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Implications of Cellular Senescence on Aging
and Disease in the Brain
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Abstract Senescence is an irreversible mitotic arrest of the cell that can result
from replicative aging or stressors. It can be beneficial by conferring resistance to
apoptosis, or detrimental by inducing pro-inflammatory signaling in the microen-
vironment. Senescent cells have been observed in both aged and diseased tissue,
including the brain. The aging brain undergoes changes such as cortical atrophy and
increases in inflammatory and oxidative factors, with decreases in synaptic plasticity
and mitochondrial function. Significant neuronal loss is observed and thought to
drive the atrophy in the corresponding areas of the brain in neurodegenerative
diseases (ND). Despite being terminally differentiated, a senescence-like phenotype
is observed in neurons upon stress in vitro and also in neurocognitive disorders like
HIV-associated dementia and Alzheimer’s disease in vivo. Aging is also associated
with lower regenerative capacity of neural stem and progenitor cells (NSPC). In
vivo, their neurogenerative capacity is modulated by a variety of external factors,
including growth factors, diet, and inflammation. NSPC have been observed to
undergo stress-induced senescence in vitro. Deregulation of other CNS cell types,
including oligodendrocytes and microglia occur in aging and ND. Microglia, which
are not post-mitotic, senesce in culture in response to replicative or inflammatory
stress. Astrocytes, which make up half of all cells in the CNS, maintain and protect
neurons. In response to insult or injury however, astrocytes undergo phenotypic
changes collectively termed reactive astrogliosis. This response can be both detri-
mental and beneficial to the neurons, and its downregulation improves disease
parameters in a mouse model of AD. We have observed astrocyte senescence in
vitro in response to replicative and oxidative stress and AP peptides, along with
accumulation of senescent astrocytes in aged and AD brain. Given that astrocytes
perform a myriad of complex functions in the CNS in order to maintain homeostasis,
the loss of astrocyte function or the gain of neuroinflammatory function as a result of
senescence could have profound implications for aging brain and neurodegenerative
disorders.
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14.1 Introduction

Although the phenomenon of cellular senescence in vitro was originally observed
more than 50 years ago (Hayflick and Moorhead 1961; Hayflick 1965), much
of our understanding of the underlying mechanisms and physiologic relevance of
cellular senescence to aging and disease has only been elucidated within the last
decade. Normal human cells undergo a finite number of cell divisions in vitro
before their growth is irreversibly arrested. This finite replicative lifespan, known
as replicative senescence, was thought to reflect aging at the level of the individual
cell (Hayflick 1965). Replicative senescence occurs as a result of telomere attrition
from progressive rounds of DNA replication (Stewart et al. 2003); however, the
senescence arrest can also be induced by a variety of stressors including oncogene
activation, oxidative stress and proteasome inhibition, and is termed stress-induced
senescence (Torres et al. 2006; Serrano et al. 1997; Chen and Ames 1994). Overall,
the phenotypes elicited by replicative senescence and stress-induced senescence are
collectively known as cellular senescence.

In addition to irreversible cell cycle arrest, the senescence phenotype is char-
acterized by several biomarkers that serve to identify senescent cells. Senescent
cells are metabolically active, resistant to apoptosis (Wang 1995), and undergo
widespread changes in gene expression (Shelton et al. 1999). Alterations in gene
expression are thought to increase the secretion of pro-inflammatory mediators and
proteases that act on the microenvironment and potentially contribute to age-related
declines in organ function (Campisi et al. 2011); this process has been termed the
senescence-associated secretory phenotype (SASP) (Coppe et al. 2008). Perhaps
one of the most relevant reports indicating the physiologic relevance of cellular
senescence to aging is that the selective clearance of cells expressing the senescence
biomarker p16™X 4 in a mouse model of premature aging delayed and alleviated
certain age-related pathologies in several organ systems (Baker et al. 2011). These
findings implicate senescent cells in age-related tissue dysfunction and suggest that
interventions to prevent the initiation of the senescence phenotype or to target the
removal of senescent cells would be both relevant and beneficial.

Replicative senescence of normal human cells in vitro was considered a counter-
part to aging in vivo; however, a landmark study by Cristofalo (Cristofalo et al. 1998)
failed to establish a correlation between donor age and the proliferative potential
of fibroblasts in culture. This finding seemingly challenged the prevailing concept
at the time that all cells in an organism undergo senescence. However, the results
did not preclude the possibility that there is an accumulation of a subpopulation
of senescent cells in aged individuals. In fact, there is ample evidence that cells
displaying biomarkers of senescence accumulate in tissues of aged animals and
humans, suggesting that at least in vivo, cells undergo senescence prior to their
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telomeres becoming critically short (Dimri et al. 1995; Jeyapalan and Sedivy
2008). Cells displaying biomarkers of senescence have been identified in tissue
biopsies of aged animals and humans (Kreiling et al. 2011; Jeyapalan et al. 2006;
Ressler et al. 2006). In addition, cells demonstrating biomarkers of senescence
are localized to sites of common aging-related degenerative pathologies including
atherosclerotic plaques (Vasile et al. 2001), osteoarthritic joints (Price et al. 2002),
hypertensive kidney (Westhoff et al. 2008), pulmonary arteries from patients with
chronic obstructive pulmonary disease (COPD) (Noureddine et al. 2011), and
are found in cultured fibroblasts isolated from chronic non-healing venous ulcers
(Stanley and Osler 2001), and from the lungs of emphysema patients (Miiller
et al. 2006). These studies associate the appearance of senescent cells with aging
and age-related degenerative pathology, but additional work is required to test the
more difficult question of causality. Interestingly, much less is known about the
role of senescent cells in the brain. In this chapter we will review aging-related
changes in the brain, including changes in physiology and the role of senescence-
like phenotypes in CNS cell types and their potential impact on brain associated
pathology.

14.2 The Aging Brain

Like many other organs throughout the body, the brain is susceptible to aging-related
changes and functional decline. Often these aging-related alterations vary greatly
among individuals or are specific to certain brain regions. Here, tissue-wide general
features of aging brain and neurodegenerative disease are discussed, while cell-type
specific changes will be described in more detail in a subsequent section.

At the most basic structural level, the normal aging brain is associated with
cortical atrophy characterized by thinning of the gyri, widening of the sulci, and
an expansion of the ventricles that contribute to an overall decrease in brain weight
(Magnotta et al. 1999; Apostolova et al. 2012). Age-related structural changes
can be evaluated in the brains of living subjects through the use of magnetic
resonance imaging (MRI) based neuroimaging techniques (Walhovd et al. 2011). In
longitudinal MRI studies, neuroanatomical volume loss follows a unique trajectory
in individuals diagnosed with mild cognitive impairment (MCI) compared with
normal aging (Driscoll et al. 2009). Brain regions that classically exhibit pathologic
features of Alzheimer’s disease (AD) early in the course of disease, such as the
hippocampus and temporal gray matter, show accelerated volume loss in individuals
with MCI, suggesting that volume loss may be a surrogate biomarker for disease
progression (Driscoll et al. 2009).

Aging is the greatest risk factor for cognitive decline; however, not all aspects
of cognitive function decline during normal aging (Yankner et al. 2008). Certain
aspects of cognitive function such as processing speed and formation of new
memories are compromised with normal aging, whereas other aspects including
long-term memory and verbal knowledge remain stable (Salthouse 2010). An
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age-related decrease in functional connectivity between different brain regions is
thought to contribute to a decline in cognitive functions related to the hippocampus
and pre-frontal cortex (Samson and Barnes 2013).

Several studies have examined the association between systemic inflammatory
factors and cognitive performance during aging (Wright et al. 2006; Weaver
et al. 2002). Evidence of systemic low-grade inflammation and endothelial dys-
function was associated with impaired attention and processing speed in older
adults (Heringa et al. 2014). In addition, higher baseline levels of inflammatory
mediators C-reactive protein (CRP) and IL-6 were associated with an increased
risk of developing dementia (Yaffe et al. 2003; Dziedzic 2006). Compared with
similar-aged controls, patients with AD demonstrated significantly higher levels of
plasma inflammatory cytokines including IL-1 and TNF-a (Zuliani et al. 2007).
In addition to systemic evidence of inflammation, higher levels of inflammatory
mediators are also present in the cerebrospinal fluid (CSF) of individuals with MCI
(Galimberti et al. 2006). The CSF inflammatory profile of individuals who are in
the pre-clinical stage of AD is similar to that of patients with the prototypical
neuroinflammatory disease multiple sclerosis, suggesting that neuroinflammation
is an early event in AD pathogenesis (Monson et al. 2014). Studies of post-
mortem tissues from AD patients have also overwhelmingly demonstrated evidence
of neuroinflammation (Akiyama et al. 2000). Glial cells, including microglia and
astrocytes, are likely sources of inflammatory mediators within the CNS during
aging and neurodegeneration (Salminen et al. 2011; Jensen et al. 2013). Persistent
neuroinflammation by sustained overexpression of IL-1f also exacerbates features
of AD pathology in the triple transgenic mouse model of AD (3x-Tg-AD) (Ghosh
et al. 2013).

In addition to neuroinflammation, oxidative stress is another prominent feature
of the aging brain and plays an important role in the pathogenesis of several neu-
rodegenerative diseases. Although low levels of reactive oxygen species (ROS) have
physiologic signaling function in the CNS, an imbalance between their generation
and detoxification leads to oxidative damage (Wang and Michaelis 2010). Evidence
of oxidative damage to macromolecules including protein, nucleic acid, and lipids in
the CNS occurs during normal aging and is an early feature of Alzheimer’s disease
(Bradley-Whitman et al. 2014; Bradley et al. 2010; Nunomura et al. 2001). The CNS
in general and neurons in particular are thought to be vulnerable to oxidative stress
because of the high metabolic rate and the propensity for mitochondrial dysfunction
(Chen and Zhong 2014). The sources of oxidative stress and the mechanisms
surrounding neuronal death and dysfunction during aging and neurodegeneration
are active areas of investigation; however, dysfunctional mitochondria in neurons
are likely key mediators (Mattson et al. 2008). The blood-brain barrier (BBB) which
sits at the interface between the CNS and the periphery is another likely target of
inflammatory and oxidative insult (Enciu et al. 2013). Disruption of this barrier is
one potential mechanism by which oxidative stress and inflammation contribute to
neurodegenerative disease. Changes in BBB permeability positively correlated with
disease progression in patients with the Parkinson-like neurodegenerative disorder
multiple system atrophy (MSA) (Lee et al. 2013).



14 Brain Cellular Senescence 267

Despite the evidence for the role of oxidative stress in the pathogenesis of aging
related neurodegenerative disease, the clinical use of antioxidants as therapeutics
has been inconclusive in large randomized clinical trials in humans (Kamat et al.
2008). Trials of vitamin E (alpha-tocopherol) failed to improve cognitive function
in individuals with MCI, whereas in moderate to severe AD, long-term alpha-
tocopherol treatment slowed disease progression (Evans et al. 2014; Sano et al.
1997). In a randomized, placebo-controlled clinical trial by Galasko et al. (2012)
in subjects with mild to moderate AD, short-term combination treatment with
antioxidants alpha-tocopherol, vitamin C, and a-lipoic acid had no impact on CSF
biomarkers of AD pathology; however, they did observe a decrease in the level
of F-2 isoprostane, which is a CSF biomarker of oxidative injury in vivo (Paolo
et al. 2004). In addition, the effect of alpha-tocopherol alone or in combination
with memantine, which is an FDA-approved drug for the treatment of AD, was
examined in a recent trial in subjects with mild to moderate AD (Dysken et al. 2014).
Subjects receiving alpha-tocopherol alone had slower rates of functional decline
compared with placebo or alpha-tocopherol plus memantine (Dysken et al. 2014).
There is also evidence that some ROS scavengers may be effective in mitigating
cognitive decline in mice if treatment is started early enough. Chronic treatment
with a superoxide dismutase/catalase mimetic (EUK-207) decreased oxidative
damage to macromolecules and improved cognitive function in aged mice (Clausen
et al. 2010), whereas EUK-207 treatment decreased oxidative damage, alleviated
features of AD neuropathology, and improved cognitive function in 3x-Tg-AD mice
(Clausen et al. 2012).

At the transcriptome level, the aging brain is associated with broad changes in
gene expression. Analysis of the gene expression profile of aged mouse (30 months)
neocortex revealed increased mRNA levels of genes involved in the inflammatory
response and oxidative stress, while genes involved in protein-turnover and trophic
support were decreased (Lee et al. 2000). A similar profile is noted in human
frontal cortex; beginning in middle age there is a decrease in the expression of
genes involved in synaptic plasticity, vesicular transport and mitochondrial function,
while the expression of genes involved in the stress response and inflammation was
increased (Lu et al. 2004). Interestingly, many of these age down-regulated genes
demonstrated oxidative damage to their promoters (Lu et al. 2004). Furthermore,
changes in the brain transcriptome are thought to precede the onset of neuropathol-
ogy in AD (Bossers et al. 2010).

14.3 Senescence-Related Changes in CNS Cell Types

14.3.1 Neurons

With very few notable exceptions including the dentate gyrus (DG) and the
subventricular zone (SVZ), new neurons are not generated throughout life in the
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adult brain; therefore the neurons generated early in development must survive and
remain functional for the lifetime of the organism (Yankner et al. 2008).

In most brain areas, normal aging is not associated with profound neuronal loss
(Rapp and Gallagher 1996; Gazzaley et al. 1997; West et al. 1994); however, the
aging brain is characterized by subtle morphological and functional alterations in
neurons that contribute to cognitive decline (Burke and Barnes 2006) and may be
brain region-specific (Morrison and Baxter 2012). Aged rats with spatial learning
deficits related to hippocampal function exhibited a decline in levels of synapto-
physin, which is a marker of pre-synaptic vesicles (Smith et al. 2000). Compared
with similarly aged cognitively normal controls, subjects with Alzheimer’s disease
and to a lesser extent subjects with mild cognitive impairment (MCI) exhibited
synaptic loss in the hippocampus suggesting that synaptic loss in this region is
associated with cognitive ability (Scheff et al. 2006). In addition to changes in
synapses, there is also a dramatic reduction in the number of thin dendritic spines,
which are important for neuronal plasticity and learning (Kasai et al. 2003), on
pyramidal neurons of the aged non-human primate brain (Dumitriu et al. 2010).

In contrast to normal aging, neurodegenerative disease is associated with pro-
found neuronal loss in specific brain regions. Selective populations of neurons are
vulnerable to degeneration in different disorders including dopaminergic neurons
in the substantia nigra pars compacta in Parkinson’s disease (PD), medium spiny
neurons in the striatum in Huntington’s disease (HD), motor neurons in amyotrophic
lateral sclerosis (ALS), and hippocampal and frontal lobe pyramidal neurons in AD
(Mattson and Magnus 2006). One of the greatest risk factors for the development of
sporadic forms of any of these disorders is aging. General aging-associated changes
are qualitatively similar, but often more severe in regions undergoing degeneration
(Mattson and Magnus 2006).

Recent evidence suggests that although mature post-mitotic neurons fail to
undergo replicative aging, these cells are subject to a stress-induced senescence-
like phenotype. Purkinje, hippocampal, and cortical neurons from aged mice
(32 months) in situ exhibit features of a p21-dependent senescence-like phenotype
(Jurk et al. 2012). This phenotype is characterized by increases in SA B-gal activity,
p38 MAPK activation, IL-6 production, lipid peroxidation and DNA damage, and
could be mitigated by caloric restriction or exacerbated by telomere dysfunction in
the aged mice (Jurk et al. 2012). Interestingly, p21 overexpression protects primary
cultured neurons from apoptosis in response to treatment with the neurotoxin
ethylcholine aziridinium (AF64A) (Harms et al. 2007).

A senescence-like phenotype is also evident in the neurons of aging rat
(24 months) in the CA3 region of the hippocampus or upon prolonged culturing
of primary hippocampal neurons by staining for SA B-gal activity, a senescence
biomarker that differentiates between senescent and terminally-differentiated
cells (Geng et al. 2010; Dimri et al. 1995). Finally, human and rodent neural
cell lines undergo ROS-dependent senescence in response to treatment with the
environmental toxin TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) (Wan et al. 2014).
A likely trigger of stress-induced senescence in neurons is DNA damage. DNA
damage in the form of double strand breaks in neurons is a consequence of normal
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brain activity, but is increased in aged brain and can be exacerbated by the presence
of amyloid-p (Suberbielle et al. 2013; Bhaskar and Rao 1994).

Even though neurons have undergone a permanent exit from the cell cycle,
the cyclin-dependent kinase inhibitor p16™%4 is not normally detectable in adult
brain (Robertson and Jones 1999), while p21 is not typically expressed in mature
neurons (Pechnick et al. 2008). However, immunohistochemical analyses of post-
mortem frontal cortex from subjects with HIV-associated dementia (HAD) revealed
that p21 is increased in neurons and subcortical glia compared uninfected controls
(Jayadev et al. 2007), whereas p16™%4 immunoreactivity was detectable in neurons
containing neurofibrillary tangles in AD hippocampus and temporal cortex (McShea
et al. 1997; Arendt et al. 1998).

14.4 Neural Stem/Progenitor Cells

In the mammalian adult brain, two major zones of neurogenesis persist: the sub-
granular zone of the dentate gyrus (DG) of the hippocampus and the subventricular
zone (SVZ) of the lateral ventricles (Alvarez-Buylla and Lim 2004). These regions
harbor neural stem and progenitor cells (NSPC). NSPC are capable of self-renewal
and differentiation into the major CNS types including astrocytes, oligodendrocytes,
and neurons. The first evidence for new neurogenesis in adult human brain came
from a landmark study by Eriksson et al. (1998) in post-mortem tissues from
cancer patients, who were administered bromodeoxyuridine (BrdU) for diagnostic
purposes while alive. They showed that new neurons arise from dividing progenitor
cells in the DG. Aging is associated with a major decline in the proliferation and
differentiation of NSPC. The steepest decline in neurogenesis occurs from young
to middle age and is thought to underlie an aging-related decline in cognition
(Hamilton et al. 2013).

One potential reason for the decline in neurogenesis with aging is the senescence
of NSPC. The reduced regenerative capacity and frequency of neural stem cells
in the SVZ correlates with increased p16™K4? expression in aged mice (Molofsky
et al. 2006). Cultured NSPC undergo senescence in response to diverse stimuli.
These include DNA-damage-induced senescence upon treatment with hydroxyurea
(HU) (Dong et al. 2014) or ionizing radiation (Schneider et al. 2013), ROS-induced
senescence in response to treatment with APy 4 oligomers (He et al. 2013), and
oncogene-induced senescence with BRAFVSE in a model of pilocytic astrocytoma
(Raabe et al. 2011). In order to maintain stem cell function, a proper balance of
factors that promote stem cell self-renewal yet contribute to neoplasia relative to
factors that reduce stem cell regenerative potential, decreasing the propensity for
cancer but contributing to aging, is required (Molofsky et al. 2006).

NSPC self-renewal and differentiation are regulated by external cues from the
specialized microenvironment or “niche” in which they reside (Alvarez-Buylla and
Lim 2004). In contrast to the cell-intrinsic impact of stem cell senescence, age-
related changes in the stem cell microenvironment and organismal systemic milieu
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also impair stem cell function and neurogenesis (Villeda et al. 2011). These non-
cell autonomous challenges to the neurogenic niche can be classified into two
main categories: the loss of neurogenesis-promoting cues or gain of neurogenesis-
inhibitory signals (Hamilton et al. 2013). For example, brain-derived neurotrophic
factor (BDNF) is an important neurogenesis-promoting factor in the adult brain
(Lee et al. 2002). Physical exercise, an intervention that improves overall health and
increases hippocampal neurogenesis in aged mice also increases the level of BDNF,
presumably contributing to the enhanced neurogenesis (van Praag et al. 2005). Like
BDNEF, insulin-like growth factor-I (IGF-I) is another growth factor that mediates
the effect of exercise on neurogenesis in the adult brain (Cotman et al. 2007; Ding
et al. 2006).

IGF-I increases the proliferation and differentiation of NSPC (Anderson et al.
2002), and circulating levels of IGF-I are increased in response to exercise (Trejo
etal. 2001), but are decreased during aging (Gong et al. 2014). In contrast, a high-fat
diet decreases hippocampal neurogenesis through an increase in lipid peroxidation
and a decrease in BDNF (Park et al. 2010). Similarly, chronic inflammation inhibits
neurogenesis in the adult brain although the precise mechanism is not yet clear
(Ekdahl et al. 2003).

14.5 Oligodendrocytes

The major function of oligodendrocytes is the production of myelin, which
ensheathes axons and is a major component of white matter in the vertebrate central
nervous system (CNS). The myelin sheath facilitates conduction of signals along
axons and provides metabolic support for axons in form of lactate (Fiinfschilling
et al. 2012). The process of myelination occurs in distinct regions of the human
brain throughout life and reaches a pinnacle at middle-age. Demyelination occurs
when axons lose their myelin sheath as a result of injury to the oligodendrocyte
and results in a functional deficit (Franklin and Ffrench-Constant 2008). An age-
related loss in the amount of myelin, but not the protein composition of myelin
was observed in post-mortem analyses of human frontal white matter and corpus
callosum (Berlet and Volk 1980). Increased degeneration of white matter has also
been observed histologically in the frontal lobe of AD and dementia with Lewy
bodies (DLB) compared with similar aged-controls (Thara et al. 2010).

Mature oligodendrocytes are generated from the proliferation and differentiation
of oligodendrocyte precursor cells (OP) in the early post-natal period and through-
out adulthood (Kang et al. 2010; Young et al. 2013). While OP retain the ability to
proliferate indefinitely and fail to undergo replicative senescence in culture (Tang
et al. 2001), mature oligodendrocytes are post-mitotic.

Oligodendrocytes demonstrate morphological changes in aged brain which
include the swelling of cell processes, and the presence of inclusions in the cell
body and cell processes (Peters 2002), while a reduction in oligodendrocyte nuclear
diameter is a feature of AD and DLB (Gagyi et al. 2012). These morphological
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alterations correlate with a decline in myelination rate by oligodendrocytes in
aged brain and neurodegenerative disease. Neuroimaging studies with magnetic
resonance imaging (MRI) permit an in vivo assessment of white matter and confirm
the loss of white matter volume and structural integrity accompanying aging and
neurodegenerative disease (Bartzokis et al. 2004). In neuroimaging studies of
healthy subjects, individuals carrying the ApoE4+- risk allele for the development
of AD showed increased evidence of myelin breakdown (Bartzokis et al. 2006). In
addition, myelination abnormalities are evident prior to the appearance of amyloid
and tau pathology in the brains of a triple-transgenic AD mouse model (3x-Tg-
AD) (Desai et al. 2009). In contrast, white matter integrity is preserved in the
offspring of nonagenarians compared with age-matched controls, suggesting that
familial longevity has a role in maintaining white matter health (Altmann-Schneider
et al. 2013).

Like many repair processes during aging, remyelination efficiency following
injury declines (Shields et al. 1999). The decline in remyelination in chronic
multiple sclerosis lesions and following toxin-induced demyelination in rats was
attributed to impaired recruitment and differentiation of OP (Sim et al. 2002;
Kuhlmann et al. 2008). The aging-associated defect in remyelination can be rescued
by over-expression of the anti-aging protein Klotho (Chen et al. 2013) or exposure to
a more youthful systemic milieu via heterochronic parabioisis (Ruckh et al. 2012).

14.6 Microglia

In contrast to other major cell types in the CNS with neuroectodermal origins,
microglia are derived from an erythromyeloid progenitor of mesodermal origin
and migrate into the CNS very early in development (Alliot et al. 1999). Local
proliferation of CNS resident parenchymal microglia is the sole source of microglia
in adult CNS (Ajami et al. 2007). As the resident immune cells of the brain,
microglial cells actively survey the microenvironment with their processes, and
perform housekeeping functions through the phagocytosis of debris, clearance of
apoptotic cells, and maintenance of synapses (Nimmerjahn et al. 2005; Wake et al.
2009). In response to CNS injury or to damage signaling with ATP, microglia
migrate to the site of damage and proliferate. Although data from numerous
in vitro studies support a neurotoxic role for microglia (Boje and Arora 1992;
Burguillos et al. 2011) and microglia are found at the sites of infectious and sterile
inflammatory CNS lesions, the role of microglia as mediators of neurotoxicity has
been recently re-evaluated (Biber et al. 2014). The microglial response to injury,
termed “activation”, was once thought to be primarily detrimental and a major cause
of neurodegeneration; however, recent findings have challenged this concept and
highlighted beneficial roles of microglia (Biber et al. 2014).

Compared with young microglia, aged microglia function very differently under
normal resting conditions and in response to injury. For example, microglia isolated
from aged brains and cultured ex vivo constitutively secrete excess cytokines
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including IL-6 and TNF-a and resist stimulation with LPS (Njie et al. 2012). Aged
microglia demonstrate a blunted surveillance program and a delayed, but sustained
response to injury in situ in aged mice (Damani et al. 2011; Wynne et al. 2010).
The combination of constitutive inflammation and deregulated function in aged
microglia has profound implications for both aged brain and neurodegenerative
disease. Interestingly, transcriptome profiling studies of microglia isolated from
healthy aged mice demonstrate increased expression of genes involved in neuro-
protection relative to young adult mice (Hickman et al. 2013).

In human tissues, microglia exhibit “dystrophic” morphological changes in both
aged brain and in association with tau pathology in AD brain (Streit et al. 2004,
2009). These dystrophic changes are characterized by a fragmented cytoplasm,
gnarled cell processes, and the absence of features of microglial activation (Streit
et al. 2004). The altered morphology seen in microglial cells with aging and
neurodegenerative disease is thought to occur as these cells become senescent.

Microglial cells initiate a senescence program in response to replicative stress
following overstimulation with mitogen (Flanary and Streit 2004) or repeated
inflammatory activation with lipopolysaccharide (LPS) in culture (Yu et al. 2012).
Reduced telomere length and telomerase activity were also observed in microglia
purified from aged rat cortex, while telomere length was reduced in microglia
isolated from post-mortem tissue from AD brain tissue (Flanary et al. 2007). In
contrast, in response to acute nerve injury, microglia increase telomerase activity by
upregulating the expression of telomerase protein up to 7 days post-injury (Flanary
and Streit 2005). These findings suggest that the degree and timing of insult as well
as the microglial proliferative response affect the ability of these cells to maintain
telomere length.

14.7 Astrocytes

During mid- to late embryonic development, astrocytes are generated from NSC
in the ventricular zone (VZ) (Namihira and Nakashima 2013) via a differentiation
process that involves epigenetic de-repression of astrocyte-related genes (Namihira
et al. 2004; Takizawa et al. 2001) and activation of several signaling pathways
including JAK/STAT-3 (Bonni et al. 1997). In contrast, the majority of astrocytes in
the postnatal CNS arise from the local symmetric division of differentiated, cortical
astrocytes rather than from the differentiation and migration of progenitors (Ge
et al. 2012).

Astrocytes are the most abundant population of cells within the human brain,
accounting for about half of the total CNS cell number (Azevedo et al. 2009).
The population of astrocytes within the human brain is more structurally complex
and diverse compared with astrocytes from other mammalian species (Oberheim
et al. 2006). This unique structural complexity of astrocytes is thought to underlie
cognitive abilities that are uniquely human (Oberheim et al. 2009).
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Astrocytes perform a diverse array of complex functions within the CNS to
maintain homeostasis: regulation of ions, water, and neurotransmitter homeostasis
(Simard and Nedergaard 2004; Schousboe et al. 2013), maintenance of the blood-
brain barrier (BBB) (Abbott et al. 2006), contribution to CNS metabolism and
participation in synaptic transmission as part of the tripartite synapse (Perea et al.
2009; Sofroniew and Vinters 2010). In addition to the pleiotropic array of functions
they perform in normal brain, astrocytes acquire additional functions and release
mediators that are known to result in neuronal toxicity (Bi et al. 2013).

Astrocytes undergo a spectrum of molecular and functional changes in order
to respond to all forms of CNS insult and injury, which is collectively referred
to as reactive astrogliosis (Sofroniew 2009). Recent studies have underscored
the heterogeneity of reactive astrogliosis in response to different forms of insult
(Zamanian et al. 2012) or distance from the site of injury (Wanner et al. 2013);
however, typical features of this phenotype include increased expression of the
intermediate filament proteins GFAP and vimentin, and variable cell hypertrophy
in mild to moderate stages, while astrocyte proliferation, glial scar formation, and
tissue reorganization are indicative of later stages (Sofroniew and Vinters 2010).
Often this spectrum of changes is reversible upon removal of the insult, while
glial scar formation is a terminal endpoint (Sofroniew 2009). While some forms
of reactive astrogliosis are detrimental in some contexts, this response can also be
beneficial (Hamby and Sofroniew 2010). For example, glial scar formation inhibits
axon regeneration following injury (Iseki et al. 2012); however, the glial scar also
surrounds and insulates damaged tissue to promote neuroprotection and repair (Bush
et al. 1999). Several pathways including STAT3 (Herrmann et al. 2008), NF-kB
(Brambilla et al. 2005), and p38MAPK (Roy Choudhury et al. 2014) have been
implicated in reactive astrogliosis. The outcome of inhibition of these signalling
pathways in astrocytes is often context dependent.

The interplay between changes that occur with reactive astrogliosis and
changes that occur with astrocytes during aging is not entirely clear. Often,
an increase in GFAP expression is used as a marker for evidence of reactive
astrogliosis in tissues (Sofroniew and Vinters 2010). Astrocytes demonstrating
evidence of this reactive phenotype can be found with increasing frequency
at sites of virtually every CNS pathologic lesion regardless of etiology
(Sofroniew 2009). Although several studies have demonstrated an increase in
GFAP expression in aged brain especially in the hippocampus, there is also
support for a decrease in GFAP expression during aging (Rodriguez et al.
2014). In contrast to increases in GFAP and hypertrophy, astroglial atrophy
is an alternate pathologic feature of AD brain that has been observed in
an AD mouse model (Olabarria et al. 2010; Kulijewicz-Nawrot et al. 2012;
Yeh et al. 2011).

In contrast to neurons which are post-mitotic, glial cells are capable of undergo-
ing cell division in vitro and in rodent brain tissues (Pontén and Macintyre 1968;
Smart and Leblond 1961). Recent studies have also confirmed the proliferative
potential of mature astrocytes in adult human brain tissue (Colodner et al. 2005).
Remarkably, prolonged culture of glial cells results in a decline in their proliferative
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capacity (Blomquist et al. 1980), which in normal human astrocytes could not
be rescued by expression of hTERT (Evans et al. 2003). This form of in vitro
aging by prolonged culture of astrocytes results in a decline in their functional
properties including a loss of neuroprotective capacity (Pertusa et al. 2007),
impaired glutamate uptake in response to oxidative stress (Gottfried et al. 2002),
and impaired synaptic transmission in neurons in a co-culture system (Kawano et al.
2012). Astrocytes isolated from adult rodent cortex are also capable of undergoing
replication in culture and are subject to dysfunction from oxidative stress (Souza
et al. 2013).

Recently there has been a paradigm shift toward understanding the integral
role of astrocyte function and dysfunction in the initiation and progression of
neurodegenerative disease and cognitive decline with aging (Verkhratsky et al.
2012). The presence of astrocytes enhances tau phosphorylation and accelerates
AB induced neurotoxicity in primary neuronal cultures (Garwood et al. 2011). This
effect was mediated by secreted factors from astrocytes and could be abrogated
upon treatment of the astrocytes with the anti-inflammatory agent minocycline
(Garwood et al. 2011). In addition, selective targeting of calcineurin/NFAT (nuclear
factor of activated T-cells) signalling in astrocytes improved disease parameters in
vivo as evidenced by reduced astrocyte activation, lower A levels, and improved
cognitive function in a mouse model of AD (APP/PS1) (Furman et al. 2012). Aging-
related changes in secreted factors from astrocytes impair NSPC proliferation in
the neurogenic niche leading to a decline in neurogenesis with aging (Miranda
et al. 2012).

We have demonstrated that in response to oxidative stress and exhaustive
replication, human astrocytes activate a senescence program accompanied by
the expression of pl6, p21, p53, 53BP1l; Gl cell cycle arrest; a reduction in
telomere length; and increased co-localization of the histone chaperone HIRA
and the promyelocytic leukemia PML proteins, a requirement for the formation
of senescence-associated heterochromatin foci (Bitto et al. 2010). The importance
of senescent astrocytes in age-related dementia has been the subject of recent
discussion (Salminen et al. 2011), but to date, there is little evidence to suggest
that senescent astrocytes accumulate in the brain. By examining brain tissue we
have observed an increase in the number of astrocytes expressing the senescence
marker pl6 in aged brains, and in AD patient brains (Bhat et al. 2012). Further-
more, since AP peptides induce mitochondrial dysfunction, oxidative stress, and
alterations in the metabolic phenotype of astrocytes (Abramov et al. 2004; Rhein
et al. 2009; Allaman et al. 2010) we examined whether AP peptides initiate the
senescence response in these cells. In vitro, we found that exposure of astrocytes to
AP1_4 triggers senescence and that senescent astrocytes produce high quantities of
interleukin-6 (IL-6), which seems to be regulated by p38MAPK. IL-6 is a cytokine
known to be increased in the CNS of AD patients (Glass et al. 2010). Based on this
evidence, we have proposed that accumulation of senescent astrocytes may be one
age-related risk factor for sporadic AD.
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14.8 Discussion

Despite the realization that senescent cells play a causal role in many aging-
related phenotypes (Baker et al. 2011), senescence has been largely understudied
in the brain both in vitro and in tissues (Yeoman et al. 2012). A major challenge
for the study of senescence in CNS-derived cell types in the adult has been
the availability of tissue and the lack of a source for adult human CNS-derived
cells including astrocytes, while studies of cellular senescence and its physiologic
relevance to aging and disease in the periphery have been facilitated by tissue
biopsies from living human donors. Therefore, the majority of tissues obtained
for the study of CNS pathologic processes rely on tissues obtained post-mortem.
In addition, a major conceptual challenge in the study of CNS senescence is the
relationship between terminal differentiation and cellular senescence, which had
been considered mutually exclusive but appear to have a much more complex
relationship (Campisi and d’Adda di Fagagna 2007). Astrocytes have the potential
to impact CNS function at multiple levels and senescence in this cell population has
implications well beyond the simple loss of parenchyma. A model of the impact of
astrocyte senescence is presented in Fig. 14.1.

Exhaustive Replication
Proteasome Inhibition
Oxidative Stress
Amyloid beta oligomers

Proinflammatory mediators

\ SASP £
CY ) .ﬁ
*
Source of
Neuroinflammation ?

sA B-gal Endothelial cell Neuron/microglia/NSPC
senescence? ~ Senescence?

_\) Functional coupling

| of senescent singles

Fig. 14.1 Model. Astrocytes interact with a variety of cell types in the CNS and perform critical
functions in order to maintain homeostasis. In response to classic stressors and stressors relevant
to the aging brain, human astrocytes exhibit prototypical biomarkers of the senescent phenotype
in vitro. Astrocyte senescence is also accompanied by profound changes in the transcriptome
including the loss of brain-expressed transcripts, which suggests the loss of differentiated function
in senescent astrocytes. The loss of differentiated function in senescent astrocytes and/or the
gain of neuroinflammatory function as a result of the SASP have profound implications for
the brain tissue microenvironment and the potential to impact virtually every CNS cell type
(e.g. neurons, oligodendrocytes, microglia, brain microvascular endothelial cells, and neuronal
stem and precursor cells (NVSPC)) and every facet of normal CNS function
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Our findings demonstrate that human astrocytes undergo cellular senescence in
response to a variety of stressors including replicative stress, oxidative stress, and
small oligomers of amyloid- beta (AB;_4;) in vitro. Consistent with our studies in
human astrocytes, others have characterized the senescent phenotype in response
to treatment with AP in vitro in endothelial cells (Donnini et al. 2010) as well
as neuronal stem/precursor cells (NSPC) from model organisms (He et al. 2013).
Further support for AB-induced senescence comes from studies performed in human
retinal pigment epithelium (RPE), in which treatment with a low concentration of
oligomeric AP (0.3 wM) causes RPE senescence and increased secretion of IL-8
and matrix metalloproteinase-9 (MMP-9) (Cao et al. 2013).

The timing of the appearance of senescent cells relative to the development of
dysfunction and disease needs to be more thoroughly investigated especially in
the context of the aging human CNS. Increased inflammation, oxidative damage,
and transcriptional changes precede the onset of CNS dysfunction in AD (Monson
et al. 2014; Bradley et al. 2010; Bradley-Whitman et al. 2014; Bossers et al. 2010);
however, whether cellular senescence is a cause or a consequence of these insults
remains to be determined. Overall, this suggests that in addition to being mediators
and drivers of CNS dysfunction and disease during aging, senescent astrocytes
could accumulate and persist in very old individuals with AD. By comparing brain
regions that are selectively vulnerable to dysfunction and/or degeneration with
areas that are relatively spared within the same subject, we can begin to establish
whether CNS cellular senescence is a general feature of aged brain or localized
to specific to sites of pathology. These studies could be expanded to tissues from
other neurodegenerative disorders that increase with age including Parkinson’s
disease, ALS, and fronto-temporal lobar degeneration (FTLD) and HIV-associated
neurocognitive disorders (HAND).

In addition to astrocytes, the possibility exists that other CNS cell types including
brain microvascular endothelial cells, microglia, NSPC, and possibly neurons elicit
certain aspects of the senescent phenotype (see model) (Streit et al. 2009; Dong
et al. 2014; Molofsky et al. 2006; Jurk et al. 2012). While it was once thought that
cellular senescence and terminal differentiation were mutually exclusive (Campisi
and d’Adda di Fagagna 2007), recent evidence for a senescence-like phenotype in
post-mitotic cells including megakaryocytes (Besancenot et al. 2010), and neurons
(Jurk et al. 2012) has challenged this viewpoint. In response to damage, the direction
of cell fate toward senescence and away from apoptosis may be a better strategy
for potentially irreplaceable cells in order to maintain tissue function, although the
senescent phenotype is associated with dysfunction (Naylor et al. 2013). Senescence
could also be viewed as compensatory mechanism to avoid cell-cycle reentry-
mediated cell death in neurons (Herrup and Yang 2007).
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