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Abstract

Microglia, the immune cells of the central nervous system, have long been a subject of study in the
Alzheimer’s disease (AD) field due to their dramatic responses to the pathophysiology of the
disease. With several large-scale genetic studies in the past year implicating microglial molecules
in AD, the potential significance of these cells has become more prominent than ever before. As a
disease that is tightly linked to aging, it is perhaps not entirely surprising that microglia of the AD
brain share some phenotypes with aging microglia. Yet the relative impacts of both conditions on
microglia are less frequently considered in concert. Furthermore, microglial “activation” and
“neuroinflammation” are commonly analyzed in studies of neurodegeneration but are somewhat
ill-defined concepts that in fact encompass multiple cellular processes. In this review, we have
enumerated six distinct functions of microglia and discuss the specific effects of both aging and
AD. By calling attention to the commonalities of these two states, we hope to inspire new
approaches for dissecting microglial mechanisms.
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1. Introduction

In the original 1907 article in which he first described the disease that would come to bear
his name, Alois Alzheimer observed a inflammatory component to the diseased brain,
writing that the glia had developed “numerous fibers” and “adipose saccules” (translated by
ref. [1]). Over 100 years later, it is now well accepted Alzheimer’s disease is marked by
neuroinflammatory events involving glia, including astrocytes and, in particular, microglia.
A recent PubMed search with the key words “microglia”, “Alzheimer’s disease”, and the
Boolean connector “AND” returned 2397 citations. Interestingly, the first of these PubMed
articles, published in 1976, is a review article of which the primary focus is not in fact
Alzheimer’s disease but rather an assessment of how the human brain responds to aging [2].
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Alzheimer’s is, after all, a disease of the aged brain. While aging mechanisms and microglial
activity clearly play some role in Alzheimer’s disease, the intersection of these two
components has not been thoroughly explored. Microglia also undergo striking
morphological and molecular changes with age, yet our understanding of the consequences
of these changes within simply normal aging is also limited. In this review, we discuss the
significance of microglial aging in Alzheimer’s disease (AD). We begin by first reviewing
certain genetic factors that have been of particular interest recently in the AD field, and
which specifically implicate microglia. We then examine how specific microglial functions
are altered in aging and AD, and whether there may be mechanistic connections between
these altered states.

2. What are the typical functions of microglia in the adult brain?

Before we attempt to foray into a discussion of what may go wrong in microglial physiology
during aging and AD, it will be helpful to first define what the expected role of microglia
should be in the normal, healthy adult brain. Since their discovery nearly 100 years ago, and
indeed as suggested in their very definition as the innate immune cells of the central nervous
system, it is of general consensus that microglia exist in the adult brain as a protective agent.
How do microglia protect and defend the brain from pathological insult? Here, we briefly
introduce the major physiological effector functions of microglia, which for the purposes of
this review we place into six broad categories: (1) Proliferation; (2) Morphological
transformation; (3) Motility and migration (4) Intercellular communication; (5)
Phagocytosis; and (6) Proteostasis (Figure 1). In the following sections, we will consider
both aging and AD microglial phenotypes within each of these main effector functions. We
have termed these changes the “hallmarks of microglia aging”, a concept that we borrow
from an influential review by Lopéz-Otin et al. [3] who have attempted to identify and
categorize the “hallmarks of aging”. Our Figure 1 is also modeled on a schematic in this
review.

The execution of microglial responses to injury or disease via the above effector functions
has collectively been termed “microglial activation”, though it has been argued that this
terminology incorrectly implies that microglia in the healthy, adult CNS are latent
bystanders [4]. In fact, microglia are quite dynamic cells even in an apparently healthy brain,
as exemplified through studies of motility and migration functions. In vivo two-photon
microscopy studies several years ago revealed that microglia endlessly sample the
extracellular space by extending numerous ramified processes, which seems to enable the
cells to monitor the brain parenchyma, maintain tissue homeostasis, and react rapidly to
brain injury or insult [5, 6].

Though microglial activation may protect the brain through much of life, the efficacy of
these functions seems to deteriorate with age. However, the effects of age on microglia do
not necessarily always present as a loss of these functions. The hallmarks of microglial
aging may also sometimes be characterized as dysfunctional and even hyper-reactive
responses. The immune system in general undergoes an imbalanced shift toward a
proinflammatory status with aging, a concept termed “inflammaging” [7]. If this is also true
for microglia, then these cells may shift from a protective role in youth to a state in which
some protective mechanisms are lost and others are even detrimental to brain health.
Systemic infections and inflammation also activate microglia and drive and exacerbate
neurodegeneration [8, 9] (and reviewed in refs. [10, 11]). As such, it has been suggested that
microglia may age, in part, as a result of cumulative activation in response to systemic
infections over the course of a lifetime (reviewed in refs. [11, 12]). Thus, systemic
inflammaging itself could also drive microglia aging, priming the cells to eventually react
with exaggerated responses that actually contribute to neurodegeneration (see Graphical
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Abstract). Accordingly, it may be that AD phenotypes represent an exaggerated state of
microglia dysfunction beyond that observed during normal aging. AD-associated genetic
variations could also exacerbate these age-related changes, along with other predisposing
factors such as cigarette smoking, high blood pressure, and type 2 diabetes [13]. Obesity, for
example, has been linked to AD and is promoted by aging (reviewed in ref. [14]).
Adipocytes can produce proinflammatory factors and in the obese state adipose tissue may
be infiltrated by immune cells (reviewed in ref. [15]). Recent studies have also found that
obesity stimulates microglia and enhances the recruitment of peripheral monocytes to the
CNS [16, 17]). Obesity could therefore also contribute to low-grade chronic inflammation
peripherally and within the brain. Thus while aging and AD microglial phenotypes are by no
means equivalent, chronic stimulation over time combined with certain genetic mutations
and other risk factors could push aging microglia towards an AD state.

3. Genetic evidence that microglia are important in Alzheimer’s Disease

In the past year, a number of studies have brought more attention to microglia in AD
research than ever before by demonstrating strong genetic implications for microglial
molecules and the immune system in general. Most recently, a genome-wide association
study (GWAS) identified a novel association for late onset Alzheimer’s disease (LOAD) in
the HLA-DRB4-DRBL1 region (encoding for major histocompatability complex, class I,
DRp4 and DRp1, respectively) [18]. Earlier this year, Griciuc et al. [19] demonstrated that
microglial functions in AD may be modified by CD33, another gene with a role in immune
response [20] that has been linked to AD in some (though not all) recent GWAS [18, 21—
23]. And perhaps most prominent were the two GWAS published concurrently in the New
England Journal of Medicine that identified variants in TREM2 (“triggering receptor
expressed on myeloid cells 2”) as risk factors for LOAD [24, 25].

The identification of the TREM2 risk variants garnered great excitement for
neurcimmunologists given that this gene encodes an innate immune receptor that is
expressed on a subset of myeloid cells that includes immature dendritic cells, osteoclasts,
tissue macrophages, and, in the brain, microglia. The excitement was only enhanced when
later in the year a study applying integrative network-based approaches to genetic data from
the brain tissue of LOAD patients highlighted an immune- and microglia-specific module as
the molecular system most strongly associated with the pathophysiology of the disease [26].
Furthermore, a key causal regulator in this module included TYROBP (also known as
DAP12), the transmembrane adapter protein through which TREM2 signals. Together,
TREM2 and TYROBP mediate phagocytosis of bacteria and apoptotic cells [27, 28].
Additionally, TREM2 suppresses inflammation by inhibiting the production and secretion of
cytokines that are initiated by TLR2 and TLR4 signaling [29] (Figure 2). However, it is not
yet clear how TREM2 and TYROBP regulate the microglial response in AD. TYROBP is
increased in LOAD and TREMZ2 is upregulated in plaque-associated microglia [26, 30],
which, given their roles in phagocytosis, might suggest that this induction occurs as an
attempt to cope with amyloid load by enhancing microglia clearance abilities. Still, it is not
actually known whether TREM2 even binds A, and this also brings to question why such
protective measures would ultimately fail in AD. Since TREM2 also has anti-inflammatory
properties, one suggestion is that the mutations identified in these recent studies cause an
inability for microglia to suppress inflammation [27, 29]. Impairments in the phagocytic
removal of apoptotic cells or bacteria could exacerbate these effects and ultimately lead to
neural degeneration.

Though the past year has been particularly prolific for genetic associations of the immune
system and AD, there has been, for some time, evidence for a mechanistic role of certain
immune pathways in this disease, with a particular emphasis on the complement system
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(reviewed in refs. [31, 32]). Complement proteins can be synthesized by diverse CNS cell
types, though as the immune cells of the brain microglia are a natural target for studies
examining the complement pathway in neurodegeneration. A 2009 GWAS identified
variants at CLU and CR1 associated with AD [33], though even prior to this other studies
had implicated a role for both genes in AD, specifically in Ap clearance. Both of these genes
encode proteins that participate in the complement system; CLU encodes clusterin (known
also as apolipoprotein J), which inhibits hemolysis initiated by the complement protein
C5b-6 [34], and CR1 encodes complement receptor 1, the main receptor for the C3b protein.
Clusterin, which is secreted by astrocytes, has been found to complex to soluble A [35], is
present in plaques [36-38], and directly activates microglia [39]. Given its role as an
apolipoprotein, it has been suggested that clusterin functions similarly to APOE in
trafficking and clearing Ap, potentially through interactions with microglia (reviewed in ref.
[40]) (Figure 2). CR1 is expressed on microglia[41], but whether signaling through this
receptor mediates beneficial or negative effects on microglial functions is AD is not entirely
clear. Though there is evidence that CR1 could help clear Af by mediating phagocytosis of
C3b-opsonized amyloid [41] [42], blocking CR1 can also reduce the production of
proinflammatory factors and neurotoxicity by microglia that have been treated with A [41]
(Figure 2).

Could age-related changes in immune components contribute to microglial phenotypes in
AD? Interestingly, TREM2 expression is increased in the cognitively normal aged brain
[43]. Similarly, a fairly recent microarray study found that several components of the
complement system are also increased in the brain during aging [44]. Moreover, some of the
genes (including CLU) showed a progressive upregulation across normal aging and AD
tissue, a concept that the authors term an aging-AD “continuum” [44]. Yet, as further
discussed below, these changes do not appear to better equip microglia to combat age-
related and AD pathology, and if anything the cells become more proinflammatory and
impaired in their normal protective functions. Increases in proteins such as TREM2 could
thus represent a compensatory mechanism to combat the harmful, dysfunctional state of
aged microglia. We suggest that many such AD-associated microglial factors could be
similarly affected during normal aging, and that gaining a greater understanding of changes
in microglial functions with age could help shed light on AD mechanisms.

4. Hallmarks of Microglial Dysfunction in Aging and Alzheimer’s Disease

While microglia should have a generally healthy relationship with the rest of the brain under
non-pathological conditions, this relationship may deteriorate over time and cause microglia
to assume neurotoxic properties. We will discuss here each of the six categories of
microglial functions described above and how they may become hallmarks of dysfunction
with age and AD. We will put particular emphasis on bringing to light some of the questions
that remain unanswered in the field of microglial aging, and ponder how addressing these
fundamental questions could reveal insight into AD mechanisms.

4.1. Microglia Proliferation and Senescence

Microglia retain the ability to proliferate and self-renew in adulthood, though this occurs in
response to various injury signals and is a relatively infrequent event under normal
physiological conditions [45, 46]. Reports from various studies suggest that the microglia
proliferative capacity is not lost with age, and in fact may be increased under certain
conditions compared to young brains [47]. Moreover, it is consistently reported that the total
number and density of microglia increases with age in various brain regions, including the
hippocampus [48], visual and auditory cortices [49, 50], and retina [51]. This observed
accumulation, combined with the observations that microglia proliferation normally occurs
at low levels and that recruitment from circulating bone-marrow derived progenitors occurs
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very infrequently, if at all [52], have led to the suggestion that microglia are a very long-
lived cell population. However, exactly how long microglia live in the adult CNS is a
question that has not been addressed. Also, although blood-brain barrier permeability may
increase with aging and AD [53], it has not been demonstrated whether this permits
increased infiltration of peripheral macrophage precursors. Thus, a number of questions
regarding microglia origin in the aging brain currently remain unanswered.

If microglia are a long-lived cell, it is interesting to consider what sort of toll a lifetime of
chronic or even occasional inflammatory stimulation might take. One group has suggested
that the gradual accumulation of microglia with age has evolved as a sort of compensatory
mechanism to maintain the necessary level of protection from the overall microglial
population as the individual cells become less capable with age [54], citing as support their
report that the initial proliferative response to peripheral nerve injury is elevated in aged
animals [55]. The mechanisms underlying this difference have not been examined further,
however, and could represent a compensatory mechanism but may also be indicative of a
loss of regulatory control in aged microglia. And if microglia do indeed continue to
proliferate throughout life, what are the potential consequences of continuous cell divisions?
Like other somatic cells, microglia seem to be subject to replicative senescence that is
associated with telomere shortening [56], two well-known “hallmarks of aging” [3].
Senescent cells are typically subject to strict immune surveillance and are removed by
phagocytosis. Being the phagocytes of the brain, however, it is not clear what mechanisms
exist (if any) for clearing the senescent microglia themselves. That these cells seem to
accumulate at a greater rate then they are cleared suggests that a heterogeneous population
of microglia, stemming from different divisions, could occupy the aged brain. Interestingly,
microglia also become less evenly distributed throughout the brain with age [50, 57],
supporting the concept of divergent subpopulations of these cells throughout the
parenchyma. If this is the case, then one might speculate that the intrinsic capabilities of
individual microglia may become quite varied over time. It would be interesting to
investigate whether the removal of the senescent microglia population would delay age-
associated neural pathologies and neurodegenerative diseases. This has already been
accomplished by clearing p16'"k4a-positive cells [58], but has not been assessed in the
nervous system.

Inspired by Lopéz-Otin et al.’s discussion on stem cell exhaustion in aging, and by our own
studies examining how systemic immune factors can influence neural stem cell aging [59],
we also wonder if microglia could similarly suffer from an eventual loss in regenerative
capacity. It is not known whether a pool of stem-like progenitor cells even exists for
microglia (though see ref. [60] for a discussion of potential stem cell-like properties of
differentiated macrophages), but if so, then aging could also potentially deplete the brain of
healthy microglia. In effect, this would shift the balance towards more senescent and
dysfunctional microglia with fewer protective immune cells. The aged brain would thus
become less capable of a defensive immune response when confronted with injury or a
disease such as AD.

In the AD brain, the accumulation of microglia around plaques along with greatly
upregulated levels of various markers have been taken as evidence that microglial
proliferation is even further increased with the disease. This is supported by several in vivo
studies using markers for proliferating cells in transgenic mice [61-63], though a recent
stereological analysis of human AD brains challenged this notion [64]. Clearly, additional
studies will be necessary to validate the proliferative potential of microglia in AD and to
define the consequences of this expansion, but presumably microglial proliferation around
plaques could serve as a line of defense to limit the deposition of amyloid. However, if pools
of healthy microglia are exhausted, then expansion of senescent, dysfunctional cells is
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unlikely to offer much protection. Perhaps by attempting to rejuvenate senescent microglia
while also promoting the beneficial functions of relatively younger microglia, we may be
able to better address age-related neurodegeneration and disease.

4.2. Morphology

The morphological changes that occur in microglia during different states of activation
provided the very first hints of the involvement of these cells in CNS diseases. As ramified
microglia with their many thin processes have now become recognizable as surveying cells
in the healthy brain [5, 6], the large amoeboid cells surrounding sites of injury were easily
recognizable over a century ago as active, phagocytic macrophages. In general, the
microglial morphological transformation is characterized by an initial retraction and slight
hypertrophy of the branched processes. From there, the cells can acquire a specific
morphology that may be dictated by the type of injury [65] (and reviewed in ref. [66]).
Microglia in AD have long been known to acquire what is typically considered a “reactive”
morphology, with short, thick, and poorly ramified processes [67-69]. Aged-related changes
in microglia morphology are less well-characterized, though one study of aged human brains
observed “dystrophic” microglia with cytoplasmic abnormalities such as deramified,
fragmented, or tortuous processes as well as spheroidal and bulbous swellings [70]. While
these structural changes have not necessarily been seen in rodents, it has been noted that the
arborizations of aging rodent microglia are significantly reduced in size [50, 51, 57] and
complexity [51, 71]. One of these studies also observed that while the average microglia
soma size was not different between ages, there was greater variability in soma size in aged
animals [50]. We are curious whether this increased variability could be indicative of a more
heterogeneous population of microglia with relatively different mitotic ages, as we
postulated above. AD mechanisms may also exacerbate the effects of age on microglia
morphology, as evidenced by a recent study in which microglia in aged transgenic APP mice
were found to have larger cell bodies and shorter processes overall compared to those in
younger transgenic mice, with these phenotypes being further exacerbated in brain areas
containing plaque pathology [72]. However, the molecular underpinnings of different
morphological phenotypes, including dystrophic ones, are unknown, and further studies will
be necessary to more conclusively connect microglial morphological characteristics to
function.

4.3. Motility and Migration

Microglial processes are highly motile projections that presumably serve to sample the brain
parenchyma [6]. In general, microglial process matility is decreased with age [51, 57],
which could suggest a decrease in immune surveillance. These studies also found that aged
microglia show reduced responses to exogenous ATP and laser-induced focal tissue injuries
in terms of process motility, cellular migration, and process thickening. These age-related
alterations in microglial dynamics are corroborated by another recent transcriptome
characterization that found that young microglia are more enriched for genes involved in
motility [73]. Furthermore, the dynamic activity of surveying microglia and their frequent
interactions with axon terminals and synaptic elements in the healthy brain have lead to the
suggestion that microglia participate in experience-dependent remodeling of neural circuits
in the normal mature brain by removing extraneous synaptic elements [6, 74-77]. Thus,
impairments in microglia motility and migration with age could impact both normal
homeostatic mechanisms as well as responses to injury.

In vivo two-photon imaging has also been used to study dynamic microglia behavior in the
brains of double-transgenic APP reporter mice (PDAPP*/~;CX3CR1/GFP*/7). Microglia
appear rapidly (within one day) at the site of newly formed plaques [78]. However, cells that
are localized around amyloid pathology in older transgenic mice exhibit less process
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movement compared to those in young transgenic mice [72]. While these imaging studies do
not necessarily determine whether the recruited microglia arrive as a result of proliferation
or chemotaxis, in vitro studies using Ap peptides [79, 80] and ex vivo experiments with AD
postmortem cortical sections [81] demonstrate that AB can direct stimulate microglial
chemotaxis. Furthermore, increased levels of chemokines and chemokine receptors in AD
brains that are known to regulate microglial migration do support the notion that Ap deposits
attract and activate microglia. MCP-1, MIP-1a, MIP-1p, IL-8, and M-CSF, in particular,
may mediate the microglial attraction to plaques [82-85]. The growth factor VEGF, along
with its receptor Flt-1, which is expressed on microglia, has also been implicated in the
microglial chemotactic response to Ap deposits through both in vitro and in vivo
experiments [86]. Finally, AB-associated microglia are induced to produce chemokines
themselves, which is thought to feed back to recruit and activate more cells to localize the
inflammatory reaction [87-89]. The microglial production of other inflammatory mediators
is further discussed in the next section.

4.4, Intercellular Communication: Expression of Activation Markers and Cytokine

Production

Microglia can be visualized in brain tissue or cultures by various surface-associated or
intracellular molecules, and the levels of these proteins are often expressed to different
degrees depending upon the activation level of the cell. While the functions of some markers
are well established, others are less understood, though their expression may be found to be
associated with a proinflammatory or anti-inflammatory microglial phenotype. For example,
to better understand their activation states based on such immunophenotyping, a number of
studies have attempted to define microglia in terms of classical activation (M1,
“proinflammatory”) and alternative activation (M2, “anti-inflammatory™), as has been used
to classify peripheral macrophage polarization [90]. The relative secretion levels of pro- and
anti-inflammatory factors is perhaps more functionally relevant in terms of intercellular
signaling, and thus can also provide some indication of activation state.

It is well established that microglial aging is associated with a general upregulation of
certain markers, particularly MHC 11 antigens (particularly HLA-DR) and CD68, as well as
CD11b/CR3, CD14, and pattern recognition receptors [59, 91-94] (and reviewed in refs.
[95, 96]). HLA-DR [67-69, 97], CD11b/CR3 [98], CD68 [99, 100], and Toll-like receptor
expression (reviewed in ref. [101]) is even more prominent in microglia of AD patients and
mouse models, with expression more localized around compact amyloid deposits rather than
diffuse deposits (reviewed in ref. [102]). In general the expression of these sorts of markers,
which are associated with antigen presentation, lysosomal functioning, and the recognition
of various pathogens, complement proteins, and other “danger” signals, is associated with a
more reactive microglia phenotype. Thus one might expect that the acquisition of these
phenotypes indicates that microglia in the aged brain, and even more so in the AD brain, are
more readily responsive (and hence better armed) to defend against potential insults to the
brain. However, we have already seen that AD-associated microglia are apparently
incapable of mounting a sufficient protective response, at least in late stages of the disease.
And the majority of studies and reviews on microglia in aging suggest that the
neuroprotective functions of these cells become impaired with age while neurotoxic
responses are heightened (see, for example, refs. [103, 104]). As such, categorizing
microglial activation under aging and AD conditions has been particularly challenging.

A very general summary of the research examining M1 and M2 phenotypes in the aging
CNS might also give the impression that aging shifts microglial polarization away from the
alternative M2 state to the classical, proinflammatory M1 state. However, the conclusions to
be drawn from this research are more nuanced. Many studies in fact find that both M1
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markers (such as IL-18, TNF-a, iNOS, and IL-6) and M2 markers (notably YM1, Arg-1,
Mrc and IL-10) are increased in aged mice compared to young mice [71, 105-108].
Importantly, the results appear to be highly dependent on the pathological context in which
the microglia were activated. For example, in a traumatic brain injury (TBI) model, mMRNA
levels of IL-4Ra, an M2 marker, were lower in aged mice relative to young TBI mice [106],
but were increased when studied in the context of immune challenge using peripheral LPS
injections [107]. Others have found, using cocktails of polarizing cytokines or intracerebral
hemorrhage induction, that while aged microglia are capable of adopting alternative
activation states, the M2 genes are induced to a lesser degree or more slowly in aged animals
compared to young [109, 110]. And still others have seen no significant age-related
differences in microglial activation phenotypes when studied in the absence of any
pathological insults [105, 111]. Cytokine secretion from aged microglia is also a complex
story; while production and release of proinflammatory factors is generally increased, this
function is again dependent upon treatment with various stimulants [112-116]. Thus for
future studies it would be of value to consider not only how the basal state of microglial
activation might be changed with age, but also how microglial responses to various
pathological insults are altered.

How are microglial activation states altered in AD? For mouse models, there have also been
reported increases in both M1 and M2 markers compared to age-matched wildtype controls
[117]. Correspondingly, a recent study found that the NLRP3 inflammasome, which
mediates IL-13 production, is activated in AD and that inhibition ofNLRP3 can induce
microglial phagocytosis and an M2 phenotype [118]. Treating cultured microglia with AB
also fairly reliably induces the secretion of proinflammatory cytokines such as IL-1p, IL-6,
and TNF-a [87, 88, 119-122]. Interestingly, however, there is also evidence for an aging
and disease interaction that contributes to the microglial state, as microglia in young APP/
PS1 mice present an alternative activation phenotype, while in older animals the cells are
more classically activated [105] (see also ref. [123] for review).

In addition, AP stimulates the production of reactive oxygen species (ROS) and reactive
nitrogen intermediates such as nitric oxide (NO) [120-122]. Oxidative stress caused by these
species is a well-recognized contributor to neuronal loss and is observed early in AD, and
activation of microglial NADPH oxidase is believed to be the primary source of ROS
(reviewed in ref. [124]). Oxidative stress is also increased in aging (reviewed in ref. [103]);
this is supported by gene-expression profiling of aged brains [125] and age-related increases
in the NADPH oxidase enzyme NOX2 [126]. NOX2 contributed to microglial ROS
production in an LPS-induced model of systemic inflammation, and the authors of this study
suggested that neuroimmune activation and age act synergistically to increase oxidative
stress and neurodegeneration [126]. This again highlights the idea that aging is an important
factor to consider when studying microglial activation states and functions in AD, and in
other disease models. However, while microglial activation phenotypes are clearly altered
with aging and in Alzheimer’s disease patients and mouse models, we would argue that it is
difficult, at this time, to generalize how these states are defined.

Why do the majority of cytokines, receptors, and other molecules tend to increase with age,
regardless in some cases of their pro- or anti-inflammatory properties? These collective
findings could suggest that aged, and AD, microglia exist in a state of uncontrolled
activation and stimulation, though some of their normal protective output functions may
actually be hindered. In support of this, it has also been shown that a few molecules that
curtail microglial activation and dampen proinflammatory events are actually decreased with
age. This includes fractalkine and the receptor through which it signals on microglia,
CX3CR1 [44, 127, 128] and CD200, which signals through CD200R [129, 130]. It is
important to remember that in young and healthy brains, the production of inflammatory
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mediators does serve an initial protective function by enabling intercellular communication
as well as helping to rapidly destroy harmful material such as invading microorganisms. It is
the disruption of this careful balance between the stimulation and restraint of microglia that
can lead to excessive activity. Neurons and other cells are then subject to microglia-induced
damage via proinflammatory cytokines and oxidative stress (Figure 3). Thus, while there is
unequivocal data demonstrating that aging and AD are accompanied by changes in
intracellular signaling and marker expression, the explanations for the causes, and functional
consequences, of these phenotypic changes remain somewhat speculative at this point in
time.

4.5. Phagocytosis

Phagocytosis, the process of recognizing, engulfing, and degrading extracellular material, is
carried out by professional phagocytes of the innate immune system: macrophages, dendritic
cells, and neutrophils. In the CNS, this function is mainly orchestrated by microglia
(although there are reports of other CNS cell types, notably astrocytes and neural progenitor
cells performing phagocytosis [131, 132]). In this subsection, we focus mainly on the initial
uptake phase of phagocytosis and then discuss intracellular mechanisms and degradation in
the following Proteostasis subsection. This is because studies of phagocytosis have often
focused on engulfment and clearance of material from the extracellular space but do not
necessarily demonstrate the final outcome of the ingested particle. Loss of proteostasis itself
is also considered another hallmark of aging [3], and entire fields are devoted to the study of
the decline of chaperone-mediated protein folding, the ubiquitin-proteasome system, and the
autophagy-lysosomal system in aging. Yet surprisingly, phagocytosis is rarely considered in
discussions on the effects of aging on protein homeostasis.

Of all the microglial effector functions discussed here, the effects of aging on phagocytosis
are perhaps the least defined. Data from two ultrastructural studies in rodent brains indicate
that aged (up to 24 months of age in mice and 29.5 months in rats) microglia show an
accumulation of various types of noncellular inclusions (vacuoles, large vesicles, and
lysosomal inclusions) and condensed debris (suggested to be the pigment granule lipofuscin)
[49, 50]. Vaughan and Peters, in as early as 1974 [49], suggested that the intracellular
material was not of recent acquisition, thus perhaps indicating that aged microglia are
impaired in their ability to degrade and turnover ingested material. In contrast, one recent
study concluded that the capacity for microglia to phagocytose apoptotic cells in the
subgranular zone (SGZ) is preserved with age [133]. However, it is worth noting that the age
of the mice examined in this study extended only as far as 12 months (equivalent to maybe
40-50 years-of-age in humans), and furthermore that the total number of apoptotic cells in
the SGZ, on which the phagocytic measurement index was based, was extremely low in 12-
month-old animals (approximately 6 cells in total). While this study demonstrates that aging
microglia are capable of clearing small numbers of dead cells in a healthy brain, it would be
interesting to examine the efficiency of phagocytosis in young versus aged microglia that
have been challenged with a pathological insult. As demonstrated by the studies reviewed
above examining immunophenotyping, age-associated effects on microglia are clearly
dependent on the injury model in which they are studied. Additionally, aging is likely to
differentially affect phagocytosis of various targets such as myelin, Af, and cellular debris.

Certainly the ability of microglia to at least recognize and uptake A is well establishedand
is strongly supported by the presence of multiple receptors that bind Ap as a ligand. These
receptors include TLR2 [134], TLR4 and the TLR4-interacting molecule CD14 [135, 136],
RAGE [137], the scavenger receptors CD36 and scavenger receptor A [138, 139], and the
formyl peptide receptor FPRL-1 [140] (see also ref. [141] for review) (Figure 2). And
indeed, the regulation and effectiveness of microglial clearance mechanisms in AD appears
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to be dependent on age and the stage of the disease, with microglia being more efficient at
removing AB in early stages but less efficient in later stages [141]. A recent study showed
that microglial phagocytic capacity is impaired in late stages of cerebral amyloidosis [142],
and in vitro studies using microglia cultured from adult animals have shown that aged
microglia internalize less AP peptide than young cells [113, 143]. Microglia from old APP/
PS1 mice have also been found to have decreased expression of AB-binding receptors and
ApB-degrading enzymes [138]. This again suggests that the interaction between AD
mechanisms and aging is an important concern when assessing the role of microglia in the
disease.

Phagocytosis is a particularly challenging effector function to study, especially in vivo, in
part because debris clearance is the culmination of several cellular events. Reductions in
phagocytic efficiency could arise as a result of impairments in the detection of targets (i.e.,
through a downregulation of certain receptors) or in chemotactic functions, leading to a
delayed migration to the site of injury. If these initial steps are overcome, any other
subsequent phagocytic mechanisms could be impaired in aging or AD, from the engulfment
of particles, to the fusion of internal phagosome and lysosome compartments, to the
degradation and expulsion of the ingested material. Thus, if future therapeutic studies will
seek to improve microglia clearance mechanisms in AD, the distinct stages of phagocytosis
and proteostasis mechanisms will need to be dissected in order to clarify how this function is
affected by aging and AD.

4.6. Proteostasis

Protein homeostasis (proteostasis) mechanisms are crucial for cellular and organismal health
as they ensure protein quality control and prevent the accumulation of aberrantly formed
proteins. Loss of proteostasis is a common theme in studies of general aging that
encompasses many pathways, including impairments in chaperone-mediate protein folding
and stability, protein trafficking, protein degradation, and autophagy. A major consequence
of declining proteostasis is the aggregation of proteins, which is particularly prominent in
age-associated neurodegenerative diseases such as Huntington’s, Parkinson’s, and
Alzheimer’s disease [144]. In this final section, we apply the idea of impaired proteostasis
somewhat loosely to microglia functions and focus mainly on phagocytosis-mediated
mechanisms, but in doing so hope to draw some particular attention to the importance of
microglial protein clearance and degradation. Separating this idea also helps to highlight
other microglia clearance functions that are not phagocytosis-related. For example, it has
been shown that microglia are capable of clearing soluble forms of AB via macropinocytosis
[145] and through the production of various Ap degrading enzymes, such as insulin-
degrading enzyme (IDE), neprilysin (NEP), and MMP9, which may be secreted to degrade
Ap extracellularly [146-148] (Figure 2). While these “proteostasis” mechanisms have been
studied in the context of AD, the effects of aging on microglial proteostasis specifically have
not been addressed. It has generally been assumed that microglial uptake in AD is a
protective measure that can delay disease progression by promoting clearance of neurotoxic
AB. But in point of fact, is has been argued that there has yet to be sufficient evidence that
microglia are capable of true phagocytosis of Af [149]; although microglia do appear to
engulf amyloid, it is unclear whether the cells can degrade the protein. Without subsequent
degradation, amyloid-containing microglia are less likely to be capable of clearing
additional AB, and the intracellular presence of the protein could also render the cells toxic
and proinflammatory.

The assumption that microglia can exert such protective effects through Ap clearance was
also called into question by a prominent study that showed that ablation of microglia via
HSVTK did not influence plaque deposition nor amyloid-associated neuritic dystrophy in
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APP transgenic mouse models [150]. This has been cited as evidence that Af clearance and
the progression of amyloidosis are not in fact dependent on microglia (and, for that matter,
that microglia-mediated neuroinflammatory responses do not mediate AD
neurodegeneration). Though this work certainly demonstrates that microglial functions alone
are insufficient to limit AB-associated pathology, the study utilized APP/PS1 and APP23
transgenic mouse models, both of which were generated through expression of mutated PS1
and/or APP under the neuron-specific Thyl promoter element [151, 152]. Thus, these
models are not necessarily representative of AD-associated genetic alterations that target
microglia, a sentiment that is also supported by the recent studies that genetically implicate
microglia in AD, as described above. In support of the importance of examining microglia-
specific genetic alterations in the context of AD, a study from our laboratory recently
demonstrated that genetic-reduction of beclin 1, a protein classically associated with the
autophagy degradation pathway, disrupted phagocytosis and retromer-mediated recycling of
the phagocytic receptors CD36 and TREM2 in microglia, and that this protein is decreased
in microglia from AD brains [153].

We find it noteworthy that while phagocytosis has generally received little attention in the
field of aging, proteostasis mechanisms beyond phagocytic engulfment are rarely studied in
the field of microglia. It is our hope that by demonstrating the parallels between normal
aging denominators and changes in microglial functions that these processes may come to be
viewed from a novel angle.

5. Conclusion

The six “hallmarks of microglial aging” that we described in this review senescence,
dystrophy, impaired movement, altered signaling, impaired phagocytosis, and impaired
proteostasis — have been proposed to delineate specific processes that may be studied and
compared in the context of aging and AD. In separating these hallmarks, we do not mean to
suggest that these microglial functions are isolated events; it is certainly important to
remember that all of these functions are inherently linked, and that the profile of one
response is likely to influence the outcome of another. Phagocytosis of a particular protein,
for example, may be accompanied by the secretion of a certain subset of cytokines that then
further induce proliferation and chemotaxis. However, it is our hope that defining these
hallmarks may contribute to developing a framework for studying microglial aging and its
underlying mechanisms. In drawing parallels to AD microglial phenotypes, we also hope
that viewing microglial aging in this context will additionally offer novel insight into the
role of neuroinflammation in this disease. We have attempted to illustrate the intersection of
aging and AD microglial dysfunction in Figure 3.

The observations described here are mainly descriptive in nature; strictly speaking, most of
the data on the subject indicate what microglial aging looks like but not why it happens.
Understanding the mechanisms that underlie the hallmarks will be crucial to designing
future interventions to halt, or even reverse, their progression and ameliorate the impact of
microglial aging on surrounding neural tissue. As mentioned at the beginning of this review,
a general proinflammatory phenotype accompanies aging in mammals at system-wide level,
and this systemic inflammaging may not only mirror microglial aging phenotypes but could
have a causal role as well. Since systemic immune challenges trigger microglial activation,
chronic inflammation could eventually drive microglia towards a proinflammatory,
dysfunctional state. Aged microglia may thus be primed such that additional stimuli cause
them to become over-reactive, eventually leading to neurodegeneration and, in some cases,
progression to AD.
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For a number of the hallmarks, the microglial aging phenotypes seem to be exacerbations of
the normal microglial functions, wherein at lower levels of activation they offer some

be

nefit to brain health but at higher levels are more damaging than helpful. Though the

reaction to age- and AD-associated neuroinflammation has often been to treat these

co

nditions with anti-inflammatory therapies, this generally assumes that much of the

microglial activity has detrimental outcomes. But microglial activation is a delicately

ba
ha

lanced process that is not so easily understood or contained. While more and more studies
ve generally begun to take into account both the harmful and protective effects of

microglia, whether microglia activation is a causative factor (hence, “bad for”) or reactive to
(perhaps, “good for”) neurodegeneration is unclear. Understanding these two sides at both a
functional and molecular level will be necessary in combating AD and the ill effects of
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Figure 1.

The hallmarks of microglial aging. The six major effector functions/phenotypes of microglia
that are the focus of this review are highlighted at the outer ring of this schematic:
proliferation, morphology, motility and migration, intercellular communication, proteostasis,
and phagocytosis. Within the inner ring of the circle we describe the effects of aging on each
of these functions.
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Figure 2.
Microglia molecules genetically implicated in Alzheimer’s disease. Recent studies have

identified novel risk factors for AD such as TREM2, which together with previous work,
strongly point to a role for microglia and immune mechanisms in the disease. NLRP3
inflammasome activation in microglia mediates a harmful inflammatory response that
contributes to AD pathology. On the other hand, microglia express several receptors that
bind AP (such as scavenger receptor A, RAGE, CD36, CR1, CR3, and toll-like receptors) as
well as enzymes that degrade soluble AB (i.e., insulin-degrading enzyme, neprilysin, MMP),
which may contribute to the clearance of amyloid thus offer protective functions. Likewise,
beclin 1, which is decreased in the brains of AD patients, regulates the recycling of receptors
such as CD36 and TREM2 and phagocytosis.
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Understanding the intersection of microglial aging and Alzheimer’s disease. The hallmarks

of microglial aging may be further exacerbated in AD as a result of disease-associated

genetic variants and environmental influences. Potential connections between these
phenotypes are shown in the figure. Such impairments in microglial functions may

contribute to both aging and disease phenotypes and neuronal degeneration and dysfunction.
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