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Abstract

One hundred and fifty years have elapsed since the original discovery of the microglial cell by
Virchow. While this cell type has been well studied, the role of microglia in the pathology of
many central nervous system diseases still remains enigmatic. It is widely accepted that
microglial-mediated inflammation contributes to the progression of Alzheimer’s disease (AD);
however, the precise mechanisms through which these cells contribute to AD-related
inflammation remains to be elucidated. In the AD brain, microglial cells are found in close
association with amyloid B (Ap) deposits. Histological examination of AD brains as well as cell
culture studies have shown that the interaction of microglia with fibrillar Ap leads to their
phenotypic activation. The conversion of these cells into a classically ‘activated’ phenotype results
in production of chemokines, neurotoxic cytokines and reactive oxygen and nitrogen species that
are deleterious to the CNS. However, microglia also exert a neuroprotective role through their
ability to phagocytose Ap particles and clear soluble forms of Ap. These cells have been
documented to play integral roles in tissue repair and inflammation, and in recent years it has been
appreciated that this cell type is capable of facilitating a more complex response to pathogens by
changing their activation status. A variety of new findings indicate that their role in the central
nervous system is far more complex than previously appreciated. In this review we discuss the
role of microglia in the normal brain and their phenotypic heterogeneity and how this may play a
role in AD-related pathophysiology. We touch on what is known about their ability to recognize
and clear Ap peptides as well as more controversial topics, including various activation states of
microglia and the ability of peripheral macrophages or monocytes to infiltrate the brain.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by progressive
memory loss and dementia. The key pathological hallmarks of AD include the deposition of
beta amyloid (AB) plaques within the brain parenchyma and neurofibrillary tangles.
Analysis of inherited forms of the disease has demonstrated the centrality of Ap homeostasis
in AD pathogenesis [1]. AB is generated by the sequential proteolytic processing of the
amyloid precursor protein (APP), resulting in the formation of peptides 40 to 42 amino acids
in length. These soluble peptides spontaneously aggregate to form A oligomers and fibrils
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that are subsequently deposited within the brain to form both diffuse and dense core amyloid
plaques.

Microglial cells, the primary immune effector cells of the brain, play an integral role in
maintaining brain homeostasis and protecting the brain from infections and insults. In the
AD brain, microglial cells are observed to be phenotypically activated and form intimate
associations with amyloid deposits, extending their processes into the plaque core [2, 3].
Microglia are able to recognize and mount an immune response to Ap peptides as well as
migrate to areas of amyloid deposition, however, despite their ability to physically interact
with these deposits they are unable to clear plagues from the brain. The role of microglia in
the uptake and phagocytosis of amyloid in the brain was first noted in the early 90’s by
Wisniewski and Frackowiak who utilized electron microscopy to visualize amyloid
internalization [4, 5]. They postulated that resident microglial cells associated with plaques
in the AD brain played a role in the formation of the amyloid fibrils in the brain, but not its
phagocytosis [4]. However, in rare cases in which AD patients suffered from stroke they
were able to visualize macrophages that had internalized and trafficked amyloid deposits
into lysosomal compartments [5]. This is the first study that hypothesized that peripherally-
derived myeloid cells were more competent than endogenous microglia in the clearance of
amyloid in the brain, an idea that is currently being re-examined in the field and will be
discussed further in this review.

The deposition of amyloid in the parenchyma of the brain is associated with a robust
inflammatory response [6]. It is thought that this chronic pro-inflammatory milieu produced
by “activated” microglia is neurotoxic and facilitates neurodegeneration. It is now
understood that the inflammatory response in AD is multifaceted with the role of microglia
in disease progression being both complex and quite controversial. The paradox over
whether they play a neuroprotective role in the AD brain or facilitate and contribute to the
neurotoxicity observed in AD is a puzzle that is currently under active investigation.

MICROGLIAL DYNAMICS IN A HEALTHY BRAIN

Microglia are the brain’s tissue macrophage and thus the principal representative of the
innate immune system in the central nervous system (CNS). It is widely accepted that
microglia originate from peripherally-derived mesodermal progenitors, and invade the CNS
during embryonic and fetal development, prior to formation of the blood brain barrier [7, 8].
They serve as the first line of defense in the brain and act to protect the CNS from injury and
invading pathogens. They also play an important role in normal tissue maintenance by
taking up and disposing cellular debris in the brain paranchyma.

In the mature CNS, microglia only account for 5% of the total glial population in the
cerebral cortex [9, 10]. Despite their small number they play fundamental roles in
maintaining brain homeostasis. In the healthy adult brain, microglia have a low turnover rate
and comprise a stable population of cells [11]. Microglia are evenly dispersed at a density of
approximately 6 microglia per cubic millimeter [12]. These cells maintain a ramified
morphology and express a variety of cell surface markers typical of cells of this lineage,
including CD11b, the lectin binding molecule F4/80, the calcium binding protein, Ibal and
MHC I1 [13, 14].

Originally it was thought that the CNS was populated by a functionally homogeneous
population of microglia. However, recent studies have shown that microglia in the brain
represent a more phenotypically diverse group of cells that readily react to cues from the
extracellular environment by altering their activation status and their expression of
phenotypic markers. These cells, like other tissue macrophages, respond to their local
environment [15]. Thus, a microglial cell located in one area of the brain may be distinct
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from that in another, owing to differences in the surrounding environment and the exposure
to a different range of extracellular cues.

In recent years, ideas regarding the role of microglia in the healthy and diseased human
brain have evolved dramatically. Conventionally, it was thought that microglia in normal
healthy brain were “quiescent” and “resting,” however, it is now recognized that these cells
are highly active and very dynamic. The emergence of two-photon microscopy has allowed
for a more intimate view of living microglia in their native environment of the brain.
Nimmerjahn et al. [16] have described microglial dynamics in a healthy brain. They utilized
a transgenic mouse model expressing green fluorescent protein from the fractalkine locus
and visualized microglial activity /n vivo. They found that microglial cells continuously
sample the extracellular environment by extending and retracting their processes with
limited movement of their cell bodies. Furthermore, during this scanning process, microglia
were shown to make repeated contact with astrocytes, neurons and the cerebral vasculature
[12]. 1t was estimated that microglia survey the entire brain once every few hours [16].
Additionally, these cells were capable of readily detecting CNS injury and quickly migrating
to sites of damage within the brain. In a study by Davalos et a/. [12], microglia were shown
to extend their processes to sites of laser-induced damage within a minute after injury.
Following injury, neighboring microglial cells then migrated to the damaged site within 30
minutes of the insult and retracted processes that were not oriented towards the site of
damage. It was concluded that astrocytic release of ATP and P2Y12 receptors were
necessary for the chemotactic migration of microglial cells to the injury site [12, 17].
Significantly, resting microglia also made direct contact with neuronal synapses. These
contacts were short lived, lasting no more than 5 minutes, were activity dependent and
occurred on an hourly basis. After ischemic injury, microglia made more frequent and
prolonged contact with these neuronal synapses (lasting approximately 1 hour) and resulted
in the disappearance of presynaptic boutons [18]. Taken together, these studies suggest that
microglia play a rather active and dynamic role in maintaining homeostasis in a healthy
brain and can detect and respond efficiently to CNS injury.

PLAQUE-ASSOCIATED MICROGLIAL DYNAMICS IN ALZHEIMER’S

DISEASE

In the AD brain most reactive microglia are associated with dense-core plaques; however, a
few are found in the vicinity of diffuse Ap deposits [19-22]. Additionally, the number of
microglia and their size directly increases in proportion to plaque dimension [23-25].
Microglia in the immediate vicinity of plaques also proliferate, allowing for the
accumulation of these cells at the periphery of amyloid deposits [26, 27]. Plaque-associated
microglia extend their processes and encompass AP deposits and through this association
can regulate plague dynamics in transgenic AD mouse models [2, 3]. This association of
microglia with amyloid plaques in the brain is consistent in both transgenic animal models
of the disease as well as human cases of AD [28, 29].

A recent study, Yan et al. [30] visualized plaque growth in an APP/pensenilin 1 (PS1) AD
mouse model using serial /n vivo multiphoton microscopy. Using this method they were
able to visualize the growth of individual plaques over a period of time, and demonstrated
that plaque growth was more extensive in younger transgenic animals when compared to
older ones. Additionally, they found that smaller plaques grew at a greater rate in
comparison to larger plaques. The authors also utilized an inhibitor of y secretase, and found
that treatment of transgenic animals with this compound halted the growth of pre-existing
plaques, inhibited the appearance of new plaques, and decreased extracelluar levels of Ap by
20-25% [30].
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Using two-photon microscopy Meyer-Luehmann et al. [31] were able to identify and follow
newly formed AR plaques in repeated imaging sessions. They reported that senile plaque
formation was a rapid process, and could identify newly formed plaques within 24 hours of
an imaging session, a finding which differs from those of Yan et a/. [30] Microglia were
recruited to these plaques within 1-2 days of their appearance. Despite the recruitment of
microglial cells to the newly formed plaque, clearance of the amyloid deposits was not
observed. Additionally, dystrophic neurites, displaying both dentritic and axonal
abnormalities, appeared around the newly formed plaque area and coincided with microglial
recruitment [31]. However, the contribution of microglia to the neuritic dystrophy was not
addressed. Using a similar technique, Bolmont et a/. [32] followed single plaques over a
period of time, and demonstrated that microglia migrate to plaques while maintaining a
highly dynamic interface between the plaques and glial cells. They documented that the
migration of microglia to plaques occurred at a rate of about 3 microglia per plaque per
month. In contrast to the Meyer-Luehmann et a/. [31], Bolmont et al. [32] were able to
observe the internalization and delivery of Ap fragments to the lysosmomes of microglial
cells. These newly developed techniques have proven to be critical our understanding of
microglial behavior in the normal as well as diseased brain.

While the development of /n vivo two-photon microscopy has illuminated our understanding
of microglial activity in the mouse, recent advances in positron emission tomography-based
technologies have now allowed for imaging of microglial activation in the living human
brain as well. This is achieved by utilizing a carbon 11-labeled compound that recognize the
mitochondrial protein TP-18 (also known as the peripheral benzodiazepine receptor) which
is expressed at high levels by phenotypically activated microglial cells [33, 34]. It also
expressed at lower levels in astrocytes [35, 36]. These studies have helped confirm that, in
accordance with the literature, microglial phenotype changes in the diseased brain. Several
groups were able to determine that the number of activated microglia in the cortex of AD
patients was significantly correlated with cognitive decline as assessed using the mini
mental status exam scores, rather than amyloid deposition [34, 37, 38]. However, a study by
Wiley et al. [39] yielded contradictory results. The increase in number of activated
microglial cells in aged AD mouse models has also been validated using this PET-based
technique [33, 40]. Currently, studies using more sensitive TP-18 binding compounds are
underway [41]. These studies support the idea that microglial cells are composed of a
heterogeneous population that maintains the capacity to shift activation states in response to
disease progression.

MICROGLIA AND INFLAMMATION IN AD

An extensive literature documents that inflammation plays an integral role in progression of
AD, facilitating AR deposition, neuronal loss and cognitive deficits [42]. The appearance of
amyloid plaques in the brain coincides with a dramatic phenotypic activation of the
surrounding microglia which display increased immunoreactivity for CD11b, CD68,
complement receptor 3 and CD45 [43]. Postmortum brains from AD patients, as well as
brains from APP transgenic animals, display increased levels of inflammatory cytokines as
well as chemokines including interferon y (IFN-y) and tumor necrosis factor a (TNFa),
interleukin 1B (IL-1p), and interleukin 6 (IL-6) [6, 44—47]. IFNy and TNFa not only have
toxic effects on neurons but have also reduce levels of insulin degrading enzyme, a key AR
degrading protease. This may be a secondary mechanism through which inflammation could
increase amyloid deposition. Furthermore, both TNFa and INFy have been shown to
increase the production of Ap from APP expressing cortical neurons as well as impair the
ability of microglial cells to degrade Ap [45].
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The association of reactive microglia with amyloid deposits has been demonstrated /n vivo
and their ability to secrete a variety of pro-inflammatory cytokines, chemokines, reactive
nitrogen and oxygen species as well as acute phase proteins in response to the fibrillar A
has been shown 7n vitro [37-40]. There is an extensive literature that documents the Ap-
induced production of a host of proinflammatory molecules and these findings have been
recently reviewed [6, 48, 49]. Notably, microglial exposure to fibrillary forms of Ap in vitro
provoke the synthesis and secretion of pro-inflammatory cytokines, including IL-1p, IL-6,
TNFa, transforming growth factor-p (TGF-B), a peptide growth factor and chemokines,
macrophage inflammatory proteins -1a, -1p, -2, and most prominently CCL2/monocyte
chemotactic protein 1 [6, 50, 51]. AB-stimulated microglia also produce reactive oxygen
species (ROS) and reactive nitrogen species. These cells also elaborate a number of other
immune mediators including macrophage colony stimulating factor and the complement
protein, C1q [52].

The generation of mouse models lacking inflammatory signaling elements has provided
insight into the role of inflammation in AD pathogenesis and AP clearance /n vivo. AD
transgenic mouse models lacking expression of either the IFNvy receptor type 1 or TNF type
1 receptor display significant decreases in amyloid deposition as well as microglial
activation [45, 46]. Deletion of TNF type 1 receptor also alleviated Ap-associated cognitive
deficits [53]. However, we cannot conclude that inhibition of cytokine signaling promoted
microglial clearance of AB in the animal models since both these studies documented
decreases in beta-site APP-cleaving enzyme 1 activity as well. Since the deletion of these
receptors is global it is difficult to assess their specific contribution in the inflammatory
response and clearance of AB in microglia [53, 54].

A study by Shaftel et a/. [55] took an alternative approach and examined the effects of
sustained inflammatory signaling by over-expression of the pro-inflammatory cytokine
IL-1pB in astrocytes. To the surprise of the authors, sustained IL-1p activation, which was
expected to have detrimental effects, resulted in a significant decrease in amyloid deposition
in the hippocampus of these mice. They found that IL-1p over-expression led to an increase
in the number of activated plaque-associated microglia that were heterogeneous in their
phenotype and were positive for either Ibal or both Ibal and MHCII and this phenotypic
diversity arose from the IL-1p-stimulated recruitment of blood-borne leukocytes into the
brain [55]. Similarly, another study conducted by Chakrabarty et al. [56], in which the pro-
inflammatory cytokine I1L-6 was over-expressed in the brain of murine models of AD using
an adenoviral vector, found that amyloid deposition was attenuated in these animals. IL-6
expression resulted in a dramatic increase in gliogenesis in these animals that was associated
with enhanced microglial phagocytosis of AB, without affecting APP expression or
processing [56]. From these studies we can conclude that while inflammation has been
shown to be detrimental to the brain, some components of this system may be involved in
amelioration of AD-related pathology.

Intrinsic Mechanisms that Regulate Microglial Activation In Vivo

Although inflammation plays beneficial roles in pathogen removal, it can also be detrimental
to the surrounding tissue and result in bystander damage if the response is not down-
regulated. Thus, the CNS possesses intrinsic mechanisms to suppress microglial activation
through cell-cell interactions between microglia and neurons as well as microglia and other
glial cell types. One such example is the fractalkine receptor (CX3CR1) expressed on
microglial cell surface. The ligand of this receptor, fractalkine (CX3CL1), is expressed on
neurons and astrocytes. Interaction of the ligand with the receptor during normal microglial
surveillance in the brain prevents microglial activation. It is thought that during
neurodegeneration, this ligand-receptor interaction is lost, due to loss of neurons, and
contributes to the activation of microglial cells [57]. In the Tg2576 mouse model of AD, the
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number of fractalkine-positive cells in the cortex and hippocampal regions is half that of the
wild-type control animals at 9 months of age [58].

Similarly, interaction between microglia and neurons v7a the CD200 receptor located on
neurons and CD200 ligand expressed on microglial cells also inhibits microglial-mediated
inflammation. Levels of both CD200 and CD200 receptor are reduced in the hippocampus
and cortex of AD patients [59]. /n7 vitro, CD200 interaction with its receptor can attenuate
ApB-induced glial activation [60]. The microglial transmembrane protein-tyrosine
phosphatase CD45 also plays a similar role. Engagement of this receptor with its ligand,
CD22, inhibits the production of pro-inflammatory cytokines by microglia in response to
lipopolysaccharide [61]. CD22 is normally secreted by neurons.

Recent studies have shown that microglial cells can interact via the microglial triggering
receptor expressed by myeloid cells 2 with an unidentified neuronal cell surface ligand to
suppress microglial-mediated inflammatory cytokine production [62]. AD mouse models
express increased levels of triggering receptor expressed by myeloid cells 2 in plaque-
associated microglial cells [63]. Additionally, two other proteins, signal regulatory protein a
expressed on myeloid cells, neurons and astroctyes, and CD47 expressed on microglia and
neurons, can interact and signal bidirectionally to suppress expression of proinflammatory
cytokines [64].

In contrast, the CD40 receptor on microglial cells participates in induction of an
inflammatory response. Engagement of this receptor with the CD40 ligand leads to the
production of TNFa and IL-1p [65]. Expression of CD40, as well as its ligand is increased
around AP plaque deposits in the AD brain [66, 67]. Tg2576 animals deficient for CD40
ligand show a marked reduction in Ap burden, microglial activation and astrogliosis [68].
Thus, while there are numerous intrinsic mechanisms employed to assure tight control of
microglial activation, many of these signaling components are compromised in the AD
brain.

PHAGOCYTOSIS OF AB BY MICROGLIAL CELLS

One of the enigmatic features of AD is that while microglia are competent phagocytes, they
are unable to efficiently clear amyloid deposits within the brain. Microglial cells clear
soluble forms of the AR peptide by macropinocytosis and are capable of taking up fibrillar
AP peptides through phagocytosis [69, 70]. Fibrillar forms of Ap are recognized by a
receptor complex, described in detail below, located on the microglial cell surface.
Activation of this complex initiates an intracellular signaling cascade that engages the
phagocytic machinery of the cell and results in the phagocytosis of fibrillar AB. Once
internalized both soluble and fibrillar species of A are delivered to the endolysosomal
system [32, 71, 72].

While microglial cells possess the ability to take up fibrillar forms of A its seems as though
in the AD brain the microglia have a difficult time degrading these dense aggregates and
suggests that disease progression may be paralleled by defective microglial clearance
mechanisms. Paresce ef al. [72] have shown in vitro that murine microglial cells are capable
of phagocytosing ApB; however, they observed that once internalized, the peptide can remain
undegraded for over 72 hours. In another study it was shown that once microglia
internalized AR they resecreted the undegraded peptide into the culture medium [73].

The conclusion that endogenous microglia are inefficient or unable to effect plaque
clearance has been supported by a recent and provocative study by Grathwohl and
colleagues [74]. These authors reported that they could selectively ablate endogenous
microglia using a CD11b-driven thymindine kinase gene coupled with ganciclovir
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administration to the brain of murine models of AD. They found that loss of microglia had
no effect on plaque number or size over a 2—4 week period. However, the interpretation of
these experiments is confounded by the morbidity and mortality that accompany ganciclovir
treatment, the loss of other cell populations besides microglia, most notably pericytes, the
loss of the integrity of the vasculature, and perturbation of normal homeostatic mechanisms
in the brain. While this study was argued to undermine a role for microglia in AD
pathogenesis, an alternate interpretation of these data is that it just reinforces the view that
endogenous microglia do not normally act to efficiently remodel or clear amyloid deposits in
the AD brain.

Many /n vitro studies support the idea that an inflammatory environment negatively affects
the capacity of microglial cells to engage in phagocytosis and clear fibrillar Ap deposits [75,
76]. Yamamoto et al. [77] showed /n vitro that wild-type microglia take up and degrade Ap;
however, they lost their capacity to degrade the peptide following inflammatory cytokine
stimulation, resulting in the retention of AB4g and AB42 within the cells. Microglial cells
isolated from APP/GRKO animals (where IFNy signaling is disrupted), were able to take up
AP and did not lose their capacity to degrade exogenously supplied Ap in response to
cytokine stimulation [54].

Koenigsknecht-Talboo et al. [75] have shown that inflammatory cytokine treatment inhibits
the ability of microglial cells to phagocytose Ap that occurs upon engagement of the fibrillar
AP receptor complex; however, this treatment did not alter Fc-mediated phagocytosis by
microglia. Indeed, in AP vaccination models, microglia can be stimulated to remove plaque
through the activation of the FcR in the presence of an inflammatory environment [78].
Treatment of microglial cells with ibuprofen, known for its anti-inflammatory actions,
rescues impairments in fibrillar Ap-induced phagocytosis by microglia in response to a pro-
inflammatory environment [75]. Treatment of microglial cells with anti-inflammatory agents
such as non-steroidal anti-inflammatory drugs, liver X receptor agonists, peroxisome
proliferator-activated receptor (PPAR)y agonists and anti-inflammatory cytokines can
reverse any phagocytic deficits incurred in response to inflammation [75-77, 79]. Similarly,
a study conducted by Shie et a/. [80] examined the effects of the E prostanoid receptor
subtype 2 on the ability on microglia to mediate the phagocytosis of AB. Prostoglandin E2 is
a product of cycloxygenases and can bind to a number of E prostanoid receptors. These
authors found that E prostanoid receptor subtype 2 knockout microglia were more efficient
at clearing AP peptides in solution as well as from AD brain sections [80, 81]. Together with
the /in vitro experiments, these studies suggest that inhibition of inflammatory signaling
reduces microglial activation, enhancing their ability to mediate AP clearance.

In line with these studies, long term use of non-steroidal anti-inflammatory drugs, which
inhibit cycloxygenases, have been shown to reduce the risk of AD as well as delay disease
progression [82, 83]. Long-term treatment of transgenic AD mouse models with ibuprofen
also reduces inflammation, ameliorates cognitive deficits, and decreases amyloid deposition
[84-86]. These studies taken together suggest that inflammation may impact the ability of
microglial cells in the brain to take up and degrade Ap. Therapies geared towards
ameliorating the inflammatory response in the AD brain may prove to be a beneficial in
treating this disease.

MICROGLIAL AB RECEPTOR COMPLEX

Microglial cells possess a wide variety of cell surface receptors that are capable of
recognizing AP aggregates and initiating an inflammatory response. Some postulated cell
surface Ap receptors include receptor for advanced glycation endproducts, and the formyl
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peptide receptor-like 1 protein [49, 54, 87-89]. However, the exact role of these receptors in
the recognition of fibrillar AR by microglial cells remains controversial.

We have previously shown that fibrillar forms of Ap can interact with a multicomponent
receptor complex on microglial cells. This complex is composed of CD36 (a B-class
scavenger receptor), the a6p1 integrin, the integrin associated protein CD47 and scavenger
receptor A [71]. Engagement of this receptor complex with fibrillar A leads to the
activation of an intracellular signaling cascade, resulting in the phenotypic activation of
microglia through NFxB-mediated gene transcription. Additionally, activation of this
receptor complex results in increased phagocytosis, cytokine expression and production of
ROS [70, 90, 91].

Many studies support the idea that this receptor complex plays an important role in AD
pathogenesis. Microglia isolated from CD36 null animals exhibit decreased levels of
cytokine and chemokine secretion, as well as ROS in response to exposure to fibrillar A
species [51]. A study by Hickman et a/. [92] described a 2.5-fold increase in levels of IL-1p
and TNFa mRNA in a PS1-APP AD mouse model with a parallel 2-5-fold decrease in
mRNA levels of scavenger receptor A, CD36 and receptor for advanced glycation
endproducts in comparison to their age-matched wild-type littermates. The fall in receptor
levels was postulated to be due to the increase in levels of pro-inflammatory cytokines, as
incubation of N9 microglial cells with TNFa decreased the expression of scavenger receptor
A and CD36 and reduced Ap uptake by cultured microglial cells [92].

Additionally, we have recently reported that the innate immune toll-like receptors (TLRs),
and the coreceptor CD14, function as integral members of this fibrillar Ap receptor complex
[93]. Stimulation of both TLR2 and TLR4 by fibrillar Ap was required for microglial
activation [93]. TLR2, TLR4 and its coreceptor CD14 are necessary to mediate and activate
intracellular signaling in response to fibrillar AB. Cells deficient in any of these proteins fail
to initiate Src-Vav-Rac signaling, resulting in reduced levels of ROS and impaired
phagocytosis in response to fibrillar Ap stimulation. These cells also failed to induce
phophorylation of 1xBa after fibrillar Ap stimulation. The data provide strong evidence that
TLR2, TLR4 and CD14 function as additional members of the microglial fibrillar A
receptor complex we have previously described [93]. These studies demonstrate the
recognition of Ap at the cell surface occurs through the association of immune receptors into
a multi-subunit receptor complex that is critical in engaging the phagocytic machinery of the
microglial cell as well as inducing the classical activation of microglial cells.

The Role of TLRs in Inflammation and AR Clearance

The innate immune system plays a key role in the discrimination between self and non-self.
Thus, the host defense system has evolved strategies to detect tissue damage and invading
viral and microbial pathogens. Microglial cells are capable of initiating an immune response
through the engagement of various pattern recognitions receptors (PRRs) expressed on their
cell surface, including the TLRs. TLRs are specialized to recognize pathogen-associated
molecular patterns that are conserved within a class of microbes. TLRs can also recognize
danger-associated molecular patterns which are released after tissue damage. The TLRs
comprise a family of 13 structurally similar receptors in mammals and are expressed on a
variety of immune cells, including B cells, T cells, macrophages, monocytes and dendritic
cells. Recognition of pathogen-associated molecular patterns and danger-associated
molecular patterns by TLRs initiates signaling cascades resulting in the production of
inflammatory cytokines, proteases and reactive oxygen and nitrogen species, which leads to
the rapid and efficient clearance of these agents and the classical activation of microglia
[94].

CNS Neurol Disord Drug Targets. Author manuscript; available in PMC 2013 May 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mandrekar and Landreth Page 9

In the brain, TLRs are expressed mainly on microglia; however, recently it has been
reported that a subset of TLRs are expressed on neurons and astrocytes [95, 96]. Microglia
associated with AP deposits in AD brains as well as murine models of AD express elevated
levels of TLR 2/4/5/7/9 mRNAs [97]. Similarly, the AD brain, as well as the brains
transgenic murine models of AD, exhibit increased protein levels of CD14, TLR2 and TLR4
[98, 99]. TLR4, TLR2 and the coreceptor CD14, are of particular importance to AD due to
their ability to recognize Ap peptides and oligomers [98].

Both TLR2 and TLR4 activation have been linked to inflammation in the AD brain.
Treatment of microglia with function blocking antibodies to TLR2 and TLRA4 results in
decreased production of the inflammatory cytokines, IL-6, TNFa and reactive nitrogen
species in response to fibrillar Ap stimulation. Neutralizing antibodies or genetic
deficiencies in CD14 elicit a similar response [98]. Additionally, Walter ef a/. [100] have
shown that media from Ap-treated wild-type microglia have neurotoxic effects on neurons,
while media from Ap-primed TLR4- or CD14-deficient microglia are no longer toxic,
suggesting that these receptors are necessary to mediate microglial neurotoxicity [100].
These data strongly suggest that in microglial cells the TLRs are involved in mediating an
inflammatory response to Ap.

The TLRs as well as the co-receptor CD14 have also been implicated in the uptake of Ap by
microglia. The interaction of CD14 with AR has been demonstrated through FLIM-based
FRET and real time plasmon resonance spectroscopy [99]. CD14 co-localizes with fibrillar
AP42 at the cell surface and is subsequently internalized and trafficked to the lysosomes.
Deletion of CD14 results in decreased AP uptake by microglial cells in comparison to wild-
type cells. Tahara et al. [101] have shown that activation of microglial TLR2 and TLR4
receptors results in increased Ap phagocytosis. Moreover, both TLR2 and TLR4 are
necessary for fibrillar Ap stimulated phagocytosis [93]. These /n vitro studies strongly
implicate TLR2, TLR4 and CD14 in the phagocytosis of Ap by microglial cells.

While a number of /n vitro studies have shown that TLR activation promotes inflammation
and may play a role in plaque clearance, /n vivo studies examining the effect of genetic
inactivation of the TLRs are simply confusing. APPswe/PSEN1AE9 mice (14 month old)
expressing an inactive, mutated TLR4, displayed increased levels of both diffuse and dense
core-amyloid plaques in both the hippocampus and cortex [101]. The authors suggest that
TLR4 functions in microglia to mediate the clearance of Ap and thus, the absence of
functional TLR4 results in a dramatic change in Ap load. In another study, peripheral
injection of LPS, a TLR4 ligand, promoted microglial activation and ultimately resulted in
the clearance of diffuse, but not compact, amyloid deposits [102]. Studies conducted by
Herber et al. [43] demonstrated a similar result. Together these studies support a role for
TLR4 in microglia activation and promotion of plaque removal. However, a study by Sheng
et al. [103] reported contradictory results; they demonstrated that lipopolysaccharide
treatment increased overall AP peptide levels.

A different result was reported on examination of TLR2 knockout animals crossed with the
APPswe/PSEN1dE9 AD mouse model, and revealed delayed AP deposition and enhanced
cognitive decline at 3 and 6 months of age [104]. However, at 9 months of age these animals
exhibit comparable levels of amyloid deposition to their wild-type littermates. Thus, the role
of TLRs in AD-related pathophysiology remains unclear. These differences in A
deposition between the TLR2 and TLR4 deficient mouse models may possibly be attributed
to the age of analysis.

A recent study has also described the possible role of another toll-like receptor, TLRY, in A
clearance. TLR9 is located in endosomal compartments within the cell and recognizes CpG
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DNA from viruses and bacteria that have been internalized [105]. Activation of TLR9 by
CpG ODNs (unmethylated cytosine-guanosineoligodeoxynucleotides) induces phagocytosis
in murine microglial cells /n vitro [106]. The study by Scholtzova et al. [107] stimulated
TLR9 by intraperitoneal injection of CpG ODN. These mice displayed a 66% reduction in
cortical amyloid burden as well as an 80% reduction in vascular amyloid deposition.
Treatment with CpG ODN also rescued behavioral deficits seen in the radial arm maze.
Since CpG ODNs are unable to penetrate the blood-brain barrier, it is speculated that the
effects of TLR9 activation were on peripheral macrophages which then infiltrated the brain
[107].

The Role of the Complement System in Microglial-Mediated A Clearance

The complement system provides another line of defense to invading microbes and
pathogens. In the CNS both neurons and glia are capable of making and secreting proteins
involved in the complement cascade. This cascade results in the formation of a membrane
attack complex and the opsonization of pathogens resulting in their clearance via
complement receptors. Complement pathway activation can occur through three distinct
mechanisms: the classical pathway, the alternative pathway and the lectin pathway. These
cascades are quite complex and are comprised of over 40 proteins [108]. In the postmortem
AD brain, complement proteins from both the alternative and classical pathways are found
in close association with AP deposits and neurons expressing neurofibrillary tangles [109,
110]. /n vitro studies have also shown that B-amyloid fibrils can activate both the classical
and alternative pathways via interactions with C1q and C3, respectively [111-113]. Thus,
accumulation of complement factors such as C1q, mannose binding lectin and C3 are
thought to result in a local inflammatory response in the brain and contribute to AD
progression.

Complement activation can also result in the recruitment of microglia to amyloid plaques
and the release of inflammatory signaling proteins. Activation of this pathway has been
associated with AR clearance. Supporting this idea, /7 vivo mouse models have been
established to examine the role of the complement system in AD. Inhibition of C3 by over-
expression of soluble complement receptor related protein y, an inhibitor of complement C3,
resulted in a 2-to-3-fold increase in AP deposition as well as increased neurodegeneration at
10-12 months of age [114]. Similarly, C3 deficiency in an APP transgenic mouse model did
not result in significant neuropathological differences in younger transgenic animals
between the ages of 8-12 months. However, the authors did find that older mice (17 month
old animals) had a 2-fold increase in plaque burden, elevated Ap plasma levels, and a loss of
hippocampal neurons. This study also discovered that the microglia in C3-deficient APP
transgenic mice displayed an “alternative activation’ phenotype, as evidenced by elevated
levels of brain IL-10 and IL-4 and decreased nitric oxide synthase 2 (NOS2) and TNFa
levels [115]. These data suggest that while the complement system may aid in the
inflammatory environment associated with AD, some components of the complement
cascade may also play a beneficial role in microglia-mediated clearance mechanisms of A.

However, conflicting reports found that inhibition of the complement system also
ameliorated AD pathology. AD transgenic mice deficient in the complement protein C1q (a
component of the classical complement cascade) displayed a 50-60% reduction in glial
activation and an increase in neuronal markers in the hippocampus [116]. While there was
no reduction in amyloid pathology in this study, the authors concluded that glial activation
in response to amyloid fibril-stimulated complement activation played an important role in
neuronal death, thus inhibiting this response promoted neuronal survival [116]. Similarly, in
another study, Tg2576 transgenic animals treated with a small molecule inhibitor (PMX205)
of the complement activation product C5a resulted in decreased levels of fibrillar amyloid
and reactive microglia and improvement in the passive avoidance behavioral task [117].
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Receptors for C5a are located on microglial cells and activation of this receptor leads to the
chemotactic recruitment of microglia [118, 119]. It should be noted that all the animal
studies have focused on a widespread inhibition or activation of the complement pathway. In
summary, the outcomes of these studies has yielded contradictory results, thus making it is
difficult to make any conclusive remarks on the role of complement in AD.

ALTERNATIVE ACTIVATION OF MICROGLIAL CELLS

Traditionally, the microglial cell was classified into two primary phenotypic states;
‘quiescent’ or “activated’. The transformation of ‘quiescent’ microglia to an ‘activated’
phenotype was associated with inflammation and disease. It is now clear that the phenotypic
and functional heterogeneity of microglial cells in the CNS is far more prevalent than
previously appreciated and it is slowly being recognized that these cells are highly plastic
and play diverse roles in the brain. Several recent studies have highlighted the inherent
diversity of microglia and have discovered that they are able to conform into not just two but
a variety of different activation states. Past decades of research in AD have focused on the
classical, pro-inflammatory activation of microglia. While classical activation is an
important host-defense mechanism, it is important to down-regulate this response and
initiate tissue repair to attain homeostasis in the CNS after insult or injury [15, 120]. Recent
studies suggest that this may be achieved by modulating the activation states of local or
infiltrating microglial cells. This appreciation of the phenotypic heterogeneity of microglia
has had its basis in studies of peripheral macrophage biology. Gordon and colleagues have
proposed a classification system that describes the ‘classical’ proinflammatory activation
state as M1 and “alternative’ activation states as M2 [121]. More recent attempts at defining
the diverse macrophage phenotypes have employed other nomenclatures, in an attempt to
reflect the plasticity and heterogeneity of these cells [122,123]. Indeed, it is now widely
appreciated that there is a spectrum of activation states that defy easy classification.
Characteristics of the individual cells are a function of local environmental influences and
the capacity of these cells to initiate and resolve the tissue response to pathogens or injury. It
is not clear whether these phenotypic distinctions are appropriate for describing the brain
resident populations of myeloid lineage cells [121, 124].

Classical activation (M1 activation) of microglial cells results in the production of Th1-
proinflammatory cytokines, NOS2 expression and is characterized by the ability of
microglia to present antigen [120]. In peripheral organs, tissue macrophages can acquire
non-classical, or “alternative’ activation phenotypes. This has been postulated to be an
evolutionary adaptation to parasitic infections in which the immune system is unable to
remove the activating pathogen. An analogous situation may exist in the brain owing to the
inability of microglia to remove AR plaques. Alternative activation (or M2 activation) of
microglia is typified by the expression of Th2 anti-inflammatory cytokines including IL-10,
TGF-B, IL-4 and IL-13, and suppressed expression of Thl-proinflammatory cytokines and
NOS2. Alternatively activated microglia have typically been thought to play a role in tissue
repair and express genes such as YM1, YM2, RELMa (FI1ZZ1), CD206 (mannose receptor)
and arginase 1(Argl) [125].

It is important to note, however, that M1 and M2 activation states represent only two
different phenotypes in a continuum of macrophage activation which may also encompass
“mixed” microglial phenotypes as well [123]. The M2 alternative activation state has been
further subdivided into three distinct categories, M2a, M2b and M2c. M2a macrophages are
induced by IL-4 and IL-13 and exhibit an anti-inflammatory phenotype. M2b macrophages
are unique in that they express high levels of pro-inflammatory cytokines, characteristic of
M1 activation, but also express high levels of the anti-inflammatory cytokine I1L-10 [126].
The M2b phenotype is induced by exposure to immune complexes, agonists for 1L-1
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receptor and TLRs. M2c macrophages are considered to be in an “acquired deactivation”
state induced by IL-10, TGF, glucocorticoids or contact with apoptotic cells, and are
associated with the suppression of the innate immune response. Macrophages exhibiting the
M2c phenotype play a role in the phagocytosis of cellular debris and apoptotic cells without
the induction of a classical immune response allowing for normal tissue maintenance and
repair [120].

While the M2a, M2b and M2c macrophage activation phenotype has been classified in the
periphery, it is unclear whether these states occur in microglia in the brain. Expression of
alternative markers have been found it the brain, but it remains to be determined whether the
microglial population can shift between activation phenotypes from classical to alternative
activation or vice versa, although this seems probable. It is also unclear to what extent both
microglial subpopulations coexist in the brain and their distribution in relation to the plaque
pathology. /n vitro studies have revealed that cultured monocyte-derived macrophages that
were polarized to a classical activation state were able to switch their activation status in
response to I1L-4 and IL-10 treatment [127].

Recent studies have shown that AD mouse models display a switch in microglial activation
status in response to disease progression. A study conducted by Colton et al. [125]
demonstrated that two mouse models of AD (Tg2576 and Tg-SwDI) expressed increased
levels of MRNA for the alternative activation markers Argl, mannose receptor and YM1 in
comparison to wild-type controls. Brain samples obtained from AD patients showed a
similar increase in levels of M2 markers [125]. Transgenic human APP mice deficient for
C3 also exhibited an alternative activation phenotype, displaying reduced NOS2 production
and an increase in levels of IL-4 and IL-10 [115]. However, a contradictory study conducted
by Jimenez et al. [128] described an age-dependent switch in microglial activation in the
hippocampus of the APP/PS1 mouse model. They provided evidence that microglial cells
exhibit an M2 alternative activation phenotype early in disease progression which then
switches to a classical phenotype in older transgenic mice. Interestingly, the authors found
that in young APP/PS1 mice, microglial cells surrounding amyloid plaques displayed an
alternative activation state and expressed IL-1 and YML1. At later times, following plaque
deposition, the microglia alter their activation status and display an increase in TNFa
production while down-regulating expression of IL-4 and YM1 [128]. Furthermore, the
authors went on to show that the soluble brain extracts containing small oligomeric species
of AB from 18 month old APP/PS1 mice, stimulated the production of TNFa by astroglial
cells. This suggests that recognition of oligomeric Ap by microglial cells is a key component
in programming these cells towards M1 activation. The idea that microglial cells exhibit an
age and disease-associated change in activation state is of importance, and the significance
of this phenotypic change in ameliorating disease pathology needs to be studied in more
depth.

Recently, it has been shown that activation of the nuclear receptor PPAR~y controls the
activation status of macrophages, promoting acquisition of an M2 phenotype. Similarly,
PPARy and PPARS activation resulted in induction of M2 activation marker Argl and the
pro-inflammatory cytokine 1L-4 [129, 130]. This induction was lost in macrophages from
PPAR+y and PPAR 6 knockout mice results in elevated brain levels of IL-4 and Argl.
However, this study was carried out in peripheral monocytes and it is unknown if PPARy
agonists can induce M2 state in microglial cells within the brain. Since microglia play such
an integral role in AD pathophysiology, understanding role of microglial activation states
and their subsequent effect on AD pathology is of importance, for not only understanding
disease mechanisms, but also for developing new therapies.
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INFILTRATION OF PERIPHERAL MONOCYTES INTO THE BRAIN

In the periphery, injury results in the recruitment of circulating monocytes to the site of
injury, their infiltration into the tissue and their differentiation into macrophages. These cells
then phagocytose debris and dying cells as well as secrete pro-inflammatory cytokines and
other immune effector molecules. These cells are attracted to the site of injury by the local
release of chemokines and cytokines, most prominently CCL2. Infiltrating macrophages
then exit the tissue and are removed through the lymphatic system as well as the peripheral
circulation, allowing the site of insult to return to pre-injury homeostasis. While this
mechanism is useful to remove inflammatory macrophages in the injured tissue, the blood-
brain barrier, separating the CNS from the rest of the body, poses as a problem for
circulating monocytes to enter and exit the brain [131].

It is widely accepted that in the CNS microglial cells have a low turnover rate and are
capable of self renewal [132]. However, in AD, the appearance of amyloid plaques is
associated with a parallel increase in the number of microglia and astrocytes [133]. This had
previously been believed to be the result of migration of endogenous microglia and their
proliferation /n situ. Recently, the question has been reexamined following several reports
that peripheral monocytes can traffic into the brain. Moreover, there is evidence that
suggests that infiltrating bone marrow-derived microglia may be more competent and
efficient at restricting amyloid plaques in comparison to their endogenous counterparts [134,
135].

A number of recent studies have challenged the idea that the blood-brain barrier is
impermeable and have suggested that infiltrating monocytes could invade the CNS and
ameliorate AD-related pathology. A study by Simard et a/. [135] reported that bone marrow
derived monocytes transversed the blood-brain barrier from the periphery, invaded the brain
parenchyma and associated with and cleared Ap deposits. Specifically, they reported that
1% of the brain microglial population was derived from peripherally recruited monocytes
(CD11b*, Ibal* cells). These infiltrating cells were found to be associated with about 20%
of the p-amyloid plaques found in the AD brain and were able to internalize A deposits
[32, 135, 136]. This latter observation is of importance because resident CNS microglia
were unable to mediate the clearance of AB [135]. However, two studies published in 2007,
challenged this idea when they demonstrated that under physiological conditions,
peripherally-derived monocytes were unable to cross the blood-brain barrier and infiltrate
the brain, suggesting that the infiltration of monocytes into the brain of the AD models was
an artifact of the experimental techniques utilized [137, 138].

Recently, a couple of elegant studies have demonstrated that CCL2 (formerly known as
monocyte chemotactic protein-1) may play a key role in the attraction and infiltration of
peripheral monocytes into the brain. CCL2 is a member of the B chemokine family; it is a
ligand for the G-protein coupled receptor, CCR2. CCL2 functions as a chemo-attractant for
microglia and monocytes and its expression is elevated in both activated astrocytes as well
as cells of monocytic origin [139, 140]. Stimulation of both microglia and astrocytes with
AP increases expression of CCL2 [50, 51]. In the AD brain, CCL2 is found associated with
senile plaques as well as in activated microglia isolated from APP transgenic mice [141,
142]. CCR2 has been shown to be involved in the migration of macrophages to sites of
axonal injury [143, 144]. Over-expression of CCL2 in the Tg2576 mouse model of AD
resulted in an increased accumulation of microglial cells and diffuse plaques in the mouse
brain [145]. CCL2 overexpression was also shown to accelerate memory deficits in the
Tg2576 mouse model and facilitated AB oligomer formation /7 vitro by microglial cells
[146]. Delivery of a dominant negative CCL2 by administration by AAV1/2 hybrid virus to
an AD mouse model resulted in a reduction of microgliosis and amyloid deposition [147].
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A compelling study by EI Khoury and colleagues [141] demonstrated that loss of CCR2 in
an AD mouse model was associated with a significant reduction in microglial number and
increased levels of brain Ap. This was paralleled with a decrease in levels of neprilysin, a
key A protease. In this study the authors distinguished between peripherally-derived
monocytes/microglia and endogenous microglia by the expression levels of CD45.
Endogenous microglial cells exhibit lower levels of CD45 in comparison to infiltrating cells.
Tg2576 animals display a 12-fold increase in levels of CD45" microglia; however, CCR2
knockout animals had wild-type levels of CD45 expressing microglia, suggesting that
infiltration of peripheral monocytes/microglia is impaired in the knockout animals [141].
Additionally, a study by D’Mello et al. [41] demonstrated that hepatic inflammation resulted
in an increase in cerebral CCL2 levels and well as an increase in circulating CCR2-positive
monocytes. They were able to show that hepatic inflammation induced the expression of
CCL2 by cerebral microglia prior to monocyte infiltration into the brain and that infiltration
of monocytes was dependent on TNFa signaling [41]. These studies provide compelling
evidence that this chemokine and its receptor may play an influential role in the infiltration
of peripheral monocytes into the brain.

To determine whether monocytes can infiltrate the brain several other studies have looked at
manipulating the expression of CD11c-expressing myeloid cells. CD11c is a cell surface
integrin and is most notably expressed by antigen presenting dendritic cells. Dendritic cells
are part of the mononuclear phagocytic system and were initially thought to be distinct from
macrophages. However, it was recently reported that CD11c co-localized within a subset of
cells that were positive for the microglial markers 1bal, F4/80 and CDIIb [148]. It has been
suggested that dendritic cells are “immature macrophages”, however this remains
controversial [149].

Butovsky et al. [150] utilized diptheria toxin to selectively ablate dendritic-like innate
immune cells in a mouse model of AD. This model was genetically engineered to target
toxicity towards bone marrow-derived cells of myeloid origin that express CD11c.
Depletion of CD11c™ cells resulted in a significant increase in amyloid deposition in the
brain parenchyma [150]. Town and colleagues have provided additional evidence supporting
the concept that monocytes can infiltrate the blood-brain barrier and traffic into the brain
[151]. They demonstrated that TGF- receptor signaling through Smad2/3 plays an
important role in inhibiting the infiltration of peripheral monocytes/microglia into the brain.
TGF-p signaling was disrupted in Tg2576 animals by expression of a dominant negative
TGF-p receptor in cells of myeloid lineage using the CD11c promoter. Blockade of TGF-B
signaling resulted in decreased plague pathology (both cerebral and vascular), improved
behavior, and an increased number of peripheral CD45M expressing macrophages
surrounding amyloid plaques and cerebral vessels [151]. These infiltrating cells display the
cell surface markers CD45"CD11b*Ly-6C~ [151] and correspond to a population of
monocytes that home to inflamed tissues [152].

However, the evaluation of whether peripheral monocytes can enter the CNS remains
problematic. The lack of specific markers to distinguish between CNS-resident microglia
and peripheral monocytes has made this a difficult question to answer. Greissmann and
colleagues have described two populations of circulating monocytes, a “inflammatory
subset” that is short-lived and CX3CR1°CCR2*GR1* and a “homeostatic subset” that is
CX3CR1NMCCR2-GR1™ [152]. It is though that this “inflammatory subset” of monocytes,
which express CCR2, are able to infiltrate the diseased brain. Furthermore, a number of
current studies utilize CD45" and CD11c expression as markers that are limited to
infiltrating monocytes. While no definitive studies have been carried out to show that this is
in fact the case, a general consensus in the field supports the idea that CD45M microglia in
the brain are derived from peripheral monocytes.

CNS Neurol Disord Drug Targets. Author manuscript; available in PMC 2013 May 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mandrekar and Landreth Page 15

Similarly, another study looked at the ability of perivascular macrophages to clear cerebral
amyloid angiopathy in an AD transgenic mouse model [153]. The authors utilized a
liposome-encapsulated clodronate, an intracellular toxin, to deplete perivascular
macrophages in a TYJCRND8 mouse model of AD and demonstrated a 5-fold increase in
cerebral amyloid angiopathy pathology as a result of the removal of perivascular
macrophages [153].

This avenue of research is important because it has been suggested that infiltrating
monocytes may represent a phenotypically distinct group of microglia, capable of
ameliorating disease pathology, while endogenous microglial cells may maybe arrested in a
classically activated state promoting disease progression. If this theory is correct, enhancing
infiltration of peripheral monocytes may be beneficial in mediating the suppression of AD-
related inflammation.

CONCLUSIONS

The past few years have revealed many new roles and functions of microglial cells in the
CNS. While we have gained an understanding of the complexity of this cell type we are far
from understanding its role in disease related pathophysiology. In this review, we have
explored the functional role of microglia in the CNS, as well as summarized the positive and
negative effects of these cells and their role in AD-mediated inflammatory responses.
Specifically, the dynamic nature of microglial cells as well as their vast phenotypic diversity
leads to the fascinating possibility that alleviating disease-related pathology may be possible

by manipulating microglial activation status.
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