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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 



132B_BW Divya Darwin Arukseeli.job

256 
 

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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