an extra 100 μl DRAQ5 solution 

(Biostatus; 1:1000 in PBS) was added to determine cell viability. The 

surface expression of markers was measured with a FACSCalibur flow 

cytometer (Becton Dickinson) and the flow cytometric measurements were 

analyzed using WinMDI 2.8 software. Microglia purity was defined as the 

percentage of DRAQ5 positive cells, showing CD11b high and CD45 

intermediate expression. 

 

Annexin V staining and PI staining  
Annexin V staining was performed according to the manufacturer’s 

protocol (Nexins Research, Kattendijke, the Netherlands). Briefly, the cells 

(105 cells per 100 μl volume) were washed, resuspended in 140 mM 

NaCl/2.5 mM CaCl2  (as presence of Ca2+ ions are required for Annexin V 

binding to Phosphatidylserine (PS) on cell surface) and stained with FITC-

conjugated Annexin V. Propidium iodide (PI) counter-staining (250 µg/ml) 

was used to check for membrane integrity. 
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FACS sorting and quantitative real-time PCR 
Microglia sorted on CD11b/CD45 were lysed in RLT buffer (Qiagen 

Rneasy micro kit) and total RNA was isolated according to the manufacturer 

protocol. Total RNA was transcribed into cDNA using random hexamers 

(Fermentas) on a MinicyclerTM thermal cycler (Biorad) and gene expression 

(see Supplementary table 1 for primer sequences) were analyzed using the 

ABI Prism® 7900 HT real time PCR instrument and the iTAQTM SYBR 

Green Supermix with ROX (Bio-Rad 172-5850). HMBS primers served as 

house-keeping genes. Identical results were obtained with GAPDH primers 

used for normalization. Reactions were run in triplets and threshold cycles 

were determined manually by setting thresholds for fluorescence intensity. 

Relative gene expression levels were analysed by the 2-ΔΔCT method with 

microglia as the reference sample (Livak & Schmittgen, 2001). 

 

Western blotting 
Cell pellets of cell suspensions A, B, and C were lysed in RIPA 

solution (1% Nonidet P40, 1% SDS, 0,5% Na-deoxycholate in PBS), total 

protein was measured and 1 volume of 2x sample buffer (0,125M TrisHCl; 

pH 6,8; 20% glycerol; 4% SDS; 3% DTT; and 0,01% bromophenol blue) 

was added. Samples were boiled for 5 minutes at 95°C before equal 

amounts of total protein were loaded on a 12,5% SDS-polyacrylamide gel. 

After electrophoresis, proteins were transferred onto PVF membrane 

(Millipore) using semidry blotting.  Membranes were blocked for 1 h at 

room temperature with Odyssey™ blocking buffer diluted 1:1 with PBS, 

and then probed with primary antibodies (see Table 2) in Odyssey™ 

blocking buffer, diluted 1:1 in PBS + 0,1% Tween-20 (PBS-T). After 

overnight incubation, membranes were thoroughly washed with PBS-T and 
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incubated for 1h in the appropriate fluorescence secondary antibody 

solutions (1:10.000) in PBS-T.  After the final washes, the membranes were 

scanned using the Odyssey™ Infrared Imager (LI-COR). 

 

Immunocytochemistry 
Cytospins were prepared using a Shandon cytospin centrifuge by 

spinning the various cell suspensions for 5 minutes at 800 rpm on poly-L-

lysine coated glass slides. Preparations were dried, fixed with 4% 

paraformaldehyde in PBS for 10 minutes and rinsed with PBS. After 

blocking with 2% normal goat serum, the cytospins were incubated 

overnight in the primary antibodies solutions. The next day, slides were 

thoroughly washed with PBS and incubated with the appropriate 

fluorescence conjugated secondary antibodies. Mowiol-mounted slides were 

observed under a Zeiss fluorescence microscope and pictures were made 

using LAS AF software (Leica). The antibodies used for Western blotting, 

immunocytochemistry and flow cytometry are shown in Table 2. 

 

Immunohistochemistry 
Brain tissue was fixed in 4% PFA for postfixation overnight on 4°C. 

After fixation brains were equilibrated in 30% sucrose at 4°C until they sank 

and were frozen and cut in to 5μm on cryostat on to gelatin coated slides. 

During the immunohistochemical procedure, all washing steps were 

performed with PBS. For blocking and incubation steps involving 

antibodies 0.3% Triton X-100 (Merck) in PBS was used. Endogenous 

peroxidase activity was blocked with 0.3% H2O2. Following the blocking 

step sections were incubated in rabbit anti-Iba1 (1:1,000; Wako) antibody. 

On the next day, sections were incubated with horse anti-rabbit biotinylated 
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secondary antibody (1:250; Vector Laboratories). Sections were then 

immersed in ABC solution (Vectastain Elite Kit; Vector Laboratories) and 

allowed for the avidin- biotin-horse-radish peroxidase complex to develop 

for 2 h on room temperature. The staining was finally visualized with 3,3΄-

diaminobenzidine-tetrahydrochloride (Sigma) in 0.05 M Tris-HCl (Tris base 

purchased from MP North America). The reaction was initiated with 1.5% 

H2O2. The slides with sections were dehydrated through ethanol (VWR 

International) series, defatted in xylene (Biosolve) and mounted with 

DePeX (Merck). For the list of the used antibodies please see Table 2. 

 

Functional assays in isolated human microglia 
Each functional assay was performed on at least two independent 

samples. For functional assays cell suspension B was used. 

 

Phagocytosis 
The phagocytic capacity of acutely isolated human microglia was 

investigated by means of live cell imaging using pHrodo coupled to 

bacterial particles. This Escherichia coli bioparticle coupled dye is non-

fluroescent at neutral pH but fluoresces bright red at acidic pH – making it 

an excellent tool to investigate the dynamics of phagocytosis with time-

lapse microscopy. Therefore, acutely isolated human microglia were seeded 

in a Lab-Tek® 8 well chamber slide (Thermo Scientific/NUNC, 

Cat.No.177402) at the density of 12.000 cells per well (15.000 cells/cm2). 

Cells were allowed to attach for 15 minutes. Subsequently, they were 

provided with fresh culture medium (Dulbecco's modified Eagle´s Medium 

(DMEM; PAA) substituted with 5% fetal bovine serum (FBS “Gold”; 

PAA), 1% penicillin/streptomycin (PAA) and 1% sodium-pyruvate (PAA) 
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and cultured under standard conditions (humidified chamber, 5% CO2, 

37°C). At the start of the experiment pHrodo coupled E.coli bio-particles 

(serotype K12; Invitrogen, Cat. No. P35361) were added to the culturing 

medium (final concentration 25 μg/ml). In some wells PMA (0,5 μM final 

concentration; Sigma, Cat. No. P1585) was also applied. Live cell imaging 

was performed with a Solamere Nipkow laser scanning microscope 

equipped with an automated stage and a temperature/CO2 controlled cabinet. 

Images were captured with a CCD camera (Stanford Photonics) and InVivo 

software (Media Cybernetics). For pHrodo dye excitation we used the 568 

nm laser line of a dynamic Krypton laser. Images were acquired every five 

minutes for a period of sixteen hours. For each condition at least two non-

overlapping fields were imaged. The dynamics of bacterial particle ingestion 

of at least twenty cells per field were analyzed. The changes over time in the 

amount of ingested bioparticles (increase in the fluorescent signal) was 

measured in ImageJ with the help of a custom made plug-in. The raw data 

were further processed in ExcelR spreadsheets, to determine the correlates of 

total amount of ingested bioparticle per cell and the time needed to reach 

half maximum phagocytosis response/cell. 

 

Chemotaxis 
Cell migration in response to ATP (100, 200, 300 µM) and C5a (50, 

100, 200 ng/ml), was assessed using a 48-well chemotaxis microchamber 

(NeuroProbe). Serum-free DMEM without chemoattractant served as a 

control. 29 μl of the chemoattractant solution or control medium was 

applied to the lower well of the chamber. Upper and lower chambers were 

separated by a polyvinylpyrrolidone-free polycarbonate filter (8 μm pore 

size). The lower side of the filter was coated with Poly L-Lysine. In the 
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upper wells of the chamber, 50 μl cell suspension containing 2×104 cells 

was applied. The chamber was incubated in a humidified atmosphere (5% 

CO2) at 37°C for 3 hours. Measurements were done in triplicate for each 

group. After incubation the filter was washed, fixed in methanol and stained 

with toluidine blue. Migrated cells per group were counted by a double-

blinded person with a scored eyepiece (3 fields (1mm2) per well). Data are 

expressed as percentages of control migration ± SEM. 

 

Determination of reactive oxygen species production by acutely isolated 
human microglia 

Production of reactive oxygen species by acutely isolated human 

microglia was determined by detecting the conversion of H2DCFDA (2’,7’-

dichlorodihydrofluorescein diacetate) into fluorescent DCF (2',7’-

dichlorofluorescein) with flow cytometry. 100 μl of cell suspension 

containing 2×104 cells was incubated with 500 ng/ml Phorbol myristate 

acetate (PMA) or 100 mM ATP for 30 minutes and used as positive control 

for ROS production. Appropriate negative controls with and without 

H2DCFDA addition were also included. After stimulation with PMA or 

ATP, 5 μM H2DCFDA was added to the cells and incubated for 20 minutes, 

after which fluorescence was measured using flow cytometry. 
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Results 
 

Overview of the protocol 
In Table 1 the details of the post mortem brain tissue samples have 

been listed. We have evaluated and optimized the protocol for human 

microglia isolation, which resulted in a four step protocol (Figure 1). The 

first step involved thorough dissociation of the brain tissue. Compared to 

enzymatic dissociation the mechanical dissociation procedure (Step 1) 

yielded better cell viability and proved to be less time consuming. Using a 

single low density Percoll separation step (Step 2) the cells were separated 

from debris and myelin. The resulting partially purified cell suspension was 

labeled cell suspension A. Centrifugation of a discontinuous Percoll 

gradient (Step 3) yielded further enrichment of microglia cell suspension, 

which was labeled cell suspension B. Finally, purification of microglia with 

an anti-CD11b antibody coupled to magnetic beads yielded a high purity 

microglia suspension labeled cell suspension C. 

 

Establishment of the optimal Percoll densities for discontinuous 
gradient separation 

For the preparation of cell suspension B various Percoll gradients have 

been tested. Thus after separation of the cells from myelin and debris using 

a low density Percoll solution, the resulting cell pellet was subjected to a 

discontinuous density separation. A solution containing 9 volume parts of 

Percoll and 1 part of 10X HBSS mixture was defined as 100% Percoll. 

Different percentages of Percoll were prepared by diluting with culture 

grade DPBS. We started out by using a protocol established for the acute 

isolation of mouse microglia (De Haas et al., 2007), where the 25%/75%  
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interface contains a purified microglia population (more than 95% of the 

live cells) without considerable amounts of cellular debris. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Microglia are purified from 
human brain tissue in four easy steps. Step 
1 Mechanical dissociation proved to be 
much less time consuming and stressful for 
the cells, than enzymatic dissociation. Step 
2 Pre-separation of cells from debris and 
most of the myelin content by the means of 
a single Percoll gradient (cells suspension 

A). 

Step 3 Enrichment of microglia population 
through centrifugation on a discontinuous 
Percoll gradient (cell susupension B) 
consisting of a 60% and a 30% Percoll 
solution. Step 4 Purification of microglia 
with anti-CD11b antibody coupled 
magnetic beads (yields cell suspension C). 
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Applying the same protocol on human post mortem brain material 

yielded a microglia population that was heavily contaminated by the 

presence of debris, but most importantly, red blood cells. In order to find the 

density appropriate for isolation of human microglia, we prepared a more 

detailed Percoll gradient, wherein cells were loaded to an 80% Percoll 

solution and layered with equal amounts of 60, 40, 30 % Percoll solutions 

and on top of this PBS. Flow cytometric analysis of these selected layers is 

shown in Figure 2. The CD11bhigh/CD45intermediate microglia population was 

generally found above the 60% Percoll layer (Figure 2C, 60%/40% interface 

where 80% of the live cells were microglia) and below the 30% Percoll 

layer (Figure 2B, 40%/30% interface, where 72% of the live cells were 

microglia). Red blood cells pelleted below the 60% Percoll layer (Figure 

2D, 80%/60% interface) and the cellular debris and remnants of the myelin 

collected above the 30% layer (Figure 2A, 30%/PBS interface). Thus, we 

decided on the application of a discontinuous Percoll separation consisting 

of a 60% Percoll layer (initially containing the cells), followed by a layer of 

30% Percoll solution on top of which PBS is layered.  

 

Quantification of microglia enrichment at the different steps of the 
protocol 

After optimization of the discontinuous Percoll gradient separation, 

cell suspension A, B and C were characterized by flow cytometry, Western 

blots and cytospins (Figure 3). Acutely isolated human microglia samples 

were stepwise enriched by the density gradient separation steps and 

subsequently purified by anti-CD11b antibody coupled magnetic bead 

separation.  
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Figure 2. The optimal conditions for the 
enrichment of microglia through a 
discontinuous density separation. The 
discontinuous Percoll gradient consisted of 
80%, 60%, 40%, 30% Percoll layers and 
finally a layer of PBS. To determine the 
optimal densities for the enrichment of 
microglia each interface was collected, 
stained for CD11b and CD45 and 
investigated by flow cytometric analysis. 
Viability was detected by the cellular  

retention of the DRAQ5, a far-red 
fluorescent DNA dye. A The PBS/30% 
interface contained hardly any live cells (R1 
= DRAQ5+ events). B 72% of the live cells 
collected from the 30%/40% Percoll layer 
interface had the characteristic 
CD11bhigh/CD45intermediate(R2) 
microglia surface marker expression profile. 
C At 40%/60% interface 80% of the live cells 
were microglia (R2). D The 60%/80% Percoll 
interface consisted almost exclusively from 
RBCs.
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Figure 3. Microglia are gradually enriched 
in the course of the density gradient 

separation steps and finally purified by the 
means of immunomagnetic separation. 
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Panels A till C – flow cytometric analysis of 
the cell suspensions attained in the 
different steps of the isolation protocol. 
The microglia purity was determined as the 
percentage of the cells bearing the 
characteristic CD11bhigh/CD45intermediate (R2) 
microglia surface expression profile. A The 
initial separation of cells and myelin/debris 
(step 2 – cell suspension A) resulted in a live 
cell population (R1) of which 16% was 
microglia (R2). B Centrifugation on a 
discontinuous Percoll gradient (step 3 – cell 
suspension B) yielded a live cell population 
enriched in microglia to up to 70%. C 
Immunomagnetic bead separation (step 4 – 
cell suspension C) purified microglia 
population to 99% of live cells. D 

Immunocytochemical stainings of cytospins 
prepared of cell suspensions from the 
different isolation steps. E Western blot 
analysis of the protein levels of different 
glial cell markers at various steps of the 
isolation protocol. GFAP protein is already 
almost absent after the discontinuous 
Percoll separation (cell suspension B). After 
immunomagnetic bead separation with 
anti-CD11b coupled magnetic beads the 
cell suspension is highly enriched in Iba1 
expressing cells (cell suspension C). (SSC 
side scatter (granularity); FSC forward 
scatter (size); DRAQ5 live cell marker; 
Hoechst nuclear counterstain; for the other 
acronyms please see List of abbreviations).

 

The purity of microglia sample was expressed as the percentage of the live 

cells (DRAQ5+) with the characteristic CD11bhigh/CD45intermediate 

microglia surface expression profile. The initial separation of cells and 

myelin/debris (Step 2 - cell suspension A) resulted in a live cell population 

which contained 16% microglia (Figure 3A). Centrifugation on a 

discontinuous Percoll gradient (Step 3 - cell suspension B) yielded a live 

cell population enriched in microglia to up to 70% (Figure 3B). 

Immunomagnetic bead separation (Step 4 – cell suspension C) purified 

microglia population up to 99% of live cells (Figure 3C). Western blot 

analysis of the protein levels of different glial cell markers at various steps 

of the isolation protocol showed, that GFAP protein was already almost 

absent after the discontinuous Percoll separation (Figure 3E). After 

immunomagnetic bead separation with anti-CD11b coupled magnetic beads, 

the cell suspension was highly enriched in Iba1 expressing cells (Figure 3E). 

Immunocytochemical stainings of cytospins prepared of cell suspensions 

from the different isolation steps (Figure 3D) showed similar pattern of 

enrichment in microglia along the steps of the isolation procedure. 
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Test of an alternative short version of the protocol 
We also tested the possibility of an alternative short protocol that can 

be applied when time is the main constraint and the purity of the microglia 

preparation is not the primary concern. We performed an immunomagnetic 

bead separation directly after the first density separation (Supplementary 

figure 6), thus on cell suspension A. The positive fraction after this 

magnetic bead separation we named cell suspension A/C which was 

comparable to cell suspension B regarding microglia enrichment (80%). An 

example of such a separation is shown in Supplementary figure 6. 

 

Discontinuous density separation yields different live cell populations 
from white and grey matter 

Interestingly, in cell suspension B next to the 

CD11bhigh/CD45intermediate microglia population (labeled with an 

asterisk in Supplementary figure 1) an additional live cell (DRAQ5+) 

population (labeled in Supplementary figure 1 with a black arrow) could be 

observed, which exhibited high levels of unspecific binding to the anti-

CD11b/anti-CD45 antibodies, as well as their isotype controls (not shown). 

Surprisingly, this additional population was only present if the starting 

material contained grey matter (cortical grey matter, nucleus caudatus and 

putamen in Supplementary figure 1). The live cells in cell suspension B 

prepared from subcortical white matter, corpus callosum (not shown) or 

capsula interna consisted almost exclusively of microglia. We wanted to 

further investigate the identity of this additional population in grey matter. 

In a separate set of experiments cells from cell suspension B were stained 

with anti-CD11b and anti-CD45 antibodies and the two live cell populations 

(microglia (R1 in Supplementary figure 3A) and the additional population 
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(R2 in Supplementary figure 3A) were sorted with FACS sorting and 

subsequently submitted to gene expression analysis. Since the additional 

population was only present in samples containing grey matter, our 

hypothesis was, that it might consist of protoplasmic astrocytes, known to 

be the characteristic astrocyte population of the cerebral cortex (Oberheim et 

al., 2006) and absent in cerebral white matter. Thus, after RNA isolation and 

reverse transcription, the expression levels of different glial markers were 

tested with quantitative real time polymerase chain reaction. The additional 

population (R2 in Supplementary figure 3A) expressed almost 1700 fold 

higher levels of aldehyde dehydrogenase family member 1 L1 (Aldh1L1) 

transcript and approximately 800 fold higher levels of excitatory amino acid 

transporter 2 (GLT-1) transcript (Supplementary figure 3B), when compared 

to the expression levels of these markers in microglia (R1 in Supplementary 

figure 3A). Taken together the high expression levels of Aldh1L1 and GLT-

1 in this additional population with their intermediate expression level of 

GFAP (Supplementary figure 3B) further supported our initial hypothesis, 

that the additional population consists of protoplasmic astrocytes (Yang et 

al., 2011; Sofroniew & Vinters, 2010).    

 

Two microglia subpopulations are present in cell suspension B 
From both white and grey matter tissue samples two populations of 

microglia could be identified after discontinuous density separation. One 

population consisted of microglia expressing CD11b/CD45 at a higher level 

(labeled in Supplementary figure 1 with an asterisk) and another population 

with somewhat lower expression levels of these markers in combination 

with marked decrease in cell size (labeled in Supplementary figure 1 with a 

white arrow). Our observation was (also from our mouse studies) that this 
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second microglia population (which had decreased size and CD11b/CD45 

staining intensity) becomes more numerous if the cell suspension is exposed 

to “stress” (e.g. trypsinization; white arrow in Supplementary figure 2). This 

led us to the hypothesis that the second microglia population consists of 

cells of compromised health. To investigate this hypothesis, in a separate set 

of experiments, cell suspension B from mixed (containing both white and 

grey matter) samples was subjected to annexin V and propidium iodide 

staining. The occurrence of phosphatydilserine (PS) residues in the outer 

leaflet of cell membrane is known to be an early marker of apoptotic cell 

death. Annexin V binds to PS with high affinity, making the fluorochrome 

labaled annexin V a useful tool to detect apoptotic cells by flow cytometry 

(Kepp et al., 2011). The permeability of the cell membrane to propidium 

iodide (PI), a DNA intercalating dye, is often used in consort with annexin 

V, to detect the late stages of cellular apoptosis, characterized by diminished 

membrane integrity (Kepp et al., 2011). 

The microglia population (CD11bhigh/CD45intermediate cells 

labeled R1 in Supplementary figure 4A and 5) consisted of two live cell 

populations (R2 and R3 in Supplementary figure 4A) that were clearly 

distinct in size (detected as forward scatter, FSC), as seen earlier. R2 

comprised of microglia with higher expression levels of CD11b and CD45, 

while the R3, that included cells smaller in size, had lower expression levels 

of CD11b/CD45 (Supplementary figure 4A). The un-compromised 

microglia (R2; higher CD11b/CD45 and bigger in size) did not have any 

annexin V binding (compare G2 in Supplementary figure 4B’ (no annexin V 

FITC incubation) and 4B’’ (annexin V FITC added) or PI staining (compare 

G2 in Supplementary figure 4C’ (no PI added) and 4C’’ (PI added). 

Contrarily, around 50% of the microglia population, which is believed to  
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Figure 4. Acutely isolated microglia from 
human autopsy brain samples are suitable 
for functional in vitro assays. A Acutely 
isolated human microglia migrate to ATP 
and C5a in a dose dependent manner. 
Chemotaxis of acutely isolated human 
microglia was determined in Boyden 
chambers. A’ Quantification of the 
chemotactic capacity of microglia cells to 
increasing concentrations of ATP and C5a. 
Number of responsive cells for each 
condition is expressed as the percentage of 
the migrating cells in control condition 

(DMEM). In panel A’’ examples of the 
migration response to the control solution 
(DMEM), to 50-200 μM ATP and to 100-400 
ng/ml C5a are shown. The white arrow 
points towards a hematoxylin stained 
migrating microglia cell. B Acutely isolated 
human microglia produce reactive oxygen 
species upon stimulation. Production of 
oxygen radicals was determined by 
detecting the conversion of H2DCFDA into 
DCF with flow cytometry. The conversion in 
unstimulated microglia (control) was 
compared to microglia treated with the 
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protein kinase C activator, phorbol-
myristate-acetate (5 nM) and ATP (200 
μM). C Acutely isolated human microglia 
phagocytozed bacterial particles. The 
phagocytic capacity of acutely isolated 
human microglia was investigated by the 
means of live cell imaging using pHrodo 
coupled to bacterial particles. C’ 
Quantification of the phagocytic response 
of acutely isolated human microglia. PMA 
treatment changed the phagocytic capacity 
of the cells. In C’’ representative 
photomicrographs are presented showing 

the accumulation of the fluorescent 
pHrodo coupled bacterial bioparticles in 
the lysosomes of the microglia cells. Each 
depicted experiment is representative of 
two independent experiments that yielded 
similar results. (DMEM Dulbecco's modified 
Eagle medium; ATP Adenosine-5'-
triphosphat; C5a complement component 
5a; FL1 fluorescent detector channel for 
FITC; BF bright field; calibration bars in A’’ 
and C’’ represent 100 and 50 μm, 
respectively)

 
comprise of compromised cells, failed to exclude PI (compare G3 in 

Supplementary figure 4C’ (no PI added) and 4C’’ (PI added) while 20% of 

this compromised microglia population bound FITC coupled annexin V 

(compare G3 in Supplementary figure 4B’ (no annexin V FITC incubation) 

and 4B’’ (annexin V FITC added). Similar staining pattern for annexin V 

could be seen in the sample shown in Supplementary figure 5 (compare G2 

in B’ and B’’; compare G3 in B’ and B’’), where the compromised 

population (R3) is more pronounced than in Supplementary figure 4, 

possibly due to the more advanced age of the donor (see Table 1 for 

specimen comparison). As we conducted these assays on cell suspension B 

from mixed (containing both white and grey matter) tissue samples, the 

above mentioned additional, non-microglial live cell population was also 

present in the preparation (R5 in Supplementary figure 4 & 5).   

In summary, the decrease in cell size (shift to the left on the 

FSC/SSC scatter plot; compare R2 (healthy microglia) and R3 

(compromised microglia) in Supplementary figure 4 and 5), reduced 

positivity for microglia markers (CD11b and CD45; see G2 and G3 in 

Supplementary figure 4A, CD45FITC/CD11bPE scatter plots), increased 

staining with annexin V (Supplementary figure 4B and Supplementary 

figure 5) and increase PI staining (Supplementary figure 4C) all support our 



44B_BW Divya Darwin Arukseeli.job

 

80 
 

initial notion, that the second microglia population is comprised of 

microglia cells undergoing apoptosis.  

Nonetheless, it is important to note, that this second microglia 

population (smaller in size and having lower expression levels of CD11b 

and CD45 (R3 in Supplementary figure 4 and Supplementary figure 5) 

showed consistently higher DNA content, as determined by DRAQ5 

positivity (see histogram in Supplementary figure 4A). DNA fragmentation 

is one of the characteristics of apoptotic cell death (Bacso et al., 2000) and 

many protocols quantify DNA content with flow cytometry as part of the 

apoptosis assay. These protocols routinely include a 

fixation/permeabilization step followed by washing steps, which is believed 

to wash out the cleaved DNA fragments from the cells, leaving the DNA 

content of the apoptotic cells less than the DNA content of G0/G1 cells 

(hypodiploid or sub-G1 peak). Since we worked exclusively with live cells 

without any fixation and/or permeabilization, it is possible that in our 

preparation the higher DNA content (determined by DRAQ5 staining) of the 

microglia subpopulation, that shows many characteristics of early and late 

apoptotic cells, is exactly due to retention of DNA fragments within these 

cells.  

 

Enzymatic dissociation has a distinct effect on the different live cell 
populations identifiable after discontinuous density separation 

The enzymatic digestion of the brain tissue with trypsin had a drastic 

effect on the size and the viability of the additional population that could be 

identified as non-microglia in cell suspensions A and B (labeled in 

Supplementary figure 2 with a black arrow) and has been seen to originate 

from grey matter (Supplementary figure 1). The absence of DRAQ5 
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(compare A’ with A’’, and B’ with B’’ in Supplementary figure 2) and the 

complete shift to the left on the size and granularity scatter plot (compare 

the FSC/SSC scatter plots of A’ with A’’, and B’ with B’’ in Supplementary 

figure 2) shows that this particular population was heavily affected by 

trypsinisation. Importantly, one central nervous system cell type, that is 

reportedly extremely sensitive to trypsinisation, is cortical protoplasmic 

astrocytes (Chaterjee & Sarkar, 1984).  Nonetheless, trypsin digestion did 

not influence the capacity of this population to bind unspecifically to anti-

CD11b and anti-CD45 antibodies and their respective isotype controls. The 

enzymatic dissociation had a minor effect on microglia cells, resulting in an 

increase of the size of the compromised microglia population (labeled with a 

white arrow in Supplementary figure 2), which could be observed both on 

the CD11b/CD45 staining intensity (compare C’ with C’’ in Supplementary 

figure 2) and size (compare the FSC/SSC scatter plot of C’ with C’’ in 

Supplementary figure 2). 

 
Functionality of acutely isolated human post mortem microglia 

By means of in vitro assays we also tested the functionality of the 

acutely isolated human microglia cells. For functional assays we used the 

cells directly from the 60%/30% discontinuous Percoll gradient interface. 

To achieve close to 100% purity in this case, cells were not allowed to 

attach for longer than 15 minutes after seeding. We investigated three of the 

most characteristic effector functions of microglia – chemotaxis, reactive 

oxygen species (ROS) production and phagocytosis (Figure 4). We found 

the acutely isolated microglia to be functional and responsive to stimulation. 

They readily migrated to adenosine-5'-triphosphate (ATP) and the 

complement component C5a in a concentration-dependent manner (Figure 
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4A). Upon stimulation with phorbol-myristate-acetate (PMA), they 

produced reactive oxygen species as detected by the DCFDA probe and 

flow cytometry (Figure 4B). Moreover, acutely isolated microglia proved to 

be able to phagocytose bacterial particles (Figure 4C). By means of live cell 

imaging we followed the accumulation of the pHrodo coupled bacterial 

bioparticles in the lysosomes of the human microglia cells. Under control 

conditions 40% of the cells reached half-maximum phagocytic response 

within the second hour of the assay. We also tested the effect of PMA on the 

phagocytic capacity of microglia cells. PMA has been shown to have a 

biphasic effect on the phagocytic capacity of rat microglia and macrophages 

depending on the concentration (Smith et al., 1998). In our experiments 

PMA (at the concentration of 0,5 μg/ml) changed the distribution of the 

phagocytic capacity of acutely isolated microglia. 

 

The pH of the tissue indicates the cellular yield after the enrichment 
step 

Samples consisting of white, grey and mixed CNS tissue had a 

comparable cellular yield, which was around 3,5 x 105 cells per gram wet 

tissue for each condition (white matter, grey matter and mixed sample). We 

could not find any correlation between the cellular yield after the 

discontinuous density separation (cell suspension B) with the age or the 

neurological condition of the deceased or post mortem delay (not shown). 

The pH of the autopsy tissue seemed to have the most pronounced effect on 

the cellular yield (Figure 5B). Autopsy specimens with low pH values (pH < 

7) consistently yielded low cell numbers from both white and grey matter. A 

pH value around and above 7 was compatible with the isolation of 

reasonable cell numbers from both regions.  
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Figure 5. The cellular yield correlated with 
the pH of the autopsy brain material. A 
The yield from both white and grey matter 
was around 3 x 105 cells par gram wet 
tissue. B Lower cell yields were associated 
with more acidic autopsy tissues. (WM 

white matter; GM grey matter; mixed 
frontal cortex tissue containing both white 
and grey matter; Specimen No. and S.No. 
case identifiers, please see Table 1 for 
details).

 

Isolation of human microglia from glioma specimens 

We also applied our protocol (with minor modifications) for the 

isolation of microglia from glioma samples (Figure 6). According to our 

observations, the surgically dissected bulk glioma generally contained very 

little myelin. Hence, in order to minimise the isolation time, the myelin 

gradient separation was excluded. Glioma associated microglia are believed 

to be activated to various degrees depending on the advancement of the 

tumor stage. We also observed differences in the activation state of 

microglia isolated from different grade glioma samples and healthy controls, 

which was reflected in their morphology (Figure 6C; C’ Iba1 staining of a 

cortical specimen from a donor without any neurological disorder; C’’ Iba1 

staining of a grade 4 glioma sample). In accordance with the general 

assumption, that activated microglia are more prone to cell death, we were 

able to successfully isolate microglia from GBM samples up to grade 3, but 

not grade 4. 
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Figure 6. The protocol is suitable for 
isolating a pure microglia population from 
glioma samples. Myelin separation proved 
to be dispensable due to the low myelin 
content of the gliomas. Discontiuous 
Percoll separation (60%/30% Percoll 
solutions) directly after the mechanical 
dissociation yielded around 90% microglia 
purity as shown in A (the numbers 
represent the number of cells present in a 
give subregion as a percentage of live cell). 
B Microglia isolated from gliomas were 

HLA-DR positive. C Microglia in high-grade 
gliomas acquire an amoeboid shape, which 
reflects overt activation (C’ sample from a 
healthy donor; C’’ grade 4 glioma sample). 
(SSC side scatter (granularity); FSC forward 
scatter (size); DRAQ5 live cell marker; 
CD11b and CD45 microglia markers; G1 
gate 1; R1 region 1, containing the DRAQ5 
positive live cells; Iba1 microglia marker for 
both resting and activated microglia; scale 
bars in C’ and C’’ represent 50 Pm).

 

Differences in the phenotype and function of human white and grey 
matter microglia 

We prepared human microglia from the frontal cortex and associated 

subcortical white matter of post mortem brain material. Subsequently, 

acutely isolated human microglia cells were submitted to 

immunophenotyping by flow cytometry and their phagocytic capacity was 
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investigated with time-lapse microscopy (an endpoint image of the assay is 

shown in Figure 7B).  
 

 
Figure 7. Functional and 
immunophenotype analysis of acutely 
isolated human white and grey matter 
microglia. Human microglia were isolated 
from the white and grey matter parts of 
frontal cortex autopsies. A Human 
microglia isolated from the white matter 
phagocytosed pHrodo coupled bioparticles 
faster than grey matter microglia. The rate 
of phagocytosis was measured by time 
lapse microscopy of pHrodo bioparticle 
ingestion. B Representative image of a 
measurement field at the end of the time-
lapse phagocytosis assay. Live cell nuclei 
are labeled with Syto13, dead cell nuclei 
are labeled with Hoechst. The ingested 
pHrodo coupled bioparticles are red at the 

acidic pH of the lysosomes. C 
Immunophenotyping of acutely isolated 
white and grey matter reveals the trends in 
the differences of the expression levels of 
certain microglia and microglia activation 
markers between human white and grey 
matter microglia. D Representative flow 
cytometric measurement of acutely 
isolated white and grey matter microglia 
showing higher expression levels of CX3CR1 
on the later. N (phagocytosis assay) = 2, N 
(immunophenotyping) = 2, N 
(immunophenotyping CX3CR1) = 3.  
(MFI mean fluorescent intensity; ab specific 
antibody; iso cntrl isotype control; hu WM 
mg human white matter microglia; hu GM 
mg human grey matter microglia) 
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Interestingly, acutely isolated human microglia from the subcortical 

white matter were having higher phagocytic rate than their cortical 

counterpart (N = 2 autopsy samples; results of one representative 

phagocytosis assay are shown in Figure 7A). Within the second hour of the 

assay 60% of white matter microglia reached half-maximum phagocytosis, 

while from grey matter microglia only 40% did so. Moreover, flow 

cytometric analysis of the expression levels of certain selected markers on 

human white and grey matter microglia revealed further differences between 

the two populations (N = 2 autopsy samples except for CX3CR1, where N = 

3 autopsy samples). Acutely isolated human microglia displayed 

considerable surface expression levels of HLA-DR, CX3CR1, CXCR3, and 

CD172a. CD40 and CD14 were marginally expressed, while CD80 and 

CD200R were absent. Though the expression pattern of these surface 

markers was basically the same for white and grey matter microglia, certain 

trends could be observed regarding the differences in expression levels. 

Grey matter microglia consistently expressed higher levels of the fractalkine 

receptor (CX3CR1) and CXCR3 (Figure 7C). The difference between the 

expression levels of these two markers between grey and white matter 

microglia was approximately two-fold, as shown by a representative flow 

cytometric measurement on Figure 7D. 

Discussion 
 

Various isolation protocols of microglia from human brain tissue 

have been practiced for more than two decades (Hussain et al., 2006a,b; De 

Groot et al., 2001; Dick et al., 1997; Hayes et al., 1988). In these protocols 

microglia purity and yield is either determined after an extended culturing 
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period (1-3 weeks) in the presence (De Groot et al., 2001; De Groot et al., 

2000) or absence of GM-CSF (Lue et al., 2001; Lue et al., 1996) or it has 

not been determined at all (Hussain et al., 2006a,b; Meeuwsen et al., 2005; 

Dick et al., 1997). Thus, none of these protocols allows for immediate use of 

microglia cells in downstream applications such as genome wide gene 

expression analysis or proteomic analysis. We have developed a protocol for 

rapid microglia isolation from different brain regions (white versus grey 

matter, frontal cortex versus striatum) and conditions (with and without 

neurological pathology (AD, HD, SCA, glioma), which in four easy and 

relatively fast steps yield on average 3 x 105 microglia per g brain tissue at a 

purity of > 95%. A further advantage of the current protocol is that it 

removes red blood cells during the discontinuous Percoll separation, thus 

abolishing the need for a hypotonic lysis step. Moreover, the protocol works 

well even in the case of relatively long post mortem delays (tested up till 20 

h).  

Several issues have been addressed during the optimization of the 

protocol. First of all we determined the optimal weight of the starting 

autopsy material. In our experience loading more than 3 g/tube of human 

post mortem brain material in the first, myelin separation step negatively 

influenced both the yield and the purity of the isolation procedure. We also 

observed region dependency in this regard, since the optimal starting 

amount for purely white matter samples was not more than 1-1,5 g/tube, 

while in the case of samples consisting of solely grey matter around 2-3 g of 

starting material could be loaded on one tube for the myelin separation step. 

We also made considerable efforts to optimise the subsequent discontinuous 

density separation step of our protocol. Clearly, the application of a 30-60% 

Percoll layers provided us with the optimal results. In addition to a high 
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yield, flow cytometric analysis showed a minimal presence of debris and 

complete absence of red blood cells at the 30-60% Percoll layer interface 

after centrifugation. Microglia cells collected from the 30-60% interface 

were functional as tested by in vitro experiments. From samples containing 

grey matter next to the CD11b+/CD45+ microglia population an additional 

live cell population was separated in the course of the discontinuous density 

separation step. Since this extra population was completely absent in white 

matter samples and was extremely sensitive to trypsinisation (Chatterjee & 

Sarkar, 1984), it is quite likely that it represents a population of 

protoplasmic astrocytes with density properties similar to that of microglia 

cells. Moreover, the expression profile of protoplasmic astrocyte markers - 

high Aldh1L1 and GLT-1 expression (Yang et al., 2011) and low GFAP 

expression (Sofroniew & Vinters, 2010) - also supports the protoplasmic 

astrocyte identity of this population. Including an anti-CD11b antibody 

coupled magnetic beads separation step however, abolished this additional 

population from our isolate and yielded a final microglia purity of > 95%. 

In accordance with earlier reports (Monoranu et al. 2009; Schuenke 

& Gelman, 2003) the factor that influenced the quality of the isolation 

protocol was the pH of the autopsy tissue. Microglia seemed to be extremely 

sensitive on the acidity of the post mortem brain material. From samples 

where the pH was below 7 (pH range 6,2 to 6,7) only one out of five 

samples gave reasonable microglia population, while in samples for which 

the pH was around 7 (pH range 6,9 to 7) and above (pH range 7,1-7,3) the 

same number was three and four out of five, respectively. Other factors such 

as post mortem delay or the neurological status of the deceased did not seem 

to have significant effect on the microglia population. Nonetheless, we 

cannot exclude the possibility that some correlations between cell yield and 
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any other parameter remained obscured due to the low number of specimens 

from each condition (age, neurological state and cause of death). The yield 

from white and grey matter of the frontal cortex was similar (around 300, 

000 cells per gram wet tissue), with a slightly higher yield from grey matter, 

except for certain cases with neurological conditions affecting the white 

matter (see Specimen No. 5, a myelitis transversa case, the outlier in Figure 

5A regarding yield in the WM). Mixed tissue (containing both white and 

grey matter) consistently yielded less viable cells (Figure 5A), than when 

the two tissue parts were separated. 

Our protocol has several further advantages over previously 

described protocols. With the optimisation of the isolation method, the 

application of a hypotonic shock, culturing, differential attachment, 

differential trypsinisation and exposure to growth factors became 

dispensable. Myelin contamination in the cell suspension after the 

discontinuous density separation is already minimal. All of these factors 

have been described to influence the phenotype and function of microglia. 

Thus, for future studies aiming at investigating human microglia phenotypes 

in health and disease our isolation procedure offers a serious choice. 
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Supplementary figure 1 (previous page). 
White and grey matter yields different 
microglia purity after discontinuous 
Percoll separation (cell suspension B). 
Microglia was isolated from the subcortical 
white matter, cortical grey matter, capsula 
interna, nucleus caudatus and putamen. 
Microglia purity was determined by the 
means of flow cytometric analysis. The live 
cells isolated with the above described 
protocol from subcortical white matter and 
capsula interna were almost exclusively 
microglia, based on their CD11b/CD45 
expression profile. Two populations could 
be observed. One with higher (labeled with 

an asteriks) and one with lower expression 
levels of CD11b/CD45 (marked with a white 
arrow). Next to these two populations, the 
protocol yielded an additional, non-
microglial population (marked with a black 
arrow) exclusively found in samples 
containing grey matter (cortical grey 
matter, nucleus caudatus, putamen). This 
additional population is also obvious on the 
forward and side scatter scatter plots. (SSC 
side scatter (granularity); FSC forward 
scatter (size); DRAQ5 live cell marker; 
Specimen No. 19 case identifier, please see 
Table 1 for details). 

 
Supplementary figure 2 (Next page). The 
additional population in cell suspension B 
from grey matter and mixed samples is 
sensitive to trypsinisation. Mechanical 
dissociation was either applied alone (A’, 
B’, C’) or in combination with a 
trypsinisation step (A’’, B’’, C’’). Cell 
suspensions at each step (A, B and C stand 
for cell suspension A, B and C, respectively) 
of the protocol were collected, stained for 
CD11b and CD45, and analyzed by flow 
cytometry. Ungated contour plots are 
shown. Trypsinisation results in abrupt 
changes in the granularity and the DRAQ5 
staining intensity of the additional 
population (the population marked by the    
black arrow in A’ is missing in A’’),  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

suggesting that the cells membrane 
integrity is compromised due to the trypsin 
treatment. The unspecific binding of the 
antibodies to this population is not affected 
by trypsinisation (see population marked 
with a black arrow in A’ and A’’ in the 
‘isotype control’ column). The size and 
granularity, staining profile and viability of 
the microglia population (labeled with an 
asterisk) is only marginally affected by 
enzymatic dissociation with trypsin (this 
effect can be seen in the increase of the 
population marked with a white arrow in C’ 
and C’’). (SSC side scatter (granularity); FSC 
forward scatter (size); DRAQ5 - live cell 
marker; Specimen No. 19 case identifier, 
please see Table 1 for details). 
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Supplementary figure 3. Identity of the 
additional population in grey matter 
samples.  
 
 

Quantitative real time PCR analysis of FACS 
sorted cell populations confirmed the 
protoplasmic astrocyte  
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identity of the additional population in cell 
suspension B from grey matter samples. A 
Contour plots representing the microglia 
population (R1) and the additional 
population (R2) in cell suspension B. B 
Quantitative real time PCR analysis of the 

transcript levels of selected microglia 
(CD11b) and astrocyte (GLAST, GLT-1, 
Aldh1L1 and GFAP) marker genes of FACS 
sorted samples. (FSC forward scatter (size); 
SSC side scatter (granularity); for the other 
acronyms, please see List of Abbreviations)
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Supplementary figure 4 (previous page). 
Two subpopulations of microglia can be 
distinguished based on their differences in 
apoptotic markers. The microglia 
subpopulation that has reduced size (R3 on 
FSC/SSC) shows signs of apoptotic cell 
death, such as increased binding to annexin 
V and increased staining with PI. All scatter 
plots show cell suspension B of a mixed 
(containing both white and grey matter) 
sample. A The microglia population was 
determined based on their characteristic 
CD11bhigh/CD45intermediate expression 
profile (R1). The two microglia populations 
were discriminated by the differences in 
their size (R2 and R3). R4 contains cellular 
debris, as shown by lack of DRAQ5 staining 
(G4 on the histogram). R5 comprises of the 
additional live cell population present only 
in grey matter. B The microglia of smaller 
size (R3) had increased binding to annexin 

V, a marker of early apoptotic cells, when 
compared to the bigger microglia 
population (R2) (B’ no annexin V FITC 
added; B’’ incubation with annexin V FITC). 
C The microglia of smaller size (R3) had 
increased staining with PI, a marker of late 
apoptotic cells, when compared to the 
bigger microglia population (R2) (C’ no PI 
added; C’’ incubation with PI). (FSC forward 
scatter (size); SSC side scatter (granularity); 
PE phycoerythrin; FITC fluorescein 
isothiocyanate; DRAQ5 a live cell marker; 
CD11b and CD45 microglia markers; PI 
propidium iodide; for the other acronyms, 
please see List of Abbreviations; Specimen 
No. 26 case identifier, please see Table 1 
for details; the numbers in the corners of 
the scatterplots in B’/B’’ and C’/C’’ 
represent the percentage of cells in the 
given gate and quadrant). 
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Supplementary figure 5. The microglia 
subpopulation of compromised health is 
more pronounced in specimen from a 
donor of advanced age. The microglia 
subpopulation that has reduced size (R3 on 
FSC/SSC) shows signs of apoptotic cell 
death, such as increased binding to annexin 
V. All scatter plots show cell suspension B 
of a mixed (containing both white and grey 
matter) sample. A The microglia population 
was determined based on their 
characteristic CD11bhigh/CD45intermediate 
expression profile (R1). The two microglia 
populations were discriminated by the 
differences in their size (R2 and R3). R5 
comprises of the additional live cell 
population present only   

in grey matter. B The microglia of smaller 
size (R3) had increased binding to annexin 
V, a marker of early apoptotic cells, when 
compared to the bigger microglia 
population (R2) (B’ no annexin V FITC 
added; B’’ incubation with annexin V FITC). 
(FSC forward scatter (size); SSC side scatter 
(granularity); PE phycoerythrin; FITC 
fluorescein isothiocyanate; DRAQ5 a live 
cell marker; CD11b and CD45 microglia 
markers; for the other acronyms, please 
see List of Abbreviations; Specimen No. 25 
case identifier, please see Table 1 for 
details; the numbers in the corners of the 
scatterplots in B’ and B’’ represent the 
percentage of cells in the given gate and 
quadrant) 
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Supplementary figure 6. An 
immunomagnetic bead separation step 
after the removal of myelin/debris yields 
comparable purity as a discontinuous 

Percoll density separation step. Contour 
plots of flow cytometric measurements of 
the samples collected at the different steps 
of the protocol. Live cell gate was set as the 
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DRAQ5+ cell populations (R1). The 
microglia population is determined as the  
CD11bhigh/CD45intermediate cell 
population (R2). In an alternative approach, 
approximately 80% microglia purity 
(determined as percentage of R2 in R1) can 
be attained by applying anti-CD11b 

antibody coupled magnetic bead 
separation to the cell suspension A (cell 
suspension A/C). (SSC side scatter 
(granularity); FSC forward scatter (size); 
DRAQ5 live cell marker; Specimen No. 17 
case identifier, please see Table 2 for 
details). 
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Table 2. Antibody specifications 
 
Application antigen species vendor Cat.No. Isotype Probe 
       
FC CD11b mouse BioLegend 301306 IgG1 PE 
 CD45 mouse BioLegend 304007 IgG1 FITC 
 HLA-DR mouse BioLegend 307603 IgG2a FITC 
 CX3CR1 rat BioLegend 341605 IgG2b FITC 
 CXCR3 mouse R&D FAB160P IgG1 PE 
 CD172a mouse BioLegend 323805 IgG1 PE 
 CD40 mouse BioLegend 334305 IgG1 FITC 
 CD14 mouse eBioscience 11-0149 IgG1 FITC 
 CD80 mouse BioLegend 305207 IgG1 PE 
 CD200R mouse BioLegend 329305 IgG1 PE 
       
 ic mouse BioLegend 400111 IgG1 PE 
 ic mouse BioLegend 400108 IgG1 FITC 
 ic mouse BioLegend 400207 IgG2a FITC 
ICC,  Iba1 rabbit Wako 019-19741 - - 
IHC &  GFAP rabbit Dako Z 0334 - - 
WB GFAP mouse Chemicon MAB3402 - - 
 β-actin mouse Abcam ab6276 - - 
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Table 3. Abbreviations used in figures and tables 
CD11b integrin alpha-M 

CD14 monocyte differentiation antigen CD14 

CD172a tyrosine-protein phosphatase non-receptor type substrate 1 

CD200R cell surface glycoprotein CD200 receptor 

CD40 tumor necrosis factor receptor superfamily member 5 

CD45 receptor-type tyrosine-protein phosphatase C 

CD68 macrosialin, a marker of tissue macrophages 

CD80 activation B7.1 antigen 

CX3CR1 fractalkine receptor 

CXCR3 C-X-C chemokine receptor type 3 

GFAP glial fibrillary acidic protein 

Aldh1L1 aldehyde dehydrogenase family 1 member L1 

GLAST excitatory amino acid transporter 1 

GLT-1 excitatory amino acid transporter 2 

HLA-DR HLA class II histocompatibility antigen, DR 

Iba1 ionised calcium-binding adapter molecule 1 

β-actin beta-actin 

m, f male, female 

pmd post mortem delay 

n/d not determined 

MSA multisystem atrophy 

OPCA olivopontocerebellar atrophy 

PSP progressive supranuclear palsy 

SCA3 spinocerebellar ataxia 

AD Alzheimer’s diesease 

DLBCL diffuse large B-cell lymphoma 

MI myocardial infarction 

AAA abdominal aortic aneurysm 

PTLD post-transplant lymphoproliferative disorder 
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Supplementary table 1: Primer information 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

CD11b NM-000632 QhCD11b for GGTGAAGCCAATAACGCAGC 

QhCD11b back GCTCTCGTACCACTTTGCGG 

Aldh1L1 NM-012190 QhAldh1L1 for GTCCATCCAGACCTTCCGCTA 

QhAldh1L1 back CCCTGGATCTTGTCACACCAG 

GFAP NM-002055 QhGFAP for ACCGGATCACCATTCCCGT 

QhGFAP back TTGAGGTGGCCTTCTGACACA 

GLT-1 NM-004171 QhGLT-1 for TAGCCGCCATCTTTATAGCCC 

QhGLT-1 back GGGTGGCTGTGAGGCTTACA 

Glast NM-004172 QhGlast for AGGGTTGCTGCAAGCACTCA 

QhGlast back GGGTAGGGTGGCAGAACTTGA 

GAPDH NM-002046 QhGAPDH for CCTGCACCACCAACTGCTTA 

QhGAPDH back GCAGTGATGGCATGGACTGT 

HPRT1 NM-000194 QhHPRT1 for GTCTTGCGCGAGATGTGATG 

QhHPRT1 back GATGTAATCCAGCAGGTCAG 
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Abstract 

 
Neuroinflammation represents a prominent feature of brain aging and 
clearly immune-primed microglia play a central role. It is still unclear if 
age-associated priming of microglia occurs globally throughout the aging 
brain or is confined to distinct brain regions. Since microglia are the sentinel 
immune cells that respond to changes in brain homeostasis, characterization 
of immune priming might point to early alterations in the aging brain. In this 
study we investigated microglia changes in various regions of the aging 
brain. We found that the earliest immunoreactivity for markers of microglial 
immune priming is particularly abundant in the white matter of the aging 
brain. Early inflammatory activity is also present in the aging human brain 
and starts already during middle age. Quantification of microglial proteins 
such as CD68 (commonly associated with phagocytosis) and HLA-DR 
(associated with antigen presentation) in post mortem brain tissue shows an 
age dependent increase in immunoreactivity already in middle age. This 
age-related white matter inflammation is also detectable as assessed by non-
invasive PET imaging using [11C]-(R)-PK11195, a ligand that preferentially 
binds to activated microglia. Immune priming in aging microglia, 
particularly in the white matter, might have consequences for the aging 
brain and possess prognostic value for detecting the onset and progression 
of neurodegeneration.  
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Introduction 

Gene expression studies in the aging brain performed in a variety of 
species have clearly outlined the importance of neuroinflammation (Lee et 
al., 2000; Lu et al., 2004; Glorioso et al., 2011). It has been suggested that 
neuroinflammation is directly involved in cognitive decline (McGeer and 
McGeer, 1999). A substantial fraction of the neuroinflammatory gene 
expression in the aged mouse brain has been related to glia, particularly 
microglia. It has been shown that, upon aging, microglia increase their 
expression of molecules involved in pattern recognition (Letiembre et al., 
2007) and phagocytosis (Wong et al., 2005; Hickman et al., 2013). 
Functional hyperactivity to immune stimuli, so-called microglia priming, 
has been characterized by an increased cytokine response, which has been 
reported in a number of studies (Godbout et al., 2005, 2006; Perry et al., 
2007; Sierra et al., 2007; Henry et al., 2009; Barrientos et al., 2009; Raj et 
al., 2014). Originally described in the ME7 mouse model of prion disease 
subjected to an inflammatory stimulus, (Combrinck et al., 2002; 
Cunningham et al., 2005) microglia priming is now recognized to occur in 
diverse conditions (Cunningham, 2013).  

Enhanced cytokine responses of primed microglia have therefore 
been proposed to likely cause damage to the aged tissue and thereby alter 
the course of neurodegeneration (Perry and Holmes, 2014). Mechanistic 
theories accommodating microglia induced neuroinflammation as an 
initiating process in the evolution of age-associated neurodegeneration 
rather than a by-stander phenomenon are beginning to emerge (Krstic and 
Knuesel, 2013). Neuroimaging reports have previously shown that cognitive 
status in Alzheimer’s disease (AD) correlates better with microglial 
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activation than with Aβ load (Edison et al., 2008; Yokokura et al., 2011). It 
has been long noticed that neurodegeneration can appear in brain regions 
devoid of plaques and has provoked questions whether the Aβ cascade is the 
end point rather than the trigger for AD (Yankner, 2000). The preservation 
of cognitive function in subjects despite plaque load higher than AD 
subjects has supported the idea that additional mechanisms operate in the 
aging brain that pathologically co-operate with Aβ accumulation resulting in 
cognitive dysfunction (Morimoto et al., 2011).  Inflammatory changes in the 
aging brain represent an early feature that parallels the start of Alzheimer’s 
disease (Lue et al., 1996; Parachikova et al., 2007). There is a timely need to 
reassess the classical amyloid cascade hypothesis to accommodate the 
current progress in research in the aging brain and clinical observations 
(Herrup, 2010). 

Considering the above-said factors, a better regional characterization 
of age-associated microglia priming could provide mechanistic insights into 
the initiation of pathological brain aging. Previously, it has been shown that, 
upon aging the number of HLA-DR/MHCII positive microglia in the spinal 
cord and the white matter of the forebrain is increased compared to other 
brain regions (Ogura et al., 1994; Sheffield et al., 1998; Kullberg et al., 
2001). In the aging primate brain, iNOS immunoreactive microglia was 
proposed to cause increased protein nitration in the white matter (Sloane et 
al., 1999). This might be due to decreasing white matter integrity in the 
aging primate brain. In addition, upon aging white matter was shown to 
possess complement immunoreactive oligodendrocytes in association with 
activated microglia (Duce et al., 2006). A network of CD11c positive cells 
coexists with CD3 positive T cells in the white matter of the aged brain 
(Stichtel and Lubbert., 2009). These studies indicate that age-associated 
microglia activation might be stronger in white matter regions of the brain.  
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In this study we have investigated microglia reactivity through the 
course of aging with a focus on white versus gray matter. As expected for 
aging brain tissue (Luo et al., 2010; Hickman et al., 2013) profound 
expression of pro-inflammatory genes was observed in purified microglia 
isolated from the aging brain. Phagocytosis and alterations in lipid 
homeostasis characterized aging microglia. Morphological changes in 
microglia were prominent in white matter regions of the aging brain. 
Interestingly, gene expression that characterizes microglia priming in the 
aging brain were found specifically in the white matter regions. 
Immunohistochemical analysis of CD68 and HLA-DR in postmortem 
human brain samples showed increased immunoreactivity in various white 
matter regions analogous to results in aged mice. Non-invasive PET analysis 
using [11C]-(R)-PK11195, a ligand that preferentially binds to activated 
microglia suggests that inflammatory priming of microglia starts in the 
white matter regions already in middle aged subjects. These data together 
provide evidence that brain aging is accompanied by a “primed” microglia 
population predominant in the white matter of the aging brain and draws 
attention to alterations in white matter as crucial to brain aging.  
 

Materials and methods 

Animals 

Young (3–5 months) and aged (22-27 months) C57BL/6 and DBA/2J mice 
were purchased from Harlan. The animals were group housed under 
standard conditions with a 12 hours light-dark alternating cycle and standard 
chow diet ad libitum (ab diets; Cat.No. 2103). All experiments were 
approved by the Animal Experimentation Committee of the University 
Medical Center Groningen. 



60B_BW Divya Darwin Arukseeli.job

112 

 

Postmortem human brain tissue 

For immunohistochemistry, postmortem human brain tissue was obtained 
from the department of pathology, Vrije University, Amsterdam and 
department of pathology and medical biology, University Medical Center 
Groningen, The Netherlands). Formalin-fixed, paraffin embedded tissue 
sections were included from 15 subjects aged in the range, 27-87 years 
without neurological or psychiatric disease (details in table 1) 

Acute isolation of microglia from adult mouse brain 

Animals were sacrificed by means of saline perfusion under inhalation 

anesthesia with 4% isoflurane mix. The brains were isolated and kept in ice-

cold dissection solution, medium A (Medium A: HBSS containing 0.6 % 

glucose and 15 μM HEPES buffer, Gibco). For isolation of microglia from 

white and grey matter regions, the forebrain and cerebellum was cut into 

approximately 1.5 mm thick coronal sections. Coronal sections were further 

separated on ice into white matter or grey matter enriched regions under a 

magnifying glass. From the collected tissue, microglia were isolated at high 

purity (>98%) using a discontinuous Percoll gradient (de Haas et al., 2008). 

All steps of the isolation were performed at 4°C. Briefly, the tissue was 

transferred to a tissue homogenizer (glass potter, Braun Melsungen, 

Germany) and mechanically dissociated to obtain a single cell suspension. 

The cell suspension was then filtered through a 70 μm cell strainer, washed 

with medium A and pelleted through centrifugation. The density gradient 

separation was done using Percoll solutions with different densities (GE 

Healthcare, 17-0891). To obtain a stock isotonic Percoll solution (100%, 

density 1,123 g/ml), nine volume parts of Percoll (density 1,13 g/ml) were 

mixed with one volume part of 10x HBSS. Percoll solutions with the 
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appropriate  concentration were prepared via dilution of 100% Percoll with 

1x PBS.The cell pellet was resuspended in 75% Percoll, overlaid with 25% 

Percoll and finally with PBS. Density separation was achieved by 

centrifugation of the discontinuous Percoll gradient in a swinging bucket 

centrifuge (at a force of 800 x g for 25 minutes). After centrifugation, cells 

were collected from the 75% - 25% Percoll interface, washed with PBS and 

pelleted by centrifugation. The cell pellet was resuspended in culture 

medium containing DMEM without phenol red containing 5% FCS, 1% 

penicillin/streptomycin and 1% sodium-pyruvate for phagocytosis assay. In 

case of flow cytometric analysis of surface expression markers, the pellet 

was resuspended in medium A prepared with HBSS devoid of phenol red. 

For total RNA extraction, the pellet was lysed in RLT lysis buffer (Qiagen).  

Flow cytometry 

Cells resuspended in medium A (without phenol red) were Fc blocked with 

1% anti-CD16/32 (eBiosciences) for 15 min, stained for different surface 

markers for 20 min, washed with PBS, pelleted by centrifugation and 

resuspended in 200 μl of medium A for subsequent flow cytometric 

analysis. During the staining procedure and before analysis, cells were kept 

on ice. The surface expression of markers was measured with a FACS 

Calibur flow cytometer (Becton Dickinson) and the flow cytometric 

measurements were analyzed using Flojo softwareR. The results are 

presented as histograms. A small sample of the cell suspension was stained 

for CD11b and CD45 together with the nuclear stain DAPI (Biostatus Ltd.) 

to demonstrate the vital microglia (CD11bhigh(hi)/CD45intermediate(int)/ DAPI 
negative (neg)) and to determine the purity of the preparation.The antibodies 

used for immunophenotyping of mouse microglia are listed in Table 2. For 
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each staining the appropriate isotype control was used in a concentration- 

matched manner.  

RNA amplification, microarray and analysis 

Microglia were sorted as a CD11bhi/CD45int)/ DAPIneg population in RNA 
lysis buffer and RNA was extracted using the Qiagen RNeasy micro kit. 
RNA concentration and integrity was measured on the Experion automated 
electrophoresis system (Bio-Rad). Additional RNA amplification was 
performed with Nugen Ovation RNA amplification kit. Subsequently, RNA 
was labeled and hybridized onto the Illumina mouse-ref8 V2.0 expression 
beadchip containing 25,600 probes, coding for 19,100 genes. Genomestudio 
(version 1.9.0) was used to generate expression values. Raw data were 
preprocessed and analyzed by project R (version 2.13.1) and BioConductor 
package Limma (version 1.8.18). Background correction was done using 
infrared negative probes and subsequently, quantile normalization and log2 
transformation was applied. Probes were filtered out below detection level 
of p<0.05 in all samples as “no expression” cases. A linear model approach 
has been used to perform differential gene expression analysis (with a false 
discovery rate of p<0.05 as the cut-off value for significance). For further 
gene ontology and pathway analysis DAVID (Database for Annotation, 
Visualization and Integrated Discovery) and ErmineJ (version 2.1) were 
used. Heatmaps were generated using heatmap.2 function of Bioconductor 
Package gplots.  

Validation of array data by qPCR 

Reverse transcription of the RNA was performed on a Minicycler Thermal 
cycler (Bio-Rad), with a reaction mixture containing RevertAidTM M-MuLV 
Reverse Transcriptase, RibolockTM RNase Inhibitor, M-MLV buffer (all 
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Fermentas). The RT-qPCR reaction contained iQTM SYBR® Green 
Supermix (Bio-Rad) and was performed in 384 well plates (Applied 
Biosystems) in a ABI7900HT Real time PCR system (Applied Biosystems). 
All primers were designed using NCBI Primer BLAST software and ordered from 

BiolegioR. Table 3 shows the list of primers used in the study. 

Phagocytosis assay 

After isolation, cells were resuspended in culture medium and seeded in an 
8 well Lab-Tek™ II Chambered Coverglass (Nunc) at a density of 5000 
cells per well. Cells were allowed to attach to the culture dish. Two hours 
after seeding, medium was replaced with culture medium containing 25 
μg/ml of pHrodo™ E.coli BioParticles® conjugate (InvitrogenR). The cells 
were subsequently imaged for 18 hours with a Solamere Nipkow Spinning 
Disc Confocal laser scanning microscope mounted on a Leica DM IRE2 
inverted microscope equipped with a Stanford Photonics XR/Mega-10I 
(intensified) CCD camera and an ASI MS2000 Piezo motorised stage, (37°C 
and 5% CO2). For exciting pHrodo the 568 nm laser line of a dynamic 
Krypton laser was used. For image acquisition a HC PL APO CS 10x dry 
objective was used. Fluorescence emission maxima of pHrodo is 585nm. A 
bright field and a red channel image (pHrodo emission) were acquired every 
5 minutes at each condition. Multiple cells were selected as regions of 
interest (ROIs) based on the bright field images. The intensity of the ROIs 
in the red channel images was measured in each frame of the entire image 
stack using an ImageJ plug in (written by K. Sjollema; Microscopy Centre, 
University Medical Center Groningen, University of Groningen). The data 
were plotted as a time versus intensity curve and the time needed to reach 
half maximum response for each cell was determined. 

Immunohistochemistry 
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Animals used for immunohistochemistry, were perfused intracardially for 
20 min with 0.1M phosphate buffer (40-60 ml; pH 7.4) under deep 
anesthesia. Brains were subsequently removed and immersed in 4% 
paraformaldehyde overnight at 4 °C. Tissue was cryoprotected in 25% 
sucrose and cut in to 60 μm thick sections. Parallel free-floating cryo-stat 
sections were incubated for 10 minutes in 2% H2O2 in 70% methanol, 
followed by blocking solution containing 5% normal goat serum or fetal calf 
serum in phosphate buffered saline (PBS) containing 0,1% Triton-X (Fluka) 
(denoted as PBS+) for 30 minutes at room temperature. Afterwards, sections 
were incubated overnight at 4 °C with rabbit anti-Iba1 (1:5000; 019- 19741; 
Wako). As negative control, some sections were incubated in buffer lacking 
the primary antibody. After washes with PBS+, sections were incubated at 
room temperature for 1.5 h with biotinylated anti-rabbit (1:200; BA-1000) 
secondary antibody (from Vector Laboratories Inc, Burlingame, CA). 
Sections were then rinsed in PBS+ and incubated with streptavidin-
horseradish peroxidase in accordance to manufacturer’s instructions (SA-
5004; Vector Laboratories Inc, Burlingame, CA). The peroxidase reaction 
was visualized by incubating the sections in Tris buffer containing 0.5 
mg/ml 3, 3′- diaminobenzidine (DAB) and 0.33 μl/ml H2O2. Finally, 
sections were dehydrated and coverslipped with DePeX. Alternatively, to 
differentiate between white and grey matter tissue some sections were 
stained with Luxol Fast Blue (LFB) after the DAB reaction. Before the LFB 
staining procedure, sections were first dehydrated in an ascending ethanol 
series (up to 96% ethanol), incubated in LFB working solution at 60°C 
overnight, and washed with 96% ethanol and distilled water. Differentiation 
was achieved in 0.125% lithium carbonate solution, after which the sections 
were rinsed in 70% ethanol followed by distilled water. After dehydration 
the sections were coverslipped in DePeX (Merck). LFB working solution 
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was prepared by dissolving 0.5 g of Solvent Blue 38 (Sigma) in 500 ml 96% 
ethanol including 10% acetic acid.  

For some primary antibodies such as Axl, Dectin1, LAMP2, 

Trem2b, CD36, CD11b, CD16/32, CD11c, Spp1 (detailed information in 

table 2) immunostaining was performed on 10 µm brain sections from snap 

frozen brains. Briefly, sections were fixed with acetone for 10 min, air-dried 

and incubated with primary antibody for 2 h at room temperature followed 

by rinsing with PBS. Primary rat anti mouse antibodies were diluted in 5% 

fetal calf serum (FCS) in PBS. Endogenous peroxidase was inactivated by a 

5 minutes incubation with peroxidase blocker from the DAKO envision kit 

(Cambridgeshire, UK). Detection was performed with rabbit anti-rat 

secondary antibodies (preabsorbed, Vector Laboratories, Burlingame, CA, 

USA) diluted to 1:300 in PBS/ 5% FCS, which was followed by anti-rabbit 

HRP incubation (DAKO envision kit). Between antibody incubations, slides 

were extensively washed with PBS. Peroxidase activity was detected with 3-

amino-9-ethylcarbazole (DAKO envision kit), and the sections were 

counterstained with Mayer’s haematoxylin (Merck, Darmstadt, Germany) 

and cover-slipped.  

Slides were scanned using a ScanScope XT Digital Slide Scanner 

(Aperio) at a resolution of 0.25 mm/pixel (100,000 pix/in) and data were 

analyzed with the positive pixel count algorithm (Imagescope). These 

algorithms make use of a color deconvolution method (Ruifrok and 

Johnston, 2001) to separate staining, so that quantification of individual 

stains is made possible without cross contamination. A minimum of 5 fields 

per brain region (20x magnification) were quantified for each animal. The 

data is representative of 3 independent animals from each cohort and is 

depicted as total number of positive pixels ± SD. 
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Human non-invasive PET study for [11C]-(R)-PK11195 binding 

Seven young (25.1±2.9) and seven middle-aged (55.7±11.2) healthy 
subjects were included in the study. Exclusion criteria were the presence of 
inflammation as measured by C-reactive protein (CRP) (i.e. CRP <0.5 
mg/L), concomitant or past severe medical conditions, substance abuse, use 
of non-steroidal anti-inflammatory drugs (NSAID) or paracetamol and 
pregnancy. The study was approved by the medical ethical committee of the 
University Medical Center Groningen. All subjects provided written 
informed consent after receiving a complete description of the study. All 
subjects had a structural T1-weighted MRI scan of the brain (1.5 or 3 T) 
within two weeks of the PET procedure. The MRI was used for anatomical 
reference and delineation of the regions of interest (ROIs). 

[11C]-(R)-PK11195 PET images were acquired using an ECAT 
EXACT HR+ camera (Siemens/CTI, Knoxville, TN, USA). A 60-min 
dynamic scan in 3D-mode was performed consisting of 21 successive 
frames of increasing duration (6x 10, 2x 30, 3x 60, 2x 120, 2x 180, 3x 300 
and 3x 600 seconds). During the scan arterial blood radioactivity was 
continuously monitored with an automated sampling system and additional 
manual arterial samples were taken for radiometabolite analysis. Detailed 
scanning and sampling procedure were published previously (Doorduin J et 
al., 2009). Head movement was minimized with a head-restraining adhesive 
band and a neuroshield was used to minimize the interference of radiation 
from the subject’s body. The images were reconstructed by filtered back 
projection and attenuation correction was performed with the separate 
ellipse algorithm. The PET and MRI images were coregistered using 
Statistical Parametric Mapping (SPM2) software and the aligned MRI image 
was normalized to the SPM2 MRI template. The normalization was then 
applied to the PET image. ROIs were created using the AAL template 
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(Tzourio-Mazoyer et al., 2002) or were manually drawn onto the MRI. The 
ROIs include the frontal cortex, occipital cortex, parietal cortex, temporal 
cortex, cerebellum, hippocampus, thalamus, basal ganglia, mesencephalon, 
pons and corpus callosum. The time-activity curves of all ROIs were used 
for kinetic modeling using software developed in Matlab 7.1 (Mathworks, 
Natick, Massachusetts). Two-tissue compartment modeling was used to 
calculate the K1-k4 using whole blood and metabolite corrected plasma 
curve as input. The binding potential was defined as k3/k4 and was 
calculated for each ROI individually. The primary outcome measure was the 
binding potential (BPP), defined as k3/k4. Statistical analysis was performed 
in PWAS Statistics 18. One-way ANOVA was used to determine 
differences in BPP between young and middle-aged subjects. The correlation 
between age and the BPP were assessed with Pearson’s product moment 
correlation coefficient (r). Differences were assumed to be significant when 
p<0.05. 

Results 

Microglia priming in the aging mouse brain is characterized by 
increased phagocytosis and altered lipid homeostasis   

Microarray analysis of a pure microglia population showed 
increased expression of a number of transcripts in aged mice compared to 
young control mice. Using the criteria of a fold change > 1.5 and an FDR 
(false discovery rate) < 0.05, we found increased expression of 54 genes. To 
relate changes in gene expression to biological function we applied ErmineJ 
and DAVID software. Using ErmineJ, we identified GO classes that were 
overrepresented in aged microglia. These overrepresented GO classes were 
broadly descriptors for antigen processing and presentation, interferon 
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signalling, regulation of macrophage cytokine production, chemotaxis, cell 
adhesion, phagocytosis of apoptotic cells and lipid homeostasis. 

Analysis of gene expression yielded several GO classes that included 
descriptors for phagocytosis, binding to apoptotic cells, apoptotic cell 
clearance, positive regulation of macrophage foam cell differentiation. 
Microglia isolated from the aged brain showed gene expression of a variety 
of phagocytic receptors including Axl, Dectin-1, CD36, Clec1a, Fcgr4, 
Clec3b, Clec4a1, Anxa3, Anxa4, Anxa5 (Fig. 1A). In addition, aged 
microglia show changes in gene expression of genes involved in cellular 
lipid homeostasis. The altered genes are depicted in a heat map in Fig. 1B. 
Each column in the heat map corresponds to an individual animal.  

Phagocytosis-associated genes were strongly upregulated as 
validated by quantitative PCR of Axl, CD36, Ctse, Dectin, LAMP2 (Fig. 
1C). In order to study their phagocytic capacity, acutely isolated microglia 
from young and aged mouse brains were incubated with pHrodo coupled 
E.coli bacterial particles. pHrodo is a pH sensitive dye and fluoresces only 
at acidic pH, as found in late endocytic vesicles. This allows live cell 
imaging of phagocytic uptake. Quantification of phagocytosis showed that 
aged microglia have slightly faster phagocytosis of E.coli bioparticles, likely 
owing to increased expression of phagocytic receptors (Fig. 1D). 
Quantification shows that aged microglia reach half-maximal levels of 
phagocytosis several minutes earlier than young microglia (Fig. 1E). 
Acutely isolated microglia from aged mice display high auto fluorescence 
levels compared to young microglia as shown by flow cytometry, which 
could be due to presence of lipofuscin (Fig. 1F). Aged microglia also 
express phagocytic receptors such as CD36, CD88 at the protein level (Fig. 
1 G, H). 
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Fig. 1: A. Heatmap of phagocytosis 
associated genes in aged microglia vs 
young microglia. B. Heatmap of genes 
involved in lipid homeostasis in aged 
microglia vs young microglia (n=8) C. 
Quantitative PCR validation of phagocytic 
genes in sorted microglia from young 
(Blue bars) and aged (red bars) mouse 
brain (n=4) D. The phagocytic capacity of 

acutely isolated human microglia was 
investigated by means of live cell imaging 
using pHrodo coupled to bacterial 
particles (n=4) E. Quantification of the 
time to reach half maxima during 
phagocytic response of acutely isolated 
microglia from young and aged mouse 
brains. Each depicted experiment is 
representative of four independent 
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experiments that yielded similar results. 
Increased autofluorescence of aged 
microglia (F, red), CD36 (G), CD88 (H) and 
were found to be up regulated in aged 
microglia (red) compared to young 

microglia (green) and higher than the 
corresponding isotype controls and 
autofluorescence values (derived from 
unstained cells) (n=5).

  

The upregulated genes indicative of a pro-inflammatory status have been 
grouped in the categories of antigen processing and presentation, interferon 
signalling and cytokine signalling and are represented as a heat-map in Fig. 
2A. Upregulated genes in antigen processing and presentation represented 
the most significant GO term picked up by Ermine J and DAVID analysis 
including upregulation of several H2 genes (First cluster in Fig. 2A). 
Interestingly, up regulation of transcription factors known to affect pro-
inflammatory gene expression was observed in aged microglia including 
Egr1, Egr2, STAT1, STAT2 etc. A schematic representation of upregulated 
genes in the antigen processing and presentation pathway belonged to both 
the MHC I and MHC II mediated presentation (Fig. 2B). A prominent 
cluster of pathway targets of interferon signaling was shown to be 
upregulated in aged microglia (Second cluster in Fig. 2A) Despite 
upregulation at mRNA level, the protein expression level of pattern 
recognition receptors like CD14, TLR1, TLR4 as well as proteins required 
for antigen presentation such as MHCII, CD80 and CD83 (Fig. 2C) was not 
upregulated compared to young microglia. For example while H2-AA, H2-
AB1 and H2-EB1 represent three of the top 15 upregulated genes in 
microglia isolated from aged mice, the antibody that recognizes all these 
haplotypes (as mentioned in Table 2) did not show any change in cell 
surface protein level as assessed by flow cytometry (Fig. 2C).   
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Fig. 2: A. Heatmap of pro-inflammatory 
genes in aged microglia vs young 
microglia. Functional annotation  
revealed genes to be involved in antigen 
processing and presentation (red cluster), 
interferon signaling (light blue cluster) 
and cytokine signaling (dark blue cluster) 
(n=8) B. Genes up regulated in antigen 

processing and presentation belong to 
both MHCI and MHCII pathways C. After 
purification gated cells are CD11b high 
CD45 intermediate F4/80 positive microglia  
CD14, TLR1, TLR4, CD80, CD83, MHC II, 
CD11c are not expressed at the protein 
level on aged microglia (n=5).

 

Primed microglia in white matter tracts of the aged mouse brain  

Morphological characteristics in microglia were visualised by staining for 
Iba1 and CD11b. Changes in microglia morphology were found to be 
progressive with increasing age. Iba1 immunoreactivity increased 
particularly in white matter regions such as corpus callosum of the aged 
brain (Fig. 3; B, D, F, H compared respectively to A, C, E, G). At 27 
months, changes in morphology were also visible in grey matter regions of 
the brain (Fig. 3G). Accumulation of microglia in to cellular clusters and 
changes in morphology were clearly observed at 24 months particularly in 
white matter areas like corpus callosum, anterior commissure, dorsal fornix 
and cerebellar white matter while compared to morphology in grey matter 
areas (Fig. 3; N, P, R, T compared to M, O, Q, S). Increased CD11b 
immunoreactivity was found more prominently in aged white matter (genu 
of corpus callosum in Fig. 3V compared to U). Other than white matter 
regions, the hippocampus (Fig 3; L compared to K), hypothalamus and 
spinal cord grey matter regions showed changes in microglia morphology in 
aged mouse brain. Microglia cell clusters (Fig. 3W), presence of beaded  
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Fig 3 A-H: Iba1 staining shows 
progressive changes in microglia 
morphology with increasing age in grey 
and white matter regions. The 
represented grey matter region is 
cerebral cortex in (A)  2 months, (C) 13 
months, (E) 24 months , (G) 27 months 
(n=3). The represented white matter 
region is corpus callosum (B)  2 months, 
(D) 13 months, (F) 24 months , (H) 27 
months. The white matter regions show 
alterations earlier in age (F vs E). I-T: Iba1 
staining coupled to Luxol fast blue 

staining in young and aged brains. 
Comparison of the density of microglia in 
the cortex (J, I), hippocampus (L, K) and 
white matter regions such as corpus 
callosum (N, M), cerebellar white matter 
(P, O) dorsal fornix (T, S), anterior 
commissure (R, Q). Iba1 staining shows 
clusters of microglia in the aged brain 
(W). Such clustering is absent in young 
brain. Spheroids frequent in processes of 
aged microglia in the white matter 
visualized with Iba1 staining (X, red 
arrow) (n=3).  

 

structures in processes of Iba1 positive microglia (Fig. 3X) were only found 
in the aged brain. Such features were absent in microglia in the young brain. 
Microglia were isolated from white or grey matter enriched brain regions 
and checked for RNA expression of priming genes found in the microarray 
analysis. Among the genes analysed, with the exception of 
Spp1/osteopontin, other genes such as Axl, CD36, Dectin1, LgalS3, ApoE 
showed selective gene expression in microglia in the white matter of the 
aged brain (Fig 4). In accordance to RNA expression, Spp1 
immunoreactivity was noticed in both white matter regions such as corpus 
callosum (Fig. 5 F compared to D) and grey matter regions such as cerebral 
cortex (Fig. 5E compared to C, low magnification overview in A, B) of the 
aged brain. Dectin1 protein expression was restricted to white matter 
regions of the aged brain (Fig. 5L).  LgalS3, also known as Galectin3 or 
Mac-2, previously shown to be expressed in phagocytic subpopulations of 
microglia (Rotshenkar et al., 2009) showed immunoreactivity selectively in 
the white matter tracts of aged brain particularly in corpus callosum, anterior 
commissure, cerebellar white matter of the aged brain (Fig. 5R, U, V 
compared to P, S, T). Grey matter regions such as cerebral cortex do not 
show expression of Mac-2 (Fig. Q, O). Similar patterns of expression was 
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also noticed for other proteins such as Axl, CD36, CD16/32, LAMP2, 
CD11c, Trem2b (Fig. 6 shows protein expression in genu of corpus 
callosum).  

 

 

 
Fig 4: Increased 
expression of 
priming markers in 
microglia isolated 
from white matter 
enriched brain 
regions.  
 
Quantitative PCR 
evaluation of 
microglia priming 
genes associated 
with aging. 
Microglia isolated 
from white/grey 
enriched brain 
regions from 
young/aged brains 
were used for the 
evaluation. A. Axl, B. 
CD36, C. Dectin1, D. 
LgalS3, E. ApoE, F. 
Spp1. The gene 
expression was 
quantified relative 
to house-keeping 
gene HMBS (n=4).  
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Fig 5: Regional pattern of protein 
expression in priming markers. 
Immunohistochemical evaluation of 
markers such as Osteopontin/Spp1 
showed increased expression in both 
white and grey matter regions (B: 
enlarged in E and F) in the aged brain 
whereas other priming markers such as 
Dectin1 show distinct white matter 
expression (H: enlarged in K and L) in the 

aged brain (24 months; n=4). Mac2 
staining together with luxol fast blue 
staining show increased Mac2 positivity 
in white matter of aged brain (N,R,U,V) 
compared to young brains (M,P,S,T). 
Increased Mac2 positivity is observed in 
white matter tracts including corpus 
callosum (R vs P), anterior commissure (U 
vs S), cerebellar white matter (V vs T).  

 

Fig. 6: White matter protein expression 
of genes involved in priming (Axl, CD36, 
CD16/32, LAMP2, CD11c, Trem2b, 

Dectin1) selectively in the aged brain (24 
months; n=3).  
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Neuroinflammation in the human brain originates already at middle 
age in the white matter regions  

Immunohistochemical analysis of microglia was performed in young 
(27-33 years), middle aged (51-56 years) and aged (70-87 years) post-
mortem brain tissue. The samples used for analysis were devoid of 
neurological conditions. Immunostaining for Iba1, CD45, HLA-DR and 
CD68 was performed. For observing microglia, the antibodies Iba1 and 
CD45 were used and positive cells for both antibodies were found in white 
and grey matter. However, CD68, a molecule shown to be associated with 
phagocytosis showed clear expression selectively in white matter regions 
such as corpus callosum, cerebellar white matter and cortical white matter 
(Fig. 7 C, D, F compared to 7 B, E; Low magnification overview in 7A). 
Also, HLA-DR (as shown by LN3 reactivity), which is involved in antigen 
presentation also showed expression selectively in white matter tracts within 
the same brain regions (Fig. 7 I, J, L compared to 7 H, K). CD68 and HLA-
DR immunoreactive cells increase with age in cortical and cerebellar white 
matter (Fig. 8 A-L). Quantification of immunostaining shows an increase 
with age and regional priming (Fig. 9 A-F). Microglia activation has been 
previously assessed by quantifying the extent of binding of the radioligand 
[11C]-PK11195 using PET imaging. The PET images display an axial plane 
of the human brain showing binding of [11C]-PK11195 in white matter of 
young and middle aged healthy volunteers. The images (axial view) 
represent the average [11C]-PK11195 uptake in white matter of 7 young 
(Fig. 10 A) and 7 middle aged healthy volunteers (Fig. 10 B) 50-60 min 
post-injection. The axial average clearly shows increased binding in aged 
brain already during middle age. Positive correlation was found in 11C-(R)-
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PK11195 binding upon aging (Fig. 10 C). Significantly higher binding of 
11C-(R)-PK11195, indicative of neuroinflammation, was found in the corpus 
callosum of aged subjects than in young subjects (3.14 ± 0.51 vs. 2.31 ± 
0.72; P = 0.005) (Fig. 10 D). 

Fig. 7: Immunohistochemical staining for 
CD68, HLA-DR in the aged brain (A–L). 
Increased staining for CD68 in white 
matter compared to grey matter (C 
compared to B; D, F compared to E).  

Representative immunohistochemical 
staining for HLA–DR (LN3 antibody) in the 
aged brain (G-L). Increased staining for 
CD68 in white matter compared to grey 
matter (I compared to H; J, L compared 
to K). 
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Fig 8: Age associated immunoreactivity in 
CD68 and HLA-DR. Immunostaining for 
CD68 in young (A), middle aged (B), Aged 
(C) cortex and HLA-DR in young (D), middle 
aged (E), Aged (F) cortex (Images, 4x insets 
40x magnification).  
 
 

Immunostaining for CD68 in young (G), 
middle aged (H), Aged (I) cerebellum and 
HLA-DR in young (J), middle aged (K), Aged 
(L) cerebellum (Images, 4x insets 40x 
magnification). The boundary between 
white and grey matter regions has been 
drawn in green.  
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Fig. 9: Quantification of immunostaining 
for CD68 (A, B, C) and LN3 (D, E, F) shows 
clear differences in white matter 

compared to corresponding grey matter 
within the same brain region. Changes in 
white matter begin in middle aged samples.  
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Fig 10. PET studies using [11C]-PK11195 to 
localize microglial activation with age Axial 
image of the human brain showing white 
matter [11C]-PK11195 average uptake in 7 
young (A) and 7 middle aged (B) healthy 
volunteers. C. Positive correlation between 

11C-(R)-PK11195 binding potential and age 
of subjects. D. Significantly higher binding 
potential of 11C-(R)-PK11195 was found in 
the corpus callosum of aged subjects than 
in young subjects (3.14 ± 0.51 vs. 2.31 ± 
0.72; P = 0.005).  

 

Discussion  

In this study we have performed extensive mRNA expression 
analysis of microglia isolated from young and aged C57/BL6 mouse brains. 
As expected for aging brain tissue (Luo et al., 2010) expression of pro-
inflammatory genes involved in antigen presentation, interferon-, cytokine- 
and chemokine signaling was upregulated in aged microglia. These 
conditions show that the aged brain drifts from a state of homeostatic 
equilibrium of inflammatory mediators to a pro-inflammatory state that 
characterizes neuroinflammation. When brain homeostasis is disturbed, 
ramified microglia undergo rapid change in phenotype in a process termed 
“activation”. However, activation of microglia is a graded process 
depending on the nature and extent of injury. The aging phenotype of 
microglia correlates with enhanced sensitivity for proinflammatory stimuli 
referred to as “immune primed” (Perry et al., 2007). Consequently, 
microglia in the brain of aged mice represent an alerted or so called primed 
tissue macrophage. Our data also revealed that while most of these age-
related pro-inflammatory transcripts are present at the RNA level, they are 
not present at protein level, suggesting that while microglia are in a 
“prepared” state at the RNA level, active translation or functional 
consequence of antigen presentation for example is not initiated in the 
absence of an additional stimulus. 

The primed state of microglia is important in the context of 
neurodegenerative conditions, microglia priming appears to have 
detrimental effects on disease progression. For instance, upon extrinsic 
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immune challenge such as peripheral LPS stimulation, primed microglia in 
the aged brain were found to be more responsive than unprimed microglia 
which is described as hyperactivation (Sierra et al., 2007; Henry et al., 
2009). In Alzheimer’s disease models, repeated LPS challenges exacerbate 
inflammation, tau pathology and amyloid deposition (Brugg et al., 1995; 
Kitazawa et al., 2005; Krstic et al., 2012). The cognitive decline in 
Alzheimer´s patients occurs in phases and have been noted to occur 
following a bout of infection (Perry et al., 2007).  In prion disease models, 
microglial priming contributes to neuronal death and cognitive impairment 
(Cunningham et al., 2005; Combrinck et al., 2002). In a mouse mode of 
multiple sclerosis, C3-dependent microglial priming exacerbates disease 
(Ramaglia et al., 2012). It is therefore conceivable that microglia priming 
affects cognitive status and the course of neurodegeneration as well.  

A prominent feature of the mRNA expression profile of primed 
microglia is the expression of phagocytosis-related genes. An assortment of 
several phagocytic receptors including CD36, Axl, Clec family receptors and 
the Annexin receptor family are upregulated in primed microglia. Unlike the 
antigen presentation molecules, we found increased phagocytic receptor 
protein expression. Ex-vivo isolations of microglia from young and aged 
brain showed that microglia from the aged brain phagocytose at a faster rate 
that young microglia. Previously, another study has shown phagocytic rate 
of amyloid β to be impaired in aged microglia (Njie et al., 2012). Studies 
which investigated phagocytosis in vivo have shown exciting new functions 
for microglia and this approach might reveal interesting insights for aging 
microglia as well (Sierra et al., 2013).   

Interestingly, alterations of microglia morphology are most evident 
in white matter tracts. Microglia priming markers were present at RNA and 
protein levels in white matter regions. While some age-regulated genes in 
microglia such as Spp-1 are found both in grey and white matter, most other 
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priming markers were present selectively in the white matter of the aged 
brain. Notably, most of these genes altered are phagocytic molecules and 
molecules involved in lipid metabolism such as ApoE. Recently, a role for 
Trem2 protein in age-associated microglia expansion in the white matter of 
the aging brain has been reported. Trem2-mediated signaling has been 
shown to be responsible for regulating phagocytosis and lipid catabolism in 
vivo (Poliani et al., 2015). In this paper, we show several additional genes to 
be selectively upregulated in the white matter microglia of the aged brain, 
which might be important for this age-associated phenotypic switch in 
microglia.   

The regional white matter phenotypic change in microglia may be of 
special relevance for the mechanism of brain aging. While traditional 
hypothesis of cognitive dysfunction during aging was proposed to be due to 
neuronal death, modern stereotactic approaches have shown negligible 
neuronal death in the aged brain. The white matter tracts in the brain serve 
for functional connectivity and speed of processing. Compromised white 
matter integrity during aging can therefore affect cognition markedly. 
Microglia as sentinels of the brain show early alterations in white matter and 
therefore draw attention to changes in white matter of the aging brain.  

In order to corroborate if increased neuroinflammation is a 
characteristic feature of aging white matter in human brain, we performed 
immunohistochemistry for activation markers across an age range in 
postmortem human brain samples. Interestingly, selective white matter 
microglia activation starting already at middle age was noticed. A large gene 
expression study previously done in the aging brain also showed 
upregulation of neuroinflammation associated genes at middle age (Lu et al., 
2004). Interestingly, cognitive impairments have been reported to begin as 
early as 45 years (Singh-Manoux et al., 2012). Studying the course of 
neuroinflammation in white matter could have prognostic potential for 
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predicting the cognitive outcome and progression to neurodegeneration 
during aging. However, in order to be able to do so, non-invasive 
approaches are necessary.  

PET imaging using a radioactive ligand for the peripheral 
benzodiazepine receptor (PBR) located on outer mitochondrial membrane of 
glial cells (Casellas et al., 2002) has been used to study neuroinflammation 
in a variety of conditions (Stephenson et al., 1995; Vowinckel et al., 1997; 
Venneti et al., 2009). The R enantiomer of PK11195 which is a lipid soluble 
isoquinoline carboxamide has a high affinity for PBR (Shah et al., 1994) 
and 11C labeling of this ligand ([11C]-PK11195) facilitates imaging using 
PET. Although the binding potential is directly proportional to the extent of 
neuroinflammation in the brain and has been co-related to microglial 
activation by several studies, the sensitivity and specificity of this PET 
ligand remains to be fully evaluated and therefore, PET imaging results are 
better interpreted as an indication of general neuroinflammation. Studies of 
binding of radioactive ligand for the peripheral benzodiazepine receptor 
(PBR) showed significantly increased binding of PKH11195 in corpus 
callosum of middle-aged subjects compared to young subjects. It is 
important to notice that the aged subjects used in the study fall largely in the 
middle aged category. This study requires further systematic investigation in 
an extended cohort of aged human subjects more than 75 years of age. 
However, in light of the knowledge that cognitive decline begins at 45 years 
the increased white matter priming of microglia suggests that age associated 
neuroinflammation originates in white matter much earlier than previously 
thought.  

Surprisingly, systematic evaluation of white matter 
neuroinflammation in relation to aging and neurodegeneration has received 
much less attention than grey matter neuroinflammation. Post mortem AD 
brain samples analyzed together with information of pre-mortem cognitive 
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status and neuritic plaque showed that at early clinical dementia stages 
microglia activation is prominent in white matter rather than grey matter. 
With progressive increase in plaque pathology and worsening of clinical 
dementis symptoms, microglia activation becomes comparable in both white 
and grey matter (Xiang et al., 2006). The samples in this study were 
restricted to the entorhinal cortex, hippocampus region. However, these data 
suggest, in accordance to our observations in the aging brain, that white 
matter alterations might precede neurodegenerative changes. Increased 
axonal stress or alteration in myelination triggered retrograde degeneration 
might represent a hallmark feature of neurodegenerative diseases. 
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Abstract 

Aging is associated with reduced function, degenerative changes and 

increased neuroinflammation of the central nervous system (CNS). 

Increasing evidence suggests that changes in microglia cells contribute to 

the age-related deterioration of the CNS. The most prominent age-related 

change of microglia is enhanced sensitivity to inflammatory stimuli, 

referred to as priming. It is unclear if priming is due to intrinsic microglia 

aging or induced by the aging neural environment. We have studied this in 

Ercc1Δ/- mutant mice, a DNA repair-deficient mouse model that displays 

features of accelerated aging in multiple tissues including the CNS. In 

Ercc1Δ/- mice, microglia showed hallmark features of priming such as an 

exaggerated response to peripheral lipopolysaccharide exposure in terms of 

cytokine expression and phagocytosis. Specific targeting of the Ercc1 

deletion to forebrain neurons resulted in a progressive priming response in 

microglia exemplified by phenotypic alterations. Summarizing, these data 

show that neuronal genotoxic stress is sufficient to switch microglia from a 

resting to a primed state. 
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Introduction  

 Microglia, the resident CNS myeloid cell population, are the most 

prominent immune cells in the brain. It is well known that microglia in the 

aged brain show specific changes, like enhanced sensitivity to 

proinflammatory stimuli (Sierra et al., 2007; Henry et al., 2009; Norden and 

Godbout, 2013). Such a hyper-responsive state is called priming and is 

viewed as a phenotype with a lower threshold to “switch” to a 

proinflammatory state (Lull and Block, 2010). Priming of microglia in the 

aged brain may result from chronic pro-inflammatory cues of the aging 

environment and is suggested to impair neuronal function and may underlie 

or promote neurodegeneration (Ransohoff and Perry, 2009; Lull and Block, 

2010; Norden and Godbout, 2013). 

Accumulation of nuclear DNA damage has been proposed as a 

critical factor for aging (Hoeijmakers, 2009). Genotoxic stress resulting 

from DNA damage accumulation evokes cell cycle checkpoint responses 

(Zhou et al., 2001; Jackson and Bartek, 2009) leading to cell cycle arrest and 

senescence (Matheu et al., 2007). DNA damage induces the expression of 

immune-stimulatory surface ligands (Gasser et al., 2005) and increased 

secretion of pro-inflammatory cytokines (Rodier et al., 2009) by senescent 

cells. This process most likely activates inflammatory pathways and 

immune responses that target senescent cells in aging tissues for removal 

(Rodier and Campisi, 2011). In mice, DNA damage has been suggested to 

result in a phenotype in postmitotic neurons resembling cellular senescence 

and the number of senescent-like neurons increased with age (Jurk et al., 

2012). Also, DNA damage has been shown to occur as part of normal brain 
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activity (Suberbielle et al., 2013) and during brain aging (Hamilton et al., 

2001; Dorszewska and Adamczewska-Goncerzewicz, 2004). 

A causal relationship between accumulating DNA damage and age-

related neurodegeneration has recently been suggested in Ercc1 mutant mice 

(Ercc1Δ/-) that are deficient in DNA repair. In Ercc1Δ/- mice, a decrease in 

neuronal synaptic plasticity, deficits in learning behavior and deterioration 

of neurons has been reported in addition to considerable glial activation, 

findings analogous to physiological aging (Borgesius et al., 2011). Ercc1, 

together with XPF, forms an endonuclease essential for nucleotide excision 

repair (NER) (Houtsmuller et al., 1999). In addition, Ercc1 is also involved 

in double-strand break repair (Ahmad et al., 2008) and interstrand crosslink 

repair (Bergstralh and Sekelsky, 2008). In addition to DNA damage 

accumulation, the defects seen in Ercc1Δ/-  mice might also be the 

consequence of perturbed RNA polymerase II transcription initiation as it 

has been shown that Ercc1 is involved in RNA polymerase II assembly on 

promoters (Kamileri et al., 2012). We have used the Ercc1Δ/- mouse model 

to determine if genotoxic stress and transcriptional blockage in neurons 

leads to microglial priming and if so, is microglia “switching” to a primed 

state the result of intrinsic damage or the consequence of perturbed neuron-

glia interaction. Here we report that the Ercc1Δ/- mutation resulted in 

pronounced microglia priming, reflected by enhanced endotoxin sensitivity. 

Furthermore, selective targeting of the Ercc1-deficiency to forebrain 

neurons was sufficient to “switch” microglia to a primed state; strongly 

suggesting that neuronal dysfunction as a result of genotoxic stress is 

sufficient to prime microglia. 
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Materials and methods 

Generation and breeding of mutant mice 
All experiments were approved by the Institutional Animal Care and 

Use Committee of the University of Groningen and the Erasmus University 

Medical Center Rotterdam, in accordance to the Dutch animal care and use 

laws. The generation and characterization of nucleotide excision repair-

deficient Ercc1Δ/+ and Ercc1-/+ mice has been previously described (Weeda 

et al., 1997). Ercc1Δ/- mice were obtained by crossing Ercc1-/+ with Ercc1Δ/+ 

mice of C57Bl6J and FVB backgrounds to yield Ercc1Δ/- mutants in a 

C57Bl6J/FVB F1 hybrid background. Wild-type (WT) littermates of the 

same genetic background, age and sex were used as controls. The 

C57BL6J/FVB hybrid background prevents characteristics like blindness on 

an FVB background or deafness on a C57BL6J background. Unless 

specified, we used Ercc1Δ/- mice of 16 weeks age and of both sexes for the 

experiments with age/sex matched genetic controls. For conditional mutant 

studies, an Ercc1 allele flanked by loxP sites was used (floxed Ercc1, 

Ercc1f/f; Doig et al., 2006). The αCamk2 promoter was used as a Cre driver 

(Tsien et al., 1996a; Tsien et al., 1996b) and expression of this promoter is 

specific for post mitotic excitatory neurons (Madisen et al., 2010). Camk2-

Cre/ Ercc1f/- mice were obtained by crossing Ercc1f/f (FVB) with Camk2-
Cre/ Ercc1+/- mice (C57BL6J). As controls, Camk2-Cre/ Ercc1f/+ littermates 

were used. hGFAP-Cre mice were used for Ercc1 deletion in astrocytes 

(Zhuo et al., 2001). Mice were housed in individually ventilated cages with 

ad libitum access to water and standard mouse food (CRM pellets, SDS BP 

Nutrition Ltd; gross energy content 18.36 kJ/g dry mass, digestible energy 

13.4 kJ/g) and received liquefied food in case of motor disabilities. 
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Histological staining and morphometric analysis 
Animals were transcardially perfused under pentobarbital anesthesia 

with saline followed by 4% PFA. Brains were post fixed for 24 h, 

equilibrated in 25% sucrose solution and cryosectioned at 40 μm for regular 

immunohistochemistry or 80 μm for morphometric analysis. For blocking 

and incubation steps involving antibodies 0.3% Triton X-100 (Merck, 

Darmstadt, Germany) in PBS was used. Antigen retrieval (for Iba1-Mac2 

co-staining) was done in 0.01 M citrate buffer (pH 6.0), followed by heating 

in a household microwave device at 800 W for 18 min. For CD68 staining, 

the sections were preincubated in 25 mM citrate buffer, pH 8.6, at 80 ºC, for 

1 h. Following the blocking step sections were incubated in primary 

antibody overnight. The primary antibodies used are Iba1 (Wako, Japan), 

Mac2 (Cedarlane, Canada), Ki67 (Dako Cytomation, The Netherlands) and 

CD68 (Dako Cytomation, The Netherlands). As secondary antibodies, 

Alexafluor 488 (Molecular probes, USA) and Cy3 (Jackson Immuno 

Research, USA) conjugated antibodies were used. The sections were 

mounted on gelatin (Merck)-poly-L-lysine (Sigma, the Netherlands) coated 

glass slides and embedded in Mowiol (Calbiochem, Netherlands). 

For morphometric analysis, confocal images of microglia were made 

with a 63x objective on a Leica SP2 confocal laser scanning microscope at 1 

μm intervals along the z-axis. Confocal images were then deconvoluted 

using Huygens professional imaging software (SVI). Topology of the 

branching cell was reconstructed in three dimension and measurements 

quantified after retracing with the help of the Filament Tracer function of 

the Imaris 7.0 software (Bitplane). Care was taken that the analyzed cell 

within the frame was cropped (75–200 μm range) according to the extent of 

branches that were clearly connected to the cell body of interest and fully 
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separable from crossing branches of other cells. Statistical analysis of the 

quantified measures was performed using MANCOVA analysis as the 

cellular parameters studied can influence each other. For Ki67 staining, 3 

sections were counted per mouse (n=3) after which the counted values were 

divided for the area analyzed (3-6mm2) to obtain cells/square mm. Asterisks 

* indicates P- value < 0.05 with one-tailed unpaired t-tests.  
 

Acute isolation of microglia from adult mouse brain 
Animals were sacrificed by means of transcardial saline perfusion 

under inhalation anesthesia with isoflurane/oxygen. The brains were isolated 

and kept in ice-cold medium A (HBSS containing 0.6 % glucose and 15 

mM HEPES buffer). From the collected tissue microglia were isolated at 

high purity (>98%) using a discontinuous Percoll gradient as described 

before (de Haas et al., 2007) at 4°C. Briefly, the tissue was mechanically 

dissociated to form a single cell suspension (Glass potter, Braun Melsungen, 

Germany). After centrifugation (10 min, 220g), the cell pellet was subjected 

to density gradient separation using Percoll solutions with different 

densities. Isotonic Percoll solution (100%, density 1,123 g/ml), nine volume 

parts of Percoll (density 1,13 g/ml, GE Healthcare, Uppsala, Sweden, 17-

0891) were mixed with one volume part of 10x HBSS. Percoll solutions 

with various percentages were prepared via dilution of 100% Percoll with 

1x PBS. The cell pellet was resuspended in 75% Percoll, overlaid with 25% 

Percoll and finally with PBS and centrifuged at a force of 800 g for 25 min. 

After centrifugation, microglia were collected from the 75% - 25% Percoll 

interface, washed with PBS and pelleted by centrifugation. The cell pellet 

was resuspended in culture medium (DMEM containing 5% FCS, 1% 

penicillin/streptomycin and 1% sodium-pyruvate) for functional assays. For 
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RNA isolation, the microglia pellet was resuspended in 20 ml Percoll 

solution with a density of 1.03 g/ml (40 ml myelin gradient buffer, 11.7 ml 

Percoll and 1.3 ml 1.5 M NaCl). A gradient was prepared by overlaying 

with PBS and centrifuged at 950g for 20 min. The resulting cell pellet was 

separated from myelin and cell debris and stained for flow cytometry with 

antibodies against CD11b and CD45 (see Flow cytometry section below for 

details). 

 

Flow cytometry 
Cells from either the 75/25 interface or the myelin gradient buffer 

pellet were resuspended in medium A (without phenol red) and Fc blocked 

with 1% anti-CD16/32 (eBiosciences, the Netherlands) for 15 min, stained 

for different surface markers for 20 min, washed with PBS for subsequent 

flow cytometric analysis. The surface expression of markers was measured 

with a FACSCalibur flow cytometer (Becton Dickinson) and analyzed using 

FloJo software. To determine the purity of microglia preparation a small 

sample of the attained cell suspension was stained for CD11b and CD45 

together with a live cell marker DRAQ5TM (Biostatus Ltd, UK) for 

CD11bhigh/CD45low/DRAQ5+ cells (live microglia). For 

immunophenotyping of mouse microglia cells the following antibodies were 

used: phycoerythrin (PE) coupled rat anti-mouse CD11b (Clone M1/70, 

eBiosciences), fluorescein isothiocyanate (FITC) coupled rat anti-mouse 

CD45 (Clone 30-F11, eBiosciences), PE coupled rat anti-mouse TREM2b 

(Clone 237920, R&Dsystems), FITC coupled rat anti-mouse CD14 (Clone 

Sa2-8, eBiosciences), PE coupled rat anti-mouse CD36 (Clone 72-1, 

eBiosciences). 
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Lipopolysaccharide injections 
Animals were intraperitoneally injected with 1 mg/kg 

lipopolysaccharide (LPS) (E.coli 0111:B4; Sigma-Aldrich, St. Louis, MO, 

L4391) or saline. Three (for RNA isolation) or 18 (for 

immunohistochemistry) hrs after injection, the animals were sacrificed and 

the brains dissected and processed as described above. Subsequently, 

CD11bhigh/CD45low cells were sorted in RNA lysis buffer (Qiagen, 

Germany) for real time PCR analysis. 
 

Analysis of microglia priming by quantitative real time PCR 
RNA was extracted using the RNeasy Micro kit and concentrations 

were determined with a NanoDrop (ND1000). cDNA was synthesized using 

RevertAidTM M-MuLV Reverse Transcriptase, RibolockTM RNase Inhibitor 

and M-MLV buffer (all Fermentas GmbH, Germany). The PCR reaction 

contained iQTM SYBR Green Supermix (Bio-Rad) and was performed on an 

ABI 7900HT machine (Applied Biosystems). The primers were designed 

with NCBI Primer Blast software and ordered from Biolegio, The 

Netherlands. Suppl. table 1 contains the list of primers used in the study.  
 

Phagocytosis assay 

After isolation, cells were resuspended in culture medium, seeded in 

8 well Lab-Tek™ II Chambered Coverglass (Nunc) at a density of 5000 

cells per well and allowed to attach for 20 min. Two hrs after seeding, the 

medium was replaced with culture medium containing 25 μg/ml of 

pHrodo™ E. coli BioParticles® conjugate (Life technologies, Molecular 

probes, USA). The cells were subsequently imaged for 18 hrs with a 

Solamere Nipkow spinning disc confocal laser scanning microscope 
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mounted on a Leica DM IRE2 inverted microscope equipped with a 

Stanford Photonics XR/Mega-10I (intensified) CCD camera and an ASI 

MS2000 Piezo motorized stage, (37°C and 5% CO2). To excite pHrodo, the 

568 nm laser line of a dynamic Krypton laser was used. During image 

acquisition, an HC PL APO CS 10x dry objective was used. A bright field 

and a red channel image (pHrodo emission) were acquired every 5 min at 

each condition. Multiple cells were selected as regions of interest (ROIs) 

based on the bright field images. At the end of the imaging session, cells 

were stained with Syto13 (Life Technologies), an indicator for cell viability. 

Syto13-positive cells were selected for quantification. The intensity of the 

ROIs in the red channel images was measured in each frame of the entire 

image stack with the help of an ImageJ plug in (written by K. Sjollema; 

Microscopy Center, University Medical Center Groningen, University of 

Groningen). The data were plotted as a time versus intensity and the time 

needed to reach half maximum response for each cell was determined. 

 
Determination of reactive oxygen species production  

Production of reactive oxygen species by acutely isolated microglia 

was determined by detecting the conversion of nonfluorescent H2DCFDA 

(2’,7’-dichlorodihydrofluorescein diacetate; Life Technologies) into 

fluorescent DCF (2',7’-dichlorofluorescein) with flow cytometry. 100 μl of 

cell suspension containing 2×104 cells was incubated with and without 

H2DCFDA for 20 min at 37°C in polystyrene FACS tubes, after which 

fluorescence was determined using flow cytometry. Since the reagent is 

prone to oxidation, precautions were taken to prepare suspensions just 

before the experiment and no wash steps were used. Cells treated with 

vehicle (DMSO) or 40nM ATP were used as negative and positive controls, 
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respectively. The mean fluorescence intensity of DCF after subtraction of 

the background fluorescent values from negative controls was plotted for the 

indicated conditions.  

 

Transcriptional profiling and network analysis 

Microglia were sorted (Flow cytometry section for details) from 16 

Ercc1Δ/- and control mice of four months of age and RNA was isolated with 

the Qiagen RNeasy Kit. RNA quality and concentration was assessed with a 

BioRad Bioanalyzer. After amplification (Nugen Ovation RNA 

amplification kit), RNA was labeled and hybridized to Illumina mouse-ref8 

V2.0 expression beadchip microarrays. Genomestudio (version 1.9.0) was 

used to generate raw expression values, which were preprocessed and 

analyzed by project R (version 2.15.1) and BioConductor package Limma 

(version 1.8.18).  

Transcriptional profiling was followed by Weighted Gene Co-

expression Network Analysis (WCGNA) (Langfelder and Horvath, 2008). 

WCGNA defines co-expression relationships between all pairs of genes in 

the transcriptional data set resulting in a network of interconnected genes. 

Groups of genes that exhibit similar behavior across the dataset can be 

identified as modules. WGCNA was performed using a soft-power (β) value 

of 4, based on scale free criteria. Genes with low topological overlap were 

filtered from the analysis resulting in a network of the 2.904 most connected 

genes. Only modules that significantly associated to the genotype were used 

for further analysis. Genes were ordered according to their module 

membership to generate gene lists (kME; Korrelation Module EigenGene -

table) ranking genes by intramodular connectivity (Zhang and Horvath, 

2005). Genes in modules often share common regulatory mechanisms or are 
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involved in related cellular functions (Langfelder et al., 2013; Mason et al., 

2009; Winden et al., 2009; Dewey et al., 2011). The Benjamini Hochberg 

(BH) multiple testing corrected p-value was generated by the p.adjust 

function of R-package Stats. Genes from the kME-table, with a BH adjusted 

p value below 0.01 were used as input for Ingenuity pathway Analysis 

(IPA). Heatmaps were generated using heatmap.2 function of Bioconductor 

Package gplots 3.86 software (Hu et al, 2008).  

 

Statistical Analyses 
Multivariate analysis of covariance (MANCOVA) is a statistical 

method to cover cases where there is more than one dependent variable and 

where the control of covariates is required. A covariate represents a source 

of variation that has not been controlled in the experiment and is believed to 

affect the dependent variable. For instance, in analysis of cellular 

morphology, thickening of processes might alter process length. 

MANCOVA statistical design can 'factor out' the error introduced by such 

covariants thereby showing if individual parameters are altered. We 

therefore employed this statistic method for quantitative morphometric 

analysis. Ki67 proliferation data were analyzed using one-tailed unpaired t-

tests. All other experiments used one-way or multiple-way Analysis of 

Variance (ANOVA), followed by post-hoc analysis with Bonferroni test 

(GraphPad Prism 5). In the figures, the p value of the ANOVA and the post-

hoc tests are indicated. Graphs show both the distribution of the individual 

values, the resulting mean, and the standard error of the mean (SEM).  
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Results 

Age-dependent changes in microglia morphology in Ercc1Δ/- mice 
Neuropathological visualization of local microglial morphology has 

been used to infer CNS distress (Streit, 1999 and 2000). To investigate the 

effect of DNA repair deficiency-associated aging on microglia morphology, 

sections from Ercc1Δ/− mice and WT littermates were stained for the 

microglia marker Iba1 at 4 and 16 weeks of age. At 4 weeks, minor 

alterations in microglia morphology in the cortex were observed, whereas in 

the medulla, changes in microglia morphology were more pronounced (Fig. 

1A). Differences in microglial morphology between WT and Ercc1Δ/− mice 

were apparent at 16 weeks of age throughout the brain including the cortex 

and medulla. Using confocal microscopy, followed by 3D reconstruction, 

microglia morphologies in WT and Ercc1Δ/− mice were compared. In WT 

brain, microglia extended thin ramified processes, whereas in Ercc1Δ/− mice 

microglia possessed hypertrophic, thickened processes and enlarged cell 

bodies (Fig. 1B). 

Morphometric quantification revealed that Ercc1Δ/− microglia had a 

significantly increased cell soma volume in all brain regions analyzed 

(frontal cortex, dentate gyrus, thalamus and medulla; Fig. 1C). The total 

process length of Ercc1Δ/- microglia was longer than WT in the cortex and 

dentate gyrus but not in the thalamus and medulla (Fig. 1D). The primary 

processes in Ercc1Δ/- microglia were significantly thickened in all brain 

areas tested (Fig. 1E). The degree of ramification, quantified by pseudo-

coloring different levels of branching and counting of the number of 

segments at each level, was not significantly different between Ercc1Δ/- and 

WT mice (Suppl. Fig. 1). The observed morphological changes resemble 
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previously reported microglia phenotypes referred to as “hypertrophic” 

(Streit, 2000; Ayoub and Salm, 2003), “reactive” (Gomide et al., 2005) or 

“intermediate” (Karperien et al., 2013). 

Figure 1: Quantitative morphology analysis 
of Ercc1Δ/- microglia. (A) Microglia 
morphology in cortex and medulla of WT 
and Ercc1

Δ/- brain. Morphology in 4 and 16 
week old WT brain is similar, only 16 week 
old brains are depicted. (B) Confocal 
reconstruction of WT and Ercc1

Δ/- microglia 

(16 weeks) from cortex and medulla (scale 
bar = 20 μm). Analyses of morphological 
parameters from WT and Ercc1

Δ/- microglia 
(16 weeks; black = WT, grey = Ercc1

Δ/-) in 
cortex, dentate gyrus (DG), thalamus and 
medulla of (C) total cell soma volume. (D) 
total length of processes, and (E) diameter 
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of primary processes in individual microglia, 
revealed that Ercc1

Δ/- microglia have larger 
cell body size, process length and thickened 
primary processes compared with WT 
microglia (n = 30 reconstructed cells from 

each region from three WT and Ercc1
Δ/- 

mice. Statistical analysis was performed 
with a MANCOVA analysis, *: p < 0.05; **: p 
< 0.01; ***: p < 0.005 and ns is not 
significant. 

 

Increased microglia proliferation in Ercc1Δ/- mice 

In Ercc1Δ/- mice a pronounced increase in microglia was observed. 

To confirm that the observed increased number of microglia was due to 

increased proliferation, the number of proliferating cells was determined 

using Ki67 staining. In WT brain, most proliferating cells were localized to 

the neurogenic niches; note the high density of Ki67+ cells in the sub-

ventricular zone (Fig. 2A) where the Ercc1Δ/− brain contained much more 

Ki67+ cells with no apparent regional distribution (Fig. 2B) although 

occasional hotspots with a high density of Ki67+ cells were noticed 

frequently in the brain stem (Fig. 2F). The number of Ki67+ cells/mm2 was 

about 4-fold higher in Ercc1Δ/- compared to WT brain (Fig. 2E). Most Ki67+ 

cells in these regions were microglia, indicated by co-staining with Iba1 

(Fig. 2F). Quantitative analysis indicated a ten-fold increase in the number 

of Ki67-Iba1 positive cells in the neocortex (Fig. 2C-E). When represented 

as percentage of the total number of proliferating cells, microglia constituted 

two thirds of the total number of proliferating cells in the Ercc1Δ/- brain. 

 

Enhanced sensitivity of Ercc1Δ/- microglia to LPS stimulation 
Morphologically hypertrophic microglia can be functionally primed 

or activated. It is possible to differentiate between these states as primed 

cells do not (yet) express high amounts of inflammatory cytokines but are 

hypersensitive to inflammatory stimuli (Sierra et al., 2007; Ramaglia et al., 
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Figure 2: Increase in microglia number in 
Ercc1Δ/- mice. Staining of Ki67 positive cells 
in (A) 16 weeks old WT and (B) Ercc1

Δ/- 
brains showed a higher number of 
proliferating cells in Ercc1

Δ/- with a uniform 
distribution throughout the brain. In WT 
brain, proliferating cells are predominantly 
located in the SVZ (subventricular zone). 
NCx: neocortex, Str: striatum, LS: lateral 
septal nucleus, cc: corpus callosum, Pir: 
piriform cortex, CA1/CA3: corn ammonis 
1/3, DG: dentate gyrus, ac: anterior 
commissure, Th: thalamus, cp: cerebral 
crus. Proliferating cells in WT (C) and 

Ercc1
Δ/- (D) mice were microglia based on 

Ki67 (red) and Iba1 (green) co-expression; 
nuclei were counterstained with DAPI 
(blue). Quantitatively, Ki67 positive cells 
were increased in Ercc1

Δ/- brains. Scale bars 
are 50 μm. (E) Ki67-positive microglia per 
surface area, or as a percentage of total 
proliferating cells, were increased in 
Ercc1

Δ/- brain. In the brain stem of Ercc1
Δ/- 

mice, most Ki67-positive cells were Iba1-
positive microglia (F; indicated by white 
arrows). Scale bar is 10 μm. *: p < 0.05; **: 
p < 0.01.
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2012). To further substantiate possible immune priming, the pro- 

inflammatory response of microglia in Ercc1Δ/- mice was studied after i.p.  

LPS injection. Three hrs after LPS injection, microglia were isolated and 

transcript levels were determined using quantitative RT-PCR. Basal 

expression levels of cytokines IL-1β, TNFα, and IL6 were similar in WT 

and Ercc1Δ/- mice. IL-1β, IL-6 and TNFα expression were induced by LPS, 

notably, this increase in expression was much more pronounced in Ercc1Δ/- 

microglia (Fig. 3A-C). Expression levels of the typical anti-inflammatory 

cytokine IL-10 were comparable between WT and Ercc1Δ/- microglia both 

under basal conditions and after LPS stimulation (Fig. 3D). TGF-β 

expression was reduced in Ercc1Δ/- mice (~2-fold) and is induced to 

comparable expression levels as WT by LPS (Fig. 3E). A potential 

interaction between genotype and LPS treatment was assessed using a 

general linear model-multivariate test. A significant interaction between 

genotype and LPS treatment was observed the pro-inflammatory cytokines 

IL-1β, TNFα, IL6 and anti-inflammatory cytokine TGF-β. (Suppl. table 2). 

Interestingly, expression of MHC-II, reported to be important for 

microglia immune activation and antigen presentation (Town et al., 2005; 

Benvenisten et al., 2001) was not detected in Ercc1Δ/- mice (Suppl. Fig. 2). 

LPS hypersensitivity of Ercc1Δ/- microglia was further substantiated by the 

co-staining with Iba1 and Mac-2, a marker for microglia activation. In WT 

animals, Mac-2 was not detected under basal conditions and only a small 

number of Mac-2 expressing Iba1+ cells were observed after LPS 

stimulation. In Ercc1Δ/- mice, the number of Mac-2 expressing microglia 

was higher than in WT mice and significantly induced by LPS, an 

observation further supporting a primed microglia phenotype in Ercc1Δ/- 

mice (Fig. 3F). In summary, Ercc1Δ/- microglia display an exaggerated pro-
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inflammatory response, indicative of a “primed” state and Mac-2 expression 

marks a subpopulation of microglia that switched to an inflammatory state 

and is responsive to inflammatory stimuli. 

 

 
Figure 3: Increased cytokine and Mac-2 
expression of Ercc1Δ/- microglia after 
peripheral LPS challenge. Microglia were 
sorted from WT and Ercc1

Δ/- mice (16 
weeks), after i.p. injection with PBS or LPS 
(1 mg/kg, 3 hr) and relative mRNA 
expression levels were determined by 
quantitative RT-PCR. Expression of 
proinflammatory cytokines IL-1β (A), TNFα 
(B) and IL-6 (C) was significantly increased 
in response to LPS with a much higher 
expression in Ercc1

Δ/- microglia compared 
to WT microglia. Microglia from WT and  

 
Ercc1

Δ/- mice had comparable basal anti- 
inflammatory IL-10 (D) expression levels 
and in response to LPS. Basal TGFβ (E) 
expression in Ercc1

Δ/- microglia was almost 
half of WT microglia, which was restored to 
WT levels after LPS injection. The number 
of Mac2 expressing cells (F) was higher in 
Ercc1

Δ/- brains compared to WT mice, even 
after LPS injection. The number of Mac2 
expressing cells was further increased in 
Ercc1

Δ/- brains upon LPS injection. *: p < 
0.05; **: p < 0.005; ***: p < 0.001 and ns: 
not significant. 
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Ercc1Δ/- microglia display increased phagocytosis and ROS production 

Removal of cellular debris by phagocytosis is an essential function 

of microglia, which might change upon aging. It is unknown if primed and 

resting microglia have similar functional capacities. Microglia phagocytic 

activity was determined using pHrodo-coupled E. coli bioparticles. 

Fluorescence emission by pHrodo was plotted over time for 40 WT and 

Ercc1Δ/- microglia from 3 different mouse preparations (Fig. 4A, B). In 

addition, the phagocytic activity of microglia isolated from WT and Ercc1Δ/- 

mice injected with LPS (1 mg/kg body weight) was determined. Ercc1Δ/- 

microglia showed significantly increased phagocytic activity compared to 

WT microglia (Fig. 4B) and peripheral LPS injection further increased 

phagocytosis of pHrodo coupled E. coli bioparticles, which was more 

pronounced in Ercc1Δ/- microglia. 

As Ercc1Δ/- microglia displayed enhanced phagocytic activity, the 

expression of phagocytic receptors CD36, TREM2b and CD14 was 

determined. Increased expression of these phagocytic receptors was 

observed in Ercc1Δ/- microglia in vivo (Fig. 4C-E). In addition, cell 

engulfment was observed by Mac2-positive microglia in Ercc1Δ/- mice 

suggesting active phagocytic intake in vivo (Fig. 4F). Production of ROS by 

microglia was measured using flow cytometric measurement of 2’,7’-

dichlorofluorescein diacetate (DCFDA) fluorescence. Under basal 

conditions, no significant difference in ROS production between WT and 

Ercc1Δ/- microglia was observed. However, upon peripheral LPS injection, a 

significant increase in ROS production was observed in Ercc1Δ/- microglia 

(Fig. 4G). Summarizing, these results show increased phagocytosis and  
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Figure 4: Enhanced phagocytosis and ROS 
production by Ercc1Δ/- microglia. (A) 
Acutely isolated microglia were incubated 
with pHrodo-coupled E. coli and pHrodo 
fluorescence is plotted against time (in hr). 
Ercc1

Δ/- microglia have a higher rate of 
phagocytic uptake compared to WT 
microglia, which is further increased by LPS. 
(B) At the end of the experiment (13 hr), 
total fluorescence per cell (40 cells per 
category) was plotted with WT set at 100%, 
showing higher phagocytic intake by 
Ercc1

Δ/- microglia; which was further 

enhanced by LPS; *: p < 0.05. Ercc1
Δ/- 

microglia express increased levels of 
phagocytic receptors CD36 (C) TREM2b (D) 
and CD14 (E) as measured by flow 
cytometry; grey filled histograms depict 
isotype controls. (F) Mac2-positive Ercc1

Δ/- 
microglia engulfing a cell in the 
hippocampus. (G) Increased reactive 
oxygen species production by Ercc1

Δ/- 
compared to WT microglia acutely isolated 
from LPS stimulated mice. ***: p < 0.0001; 
ns: not significant, one way ANOVA).
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ROS production in Ercc1Δ/- microglia, and this increase is further enhanced 

by LPS, suggesting that primed microglia are functionally hyper-responsive. 

 
Transcriptional profile of primed microglia  

To determine the gene expression profile of primed microglia, RNA 

from pure FACS-sorted WT and Ercc1Δ/- microglia was isolated and 

hybridized to Illumina expression arrays. Co-expression network analysis 

was used to identify gene networks associated with microglia priming. 

Weighted gene co-expression network analysis (WGCNA) was applied to 

construct a gene co-expression network of microglia in Ercc1Δ/- mice. After 

filtering lowly connective genes, a network of 2,904 genes was generated. 

Two co-expression networks were identified with significant differential 

expression between WT and Ercc1Δ/- mice (Fig. 5A; Kruskall Wallis-non 

parametric one way analysis of variance was used to calculate between 

group differences (the blue module: p = 6.7 E-6, yellow module: p =2.9 E-

5). The genes in the blue module are up-regulated in Ercc1Δ/- microglia, and 

the genes in the yellow module are down-regulated in Ercc1Δ/- microglia 

(Fig. 5B). These up- and down-regulated gene modules were combined in a 

module membership or kME-table and used as input for Ingenuity Pathway 

Analysis (IPA).  

IPA showed that the following immune-related signaling pathways 

were up-regulated in Ercc1Δ/- microglia, particularly communication 

between innate and adaptive immune cells, antigen presentation, 

complement system, role of pattern recognition receptors, activation of 

microglia and interferon signaling (Fig. 5C). Also a significant increase in 

several other IPA functions such as cell migration, inflammatory response, 

adhesion of immune cells, activation of microglia, phagocytosis was 
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observed in Ercc1Δ/- microglia (Fig. 5D). Taken together, network and 

pathway analyses indicated an enhanced immune state of Ercc1Δ/- microglia 

with a clear phagocytic and chemotactic profile. 

Figure 5: Network and pathway analysis of 
microarray data from Ercc1Δ/- microglia. 
(A) Dendrogram and associated gene 
modules. The dendrogram is produced by 
average linkage hierarchical clustering of 
genes based on topological overlap. 
Modules were assigned colors as indicated 
in the horizontal bar below the  
dendrogram.  

(B) Bar graphs and heat maps showing the 
blue and yellow module EigenGene (first 
principal component, a representative of 
the module) and the associated genes 
expression values. Tables show canonical 
pathways (C) or biological functions (D) 
from Ingenuity Pathway Analysis 
significantly increased in Ercc1

Δ/- microglia.
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Microglial priming is induced by genotoxic stress in Ercc1Δ/--targeted 
forebrain neurons 

Mac-2 has been shown to be expressed by activated microglia 

(Rotshenker, 2009) and in the Ercc1Δ/- brains, Mac2 was found to be 

expressed in a “switched” microglia subpopulation. In order to determine 

the localization and distribution of these switched cells, brain sections from 

16 week old WT and Ercc1Δ/- mice were co-stained for Iba1 and Mac-2. In 

WT mice, Iba1-positive microglia displayed a resting (highly ramified, 

small cell soma) phenotype and no Mac-2 positive microglia were found 

(Fig. 6A, B, C, D, insets are enlarged in panels E and F). In Ercc1Δ/- mice, 

Iba+ microglia displayed an altered morphology (also see Fig. 1, thickened 

processes, enlarged soma), with extensive co-expression of Mac-2 (Fig. 6G-

J; insets are enlarged in panels K and L). Mac2 immunoreactivity was 

restricted to Iba1+ cells and most pronounced in white matter tracts 

including the corpus callosum and the anterior commissure. Also the brain 

stem, particularly the mesencephalic reticular formation (MesRF), contained 

extensive Mac-2 positive microglia. This observation, in combination with 

the notion that particularly neurons suffer from DNA-damage accumulation 

(Borgesius et al., 2011), led us to hypothesize that genotoxic damage to 

neurons resulted in the observed microglia priming and activation. To 

determine if the observed morphological changes and Mac2 expression by 

microglia indeed were induced by genotoxic stress in neurons, the Ercc1f/- 

deletion was specifically targeted to CamK2-expressing forebrain neurons 

(CamK2-Cre/ Ercc1f/-) and to GFAP-expressing astrocytes (GFAP-Cre/ 

Ercc1f/-). Detailed characterization of generic Ercc1Δ/- mice revealed that 

microglia priming and activation was observed in all brain regions and that 
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the intensity of priming-associated hypertrophy was much more pronounced 

in the medulla compared to the cortex (also see Fig 1).  

The neocortex of Ercc1Δ/- mice showed robust microglial hypertrophy (Fig. 

7B, magnified image in G) in comparison to control mice with the same 

genetic background (Ercc1+/+; Fig. 7A). Microglia hypertrophy was much 

more pronounced in the brain stem (MesRF) of generic Ercc1Δ/- mice (Fig 

7J) and while Mac-2 expression was rarely detected in the cortex of Ercc1Δ/- 

mice, the medulla showed abundant Mac-2 expression (compare Fig. 7, 

panels G and J) possibly indicating more extensive “switching” of microglia 

in the hindbrain. In Camk2-Cre/ Ercc1f/- mice, microglia hypertrophy and 

Mac2 immunoreactivity were restricted to the neocortex (Fig. 7D, magnified 

image in I), whereas no microglia hypertrophy or Mac-2 expression was 

observed in hindbrain regions of Camk2-Cre/ Ercc1f/- mice (Fig. 7L) or in 

Camk2-Cre/ Ercc1f/+ control mice (Fig. 7K). This showed that priming 

microglia (based on an hypertrophic morphology and Mac-2 expression) 

was restricted to the region of forebrain neurons targeted by the Camk2-Cre 

transgene. In the GFAP-targeted Ercc1f/- mice, no microglial hypertrophy or 

Mac2 expression was observed (Fig. 7F), indicating that DNA damage 

accumulation in astrocytes did not induce microglia hypertrophy or priming. 

Microglia priming was further substantiated by CD68 expression in the 

cortex of 16-week old control and Ercc1Δ/- mice and 26-week old Camk2-

Cre/ Ercc1f/- mice (Fig. 7 M, N, O). 

A time-course of microglia priming was determined in forebrain 

sections of 8, 16 and 26 week old Camk2-Cre/ Ercc1f/- mice (Fig. 8). An 

age-dependent change in microglia morphology and increase in Iba1 

intensity was observed in Camk2-Cre/ Ercc1f/- mice (Fig. 8A-D). Both in 

lamina II/III and V, a primed microglia morphology was first observed at  
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Figure 6: Localization of primed microglia 
in Ercc1Δ/- brains. Co-staining of 16 week 
old WT (panels A-F) and Ercc1

Δ/- (panels G-
L) sections with Iba1 (green) and Mac-2 
(red) to identify localization and 
distribution of primed microglia. Mac2-
positive microglia were largely found in 
Ercc1

Δ/- white matter tracts. Corpus 
callosum (cc) and anterior commissure (ac) 
showed several Mac2-positive microglia 
(panel G and inset K). Also brain stem, in 

particular the mesencephalic reticular 
formation (MesRF) contained abundant 
Mac2-positive microglia (panel I and inset 
L). The scale bar indicates 500 µm in panels 
A-D and G-J and 50 µm in panels E, F, K and 
L. NCx: neocortex, C: cortex, Str: striatum, 
LV: lateral ventricle, Pir: piriform cortex, 
Hip: hippocampus, DG: dentate gyrus, ac: 
anterior commissure, PAG: periaqueductal 
gray. 
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Figure 7: Microglial priming response to 
forebrain neuron-targeted DNA repair 
deficiency. Sections of forebrain neuron-
targeted and astrocyte-targeted Ercc1f/- 
from 26 weeks old mice were co-stained for 
Iba1 (green) and Mac-2 (Red). Microglia in 
transgenic control mice brains (A, C, E, H 

and K) showed ramified and non-primed 
microglia whereas microglia in the cortex of 
Camk2 targeted Ercc1 brains (Camk2-Cre/ 
Ercc1

f/-) (D, I) showed a primed 
hypertrophic morphology. Brain stem 
region of Camk2-Cre/ Ercc1

f/- brains (L) 
(which do not suffer Ercc1 ablation) did not 
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display microglia hypertrophy. Cortex (B, G) 
and brainstem (J) of 16 weeks old Ercc1

Δ/- 
brains show hypertrophic microglia and 
increased Mac2 positivity. In 26 weeks old 
astrocyte (GFAP) targeted Ercc1

-/- mice (F), 
the cortex shows ramified, non-primed 
microglia comparable to its transgenic 

control (E). An additional marker for 
microglia priming, CD68 was shown to be 
expressed both in 16 weeks old Ercc1

Δ/- 
mice as (N) well as in 26 weeks old Camk2-
Cre/ Ercc1

f/- mice (O). Scale bars indicate 50 
µm. 

Figure 8: Characterization of microglia 
priming in Camk2 targeted Ercc1 mice. The 
time-course of microglia priming was 
determined in 8, 16 and 26 weeks old 
Camk2-Cre/ Ercc1

f/- mice, compared to 26 
weeks old Ercc1

f/-
 mice. The sections were 

co-stained for Iba1 (green) and Mac-2 

(Red). Panels A, B, C and D show an 
overview of 26 weeks old Ercc1

f/- mice (A) 
and 8 (B), 16 (C) and 26 (D) weeks old 
Camk2-Cre/ Ercc1

f/- mice, where an age-
dependent increase in Iba1 intensity and 
changes in microglia morphology was 
observed. Mac2 expression was most 
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apparent in 26 week old mice. Both in 
lamina II/III and V, a change towards a 
hypertrophic morphology occurred at week 
16 (G, K) and was more pronounced at 26 
weeks (H, L). Interestingly, at 8 and 16 

weeks (J, K) long shaped clusters of so-
called tubular microglia were observed in 
lamina V (white arrows). Scale bars indicate 
50µm. (M).

 

week 16 and more pronounced at 26 weeks (Fig. 8E-L). Mac-2/Iba1 co-

expression was first observed after 26 weeks (Fig. 8A-L). Interestingly, at 8 

weeks, clusters of tubular microglia, or rod cells, postulated to be involved 

in neuroprotection, appeared in lamina V of the cortex (Fig. 8J-L) (Graeber, 

2010; Lambertsen et al., 2011; Wierzba et al., 2002; Ziebell et al., 2012). 

Summarizing, these data strongly suggest, that upon targeted ablation of 

Ercc1 in forebrain neurons, local microglia acquire a morphology associated 

with priming in a time-dependent fashion and eventually some microglia 

express Mac-2, possibly indicative of a more inflammatory state. 

Discussion  

Microglia priming as characterized by exaggerated pro-inflammatory 

response has been shown in the aged brain (Sierra et al., 2007; Henry et al., 

2009) and is associated with neurodegenerative diseases (Perry et al., 2007; 

Dantzer et al., 2008; Cunningham et al., 2009; Norden and Godbout, 2013). 

Classically in neuropathology, microglia have been categorized into a 

resting, ramified form and a completely de-ramified, activated form. 

However, a spectrum of "intermediate" morphologies exists which have 

been described in literature as "reactive", "intermediate" and "hypertrophic" 

and have been viewed as both activated as well as primed microglia (Streit, 

2000; Hwang et al., 2008; Ayoub and Salm, 2003; Karperien et al., 2013; 

Gomide et al., 2005; Luo et al., 2010; Beynon and Walker., 2009). Changes 

in microglia morphology, in correlation to altered function, have previously 
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been shown in models of tissue injury (Davis et al., 1994; Streit et al., 1999; 

Stence et al., 2001; Graeber and Streit., 2010). More recently, dynamic 

remodeling of microglia, particularly the extent of ramification, was 

reported to be important in monitoring, regulating and responding to 

synaptic activity in the brain (Nimmerjahn et al., 2005; Wake et al., 2009). 

In a model of chronic stress, microglia have been shown to respond by 

increasing the extent of secondary branching in the prefrontal cortex, 

correlating to local neuronal activity and behavioral changes (Hinwood et 

al., 2012). Although it is difficult to directly link morphology to function, 

changes in microglia morphology are a clear indication of perturbed brain 

homeostasis. 

Ercc1Δ/- microglia showed a hypertrophic morphology (thickened 

arbors and larger cell bodies) and extensive proliferation. With digital 

morphometric analysis in the cortex, microglia process length increased, 

whereas in the medulla microglia processes were shortened. Microglial 

hypertrophy and enhanced responsiveness to systemic inflammation has 

been shown previously in a prion disease model where microglia are primed 

(Perry et al., 2007; Gómez-Nicola et al., 2013). Interestingly, enhanced 

production of proinflammatory cytokines after an inflammatory stimulation, 

a hall mark of microglia priming, has been reported in aged mice microglia 

(Godbout et al., 2005; Sierra et al., 2007). A similar LPS hyper-

responsiveness, proliferation and hypertrophy was observed in Ercc1Δ/- 

microglia, indicating that microglia are primed in this model of DNA repair 

deficiency. 

The effect of priming on microglia functionality has not been 

explored yet. Ercc1Δ/- microglia showed higher expression of phagocytic 

receptors (Fig. 5) and show increased phagocytic activity which was further 
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enhanced by LPS. Furthermore, production of reactive oxygen species was 

enhanced in microglia upon LPS stimulation. Summarizing, the data shows 

that primed Ercc1Δ/- microglia display enhanced phagocytic activity and 

ROS production. Also, these functions are hyper responsive to LPS. Using 

expression profiling and subsequent WCGNA analysis of Ercc1Δ/--derived 

microglia, a priming-associated expression network was identified that 

contained many immune signaling related genes. Interestingly, several genes 

upregulated in Ercc1Δ/- microglia are also increased in expression in 

physiologically aged microglia (Hickman et al., 2013). 

Notably, mRNA expression of MHC-II complex encoding H2 genes 

was increased in Ercc1Δ/-microglia, an observation in agreement with data 

obtained in aging mice where increased CD68 and MHC II mRNA levels 

were observed (Godbout et al., 2005). Increased MHC II protein expression 

has been reported in aged human and primate brain (Dickson et al., 1992; 

Sheffield et al., 1998). Surprisingly, in Ercc1Δ/- mice MHC-II protein 

expression was not detected on microglia whereas phagocytic markers like 

Mac2 and CD68 showed robust expression. Moreover, LPS injection in 

Ercc1Δ/- mice resulted in a significant increase in the number of Iba1/Mac2 

positive cells, much more than in WT mice, indicating the presence of an 

increased number of microglia poised to switch to an inflammatory state in 

Ercc1Δ/- mice. Additionally, Mac2+ microglia often showed phagocytic 

inclusions. Ercc1Δ/- microglia therefore likely present a phenotype that is 

adapted to phagocytic clearance but not (yet) immune activated in the 

absence of an inflammatory stimulus. When stimulated, these microglia 

possibly switch to a pro-inflammatory state. However, isolation and 

inflammatory analysis of Mac2+ and Mac2- sub-populations of microglia 

would be required to further substantiate this hypothesis. 
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Previously, it was shown that DNA damage accumulation in Ercc1Δ/- 

mice primarily affected neurons and to a small extent astrocytes. Markers of 

genotoxic stress such as p53 and ATF3 were rarely detected in microglia (de 

Waard et al., 2010). We hypothesized that neuronal distress in this aging 

model could be the cause of the observed microglia priming. Analysis of 

Camk2-targeted Ercc1f/- (Camk2-Cre/ Ercc1f/-) mice, where DNA damage is 

specifically targeted to forebrain neurons showed that Mac2 and CD68 

expression was restricted to the forebrain (Fig. 7). Progressive microglia 

priming was observed from 8 to 26 weeks in Camk2-Cre/ Ercc1f/- mice. 

Furthermore, the morphology of primed microglia in Camk2-Cre/ Ercc1f/- 

mice was highly similar to the morphology of Ercc1Δ/- microglia (Fig. 8). 

Therefore, microglia priming (based on hypertrophic morphology and Mac2 

and CD68 expression) was restricted to forebrain regions expressing the 

Camk2-Cre transgene. Although astrocytes are susceptible to DNA damage, 

microglia priming did not occur in astrocyte-targeted Ercc1-/- mice (de 

Waard et al., 2010). These observations strongly suggest that the priming 

response in microglia was instigated by neuronal dysfunction; it is unclear 

why neurons are relatively sensitive to impaired Ercc1 activity, since it is 

unknown which types of lesions accumulate in Ercc1 impaired cells. 

In the cortex 8-16 weeks old Camk2-Cre/ Ercc1f/- mice, microglia 

rod cells were observed (Fig. 8). Rod cells are longitudinally shaped 

microglia that typically align with apical dendrites (Graeber, 2010) and have 

been associated with neural protection in cerebral ischemia (Lambertsen et 

al., 2011), Alzheimer’s disease (Wierzba et al., 2002) and traumatic brain 

injury (Ziebell et al., 2012). Rod cells were exclusively found in the lamina 

cortex and preceded the occurrence of Mac2 expression in microglia 

suggesting that rod cells are the first indicators of cellular stress of 
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pyramidal cells in lamina V. These data suggest that genotoxic stress in 

Camk2-targeted neurons induced microglia priming. 

While accumulation of DNA damage could potentially induce a 

“senescence-like” state in neurons (Jurk et al., 2012), perturbed 

transcriptional initiation might also cause neuronal dysfunction (Barzilai et 

al., 2008; Brooks et al., 2008) and as a result trigger immune activation. 

Indeed, the late phase long term potentiation (L-LTP) stage of synaptic 

transmission that is dependent on mRNA transcription and protein synthesis 

(Kelleher et al., 2004) has been shown to be affected in Ercc1Δ/- mice 

(Borgesius et al., 2011). It is likely that dysfunctional neurons affected by 

DNA damage communicate with microglia using several routes. While 

enhanced LPS reactivity has been used to characterize primed microglia in 

this study, the aging brain offers alternative priming triggers including 

complement proteins and ATP. In line with this reasoning, an increase in 

complement system activity has been previously reported in primed 

microglia (Ramaglia et al., 2012; Eikelenboom and Veerhuis, 1996) and 

increased complement gene expression was observed in Ercc1Δ/- microglia.  

The link between DNA damage events, inflammation and tissue 

specific degeneration is only beginning to be understood. Interestingly, a 

chronic cell-autonomous inflammatory response has been shown to occur in 

Ercc1-deficient adipocytes that led to recruitment of leukocytes and 

ultimately resulted in adipose tissue degeneration (Karakasilioti et al., 

2013). A recent study showed that loss of NF-κB signaling delayed DNA 

damage-induced aging and senescence (Tilstra et al., 2012). These studies 

suggest that DNA damage- and transcriptional initiation defects-induced 

neuronal dysfunction could instigate an inflammatory reaction, possibly 

amplified by microglia in the brain, leading to the cognitive dysfunction 



95A_BW Divya Darwin Arukseeli.job

181 
 

associated with NER defects and by analogy aging. The existence and 

characteristics of an inflammatory phenotype in aging neurons remains to be 

studied.  

In conclusion, our data strongly suggest that the microglial immune 

priming observed in this DNA repair deficient model of accelerated aging 

most likely is the consequence of an affected neuronal environment. The 

observed enhanced phagocytic activity might suggest that initially the 

priming response of microglia might support the degenerating brain. 

However, in case of persistent microglia stimulation by a degenerating brain 

environment or by an additional inflammatory stimulus, these primed 

microglia display an enhanced reactivity particularly in terms of cytokine 

secretion and ROS production. This might have serious implications for the 

extent of neurodegeneration induced by insults such as infections and stroke 

in segmental progeroid syndromes caused by defective NER such as 

xeroderma pigmentosum, Cockayne syndrome and trichothiodystrophy. 

Although direct extrapolations from progeroid models to physiological 

aging should be treated with restraint, understanding the signaling 

mechanisms that lead to enhanced reactivity in microglia might also help 

understand priming in the naturally aging brain and reveal if microglia 

priming is a potential confounding factor in neurodegenerative pathologies. 
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Suppl. Fig 1: Extent of ramification 
quantified by counting number of primary, 
secondary and tertiary processes up to 
level 5. N=10 cells per region per brain. 

MANCOVA statistical analysis showed no 
significance at the level of ramification for 
any region.
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Suppl. Fig. 2: MHC II immunoreactivity in 
WT (A) and Ercc1Δ/- (B) brain showed no 
detectable staining although MHC II+ cells 

were detected in the choroid plexus of the 
same brain sections (C) and in spleen (D).  
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Abstract  

Microglia are a proliferative population of resident brain macrophages that 

under physiological conditions self-renew, independent of hematopoiesis. 

Microglia are innate immune cells actively surveying the brain and are the 

earliest responders to injury. During aging, microglia elicit an enhanced 

innate immune response also referred to as “priming”. To date, it remains 

unknown whether telomere shortening affects the proliferative capacity and 

induces priming of microglia. We addressed this issue using early (first 

generation G1 mTerc-/-) and late-generation (third generation G3 mTerc-/-) 

telomerase-deficient mice, which carry a homozygous deletion for the 

telomerase RNA component gene (mTerc). In microglia isolated from G3 

mTerc-/- mice, we show that telomere shortening occurs and is associated 

with decreased proliferation. Under physiological conditions, gene 

expression and functionality of G3 mTerc-/- microglia are comparable to 

microglia derived from G1 mTerc-/- mice despite changes in morphology. 

However, after intraperitoneal injection of bacterial lipopolysaccharide 

(LPS), G3 mTerc-/- microglia mice show an enhanced pro-inflammatory 

response. Nevertheless, this enhanced inflammatory response was not 

accompanied by an increased expression of genes known to be associated 

with age-associated microglia priming. The increased inflammatory 

response in microglia correlates closely to increased peripheral 

inflammation, a loss of blood brain barrier integrity and infiltration of 

immune cells in the brain parenchyma in this mouse model of telomere 

shortening.  
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Introduction 

Microglia, the resident macrophages of the brain, are derived from 

early yolk sac macrophage progenitors (Ginhoux et al., 2010; Kierdorf et al., 

2013). Under physiological conditions, there is negligible infiltration of 

peripheral monocytes to the brain parenchyma and the microglia population 

is likely sustained by self-renewal (Ajami et al., 2007). Although, there have 

been previous studies aiming to understand the cycling rate of microglia 

(Lawson et al., 1992), the contribution of microglia proliferation to sustain 

the population in the brain during organismal lifespan remains unknown.  

The length of telomeres in somatic cells shortens progressively with 

successive cell divisions (Hayflick., 1965) and telomere erosion has been 

shown to correlate with proliferative activity of cellular populations over 

lifespan (Allsopp et al., 1995). The intricate association between telomere 

shortening, cellular senescence and organismal aging has been previously 

acknowledged (Campisi and d'Adda di Fagagna., 2007). Since microglia 

represent a proliferation-competent cell population, it is reasonable to 

hypothesize that self-renewal and subsequent telomere shortening can alter 

the proliferative capacity and functionality of microglia. Indeed, microglia 

telomere shortening has been associated with increasing age and dementia 

(Flanary et al., 2007). The proliferative capacity of microglia has shown to 

be linked to its innate immune response (Shankaran et al., 2007) and seems 

to be a critical component in the evolution of chronic neurodegeneration 

(Gomez-Nicola et al., 2013). In this study we investigated if telomere 

shortening could potentially alter the inflammatory reactivity of microglia in 

the brain.  
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Microglia in the aged brain have been shown to be primed for 

activation, a state of exaggerated inflammatory reactivity and persistent 

neuroinflammation. Microglia priming is considered an important 

confounding factor in age-associated neurodegenerative diseases (Norden 

and Godbout., 2013; Perry and Holmes., 2014). Dystrophic microglia, 

characterized by loss of structural integrity, presence of spheroid inclusions 

and fragmented cellular processes have been reported in the aged human 

brain (Streit et al., 2004). Similar dystrophic microglia have been reported 

in rodent mouse models of accelerated aging and neurodegeneration 

(Hasegawa-Ishii et al., 2011; Ma et al., 2003). Microglia from aged mice 

and Alzheimer’s mouse models were shown to phagocytose and degrade 

less amyloid beta peptide (Aβ), thereby contributing to the disease process 

(Hickman et al., 2008, Njie et al., 2012). Since dystrophy in microglia is 

restricted to aged and neurodegenerative brain tissues, it has been proposed 

to be the consequence of age-associated telomere shortening and replicative 

senescence in microglia (Flanary et al., 2007).  

It is presently unclear if telomere shortening in vivo has a direct 

impact on microglia functionality. Understanding the impact of telomere 

shortening on microglia functionality is important and relevant to the aged 

brain. In this study we show that in spite of telomere shortening, the basal 

physiological properties of microglia are largely unchanged. The increased 

microglial response to an inflammatory stimulus in G3 mTerc-/- mice is 

likely mediated by a decline of blood brain barrier integrity and increased 

immune cell infiltration upon telomere shortening.  
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Materials and methods 
Animals 

The telomerase knockout mice carry a homozygous deletion for the 

telomerase RNA component (mTerc) gene, that leads to complete loss of 

Terc expression and telomerase activity (reported in Herrera et al., 1999 in a 

C57/BL6 background). The mTerc-/- breeding pairs were obtained from Jax 

mice (Stock number: 004132). All mice were maintained on the C57BL/6J 

background. A loss of more than 10% body weight within a week was 

decided as ethical end-point. In the microarray experiment, 4 months old G1 

mTerc-/- or G4 mTerc-/- mice were used. B6.Cg-Tg(CAG-DsRed* 

MST)1Nagy/J (dsRed) transgenic mice originally purchased from the 

Jackson laboratory and bred in-house, was a kind gift from Prof. Gerald de 

Haan’s lab, Department of Cell Biology, European Research Institute on the 

Biology of Aging, University of Groningen, University Medical Center, 

Groningen 9713 AV, The Netherlands. Young (3-4 months) and 

physiologically aged (24 months) C57BL/6J mice were purchased from 

Harlan. The aging animals were group-housed under standard housing 

conditions with a 12 hours (h) light-dark alternating cycles and standard 

chow diet ad libitum (ab diets; Cat. No. 2103). The mTerc-/- mouse lines 

were maintained on 19% protein extruded rodent diet (T2919.10; Harlan 

Laboratories). All experiments were approved by the animal 

experimentation committee of the University Medical Center Groningen. 

Competitive proliferation assay  
Glial cell cultures from postnatal brain tissue allows microglia to be 

“shaken-off” at high purity from astrocyte beds as they proliferate once a 

week for about four rounds of division (Biber et al., 2001). Briefly, after 
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removal of the meninges and brainstem, brains were triturated in a buffer 

mix henceforth denoted as medium A, consisting of HBSS (Cat. No. H15-

010, PAA) with 0.6% glucose (Cat. No. G8769, Sigma-Aldrich), 15 mM 

HEPES buffer (Cat. No. S11-001, PAA) and 1% penicillin/streptomycin. 

Enzymes are added to this mixture to the following final concentration to 

obtain a single cell suspension: 0.25% trypsin and 1% DNase I (Gibco, 

Grand Island, NY). The cells were pelleted from G1 mTerc-/- (isolated from 

postnatal day 4, P4) or G4 mTerc-/-
 (P1), counted and mixed with 10 times 

equivalent cell numbers from DsRed brains (P0). The DsRed protein is 

expressed under the actin promoter in all cells of these mice. Mixing with 

DsRed cells was done for the following reason: The microglia in glia 

cultures require astrocyte support to proliferate and survive. It was unclear if 

astrocyte proliferation is also affected in mTerc-/- mice. In order to ensure 

sufficient trophic support from astrocytes in both cultures and to be able to 

distinguish cells added for trophic support, the glia cultures were set up by 

mixing G1 mTerc-/- or G4 mTerc-/- cells with DsRed pup-homogenates. The 

mixed pellet was then plated with culture medium containing DMEM with 

4.5 g/l glucose, 2 mM Glutamine, 1% penicillin/streptomycin and 1% 

Sodium pyruvate, supplemented with 10% FCS in 75cm2 flasks in a 1:1 mix 

with conditioned medium of the same composition from exogenous wild 

type mixed glia cultures. Cultures were maintained for 3 weeks in 5% CO2 

at 37ºC. After 3 weeks, microglial cells were harvested by orbital shaking 

which separates them from the underlying astrocyte layer and the 

repopulation efficiency of the cells was analyzed by flow cytometry 

analysis. 
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Acute isolation of microglia and phenotyping using flowcytometry   
Mice were perfused with 0.9% saline under isoflurane anesthesia and 

the brains were isolated and collected in ice-cold medium A. Subsequently, 

brains were minced and mechanically dissociated using a tissue 

homogenizer followed by a filtering step using a 70µm cell strainer (Cat. 

No. 352350, BD FALCON) to achieve a single cell suspension (step 1) (de 

Haas et al, 2008). All steps were performed at 4oC. Cells were pelleted by 

centrifugation and resuspended in 75% Percoll (Cat. No. 17-0891-01, GE 

Healthcare: 100% Percoll: 9 parts Percoll and 1 part 10x HBSS), overlaid 

with 25% Percoll and finally with PBS. Density separation was achieved by 

centrifugation of the discontinuous Percoll gradient in a swinging bucket 

centrifuge at 800 xg on low acceleration and no brake. After centrifugation, 

cells were collected from the 75% - 25% Percoll interface and pelleted by 

centrifugation. The cell pellet was resuspended in culture medium (DMEM, 

containing 5% FCS, 1% penicillin/streptomycin and 1% sodium-pyruvate) 

and plated for functional assays.  
For applications where DNA and RNA were extracted, we obtained 

a pure microglia cell suspension by flow cytometric cell sorting. After step 

1, the suspension was centrifuged, supernatant removed and the pellet 

resuspended in a solution of 22% Percoll (Cat. No. 17-0891-01, GE 

Healthcare), 40 mM NaCl and 77% myelin gradient buffer (5.6 mM 

NaH2PO4*H20, 20 mM Na2HPO4*2H20, 140 mM NaCl, 5.4 mM KCl, 

11mM Glucose, pH 7.4). PBS was layered to form a gradient which was 

centrifuged at 950 xg for 20 min in minimal acceleration and brake settings. 

Thereafter, the myelin layer and the remaining supernatant were carefully 

removed and the pellet resuspended in medium A without phenol red 

(prepared using HBSS, Cat. No. H15-009, PAA), supplemented with 
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phycoerythrin (PE) coupled rat anti-mouse CD11b and fluorescein 

isothiocyanate (FITC) coupled rat anti-mouse CD45 (Refer suppl. table 1 

for Cat. No.). After an incubation of 30 minutes on ice, cells were washed, 

filtered through a 35 μm nylon mesh (Cat. No. 352235, BD Biosciences) 

and sorted using a Beckman Coulter MoFloAstriosTM / MoFlo XDPTM cell 

sorter. Microglial cells, double-fluorescently labelled for CD11b-PE and 

CD45-FITC and negative for DAPI were collected in RLTplus lysis buffer 

(Qiagen).  

RNA and DNA isolation from microglia lysates 
Cellular lysates in RLTplus lysis buffer were used for the 

purification of DNA and RNA using the AllPrep DNA/RNA Micro Kit 

(Qiagen) according the manufacturer’s protocol. When DNA isolation was 

not necessary, RNA was extracted using the RNeasy Micro kit (Qiagen) 

according the manufacturer’s protocol. 

Flow cytometry for immunophenotyping  
Cells resuspended in medium A (without phenol red) were Fc 

blocked with 1% anti-CD16/32 (eBioscience) for 15 min, stained for 

different surface markers for 30 min on ice, washed with PBS, pelleted by 

centrifugation and resuspended in 200 μl of medium A for subsequent flow 

cytometric analysis. The surface expression of markers was measured with a 

FACS Calibur flow cytometer (Becton Dickinson) and the flow cytometric 

measurements were analyzed using FlowJo software. The results are 

presented as histograms. A small sample of the attained cell suspension was 

stained for CD11b and CD45 together with a live cell marker DRAQ5TM 

(Biostatus Ltd.) for CD11bhigh/CD45intermediate/DRAQ5+ cells in order to 

determine the purity of microglia preparation. For immunophenotyping of 
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mouse microglia cells the antibodies and isotype controls used are tabulated 

in supplementary table 1. For each staining the appropriate isotype control 

was used in a concentration- matched manner. 

Telomere length measurements 

Genomic mouse DNA isolated from pure microglial cell populations 

was used for the measurement of the average telomere length using 

quantitative PCR. Primers (telomere and 36B4), primer sequences, primer 

concentrations and thermal cycling profiles for both primers were as 

described by Callicott and Womack (2006) in their mouse telomere 

measurement protocol. The PCR was run on a 7900HT Taqman (Applied 

Biosystems) in a reaction volume of 11 μl and the input amount of the 

experimental samples was 12.5 ng of genomic DNA. The ratio of telomere 

(T): 36B4 (S) was calculated and the average of these ratios was reported as 

the average telomere length ratio (ALTR). T/S >1 and T/S <1 indicates 

average telomere length greater and less than standard DNA. To serve as a 

reference for standard curve calculation, a mix of 3x G1 mTerc-/- and G3 

mTerc-/- or a mix of 3x old and young microglia DNA samples having the 

highest concentration was prepared and serially diluted over a 30-fold range 

from 2 to 60 ng per well for both telomere and 36B4 primers similar to the 

procedure followed in Callicott and Womack (2006).  

qPCR analysis 

Reverse transcription of RNA samples were performed with a 

reaction mixture containing RevertAidTM M-MuLV Reverse Transcriptase, 

RibolockTM RNase Inhibitor, M-MLV buffer (all Fermentas). The 

quantitative PCR reaction contained iQTM SYBR Green Supermix (Bio-

Rad) and was performed in a 384 well plate (Applied Biosystems) on a 



104B_BW Divya Darwin Arukseeli.job

200 
 

ABI7900HT machine (Applied Biosystems). The primers were all designed 

with NCBI Primer BLAST software and ordered from Biolegio. Suppl. table 

2 shows the list of primers used in the study. 

RNA amplification and microarray analysis 

Microglia were sorted as CD11bhigh/CD45intermediate/DAPIneg 

population in RNA lysis buffer and RNA was extracted as mentioned above. 

Concentration of RNA was measured on a nanodrop (ND1000) and the 

RNA integrity checked using the RNA HighSens analysis protocol on the 

Experion electrophoresis station (Bio-Rad). Additional RNA amplification 

was performed with a Nugen Ovation RNA amplification Kit. Subsequently, 

RNA labeled and hybridized onto the Illumina Mouse WG6 Genomestudio 

(version 1.9.0) to generate expression values. Raw data was preprocessed 

and analyzed by project R (version 2.13.1) and BioConductor package 

Limma (version 1.8.18) (Smyth., 2005). Background correction was done 

with infrared negative probes and subsequently, quantile normalization and 

log2 transformation were applied. Not expressed probes were filtered out 

below detection level of p<0.05 in all samples. Differential gene expression 

was done using the rank product test (Hong., 2011) with a percentage of 

false predictions cut-off of 0.1. Heatmaps were generated using heatmap.2 

function of Bioconductor Package gplots. 

Phagocytosis assay 

After isolation from the Percoll gradient (75-25%) interface, cells 

were counted and resuspended in 1 ml culture medium and seeded in 6 well 

plates as 100,000 cells/well. 1.5 h after seeding, medium was replaced with 

culture medium containing 25 μg/ml of pHrodo™ E.coli BioParticles® 

conjugate (Invitrogen). After 6 h, the fluorescence emission was recorded in 
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FACS Calibur flow cytometer, BD (emission maxima of pHrodo is 585nm) 

and the flow cytometric measurements were analyzed using FlowJo so 

tware and plotted as histograms. 

Determination of reactive oxygen species production 
Production of reactive oxygen species by acutely isolated microglia 

was determined by detecting the conversion of H2DCFDA (2’,7’-

dichlorodihydrofluorescein diacetate) in to fluorescent DCF (2',7’-

dichlorofluorescein) with flow cytometry. 100 μl of cell suspension 

containing 2×104 cells was incubated with and without H2DCFDA. 5 μM of 

H2DCFDA was added to the cells and incubated for 20 minutes in the 

presence or absence of adenosine-5′-triphosphate (ATP, 40 nM), after which 

fluorescence was measured using flow cytometry. The mean fluorescence 

intensity of DCF after subtraction of the background fluorescent values only 

from cells without DCF was plotted. 

Immunohistochemistry 

Immunohistochemical staining was performed on brains fixed 

overnight at 4 °C in 4% paraformaldehyde in 0.1M phosphate buffer (pH 

7.4), cryoprotected with 25% sucrose and cut in to 50 μm thick sections. 

Parallel free-floating sections were incubated for endogenous peroxidase 

blocking (2% H2O2 in 70% methanol for 10 min), followed by 1 h in 

Blocking Buffer solution (BB) containing 5% normal goat serum or fetal 

calf serum in phosphate buffered saline (PBS) containing 0,1% Triton X-

100 (Fluka) (PBST) for 30 minutes at room temperature. Subsequently, 

sections were incubated 48 h in PBST at 4 °C with anti-Iba1 (Wako, Japan), 

anti-Mac2 (Cedarlane, Canada), anti-laminin (MP Biomedicals, USA), Anti-

IgG (Vector Laboratories Inc, USA). Negative controls devoid of primary 
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antibody were also included. After washes with PBS, sections were 

incubated at room temperature for 1 h with biotinylated anti-rabbit (1:200; 

BA-1000) secondary antibody (from Vector Laboratories Inc, Burlingame, 

CA). Sections were then rinsed in PBS and incubated with horseradish 

peroxidase streptavidin (1:400; SA-5004; Vector Laboratories Inc, 

Burlingame, CA, USA). The peroxidase reaction was visualized by 

incubating the sections in Tris buffer containing 0.5 mg/ml 3, 3′- 

diaminobenzidine (DAB) and 0.33 μl/ml H2O2. Sections were then 

dehydrated and coverslipped with DePeX.  

Alternatively, for some primary antibodies such as Ly6G (Clone 7/4, 

Biosource International), CD45, CD31 (both from BD pharmingen, San 

Diego, USA), VCAM1 (Clone M/K-1.9, ATCC, Manussas VA, USA) 

immunostaining was performed on 16 µm brain sections from snap frozen 

brains. Briefly, sections were fixed with acetone for 10 min, air-dried and 

were incubated with primary antibody for 2 h at room temperature followed 

by washing in PBS. Primary rat anti mouse antibodies were diluted in 5% 

fetal calf serum (FCS) in PBS. Endogenous peroxidase was blocked by 

incubation with peroxidase blocker from the DAKO envision kit 

(Cambridgeshire, UK) for 5 min. Detection was performed with rabbit anti-

rat secondary antibodies (preabsorbed, Vector Laboratories, Burlingame, 

CA, USA) diluted to 1:300 in PBS/ 5% FCS, which was followed by anti-

rabbit HRP incubation (DAKO envision kit). Between antibody incubations, 

slides were extensively washed with PBS. Peroxidase activity was detected 

with 3-amino-9-ethylcarbazole (DAKO envision kit), and sections were 

counterstained with Mayer’s haematoxylin (Merck, Darmstadt, Germany). 

Slides were scanned using a ScanScope XT Digital Slide Scanner 

(Aperio) at a resolution of 0.25 mm/pixel (100,000 pix/in) and data were 
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analyzed with the positive pixel count algorithm (Imagescope). These 

algorithms make use of a color deconvolution method (Ruifrok and 

Johnston, 2001) to separate stains, so that quantification of individual stains 

avoided cross contamination. A minimum of 5 fields per brain region (20x 

magnification) were quantified for each animal. The data is representative of 

3 independent animals from each cohort and is depicted as total number of 

positive pixels ± SD. 

Quantitative morphological analysis of microglia  
Images of brain sections with Iba1 staining performed on free-

floating brain sections (at every 0.5 µm depth throughout 45µm thickness) 

were acquired as Z-stacks to analyze the whole cell architecture. Maximum 

projection images were examined by manually creating a region of interest 

(ROI) that would include the cell of interest entirely. All analyses were 

performed using ImageJ. The length of the external and internal borders 

were measured independently and the results were summed up to measure 

the perimeter of the cell, Pc. Solidity was calculated as S = Ac/Ah, where 

Ac is the area of cell, Ah is the convex hull area. The convex hull is the 

smallest convex polygon circumscribed on the cell silhouette. The figure for 

convex hull was drawn manually using the polygon selection tool from the 

ImageJ program. All parameters were calculated from threshold 8-bit 

images. In all cases, the number of microglial cells analyzed was 30-40 per 

group (n = 3 mice; atleast 10 cells per region per animal).  

Endotoxemia model 
Animals were intraperitoneally (i.p.) injected with 1 mg/kg 

lipopolysaccharide (LPS) (E.coli 0111:B4; Sigma-Aldrich, St. Louis, MO, 

L4391) or saline. 4h (for RNA isolation) or 18h (for immunohistochemistry) 
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after injection, the animals were sacrificed, brains isolated and processed for 

appropriate analyses.  

Enzyme-linked immunosorbent assay (ELISA)  
Interleukin 6 (IL-6) levels were measured in blood plasma from 

wildtype (WT) and G3 mTerc-/- using commercially available ELISA kits 

according to manufacturer’s instructions (Biolegend).  

Differential blood cell counting  

Bone marrow cells were isolated from both femora. Single cell 

suspensions were obtained by flushing the femur and the total number of 

nucleated cells was assessed using a Coulter Counter (Coulter Electronics, 

Dunstable, England) followed by a standard NH4Cl erythrocyte lysis. 

Subsequently, cells were incubated with 5% normal rat serum for 15 

minutes at 4°C, after which cells were stained with biotinylated lineage-

specific antibodies: anti-CD45R, anti-B220, anti-Gr-1, anti-CD3, anti-

CD11b, (all antibodies from Pharmingen, San Diego, CA; http://www. 

bdbiosciences.com) for 40 minutes at 4°C. Cells were subsequently 

incubated with Streptavidin-PE (Pharmingen) for 40 minutes at 4°C and 

filtered through a 35-μm cell strainer (Becton, Dickinson, Bedford, MA; 

http://www.bd.com), after which cells were quantified using a MoFlo flow 

cytometer (DakoCytomation, Fort Collins, CO; 

http://www.dakocytomation.com). 
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Results 

Genetic deletion of the mTerc gene results in telomere shortening and 
reduced proliferative capacity in microglia 

Relative telomere length analysis in microglia isolated from young 

(4 months) and aged (24 months) C57/BL6 inbred mice did not reveal a 

significant difference in telomere length as determined by quantitative PCR, 

indicating that microglia do not undergo significant telomere shortening 

during aging in mice. In contrast to microglia from aged mice (24 months), 

a significant reduction in telomere length was observed in microglia from 6 

months old G3 mTerc-/- mice in comparison to age matched G1 mTerc-/- 

controls. The telomeres from G3 mTerc-/- microglia were significantly 

shortened compared to aged microglia (Fig 1A). 

In order to investigate whether telomere shortening affected the 

proliferative capacity of microglia, we performed a competitive proliferation 

assay. For this purpose we prepared post-natal glial cell cultures (P0-P4) 

from G4mTerc-/-, G1mTerc-/- and DsRed pups (expressing red fluorescent 

protein in all cells). The proliferation of microglia in the postnatal mixed 

glia cultures also depends on trophic support from the underlying astrocyte 

layer. To circumvent the possibility of defective astrocyte proliferation 

hence affecting microglia proliferation, the mixed glia cultures were set up 

by mixing either G1 mTerc-/- or G4 mTerc-/- with DsRed postnatal brain 

tissue in a ratio of 1:10. DsRed expression was used to discriminate between 

microglial cells derived from DsRed and G1 mTerc-/- or G4 mTerc-/- mice.  

The relative contribution of red (from DsRed brains) vs non-red 

microglia (G1 mTerc-/- or G4 mTerc-/- brains) during proliferation of the 

postnatal cultures was analyzed using flow cytometry and these proportions 
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are indicated as percentage populations in flow cytometry graphs from first 

to fourth mitotic shake-off over a period of one month. The results show 

that while the proportion of G1 mTerc-/- microglia increased from the 1st to 

the 4th shake off (Fig. 1G compared to 1E), the relative contribution of G4 

mTerc-/- microglia decreased during successive mitotic shake off 

preparations (Fig. 1H compared to 1F). The cultures generated from G1 

mTerc-/- or G4 mTerc-/- brains that were not mixed with DsRed cells showed 

hardly any red fluorescence as expected and were used as negative control 

(Fig. 1C). Shake-off preparations from only DsRed cultures were used as a 

positive control (Fig. 1D). The quantified results of the % proportions are 

depicted in Fig. 1B. These data show that G4 mTerc-/- microglia have a 

reduced proliferative capacity compared to G1 mTerc-/- microglia. 

Telomere shortening does not result in phenotypic or functional 
alterations in microglia 

In order to determine the activation status of microglia upon 

telomere shortening, protein expression of several cell surface markers 

including microglia markers such as CD11b, CD45, F4/80 and CD11c, 

neuronal communication molecules such as CD200R and CD172a, and 

antigen presentation molecules such as CD80 and MHC II were analyzed. 

No difference in expression levels of these proteins between G1 and G3 

mTerc-/- mice of 8 months of age was observed (Suppl. Fig. 1A, B). 

Transcriptome analysis of pure microglia, directly isolated from 4 months 

old G1 mTerc-/- and G4 mTerc-/- mice was performed to determine possible 

changes in gene expression due to telomere shortening. The gene expression 

analysis demonstrated only a modest upregulation of p21 expression in G4 

mTerc-/- microglia (Suppl. Fig. 1C). Interestingly, several genes that have 
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been previously shown to be expressed during microglial activation such as 

Egr1, Chi3l3, Chi3l4, Ccl3, Lyz1, Fos, Jun, Mapk8 were downregulated in 

G4 mTerc-/- microglia (Suppl. Fig. 1D). Expression of phagocytic receptors, 

such as CD36, CD18, CD204, CD54 (Suppl. Fig. 1E) on microglia cell 

surface, assessed by flow cytometry, was comparable between 8 months old 

G1 and G3 mTerc-/- mice.  

 

To determine if telomere shortening affected phagocytic capacity, 

acutely isolated microglia from 8 months old G1 mTerc-/- and G3 mTerc-/- 

mice were tested in a phagocytosis uptake assay using E.coli bacteria 

coupled to pHrodo. The pHrodo dye fluoresces at acidic pH upon fusion of 

the phagocytic cargo with lysosomes and hence facilitates visualization of 

only the internalized particles. Analysis of red fluorescence in G1 mTerc-/- 

and G3 mTerc-/- microglia by flow cytometry showed that the phagocytic 

intake was similar in both cases (Suppl. Fig. 1F). Also, DCFDA 

fluorescence mediated by released of reactive oxygen species (ROS) by 

microglia was found to be comparable in G1 mTerc-/- and G3 mTerc-/- 

microglia (8 months old) under control conditions and when stimulated with 

40 nM ATP (Suppl. Fig. 1G).  

Increased microglial immune response to endotoxemia in G3 mTerc-/- 
microglia  

Inflammatory reactivity in microglia, based on morphological 

changes and cytokine expression was investigated in 10 months old G1 

mTerc-/- and G3 mTerc-/- mice after an i.p. injection of lipopolysaccharide. 

G1 and G3 mTerc-/- mice were terminated 18 h after LPS injection for 

analysis of microglia morphology. The extent of changes in morphology in 
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Fig. 1: Telomerase ablation results in 
telomere shortening and a proliferative 
deficit in microglia. (A) Relative telomere 
length measurement in isolated microglia 
from young (3-4 months; n=12) and old (24 
months; n=11) mice show no significant 

difference while isolated microglia from 
G1(n=11) and G3 mTerc-/- (n=11) mice (6 
months old) shows significantly shorter 
telomeres in G3 mTerc-/- microglia. 
Asterisks * indicate comparisons for which 
p-value was significant according to one 
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way ANOVA analysis * p < 0.05, ** p < 
0.005, *** p < 0.001, and ns: not 
significant. Error bars indicate standard 
deviation (SD). (B) G1 and G4 mTerc -/- pup 
brains (each group from 6 pooled pup 
brains) were used to prepare shake-off glial 
cultures with 10 parts equivalent DsRed 
pup brain homogenates (pooled from 12 
DsRed pup brains). Repopulation ability of 
G1 and G4 mTerc -/- microglia were 
assessed by quantifying the percentage of 

the red vs non-red populations. Flow 
cytometry controls of non-red (C) and 
DsRed (D) cells. G4 mTerc -/- microglia 
showed a decreased % proportion on 4 
successive shake-off cultures (H versus F) 
while G1 mTerc-/- increased in % proportion 
with respect to Ds Red (G versus E) 
indicating compromised proliferation and 
repopulation capacity in G4 mTerc -/- 
microglia. 

 

G3 mTerc-/- brains was comparable to that in G1 mTerc-/- brains (Suppl. Fig. 

2). A detailed quantitative microglia morphology analysis was performed on 

Iba1 immunostained sections in 10 months old G1 and G3 mTerc-/- brain 

sections with or without LPS injection. There were notable differences in 

cell area and perimeter between G1 mTerc-/- and G3 mTerc-/- microglia in 

the brain regions analyzed including frontal cortex, entorhinal cortex and 

medulla. Quantification of the images showed a significant decrease in 

microglia cell area and perimeter in LPS injected G1 and G3 mTerc-/- mice 

(Fig 2 A, B). Cell solidity (calculated as described in the methods section) is 

an effective parameter for identification of subtle changes in microglia 

morphology at the intermediate stages towards activation (Soltys et al., 

2001). An increase in cellular occupancy indicates the transition from a 

ramified state towards hypertrophy. Microglial solidity/occupancy was 

significantly increased in LPS injected G1 and G3 mTerc-/- mice indicating a 

hypertrophic state (Fig 2 C). Although genotype and LPS treatment was 

found to be significantly different in most conditions, the combined 

interaction was not significantly different indicating that the extent of 

morphological changes in LPS injected G3mTerc-/- microglia vs non-

injected G3mTerc-/- microglia are comparable to that in G1mTerc-/- 

microglia. 
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Fig. 2: Increased hypertrophy in microglia 
of late-generation telomerase knockout. 
Quantification of (A) microglia area (B) 
microglia perimeter (C) microglia 
solidity/occupancy. Decrease in cell area, 
perimeter, solidity were evident in LPS 
treated G3 mTerc-  microglia compared to 
G1 mTerc-/- microglia. At least 10 cells from 

3 animals per group were used for 
quantification. Asterisks * indicate 
comparisons for which p-value was 
significant according to two way ANOVA 
analysis * p < 0.05, ** p < 0.005, *** p < 
0.001. Error bars indicate standard error of 
mean (SEM).
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 Fig. 3: Increased cytokine response of G3 
mTerc

-/-
 microglia to LPS challenge. 

Microglia were sorted as 
CD11bhigh/CD45intermediate population from 
G1 (n=4) and G3 mTerc-/- (n=4) brains, after 
being injected with vehicle (PBS) or with 

LPS (1 mg/kg, 4 h). Relative mRNA 
expression of cytokines was quantified by 
real-time RT-PCR. The microglia expression 
of the pro-inflammatory cytokines IL-1β (A), 
IL-6 (B) and TNFα (C) was significantly 
increased in response to LPS with a much 
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higher expression in G3 mTerc-/- microglia 
compared to G1 mTerc-/- microglia isolated 
from 6 month old animals. Anti-
inflammatory IL-10 (D) TGFβ (E) expression 
in response to LPS were not significantly 
different between G1 and G3 mTerc-/- 
microglia at this age. Basal expression of 
cytokines was also negligible at this age. 
However, at an age of 10 months G3 mTerc-
/- (n=6) microglia show increased secretion 
of IL-1β (F) and TNFα (G) more than aged 

microglia isolated from 24 month old mice 
(C57/Bl6 background; n=4 for young and 
aged mice). Also, at 10 months basal 
expression of these cytokines were higher 
in G3 mTerc-/- microglia compared to G1 
mTerc-/- microglia (n=6). Asterisks * indicate 
comparisons for which p-value was 
significant according to one way ANOVA 
analysis * p < 0.05, ** p < 0.005, *** p < 
0.001, and ns: not significant. Error bars 
represent SD.

 

To address microglial inflammatory reactivity, gene expression of 

the pro-inflammatory cytokines interleukin 6 (IL-6), tumor necrosis factor 

alpha (TNFα) and interleukin 1 beta (IL-1β) and anti-inflammatory 

cytokines transforming growth factor beta 1 (TGFβ) and interleukin 10 (IL-

10) were determined in microglia isolated from 6 months old G1 and G3 

mTerc-/- mice, i.p. injected with saline or LPS 3 h prior to isolation. The 

expression of pro-inflammatory cytokines was significantly increased in G3 

mTerc-/- microglia compared to G1 mTerc-/- microglia in LPS injected 

animals. In saline injected G3 mTerc-/- mice, cytokine expression levels 

were comparable to those of G1 mTerc-/- mice (Fig. 3 A-E).  

In an independent experiment, the extent of LPS-induced microglial 

cytokine expression in microglia from G3 mTerc-/- and physiologically aged 

mice was compared. LPS was injected i.p. in young (4 months), aged 

C57/BL6 mice (22 months), G1 mTerc-/- (10 months) and G3 mTerc-/- (10 

months) mice. G3 mTerc-/- mice which did not show behavioral alterations 

such as changes in nesting behavior, severe kyphosis or hind-leg clasping 

were chosen for this experiment. The results show that the increased pro-

inflammatory cytokine expression in G3 mTerc-/- microglia is much stronger 

than the expression in aged microglia. Also microglia isolated from 10 
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months old G3 mTerc-/- mice showed increased expression of pro-

inflammatory cytokines in the absence of external stimuli (Fig. 3F, G). 

Age-associated priming genes are not expressed in microglia upon 
telomere shortening 

Age related priming in microglia has been previously shown to induce a 

specific gene expression profile (Hickman et al., 2013). We selected genes 

that were upregulated in “primed” aging microglia and analyzed their 

expression by quantitative PCR in microglia from young (3-4 months), aged 

(24 months), G1 and G3 mTerc-/- mice (10 months age). Age related priming 

genes such as Dectin1, LgalS3, Spp1, Axl and Itgax were highly expressed 

in microglia isolated from aged WT mice (Fig. 4 A-E). However, microglia 

isolated from G3 mTerc-/- mice did not show any expression of age-

associated priming genes, independent of i.p. LPS injection.  

Alterations in blood brain barrier integrity and increased leukocyte 
infiltration upon telomere shortening in late-generation mTerc-/- mice  

The BBB strictly regulates communication between the CNS and 

peripheral circulation. Under conditions of inflammation, circulating 

leukocytes can pass the BBB and have been shown to contribute to CNS 

pathologies (Hult et al., 2008). Infiltrating leukocytes in the brain are 

CD45hi (Gate 2,3) (Kettenman et al., 2011). Flow cytometry analysis of G3 

mTerc-/- brains showed increased CD45hi cells upon i.p. LPS injection 

(Gates 2 and 3 in Fig. 5 B compared to A).  G3 mTerc-/- brains showed a 

higher immunoreactivity for CD45, particularly near ventricles upon LPS 

injection than in G1 mTerc-/- brains (Fig. 5 C, D). Using a specific marker 

for neutrophils, Ly6G, infiltrating neutrophils were detected in the G3 
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mTerc-/- brain parenchyma (Fig. 5 E, F). The number of neutrophils in the 

parenchyma was higher in G3 mTerc-/- compared to G1 mTerc-/- brains (Fig. 

5G). 
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 Fig 4: Absence of age-associated priming 
genes in G3 mTerc

-/-
 microglia in the 

presence or absence of LPS. Microglia were 
sorted as CD11bhigh/CD45intermediate 
population from G1 and G3 mTerc-/- brains 
(n=6), after being injected with vehicle 
(PBS) or with LPS (1 mg/kg, 4 h) and the 
relative mRNA expression of genes of 
interest were quantified by real-time RT-
PCR. Age-associated priming genes (A) 
Dectin1 (B)LgalS3 /Mac2 (C) Spp1 
/osteopontin (D) Axl (E) Itgax /CD11c were 

expressed in aged microglia isolated from 
24 month old mice (n=4) compared to 
young 4 month old controls (n=4). 
However, the expression of these genes 
were comparable and low between G1 and 
G3 mTerc-/- microglia in the presence or 
absence of LPS induced inflammation. 
Asterisks * indicate comparisons for which 
p-value was significant according to one 
way ANOVA analysis * p < 0.05, **, p < 
0.005, *** p < 0.001, and ns: not 
significant.   Error bars represent SD.

 
Aging G3 mTerc-/- mice exhibit a range of phenotypic presentations 

of aging. Even littermates can range from showing normal behavior to 

decreased nesting behavior, disrupted hind leg movement with hind leg 

clasping upon lifting and kyphosis of the spine. Occasionally these 

symptoms progress to anal prolapse (upon which the animal is terminated 

for ethical considerations). The variation in phenotypic presentations might 

be due to heterogeneity in telomere erosion. However, the progressive 

worsening of the aging phenotype correlates to the percentage of brain 

infiltrates. In aged G3 mTerc-/- animals that show degenerative changes such 

as intestinal dystrophy or anal prolapse, the infiltrating leukocytes 

constituted up to 24% of the total cell isolate (Fig. 5H). To check if organ 

dystrophy causes increased peripheral inflammation, we performed IL-6 

cytokine measurements in blood plasma and analyzed the composition of 

blood cells in the bone marrow. IL-6 cytokine levels were found to be 30 

fold higher in G3 mTerc-/- plasma samples compared to G1 controls (Fig. 

5I). Also, blood cell phenotyping showed higher white blood cells (WBCs) 

in G3 mTerc-/- blood samples (Fig. 5J). More careful analysis of cellular 

subtypes showed an increased number of granulocytes and inflammatory 

monocytes identified as SSChigh CD11b+ Gr-1+ cells in circulation in G3 



112B_BW Divya Darwin Arukseeli.job

216 
 

mTerc-/-  (SSC indicates side scatter in flow cytometry; Fig. 5K) indicating 

increased inflammation. B cells (CD45R+ B220+) were decreased in G3 

mTerc-/- animals. T cells (CD3+) and monocytes (SSCmed CD11b+) cells 

were not significantly different (Fig. 5K).  

Increased  infiltration is an indication of decreased BBB integrity. 

Telomerase ablation has previously been shown to affect neuroinflammation 

and the BBB in an experimental mouse model of stroke (Zhang et al., 2010). 

We checked the status of the BBB by immunohistochemical evaluation of 

blood vessel appearance and density in 10 months old G1 and G3 mTerc-/- 

brains using antibodies against CD31 (for labelling endothelial cells) and 

laminin (for labelling basement membrane of the vessel walls). In G3 

mTerc-/- mice, CD31 immunoreactivity was slightly decreased in the frontal 

cortex (FC) (Fig. 6 A,B) and cerebellum (Cer) (Fig. 6 C,D) compared to G1 

mTerc-/- mice (Fig. 6Q). Laminin immunoreactivity on the other hand was 

noticeably decreased in G3 mTerc-/- brains (Fig. 6R) and this decrease was 

observed in all brain regions studied; FC, Cer and medulla (Med) (Fig. 6 

E,F; G,H) while the decrease in laminin staining was most pronounced in 

the FC. Activated endothelial cells in blood vessels upregulate proteins 

including VCAM1, which plays a role in leukocyte adhesion and 

infiltration. VCAM1 expression is increased in G3 mTerc-/- brains (Fig. 6 

I,J; K,L) and particularly predominant in deep white matter regions. A 

hallmark of BBB alteration is the presence of IgG in the brain parenchyma. 

Circulating IgG normally cannot enter the brain parenchyma across an intact 

BBB (Seitz et al., 1985; Bullard et al., 1984). IgG1 permeability assessed by 

immunohistochemistry showed intact blood vessels in G1 mTerc-/- brain 

tissue whereas G3 mTerc-/- brains show large, serrated IgG1 immunoreactive 
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vessels. Together, these data indicate alterations in blood vessels and a 

decrease in BBB integrity in G3 mTerc-/- mouse brains. 
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Fig. 5 (previous page): Increased 
infiltration of blood leukocytes in G3 
mTerc

-/-
 brains. CD11b CD45 staining in G1 

mTerc-/- (Fig. 5A) vs G3 mTerc-/- (Fig. 5B) 
animals. Gate1 indicates microglia, Gate 2 
represents infiltrating macrophages and 
Gate 3 represents leukocytes. 
CD11blow/CD45medhigh infiltrating 
macrophages and leukocytes were higher 
in LPS injected G3 mTerc-/- animals. CD45 
immunoreactive cells are present around 
white matter tracts near ventricles in LPS 
injected G3 mTerc-/- mice (Fig 5D) and not 
equally abundant in G1 mTerc-/- brains (Fig 
5C). Ly6G positive neutrophils are higher in 

G3 mTerc-/- brain parenchyma (Fig 5F) (n=3) 
compared to G1 mTerc-/- brains (Fig 5E; 
plotted in Fig. 5G)(n=3). Phenotypic 
presentations in G3 mTerc-/- mice and 
corresponding CD45high cellular population 
percentages are tabulated in (H). IL-6 
cytokine levels in G3 vs G1mTerc-/- plasma 
(I) Blood cell counting shows higher 
number of WBCs in G3 mTerc-/- bone 
marrow (J) Differential blood cell 
phenotyping shows higher number of Gr-1 
positive granulocytes and inflammatory 
monocytes in circulation compared to B 
cells and T cells (K).  
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 Fig. 6: Compromised blood brain barrier 
and endothelial activation in G3 mTerc

-/-
  

brains. CD31 shows slightly decreased 
vessel density in G3 mTerc-/- brains (n=3;  
B,D) compared to G1 mTerc-/- counterparts 
(n=3; A, C). CD31 immunostaining 
quantified as positive pixels between G1 
and G3 mTerc-/- brains (Fig. 6 Q; next page) 
Laminin staining shows decreased and 
stunted vessels in regions including frontal 
cortex (F compared to E), cerebellum (H 
compared to G) in 10 month old G3 mTerc-/- 
brains (n=3) compared to G1 mTerc-/-  
counterparts (n=3) (quantified as positive 
pixels in R; next page). VCAM, a marker of 
endothelial activation was upregulated in 
G3 mTerc-/- brains in regions including 
frontal cortex (J compared to I), cerebellum  

 
                                                                                  
(L compared to K) compared to G1 mTerc-/- 
brains (n=3). Quantification of VCAM 
positive pixels (S; next page) positive pixels 
(U) in different brains regions.  IgG 
permeability was assessed by 
immunoreactivity to IgG. IgG1 
immunoreactive serrated, leaky blood 
vessels were abundant in G3 mTerc-/- brains 
(n=3) in regions including frontal cortex (N 
compared to M), cerebellum (P compared 
to O) compared to G1 mTerc-/- brains (n=3). 
Quantification of IgG positive pixels (T; next 
page) positive pixels in different brains 
regions. Asterisks * indicate comparisons 
for which p-value was significant according 
to one way ANOVA analysis * p < 0.05, ** p 
< 0.005, *** p < 0.001, and ns: not 
significant. Error bars indicate SD. 
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Discussion  
Differences in telomere biology between mice and humans have 

been acknowledged previously (Calado and Dumitriu., 2013). Based on 

telomere length, the use of mouse models for studying physiological aging 

particularly with regard to the role of telomeres in aging is a matter of 

debate. It has been argued that age related telomere shortening and its 

consequences cannot be studied effectively in normal aging mice (Wright 

and Shay, 2000; Gomes et al., 2011). Telomere length analysis in the aged 

human brain showed correlation to age in some studies (Nakamura et al., 

2007; Lukens et al., 2009) while in others there was no detectable co-

relation (Allsopp et al., 1995). The observed correlation to age in brain 

tissue, was speculated to be due to change in telomere length in a subset of 

brain cells (Lukens et al., 2009). In accordance, a study analyzing telomere 

lengths in microglia isolated from the human brain showed significant 

shortening and predicted propensity for dementia (Flanary et al., 2007). 

Here we show that microglia in G3 mTerc-/- mice display considerable 

telomere shortening compared to G1 mTerc-/- mice, analogous to results in 

aged human microglia (Flanary et al., 2007). On the other hand, microglia 

isolated from young (3 months) and aged (24 months) mice under healthy 

conditions do not show significant telomere shortening. Therefore, the G3 

mTerc-/- mouse model seems more suitable than normal aging mice to study 

the effects of telomere shortening in microglia.  

Telomere shortening in mTerc-/- mice was apparent only after several 

generations of inbreeding, as telomeres shorten at a rate of 4.8 ± 2.4 kb per 

Terc-/- generation (Blasco et al., 1997). Consequently, the third generation of 

mTerc-/- mice (G3 mTerc-/-) showed premature aging phenotypes hallmarked 

by gray hair, humped back, compromised fertility and decreased lifespan 
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(Herrera et al., 1999). In line with these observations, telomere shortening in 

G3 mTerc-/- mice compromised the proliferative potential of cultured 

microglia. It is however not possible to exclude that a differential survival 

ability in G1 vs G3 mTerc-/- microglia could also in effect produce a similar 

experimental outcome. In spite of their reduced proliferative potential, 

microglial telomere shortening, as observed in G3 mTerc-/- mice does not 

cause changes in marker expression or vital microglia functions studied ex 
vivo such as phagocytosis and free radical production.  

The gene expression profiling from G4 mTerc-/- microglia showed 

only modest changes in gene expression levels compared to G1 mTerc-/- 

microglia. Interestingly, G4 mTerc-/- microglia showed increased p21 

expression. p21 is a p53 target gene, implicated in cell-cycle arrest, tumor 

suppression and used as a marker of cellular senescence (Serrano et al. 

1997). Interestingly, genes previously reported in activated microglia such 

as Egr-1, CCl3, Chi3l3, Chi3l4, Lyz1 (McMahon and Monroe, 1996; Friedle 

et al., 2011; Babcock et al., 2003; Chang et al., 2001) and in proliferation 

such as Fos, Jun and Mapk8 (Yamasaki et al., 2014) were found to be 

mildly but significantly downregulated in G4 mTerc-/- microglia.  

A study investigating the role of telomere shortening on plaque 

pathology using APP23 mice (a mouse model for Alzheimer’s disease) 

crossed with telomerase knockout mice (mTerc-/-) indicated that telomere 

shortening improved the spatial learning ability and decreased plaque load 

(Rolyan et al., 2011). The study showed a change in morphology of G3 

mTerc-/- microglia, but did not display differences in expression of microglia 

proteins such as MHC II that are altered during activation. Detailed 

quantification of morphology showed that microglia in G3 mTerc-/- brain, 

showed differences in cell area, perimeter and solidity compared to G1 
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mTerc-/- microglia but no differences in surface protein expression or 

functionality were detectable. Previously, aged microglia have been shown 

to display enhanced pro-inflammatory activity (Sierra et al., 2007). We 

reasoned that telomere shortening could still alter the immune response 

without changing the cellular profile. I.p. injection of LPS in G3 mTerc-/- 

mice showed greater changes in microglia in terms of enhanced cytokine 

expression. Notably, 10 month old G3 mTerc-/- microglia showed an 

enhanced pro-inflammatory response that is higher than 24 month old wild 

type microglia.  

Enhanced and persistent neuroimmune activity of microglia 

associated with aging is referred to as microglia priming (Norden and 

Godbout, 2013; Perry and Holmes., 2014) and shows a unique gene 

expression signature (Hickman et al., 2013). Microglia priming has also 

been shown to occur as a result of DNA damage accumulation in neurons in 

an accelerated mouse model of aging (Raj et al., 2014). Interestingly, both 

telomere dysfunction and DNA damage accumulation can signal via a 

common p21 mediated pathway in neurons (Jurk et al., 2012; Sperka et al., 

2012). Analysis of genes associated with priming showed that microglia 

isolated from aged mice highly expressed these genes but G3 mTerc-/- 

microglia do not display any expression of priming genes in the presence or 

absence of peripheral inflammation, indicating that telomere shortening 

does not result in microglia priming. Considering reports on strong presence 

of DNA damage foci and inflammation in late-generation post-mitotic 

mTerc-/- neurons (Jurk et al., 2012), the absence of microglia priming might 

even seem surprising. However, this might be related to the extent of 

damage to neurons mediated by telomere dysfunction. Genomic DNA 

damage accumulation has been shown to affect gene expression in neurons, 
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particularly in that of genes involved in synaptic regulation during aging (Lu 

et al., 2004). Genomic DNA damage as exerted by loss of ERCC1 protein 

results in RNA stalling and transcriptional blockage which might result in 

large scale gene expression changes (Kamileri et al., 2012). In telomere 

dysfunction unlike DNA damage accumulation, such widespread 

transcriptional changes have so far not been reported.  

An impaired BBB could offer an explanation for the increased 

response to LPS by mTerc-/- microglia. In an experimental model of stroke, 

telomerase deficiency, induced by knocking out the protein component of 

telomerase enzyme (TERT) results in a defective BBB (Zhang et al., 2010). 

Indeed, a decrease of blood vessel laminin, the main component of the 

basement membrane and a slight decrease in CD31 protein expressed by 

endothelial cells was noticed in G3 mTerc-/- brains. Furthermore, increased 

IgG1 permeability in G3 mTerc-/- brains is indicative of a deficient BBB 

function. Taken together, these results show that the BBB is compromised 

in G3 mTerc-/- mice. This could be the consequence of endothelial vascular 

senescence due to telomere shortening, previously proposed as a mechanism 

of age-associated endothelial dysfunction (Erusalimsky., 2009). Indeed, 

aging has also been shown to result in telomere shortening in the 

endothelium (Aviv et al., 2001). Aging and AD have been shown to be 

accompanied by a decrease in microvessel density and cerebral blood flow 

(Brown and Thore., 2011). However, the extent of decrease in laminin is 

notably more pronounced than that of CD31. In addition to endothelial cells, 

specific sub-types of laminin are also produced by astrocytes and pericytes 

(Yao Yao et al., 2014). It has been shown that dysregulation in production 

of astrocytic laminin can compromise BBB by affecting pericyte 

differentiation and vascular smooth muscle cell function (Yao Yao et al.,  
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2014; Chen et al., 2013). It cannot be ruled out that pericytes or astrocytes 

dysfunction due to telomere shortening in this model might compromise 

BBB function. 

In addition, increased infiltrating leukocytes that enter the CNS due 

to a compromised BBB can also amplify a central immune response in 

conditions of peripheral inflammation via brain microglia. This process is 

controlled by cytokine and chemokine signaling and has been shown to 

affect brain microglia under conditions of inflammation remote to the CNS 

such as hepatic inflammation (Riazi et al., 2008; D’Mello et al., 2009). After 

8 months of age, G3 mTerc-/- mice start showing prominent signs of 

intestinal dystrophy, which in extreme cases progress to anal prolapse. In 

aged G3 mTerc-/- mice (10 months),  indications of peripheral inflammation 

were detected: increased numbers of circulating granulocytes and 

inflammatory monocytes and high levels of IL-6 cytokine in blood plasma. 

Mice with intestinal dystrophy have increased numbers of infiltrating 

leukocytes in the brain indicating that the presence of peripheral 

inflammation together with changes in BBB, facilitates infiltration of 

immune cells in brain parenchyma. Together, these factors alter the 

inflammatory behavior of microglia upon telomere shortening and explain 

the increased basal expression of cytokines in G3 mTerc-/- microglia at 10 

months age compared to 6 months. We have shown that, at resting 

conditions, microglia in G3 mTerc-/- mice do not show a dystrophic or 

primed phenotype due to intrinsic telomere shortening. However after i.p. 

injection of LPS, an enhanced pro-inflammatory response of these microglia 

is observed, which most likely is the consequence of a compromised BBB 

and may be amplified by the presence of infiltrated immune cells in the 

brain parenchyma. 
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Supplementary table 1: Antibody information for immunophenotyping 

Antibody Catalog number Company Flurochrome 

 
CD11b 

 
12-0112 

 
ebioscience 

 
Phycoerythrin 
 

CD45 11-0451 ebioscience Fluorescein 
isothiocyanate 
 

CD80 11-0801 ebioscience Fluorescein 
isothiocyanate 
 

MHC class II 11-5321 ebioscience Fluorescein 
isothiocyanate 
 

CD11c 11-0114-81 ebioscience Fluorescein 
isothiocyanate 
 

F4/80 11-4801-81 ebioscience Fluorescein 
isothiocyanate 
 

CD200R 123909 BioLegend Fluorescein 
isothiocyanate 
 

CD172a 560107 BD Biosciences 
Pharmingen 

Phycoerythrin 
 
 

CD36 12-0361-81 ebioscience Phycoerythrin 
 

CD18 11-0181-81 ebioscience Fluorescein 
isothiocyanate 
 

CD54 11-0541-81 ebioscience Fluorescein 
isothiocyanate 
 

CD204 MCA1322A488 AbD Serotec Alexafluor 488 
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Supp. Fig. 1: Telomere shortening results in modest phenotypic, gene 
expression or functional changes in microglia. No changes in protein 
expression for microglia activation markers were noticed in G1 and G3 
mTerc -/- (n=6) microglia in (A) microglia markers (B) neuronal interaction 
molecules and antigen presentation molecules. Changes in gene 
expression were restricted to less than 50 genes between G1 and G4 
mTerc -/- microglia (n=6). Upregulation is indicated by green and 
downregulation is indicated by red. (C, D) Upregulated gene, p21 and 
downregulated genes in G4 mTerc -/- microglia are represented in the 
heatmap.  

 

 

 

 



119A_BW Divya Darwin Arukseeli.job

229 
 

 

 

 

 

Supp. Fig. 1: Telomere shortening results 
in modest phenotypic, gene expression or 
functional changes in microglia.  (E) 
Expression of phagocytic receptors such as 
CD36 , CD18 , CD204 , CD54 on microglia 
cell surface as assessed by flow cytometry 
were comparable between 8 months old 
G1 (green histograms) and G3 mTerc-/- (red 

histograms) mice (n=6). (F) Ex-vivo isolated 
microglia from G1 and G3 mTerc -/- mice did 
not show any compromise in phagocytic 
uptake of pHrodo coupled E.coli bacteria 
(n=6). (G) ROS production as measured by 
DCFDA fluorescence using flow cytometry 
showed no differences between G1 and G3 
mTerc -/- microglia (n=6).  
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Supp. Fig. 2: Increased morphological 
response to LPS in microglia in the late- 
generation telomerase knockout. Z-Stack 
confocal images of microglia stained for 
Iba1 in G1 and G3 mTerc -/- (10 months old; 
n=3) injected with PBS or LPS (1mg/Kg 
weight of the animal) 18 h prior to 
termination. Regions depicted include 

Frontal cortex (FC), Entorhinal cortex (EC), 
Hippocampus (Hip), Substantia Nigra (SN), 
Medulla (Med). G1 and G3 mTerc -/- show 
differences in morphology in in all brain 
regions.. LPS injected G1 and G3 mTerc -/- 
brain sections are proportionally different 
from non-injected controls.
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Neuroinflammation in the aging brain  

Gene expression changes in the aged brain are highly consistent 

across species and may result from a tightly controlled age- regulated 

transcriptional program (Glorioso et al., 2010). Up to a quarter of the up-

regulated genes in the neocortex and cerebellum of aged mouse brain could 

be assigned an immune or inflammatory function (Lee et al., 2000). The 

strength of this association is preserved across several species (Blalock et 

al., 2003; Lu et al., 2004). Neuro-inflammation is an important confounding 

factor in brain aging and neurodegenerative diseases. In addition, various 

avenues of research have shown the close involvement of inflammation with 

aging associated cognitive defects and have led to the inflammatory 

hypothesis of dementia (McGeer and McGeer., 2013; Chung et al., 2009). A 

large fraction of the changes in gene expression found in the aged brain 

have been shown to be shared with those in the Alzheimer’s disease (AD) 

brains, in particular the neuroinflammatory genes (Miller et al., 2008; 2010). 

It is therefore plausible that the altered neuroinflammatory status of the aged 

brain predisposes it to age associated neurodegenerative diseases. The 

contribution of the innate immune cells of the brain to age associated 

neuroinflammation has been previously recognized (Lucin and Wyss-Coray, 

2009). This thesis aimed at understanding the changes in microglia in the 

aging brain. In chapter 1, the published evidence for the prominence of 

neuroinflammation as a hallmark of brain aging has been summarized, with 

particular emphasis on microglia. Several phenotypes and functions have so 

far been attributed to microglia under neuroinflammatory conditions 

(Ransohoff and Perry, 2009). The aging brain environment induces a state 

of enhanced inflammatory response that is resistant to suppressive 
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regulatory mechanisms called “priming” (Perry and Holmes, 2014; Norden 

and Godbout, 2013).  

Microglia priming is likely a cellular adaptation to the increased 
phagocytic demand in the aging brain 

A pure microglia population is a primary requisite to study changes 

in phenotype and functionality of these cells during brain aging. In addition 

to detailed structural morphometric analysis, the ability to isolate pure 

microglia facilitates ex-vivo analysis of cell surface markers by flow 

cytometry, transcriptome analysis, functional assays such as phagocytic 

uptake, reactive oxygen species production etc. Towards this goal we 

modified an existing mouse microglia isolation protocol (de Haas et al., 

2007) to make it amenable for acute isolation of microglia from aged mouse 

and human brain. The protocol presented in chapter 2 provides a time-

efficient method for isolating pure microglia from human post-mortem 

samples. This protocol was also found to be suitable for biopsy samples 

from postsurgical glioma tissues. The isolation procedure is quickly 

performed in cold medium without any extended culturing, thereby 

rendering the study of cells close to their in vivo phenotype, which allows 

unbiased downstream gene expression analysis. Understanding the precise 

molecular mechanism underlying age associated microglia priming will be 

valuable in understanding the role of these cells in the aged brain. 

 In chapter 3, gene expression analysis of purified microglia, 

acutely isolated from young and aged mouse brain was performed. The 

analysis showed increased cytokine signaling, interferon signaling and 

altered neuron-glial communication in aged microglia. Surprisingly, despite 
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strong upregulation of several antigen presentation molecules, (for example: 

H2 genes) at RNA level, there was no change in cell surface protein 

expression, as assessed by flow cytometry. A key feature of the aged 

microglia transcriptome was the upregulation of molecules involved in 

phagocytosis. Aged microglia showed an altered expression pattern of genes 

related to phagocytosis, compared to young microglia. Interestingly, 

phagocytic molecules that are highly expressed in young microglia are 

downregulated and another set of phagocytic receptors, including Axl, 

Dectin1, the Anxa family of receptors are upregulated during aging. Unlike 

immune molecules, phagocytic receptors were validated to be present at 

both RNA and protein level.  

Also, molecules such as CR3, Mac2/Galectin3 which have been 

shown to play an important role in positive regulation of myelin 

phagocytosis are upregulated in aging microglia particularly in the white 

matter (Smith et al., 2001; Reichert and Rotshenkar., 1999; Rotshenkar et 

al., 2008). On the other hand, SIRPα/CD172a which has been shown to 

negatively regulate myelin phagocytosis (Rotshenker., 2009) was found to 

be downregulated in aged microglia. Gene expression profiles of microglia 

in the aged brain also show an altered lipid homeostasis. Alterations in lipid 

homeostasis have been previously reported in mouse models with increased 

myelin phagocytosis such as the cuprizone model of Multiple Sclerosis 

(MS) (Olah et al., 2010). These data suggest that phagocytosis of myelin 

fragments associated with axons in the white matter is a key function of 

“primed” microglia in the aged brain. It is plausible that microglia priming 

in the aged brain represents a cellular adaptation to facilitate increased 

phagocytic demand and yet stay in an immunological state of preparedness 
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without undergoing complete immune activation involving antigen 

presentation and cytokine secretion (Fig. 1).  

Fig 1: Primed microglia express RNA of 
phagocytic receptors, MHC II complex and 
cytokines. However, only phagocytic 
receptors are found at the protein level. 

When stimulated, primed microglia 
transitions to a more activated state 
involving cytokine secretion and antigen 
presentation in addition to phagocytosis. 

Grey and white matter differences in immune activation: persistent 
microglia priming in white matter of the aging brain 

Knowledge of brain regions subjected to enhanced 

neuroinflammation and the pro-inflammatory mediators involved in the 

process will improve our understanding of the pathophysiology of brain 
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aging and its switch to neurodegeneration. In chapter 3 we analyzed the 

regional occurrence of age associated microglia priming in mouse and 

human brain tissues. A closer analysis of microglia in the aged mouse brain, 

showed that changes in microglia morphology and density in the white 

matter regions of the aged brain were most prominent. The white matter 

regions showed progressive activation along the rostro-caudal axis. The 

white matter activation and alignment of Mac2 positive microglia along 

axonal bundles in white matter might point to changes in axonal integrity. 

Interestingly, it is known that axonal remodeling can occur without 

elimination of the parent neuron (Fig. 2) (Luo and O’Leary., 2005). Besides, 

uptake of neuronal cell bodies and axonal fragments follow completely 

different molecular mechanisms (Tanaka et al., 2009). In particular, 

interferon type I signaling has been shown to be involved in the ingestion of 

axonal fragments by microglia and inhibition of the implicated receptor in 

the pathway, TIR domain-containing adapter inducing interferon beta 

(TRIF) resulting in reduced axonal uptake in vitro and in vivo after dorsal 

root axotomy (Hosmane et al., 2012). Indeed, gene expression analysis of 

microglia in the aged brain shows an upregulation in the interferon type I 

signaling pathway and several of its downstream targets including ifitm2, 

ifitm3.  

Immunohistochemical analysis in postmortem human brain tissue for 

molecules such as HLA-DR, involved in antigen presentation and CD68, 

associated with phagocytosis showed clear expression in white matter 

microglia in the aging brain. It is known that microglia show phenotypic 

differences depending on their microenvironment (de Haas et al., 2008). 

Immunohistochemical analysis for the same markers in young postmortem 
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brain tissue does not show high expression in white matter confirming that 

the differences are age associated. Surprisingly, in chapter 3 we show that 

in human postmortem tissue the expression of these markers on microglia 

start much earlier than previously assumed i.e. in middle-aged brains (50-55 

years old), suggesting a chronic low-grade persistent inflammation in brain 

white matter starting already at middle age. A gene expression study of the 

aging brain across a varying range of ages also supports the view that 

neuroinflammation is persistent through decades of life (Lu et al., 2004). 

Interestingly, a large-scale study aiming to understand the age of onset of 

cognitive decline showed that the first signs of cognitive decline start as 

early as age 45 (Archana Singh et al, 2012).   

Traditionally, age-dependent neuronal loss has long been considered pivotal 

to age-related cognitive decline. However more recently, age-related 

changes in myelin architecture and brain white matter integrity are 

beginning to be described and associated with pathological changes in the 

aging brain. Degenerative histopathological features such as the presence of 

myelin pallor, decreased myelin staining (Kemper, 1994), aberration in 

myelin sheaths like splitting of lamellar structures (Peters, 2009) have been 

reported previously. The reports on volumetric loss in white matter during 

aging have been inconsistent with both evidence for (Allen et al., 2005; 

Bartzokis et al., 2004; Jernigan et al.,2001; Guttmann et al., 1998) and 

against the idea (Blatter et al., 1995; Sullivan et al., 2004; Thompson et al., 

2003). Diffusion tensor imaging studies have shown that the decline in 

white matter microstructure begins in the fifth decade of life and is 

prominent enough to be considered as a process that continues at a fixed rate  
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Fig 2: During early development and aging 
of the nervous system, neuronal 
connections are generated in excess and 
“pruned” to refine the connectivity of the 
mature neural circuit. Developmental axon 
pruning can occur by simple axon retraction 
for short distances and by local 
degeneration of axons orchestrated by 
specific signaling pathways that differ from 
neuronal apoptosis. In axonal retraction, 
the axonal cargo is transported towards the 

cell body by active transportation without 
the exposure of axonal antigens. During 
local degeneration of axons, the axon 
undergoes catastrophic fragmentation, 
resulting in the removal of the axonal 
debris by surrounding microglia. 
Pronounced uptake of axonal fragments 
can be observed as microglial 
immunoreactivity for distinct axonal 
antigens such as neurofilament proteins. 
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 (Sexton et al., 2014; Teipel et al., 2010). The exact cause of the age 

associated changes in white matter, whether they are a result of local 

demyelination due to oligodendrocyte dysfunction or the result of axonal 

stress and degeneration remains a chicken and egg problem. This is because 

an abrogation in axonal myelination can lead to retrograde degeneration of 

axons and vice versa.   

In the immunohistochemical analysis (chapter 3), priming of 

microglia was already observed in middle aged human brains. Since it is 

known that pathological neurodegeneration has its onset years, sometimes 

decades before symptomatic diagnosis, (Gomez-Isla et al. 1996; Tondelli et 

al. 2011) assessment of this cellular change non-invasively might serve as a 

biomarker for the onset and progress of pathological aging. We therefore 

applied non-invasive PET imaging and studied the binding capacity of the 

radioactive PET ligand [11C]-(R)-PK11195 which has been shown to bind 

the translocator protein (TSPO), formerly known as the peripheral 

benzodiazepine receptor (PBR), predominantly expressed by microglia in 

the brain parenchyma. Molecular imaging studies using 11C labelled 

PK11195 ligand have been previously used to access neuroinflammation 

due to microglia activation in a variety of CNS disorders including MS, AD, 

Parkinson’s disease etc (Venneti and Lopresti., 2006). Our studies show 

increased binding of [11C]-(R)-PK11195 in the white matter particularly in 

the genu of corpus callosum during the course of aging. Corpus callosum, 

particularly the genu has been previously shown to lose myelinated fibers 

during aging (Aboitiz et al., 1992; Kemper, 1994). The presence of 

degenerating fibers coincided with the presence of damaged myelin in the 

genu of corpus callosum and cingulum bundle and progressed during aging 
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(Bowley et al., 2010). Atrophy in this brain region could be attributed to 

these degenerative changes and has been shown to affect executive 

functions in the elderly (Jokinen et al. 2007; Gratton et al. 2009). Being the 

major commissure connecting the cerebral hemispheres, the loss of 

myelinated fibers and associated neuroinflammation can interfere with 

interhemispheric brain circuits and consequently contribute to specific 

patterns of cognitive aging in the elderly (Janowsky et al., 1996; Jeeves and 

Moes., 1996).  

Assessment of binding capacity of PET ligand [11C]-(R)-PK11195 

shows a linear correlation as a function of age and increased binding starts 

already in middle age. These preliminary PET studies need to be extended 

to a systematic aged cohort with knowledge of cognitive behavior to be able 

to see if the degree or extent of white matter neuroinflammation can predict 

neurodegeneration. Since accumulation of amyloid plaques and 

neurofibrillary tangles begins in the medial temporal lobe grey matter and 

later results in prominent neurodegeneration of the hippocampus and 

entorhinal cortex research in the pre-symptomatic phase of AD has so far 

largely focused on grey matter tissue. However, there have been rare reports 

of microscopic white matter changes including loss of myelin and axons, 

decreased number of oligodendrocytes and gliosis in AD (Brun and 

Englund.,1986). The role of white matter microglia priming in accelerating 

or inhibiting white matter pathology and how this affects cognitive decline 

with aging remain open avenues for future research. 
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Modeling human aging in mice: promises and pitfalls 

Neurologists have observed for years distinct aggregate pathology 

with amyloid beta (Aβ) plaques without the individual having suffered any 

signs of dementia. Hence, the presence of Aβ alone does not explain age 

associated cognitive decline. In the recent years, following a large cohort of 

studies associating the role of inflammation and innate immunity in the 

etiology of AD, the classical view of “amyloid beta cascade” is beginning to 

be reviewed from an alternative angle accommodating inflammation in a 

prominent position (Krstic and Knuesel., 2013). The novel aspect of an age 

based hypothesis is the proposition that an event such as Aβ accumulation 

will only result in AD when there is an altered interaction with the aging 

process. In other words, it is not the injury itself but the response to injury 

that results in the disease outcome and this response is altered in the aged 

brain (Herrup., 2010). It is hence imperative that a better understanding of 

the fundamental mechanisms and cellular interactions during the aging 

process is necessary to a better understanding of neurodegeneration. In order 

to accomplish this, in vivo model systems that can mimic the persistent 

nature of damage and loss of regenerative capacity during aging are crucial. 

Mouse models of human aging have taken a central position in many 

areas of biomedical research. However, any effort to exploit mouse systems 

to elucidate human aging or age associated diseases must take into account 

the differences in the cellular and organismal physiology between mice and 

humans. For instance, oxidative DNA damage lesions occur in the range of 

28,000 to 47,000 in mice (Foksinski et al., 2004; Tudek et al., 2010; 

Hamilton et al., 2001) while the same in humans only occur in the range of 

10,000 and 11,500 (Ames et al., 1993; Helbock et al., 1998). There are also 
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notable differences in the telomere biology between mice and humans. 

Cultured cells have limited potential to proliferate and reach a viable and 

metabolically active but proliferation-incapable state termed as senescence. 

This limit in the proliferative potential in vitro is termed “Hayflick’s limit” 

(Hayflick., 1965). Upon reaching “Hayflick’s limit” the cells in culture 

undergo “crisis” among which a rare cell (1 in 107 in human cells) may 

escape culture crisis (Shay., 1993) by upregulating telomerase or 

inactivating p53. The frequency of cells overcoming crisis is much higher in 

mice compared to humans suggesting a better regulatory cellular checkpoint 

system against unwanted division in humans (Wright and Shay, 2000). In 

fact, cellular proliferation and senescence in mouse cells in vitro is not 

attributed to telomere shortening. This is because, telomere length in mouse 

cells is in the range of 25–150 kb, much higher compared to the 15–20 kb in 

human cells. Moreover, mouse cells only undergo 15-20 population 

doublings as against 55-60 in that of human cells (Sherr and DePinho, 

2000). Basal expression of telomerase in somatic human cells is 

undetectable but is detectible in mouse cells (Wright and Shay, 2000). 

Besides differences in telomere biology and susceptibility to varied DNA 

damage lesions, other parameters, including differences in cellular 

homeostatic machinery particularly that of stress response and metabolic 

activity can also potentially affect organismal aging. For these reasons it is 

important to keep these differences in mind when comparing aging in mice 

and humans. 

It is well known that aging is the result of multiple mechanisms 

including DNA damage accumulation, telomere shortening, mitochondrial 

dysfunction and loss of proteostasis. All these mechanisms act in concert 
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and interact with environmental factors to affect organismal lifespan 

(Lopez-Otin et al., 2013). During aging, since these mechanisms operate 

concurrently, the possibility of analyzing cause and effect is complex. 

Mechanistic genetically modified mouse models of aging that specifically 

manipulate a single mechanism of aging can provide insights in to possible 

systemic effects of this manipulation such as: which organ systems are most 

affected by the particular causative mechanism of aging? Targeting the 

genetic manipulation to cell specific systems can identify the cellular type(s) 

most vulnerable and the resulting responsive changes in the tissue. 

Transgenic models of accelerated aging can provide insights into the cellular 

outcomes and reactive changes due to a particular age associated mechanism 

in a “zoomed-in” fashion. It is however essential to understand that this 

feature might itself be the drawback in accelerated aging models in the sense 

that they are artificially exaggerated systems and should be interpreted 

carefully with parallel experiments along-side normal aging mice and 

human tissue. 

Microglia priming is induced by the aging neural environment in a DNA 
damage model of aging  

Aging is associated with the progressive accumulation of nuclear 

DNA damage. Lu et al, (2004) demonstrated that age-regulated genes in the 

brain such as those associated with synaptic plasticity, possess promoter 

regions more vulnerable to DNA damage compared to non-age regulated 

genes. Evidence for accumulation of nuclear DNA damage has been 

obtained in various tissues including the brain (Sedelnikova et al., 2004). 

Activation of DNA damage checkpoints and presence of double strand 

breaks have been found to be particularly high in the brain of patients with 
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Alzheimer or cognitive impairment (Mullart et al., 1990, Cenini et al., 

2008). The observation that NMDA-mediated stimulation of neurons and 

kainate-induced epilepsy increases γH2AX, a protein that accumulates at 

sites of double strand breaks transiently in neurons led to the proposal that 

neuronal activity might promote double stranded breaks (Crowe et al., 2006; 

2011). Recently, using targeted optogenetic activation of specific neuronal 

tracts, it has been proven that neurons do undergo double strand breaks by 

virtue of normal brain activity and that Aβ worsens this by eliciting aberrant 

synaptic activity in neurons (Suberbielle et al., 2013). Association, 

previously recognized between vulnerability of neurons as post-mitotic cells 

to DNA damage accumulation, brain aging and neurodegenerative disease 

(Rass et al., 2007) is supported by these studies.  

The exact effect on neuronal stress caused by DNA damage 

accumulation is yet to be defined although previous reports have shown that 

eventually it results in neuronal degeneration. Silver staining in brain 

sections revealed argyrophilic staining of degenerating axons in white 

matter areas such as the corpus callosum, the fimbria-fornix and the capsula 

interna. The high argyrophilic staining of axons was speculated to be due to 

slower removal of axonal segments even in the presence of neuronal death 

(Borgesius et al., 2011). It is however, entirely possible that the axonal 

distress is the prime symptom which in extreme cases manifests in 

neurodegeneration. Indeed, DNA damage inducing chemicals such as cancer 

chemotherapeutic agents including adriamycin have been shown to induce 

cognitive dysfunction by virtue of causing “distal axonopathy”. This is a 

condition in which degeneration of axon and myelin develops first in the 

most distal parts of the axon and, if the abnormality persists, the axon "dies 
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back" (Luo and O’Leary., 2005).  Interestingly, the regional distribution of 

primed microglia was found to follow the same pattern as that observed in 

the aged brain with a progressive increase along the rostrocaudal axis 

towards the hind brain and predominant in the white matter tracts (chapter 
3 and 4). Microglia in the hind brain and the spinal column showed signs of 

priming, which could be due to increased susceptibility of motor neurons to 

DNA damage as previously reported (de Waard et al., 2010). Motor neurons 

due to their long axons might be particularly vulnerable to axonal stress as 

even in its resting state a single neuron consumes 4.7 billion ATP molecules 

per second to maintain homeostatic ion balance and axonal transport  (Zhu 

et al., 2012). In the rest of the brain, however priming of microglia was 

noticed to be prominent along white matter tracts.  

The effect of DNA damage on microglia phenotype and 

functionality was studied in the ERCC1 (Ercc1∆/-) hypomorphic mutant 

mice, a mouse model of compromised DNA repair. A primed microglial 

phenotype was observed in the Ercc1∆/- mice brains exemplified by several 

characteristics including hypertrophy, proliferation, enhanced endotoxin 

sensitivity and a gene expression profile indicative of phagocytosis, antigen 

presentation, chemotaxis. Microglia Ercc1∆/- mutant mice were hyperactive 

in production of cytokines, Reactive Oxygen Species (ROS) upon 

stimulation and in the intake of bacterial particles ex vivo. In addition to 

regionality, there is a large overlap in the gene expression profile of the 

sorted Ercc1∆/- microglia with that of microglia isolated from aged brain 

(chapter 4). These results indicate that progressive DNA damage 

accumulation in neurons can induce a phenotype of immune activation in 

microglia analogous to physiological aging.  
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Fig 3: Model for selective microglia priming 
in white matter. Genotoxic DNA damage 
causes RNA polymerase stalling and 
transcriptional blockage in neurons. This in  
turn induces metabolic stress, disrupted 

axonal transport and causes distal  
axonopathy in neurons.  Consequently, this 
induces phenotypic switching of microglia 
in the white matter.
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Selective targeting of the Ercc1- deficiency to forebrain neurons was 

sufficient to “switch” microglia to a primed state, strongly suggesting that 

neuronal dysfunction as a result of genotoxic stress is sufficient to prime 

microglia. Genotoxic stress by genetic deletion of ERCC1 in astrocytes does 

not elicit similar response in microglia (chapter 4). This implies that the 

phenotypic and functional changes in primed microglia are not a generic 

stress response. Together, the above-said studies in concert with our results 

suggest that microglia priming in the Ercc1∆/- is the consequence of 

microglial response to genotoxic stress in neurons. The effect of neuronal 

genotoxic stress on microglial priming can also be explained by another 

crucial function of the ERCC1 protein itself. Defective transcriptional 

coupled repair could cause RNA stalling due to DNA damage accumulation 

and cause blockage of active ongoing transcription and translation. ERCC1 

protein in particular has been recently proven to aid in the assembly of RNA 

polymerase II on to gene promoters (Kamileri et al., 2012). We speculate 

that the transcriptional blockage prevents the neuron from keeping up with 

the metabolic demands of constant transcription and translation required at 

the distal part of the axon and thereby resulting in distal axonopathy and 

subsequently priming of microglia in the white matter.  

Telomere shortening and replicative senescence does not induce microglia 
priming 

Another mechanism that has been shown to play a role in organismal 

aging is replicative senescence of cells upon aging. Microglia comprise a 

proliferative, self-renewing population of brain macrophages that exists, 

under physiological conditions, independent of hematopoiesis. Since the 

proliferation capacity of microglia is intricately linked to its innate immune 
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response (Shankaran et al., 2007) and has also been shown to be a critical 

component in the development of chronic neurodegeneration (Gomez-

Nicola et al., 2013), we examine in chapter 5 if telomere shortening could 

potentially alter the inflammatory reactivity of microglia in the brain. 

Modeling telomere shortening in mice is challenging since mice have much 

longer telomeres than humans. Early generation telomerase null mice show 

no phenotypic signs of aging (G1mTerc-/-, G1 stands for first filial 

generation) since they still possess long telomeres despite absence of the 

Terc gene. We compared the G3 mTerc-/- mice, which show signs of aging 

against G1 mTerc-/- to understand the effect of telomere shortening in brain 

microglia. Under basal conditions, G3mTerc-/- (generation 3) microglia 

morphology, gene expression and functionality are comparable to microglia 

derived from G1 mTerc-/- control mice. However, after injection of bacterial 

lipopolysacchararide (LPS) G3 mTerc-/- mouse-derived microglia show an 

enhanced pro-inflammatory cytokine response. This enhanced inflammatory 

response is not accompanied by increased expression of genes associated 

with age associated microglia priming such as Clec7a/Dectin-1, Mac2 and 

Axl.  

G3 mTerc-/- mice show apparent morphological changes in blood 

vessels. Upon immunostaining, a disruption of the blood brain barrier 

(BBB) was evident upon telomere shortening. We therefore propose that the 

enhanced inflammatory response of G3 mTerc-/- microglia upon telomere 

shortening is the result of increased LPS permeability through a 

compromised BBB than due to age-related priming in microglia. Previous 

studies have shown that telomere shortening contributes to age-related 

vascular changes (Chang and Harley., 1995). Shortening of telomeres in the 
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vasculature has been shown to affect particularly the endothelial cells 

(Erusalimsky., 2008) and vascular smooth muscle cells (Matthews et al., 

2006). VCAM and IgG immunoreactive blood vessels were particularly 

abundant in the deep white matter regions indicating a regional 

susceptibility to vascular changes upon telomere shortening.  

Aging microvasculature, vulnerability of brain white matter and cognitive 
impairment 

Interestingly, there are region-specific differences that determine 

susceptibility to vascular disease during aging as well. Despite the diversity 

of vascular lesions, by far the most predominant vascular lesions associated 

with age related cognitive impairment are diffuse white matter lesions 

formed due to alterations in small vessels of the hemispheric white matter 

(Jellinger, 2013; Hachinski et al., 1987; Hulette et al., 1997). The 

hemispheric white matter is particularly susceptible to vascular risk, the 

prime reason for which might be the vascularization pattern of the brain 

itself. The brain is unique in its vascularization pattern compared to 

peripheral organs like liver, kidney. The key arteries that regulate 

intracerebral blood flow are located outside the brain parenchyma and 

vascularize the organ in an “outside-in” fashion as against an “inside-out” 

pattern in other organs. Regions of the deep white matter are supplied by 

long penetrating arterioles that originate from the circle of Willis and later 

branch extensively to form the pial cortical network. The further the 

branching in the vascular network, the smaller the cellular complexity 

adorning it and the more limited the potential for collateral blood flow 

(Iadecola et al., 2013).  
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Large pial arteries comprise of an inner lining of endothelial cells, a 

thick smooth muscle cell layer bordered by the vascular basal lamina, the 

subarachnoid space filled with CSF and the glia limitans formed by 

astrocytes forming the outermost layer. Smaller arterioles also have the 

perivascular space with a thinner lining of smooth muscle cells. As the 

vessels become smaller, penetrating deep in to the white matter, they loose 

the perivascular space and the basal lamina consists of pericytes instead of 

smooth muscle cells, which physically interacts with astrocyte end feet 

(Armulik et al., 2010; Bell et al., 2010; Quaegebeur et al., 2011). In the 

deep-penetrating vessels, the tight junctions formed by the cerebral 

endothelial cells and the layer of pericytes are the prime delimiting factors 

of the BBB. Hence, age associated cellular alterations in these cells can 

make the vasculature in the white matter susceptible to damage (Fig. 4) 

(Dyrna et al., 2013).  

Also, blockage of penetrating arterioles cannot be compensated 

effectively in the white matter (Blinder et al., 2013). This results in a 

reduction of cerebral flow, sufficient to produce small ischemic lesions such 

as microbleeds and microinfarcts (Nguyen et al., 2011; Nishimura et al., 

2010; Shih et al., 2013; De Reuck, 2012; Park et al., 2013). Cerebral 

hypoperfusion and BBB dysfunction have also been shown to worsen 

pathogenesis of white matter hyperintense lesions strongly associated with 

aging (Fernando et al., 2006; Simpson et al., 2007). Despite a large variation 

in pathological features, white matter lesions show some common 

pathological signs such as vacuolization, demyelination, axonal loss, 

microglia activation and lacunar infarcts. The associated demyelination and 

axonal loss is likely to play a role in age associated cognitive impairment.  
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Fig 4 : I. “Outside-in” vascularization model 
of the brain II. In the brain, pial arteries in 
the subarachnoid space give rise to 
intracerebral arteries, which penetrate into 
brain parenchyma. These arteries branch 
into smaller arteries and subsequently 

arterioles, which lose support from the glia 
limitans and branch further in to brain 
capillaries. In the normal brain (upper half 
above arrow indicating direction of blood 
flow), a feeder artery (red) branches into a 
network of continuous capillaries that are 
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drained by a vein (blue). Senescent vessels 
(lower half) particularly in the deep white 
matter regions are frequented by 
fragmented microvessels with collapsed 
lumen (capillary string vessels). III. Cross 
section of an intracerebral artery, shows 
the thick vascular smooth muscle cell layer 
(D) encasing the endothelial cell layer (A) 
and its basal lamina (C). The vascular 
basement membrane (E) and the basement 
membrane of the glia limitans formed by 
astrocyte cells (G) enclose perivascular 
space (F) on the outer side of the artery. 

Intracerebral arterioles, deeper in the brain 
parenchyma and < 100 mm in diameter, 
lose the  perivascular space and the vessel’s 
basement membrane enters in direct 
contact with the glial basement membrane 
enveloped by astrocytes. At the brain 
capillary level, vascular endothelial cells 
and pericytes (H) are in direct physical 
contact via connexins and N-cadherin. 
Astrocyte end-foot processes encase the 
capillary wall composed of endothelium 
and pericytes.  
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Thesis summary (English) 
The primary aim of the thesis “Microglia priming in the aging brain: 

Implications for neurodegeneration” was to understand microglia 

phenotypes associated with brain aging and the potential mechanisms 

for this age-associated change. Microglia in the aging brain assume a  

hypersensitive proinflammatory phenotype termed as “priming”. 

Brain aging is the degenerative result of multiple cellular insults. 

DNA damage accumulation and critical shortening of the ends of 

chromosomes in cells called telomeres are two well-studied 

mechanisms that cause organismal aging. In addition to aging mice, 

we utilized transgenic mouse models in which the above mentioned 

aging mechanisms are triggered artificially to accelerate aging.  

For this purpose, we utilized the ERCC1∆/- mice, a mouse model of 

DNA damage accumulation previously shown to suffer cognitive 

impairment and known to model a human progeroid disorder to 

understand microglia phenotype and functionality. In addition to aging 

mice, ERCC1∆/- proved to be a good mouse model to study age 

associated phenotypic changes in microglia. In the ERCC1∆/- mice, 

age associated microglia priming was shown to be a response to 

neuronal dysfunction as a result of genotoxic stress. The prominence 

of microglia priming in the white matter tracts of the brain suggests 

that the axons might be primarily affected by the accumulation of 

DNA damage. The exact mechanism by which DNA damage 

accumulation affects axonal function is yet to be worked out. 

However, a possible mechanism could be transcriptional blockage as a 

consequence of DNA damage accumulation inducing metabolic stress 

and axonal dystrophy in neurons.  
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On the other hand, in a mouse model of telomere shortening, the most 

prominent change observed in microglia was the increased cytokine 

response to peripheral inflammation due to alterations in the blood 

brain barrier. The results show that telomere shortening occurs in 

microglia with brain aging. However, critical telomere shortening is 

not the reason for microglia priming in the aging brain. Brain 

endothelium particularly in the white matter are more susceptible to 

telomere attrition than microglia as a cell type. These studies together 

highlight two possible mechanisms that make the white matter of the 

aging brain a particularly vulnerable target in the aging brain. 

The thesis also highlights regional differences between gray and white 

matter in microglia priming in the aging mouse and human brain. 

Surprisingly, microglia priming in the white matter already begins at 

middle age in humans. The increased and persistent white matter 

microglia priming draws attention to the role of white matter changes 

particularly in axons in brain aging and explores the possible use of 

white matter priming as a predictive factor to envisage the progression 

of cognitive aging and onset of neurodegeneration. It is well known 

that other clinical parameters such as Aβ plaque pathology, tau 

accumulation do not linearly correlate to cognitive impairments in the 

elderly. Microglia-mediated neuroinflammation in the white matter 

together with functional assessment of white matter function using  

non-invasive approaches such as Diffusion Tensor Imaging (DTI) and 

pathological markers of axonal dystrophy could yield powerful 

predictive tools for the assessment of cognitive impairment and 

pathological progression of neurodegeneration in the elderly.  
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Thesis summary (Dutch) 
Het voornaamste doel van het proefschrift ‘Microglia priming in the aging 

brain: Implications for neurodegeneration’ was om te begrijpen hoe 

microglia fenotypes geassocieerd zijn met hersenveroudering en de 

potentiele mechanismes voor deze verouderings-gerelateerde verandering. 

Microglia in verouderende hersenen nemen een hypersensitief pro-

inflammatoir fenotype aan, genaamd “priming”. Hersenveroudering is het 

degeneratieve resultaat van verscheidene cellulaire gebeurtenissen. Een 

opeenstapeling van schade aan het DNA en ernstige verkorting van de 

uiteinden van chromosomen in cellen, genaamd telomeren, zijn twee veel 

bestudeerde mechanismes die veroudering van organismes veroorzaken. 

Naast verouderende muizen, hebben we voor onze studies ook transgene 

muismodellen gebruikt waarin deze hierboven genoemde mechanismes op 

een kunstmatige manier aangezet worden om veroudering te versnellen. 

Met dit streven hebben we gebruik gemaakt van de zogenaamde ERCC1∆/-
 

muizen, een muismodel voor de opeenstapeling van DNA schade, om hierin 

het fenotype en de werking van microglia te bestuderen. Eerder is 

aangetoond dat deze muizen verslechterde cognitie hebben en model staan 

voor progeroïde syndromen (versnelde veroudering) in de mens. Naast 

verouderende muizen zijn de ERCC1∆/-
 muizen een goed model gebleken 

voor het bestuderen van verouderings-gerelateerde veranderingen in 

microglia. In dit model is aangetoond dat verouderings-gerelateerde 

microglia priming een reactie is op neuronale disfunctie als gevolg van 

schade aan het genoom. De voornaamste microglia priming bevindt zich in 

de witte stof banen van de hersenen, wat suggereert dat de axonen als eerste 

worden aangetast door de opeengestapelde DNA schade. De manier waarop 

de ophoping van DNA schade de functie van axonen aantast moet nog 

worden uitgezocht. Echter, een mogelijke mechanisme zou transcriptionele 
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blokkering kunnen zijn ten gevolge van metabole stress en axonale dystrofie 

in neuronen, veroorzaakt door ophoping van DNA schade.  

Anderzijds, in een muismodel voor telomeer verkorting, was de toegenomen 

cytokine respons door perifere inflammatie als gevolg van veranderingen in 

de bloed-hersen barrière de meest prominente verandering geobserveerd in 

microglia. De resultaten laten zien dat telomeer verkorting plaatsvindt in 

microglia bij veroudering van de hersenen. Echter, ernstige telomeer 

verkorting is niet de reden voor microglia priming in verouderende hersenen. 

Hersenendotheel, met name in de witte stof, is gevoeliger voor slijtage van 

telomeren dan microglia. Deze studies samen brengen twee mogelijke 

mechanismes naar voren die de witte stof van de verouderende hersenen in 

het bijzonder een kwetsbaar doelwit maken. 

Dit proefschrift benadrukt verder de regionale verschillen in microglia 

priming tussen grijze en witte stof in verouderende hersenen van muizen en 

mensen. Het was een verrassende bevinding dat microglia priming in de 

witte stof bij mensen al op middelbare leeftijd begint. De verhoogde en 

aanhoudende microglia priming in de witte stof wijst op de rol van witte stof 

veranderingen, met name in axonen, in hersenveroudering. Dit suggereert de 

mogelijkheid voor het gebruik van witte stof priming als voorspellende 

factor voor de progressie van cognitieve veroudering en het begin van 

neurodegeneratie. Het is bekend dat andere klinische parameters zoals Aβ 

plaque pathologie en ophoping van het tau-eiwit niet lineair correleren met 

cognitieve achteruitgang in ouderen. Microglia-gemedieerde 

neuroinflammatie in de witte stof, samen met een functionele meting van 

witte stof door middel van diffusie tensor imaging (DTI) en pathologische 

markers voor axonale dystrofie, zouden krachtige voorspellende methodes 

kunnen voortbrengen voor het vaststellen van cognitieve achteruitgang en 

pathologische progressie van neurodegeneratie in ouderen.    
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optimistic junior in the lab. Zhuo, I am very glad I could work with 

you to bring a nice completion to the white matter project and for 

the great room-mate that you were. I hope this paper brings a new 

perspective to the ideas on AD pathology. I wish you a very well 

with the completion of your thesis, the AD papers that you worked 

hard on and a great married life ahead. It was also nice to work 

with the then master’s student and now Ph D from the lab, Ilia 

Vainchtein. Ilia, I enjoyed the discussions on microglia 

phenotypes, world politics, board games and dinners with Sue Ping 

Peng. Sue Ping, thankyou for that impressive Chinese platter you 

put when you invited us. I wish you and Sue Ping a very successful 

post-doc at UCSF and Yale and further future.  

Trix van der Sluis, the angelic secretary of the department. If you 

see her angry then someone has messed up big time (like Erik 

constantly stealing her pens!) I don’t know how she manages all 

that she does though she says humbly that she doesn’t know 

herself. Trix, it was great to know you and Dirk. I hope you have 

managed to shake off the shock of the accident and is being back 

to being the ray of sunshine. Ietje Manting−Otter, many Ph D 

students would have only remembered the trauma of cryo-cutting 

without your help. It was always fun to work with you at the 

immuno-lab. Your ideas were helpful in getting some of the 

beautiful stainings in this thesis particularly our effort to co-stain 

microglia with luxol-fast blue. Evelyn Wesseling, proud mom of 
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two beautiful children and the queen of qPCR. Eef, I have seen you 

in a phase of transition from travel to Africa to being mommy now. 

Thanks for the training at the cell culture lab, chemotaxis assays, 

in-vitro microglia treatment and just all the lazy chats. I wish you a 

beautiful life with Marco and the young ones. Michel Meijer, the 

microscopy expert of the lab. Michel, thanks for all the help with 

microglia reconstructions and phagocytosis live imaging videos. 

The reconstructions were a very important part of the ERCC paper. 

Good luck with surfing and life at little Hoogeveen. Tjalling 

Nijboer, the man who knows how to fix everything from 

centrifuges to perfusion pumps to computers. Tjalling, your session 

of classical music and random chats helped more than you know 

especially during my thesis writing. Thanks for lending your house 

for the Indian dinner with the lab and the sinterklass party. 

Although I haven’t directly worked with a few people their 

interaction will be remembered. Dr. Wieb Patberg, for your 

undying optimism and discussions on sanskrit literature, 

spirituality. Dr. Jonathan Vinet, Dr. Hilmar van Weering, Dr. 

Marloes van Zwam, for the interactions in the overlapping early 

phase of my Ph D. Loes Drenth, Ellie Eggens, Hiske van Duinen, 

Dr. Susanne Kooistra at the finishing phase. Susanne, congrats on 

your VENI and wish you good luck in future academic career.  

Falak Sher, my senior in the lab. Falak, not one word or action out of 

place, you did give a very kind impression for the first Pakistani I met. 

Many congrats on your nature paper and wishes for more to come. 

Arun Thiruvalluvan, for amazing food and tea time chats. I admire 

your multi-tasking ability and how you keep work strictly till 5. 

Wish you good luck with the finishing phase, the job hunt and 
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hope to keep in touch.  Marcin Czepiel and Wandert Schaafsma for 

being the cheerleaders of the lab. A usual lab-out day will 

invariably get longer and funnier, thanks to you guys. Marcin, 

thanks also for the lovely barbeques in your garden. You and Kasia 

will sure make a post-card family with your young one now. I wish 

you well in your academic transition and Kasia in her medical 

career. Wandert, how can I forget the time we got on to the bus 

after the Berlin congress party with Kettenman’s lab and (thanks to 

the drinks) had no clue what the street name was! I still don’t 

remember the original street name but the name you made up and 

the drivers face expression is stuck to my memory. God bless 

“Hans-strasse” if there is one. I wish you all the success with your 

thesis completion, future career and the wonderful future plan you 

had to make lots of babies with Laura. Reinhard Rößler, for being 

the great room-mate and chat companion on the many topics 

including review process. Reinhard, I hope your capacity to not 

show stress is immensely helpful at Harvard. I hope to see your 

successful publications from all the hardwork soon. Ming San Ma, 

the doctor, the student, the Ph D, the dentist, all at the same time. I 

am not sure if you have some time travel tricks up your sleeve to 

make all this happen like Hermione Granger in Harry Potter series. 

Thanks for your collaboration and wish you good luck with your 

future career. Ria Wolkorte for many “gezellig avondjes” and fun 

chats. I hope you keep up your promise and meet us when we have 

moved to the new house. Zhilin Luan, for nice discussions about 

world travel and your kind demeanour. Shamsudeen Moidunny for 

the crazy talks and dinners during your finishing phase at the lab. 

Duco Schriemer for the discussions and for being the kind room-

mate at the last phase of my Ph D. Thaiany Quevido Melo for 
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company with the zumba sessions. Thanks are also due to other   

Ph D students I met including Rajkumar Thummer, Xin Dai, 

Xiaoming Zhang, Koen  van  Zomeren, Thais  Galatro,  Clarissa  

Branco Haas, Corien Grit, Rianne van der Pijl, Vishnu Kannan, 

Inge Holtman, Claudio Tiecher and Duygu Yilmaz. Lastly, I want to 

thank the Klaas Sjollema for help with the microscopy set-up and 

advice on image analysis when necessary. The microscopy course was 

easily one of the best organized courses that University of Groningen 

offers. Geert Mesander, Henk Moes and Roelof Jan van der Lei for 

teaching and maintaining an efficient FACS facility for the whole 

university and for all the sense, nonsense chats during sorting. Gerry 

Hoogenberg, Henk Heidekamp, Harry Moes for efficient and 

prompt administration.  

The last part of this acknowledgement is for people without whom 

I would not be who you know me as. It would be a joke if I try to 

thank you amma and appa for all that you have done for me. The 

moment I receive my Ph D would be a deserving accomplishment 

for you than me. I await when I can share this happiness and for 

the long awaited grandchild later this year when you meet us. I am 

lucky to have a lifelong friend, crib partner, brother, devil all in 

one package. Deepu, I cannot imagine a life without a supportive 

sibling. No matter where I am or what I do, I know I can count on 

you. Last but not the least, my life partner Anuj. 10 years of very 

long, moderately long distance courtship later, our relationship is a 

scientific miracle. But I cannot tell you how grateful I am for it. 

We have only married each other 3 times but I could do more if 

necessary. I dare to dream because of you. Thanks is also due to 

my family and friends who stand by me through thick and thin.   




