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This special issue describes exciting papers contributed to
the International Journal of Alzheimer’s Disease issue on
microglia in Alzheimer’s disease (AD). It has been well
recognized that neuroinflammation is an early event in the
pathogenesis of AD, in which microglia is a major player. A
core theme of the articles presented in this special issue is
the dichotomous role played by the microglia—the context-
dependent neuroprotective and neurotoxic functions. Recent
insights regarding molecular mechanisms that regulate the
diverse microglia responses are summarized. The under-
standing of these molecular pathways would lead to targeted
therapies aimed at modulating microlgial behavior toward
neuroprotection, as exemplified by approaches targeting the
microglial KCa3.1 potassium channel, scavenger receptors,
or complements, for example. Microglia also play critical
roles in comorbidities of AD, such as diabetes and traumatic
brain injury.

The first paper I would suggest the readers to read is R. E.
Mrak’s neuropathological survey of microglia in Alzheimer
brain. Thanks to the pioneer observations by neuropathol-
ogists about two decades ago, microglia emerged into the
scene of AD research. Although our view of microglia
in AD has since substantially changed, mostly based on
studies using rodents as models, human neuropathology
still provides a “golden standard” or reality check for what
is relevant and important to AD. Interesting sets of data
presented by R. E. Mrak suggest that microglia actively
influence the pattern of development of amyloid plaques as
well as neuronal tangle formation in AD brains, rather than
simple associations with these lesions. In addition, plaques
of different stages, perhaps reflecting different pathological
stages of AD, are associated with activated microglia with
different morphology or immunohistochemical phenotypes.

The readers can consult the article by D. M. Wilcock for
a synopsis of various states of microglia that may serve
different functions. In principle, microglia possess all the
response repertoire of peripheral macrophages; therefore the
established classification system for the inflammatory state
of macrophages, based on defined sets of molecular markers,
can be applied to microglia. D. M. Wilcock further provides a
summary about how the microglia inflammatory state can be
altered by specific sets of stimuli, how different states influ-
ence amyloid load, and how passive immunization with anti-
Aβ antibodies alters the microglia inflammatory state prior
to significant reductions in amyloid deposition. Again, this
line of evidence supports an active role of microglia in the
development and dissolution of amyloid plaques. However,
how the microglia inflammatory phenotypes related exactly
to the pathologies of AD appears to be complex and remains
to be explored.

In this issue, M. Noda and A. Suzumura provide a com-
prehensive review of the molecular players in the quintessen-
tial functions of microglia—chemotaxis and phagocytosis.
They point out that the lack of microglial phagocyto-
sis worsens the pathology of AD and induces memory
impairment. In addition to the well-known players such as
phosphatidylserine receptors, scavenger receptors, and com-
plement factors, M. Noda and A. Suzumnura also discuss a
less publicized but highly interesting phagocytosis modulator
expressed in microglia—γ-secretase, which in neurons is
certainly the center of attention for its role in generating Aβ.
One novel phagocytosis modulator relevant to AD reported
in this special issue is the high mobility group box protein
1 (HMGB1). HMGB1 is a nonhistone chromosomal protein
that is released from cells undergoing necrosis and acts as
an inflammatory mediator. K. Takata et al. report evidence
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to support that microglial Aβ phagocytosis dysfunction may
be caused by HMGB1 that accumulates extracellularly on Aβ
plaques.

When it comes to the effect of microglial phenotypes
on neurons, microglia serve a biphasic role in AD—they
are either neurotoxic or neuroprotective. In this issue, T.
Mizuno reviews the molecules that trigger and execute the
neurotoxic actions of microglia in AD, as well as those able
to induce microglia neuroprotective properties. However,
the interwoven molecular pathways and the dichotomous
behavioral pattern of microglia make it difficult to provide
a clear answer regarding if a microglia action is beneficial or
harmful. A synthesis of the complex clinical and experimen-
tal literature encompassing the debate of “good” and “bad”
microglia (and, of course, without excluding the possibility
of microglia playing no role in AD) is provided by T. M.
Weitz and T. Town. They conclude that an understanding
seems possible when considering context—the conditions
under which microglia encounter AD-like pathological
lesions. Specifically, a model emerges where microglia mount
different types of activated responses depending on whether
they encounter particular species of misfolded protein (Aβ or
tau) and whether this innate recognition occurs early on or
after pathology is well established, an insight that echoes the
neuropathological observations reviewed by R. E. Mrak.

A group of well-studied and highly significant molecules
in microglia is scavenger receptors (SRs), reviewed by K.
Wilkinson and J. El Khoury. Although the roles of several
members of SRs in AD are diverse and complex, convincing
evidence shows that SCARA-1-mediated microglia interac-
tions with Aβ are beneficial and promote phagocytosis and
clearance of Aβ, whereas CD36-Aβ interactions are harmful
and together with TLR-4 and TLR-6 lead to the production
of neurotoxins and proinflammatory molecules. The other
group of molecules reviewed in this issue is complements.
H. Crehan et al. review evidence indicating that the ability
of microglia to adopt the “good” or “bad” role in AD is
influenced by complement factors. Furthermore, microglia
appear to be a major player in the dysregulated complement
cascade in AD, in which microglia are aberrantly activated
by disruptive complement signaling and Aβ to enhance their
secretion of cytokines, which can lead to further complement
cascades.

Along this line of research on “good” and “bad” mi-
croglia, I. Maezawa et al. actually propose a molecular
target that is ready for manipulation by pharmacologically
well-characterized small molecules. They provide evidence
that targeting the microglia potassium channel KCa3.1
could harness calcium signaling resulting from microglia
activation, thus “fine tune” the microglia response toward
neuroprotection—phagocytosis of Aβ with reduced release
of harmful inflammatory mediators and oxidative species.
Because the pharmacology of KCa3.1 has been well studied
and highly selective inhibitors are available and safe, target-
ing KCa3.1 may hold promise as a specific anti-inflammatory
therapy for AD.

Also included in this special issue are two articles dis-
cussing the microglia link in two significant comorbidities
in AD: traumatic brain injury (TBI) and type II diabetes

mellitus (T2DM). R. C. Mannix and M. J. Whalen point
out that Aβ, which is elevated acutely after TBI, may be a
key mediator of microglial activation in TBI. TBI-induced
Aβ alters long-term microglial function and Aβ-clearance
and could therefore contribute to the development of AD.
In this regard, the advancement of drug discoveries in
the field of TBI, such as sex steroids or Apoe mimetics
which alter both microglial function and Aβ metabolism,
may have potentially important roles in TBI as well as
AD. Microglia-mediated neuroinflammation appears also
to provide a shared mechanism between AD and T2DM.
L. F. Lue et al. review evidence supporting that T2DM
could accentuate microglial activation, neuroinflammation,
and vascular inflammatory/oxidative injury in AD brains
through mechanisms mediated by RAGE and other pat-
tern recognition receptors and the cascade of cytokine
and chemokines. Because a wide range of inflammatory
mediators and receptors are involved in these two diseases,
it is important to characterize the patterns of microglial
activation in AD patients with T2DM and AD patients
without T2DM for future anti-inflammatory approaches.
One interesting difference pointed out by L. F. Lue et al. is
that complement activation is a prominent feature in AD, but
not in T2DM.

In summary, common themes emerge in the articles
presented in this special issue. Microglia response is highly
complex in AD and is context dependent. Aging, the most
significant risk factor for AD, and other risk factors such
as TBI and T2DM may contribute to the development
of AD via altered microglia-mediated neuroinflammation
(microglia dysfunction). The task ahead is to be able to
manipulate microglia responses to therapeutic advantage.
Further understanding of the triggers and molecular path-
ways of various microglia responses will help us to design
microglia-targeted therapies to enhance the neuroprotective
or the “good” behavior and at the same time dampen the
neurotoxic or the “bad” behavior of microglia.

Lee-Way Jin
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Microglia, the immune cell of the brain, are implicated in cascades leading to neuronal loss and cognitive decline in Alzheimer’s
disease (AD). Recent genome-wide association studies have indicated a number of risk factors for the development of late-onset
AD. Two of these risk factors are an altered immune response and polymorphisms in complement receptor 1. In view of these
findings, we discuss how complement signalling in the AD brain and microglial responses in AD intersect. Dysregulation of
the complement cascade, either by changes in receptor expression, enhanced activation of different complement pathways or
imbalances between complement factor production and complement cascade inhibitors may all contribute to the involvement of
complement in AD. Altered complement signalling may reduce the ability of microglia to phagocytose apoptotic cells and clear
amyloid beta peptides, modulate the expression by microglia of complement components and receptors, promote complement
factor production by plaque-associated cytokines derived from activated microglia and astrocytes, and disrupt complement
inhibitor production. The evidence presented here indicates that microglia in AD are influenced by complement factors to adopt
protective or harmful phenotypes and the challenge ahead lies in understanding how this can be manipulated to therapeutic
advantage to treat late onset AD.

1. Introduction

The complement system is composed of a series of soluble
and membrane-associated proteins present in the blood,
which play a role in host defence through the identifica-
tion, opsonisation, and lysis of pathogenic targets [1–3].
Activation of complement leads to an enzymatic cascade
whereby one protein promotes the sequential binding of
the following protein [4]. There are three pathways through
which complement activation can occur, namely, classical,
lectin, and alternative. Although these pathways depend
on different binding molecules for their initiation, they
all ultimately lead to the production of complement 3
(C3) convertase which is responsible for the actions of
complement [5] (Figure 1). The initiation of the classical
pathway involves the binding of C1q, the first protein in
the complement cascade, to an antigen-bound antibody
complex (IgG or IgM) to either the pathogen surface or to
the C-reactive protein bound to the pathogen leading to the
generation of the protease C3 convertase through C4 and C2
cleavage [3]. Lectin pathway activation involves carbohydrate

binding proteins such as mannose-binding lectin (MBL) or
Ficolin binding to carbohydrate elements present on the
surface of pathogens, further leading to the production of C3
convertase [6]. The third pathway, the alternative pathway,
is different in that there is a constant low level of activation
due to the spontaneous hydrolysis of C3 to C3(H2O), and
this forms C3 convertase through the cleavage of Factor B
by Factor D [7]. C3 convertase, the protease formed by all
three complement pathways, further binds to the pathogen
surface to cleave C3, generating C3b which serves as a ligand
for complement receptor 1 (CR1) [8].

The membrane attack complex (MAC) is a macro-
molecular complex consisting of a number of complement
components: C5b, C6, C7, C8, and several C9 molecules
whose function is to allow the influx of calcium ions through
its ring-like structure resulting in lysis of the target cell
[9]. Most cells express protecting/complement regulatory
protein/membrane inhibitor of reactive lysis (MIRL or
CD59), and this provides protection against MAC as the
glycophosphoinositol (GPI-) anchored membrane protein



2 International Journal of Alzheimer’s Disease

Alternative pathway

MBL, MASP-2

+

C4

C2

Lectin pathway Classical pathway

+
C1 complex  

Peptide mediators of 

inflammation,

chemoattractants for

microglia
Results in opsonization 

of pathogens

MAC,

Lysis of pathogens 

and cells

Factor B

Factor D

Factor H

Binds to CR1

Generates iC3b

Binds to CR3 and
stimulates phagocytosis

C4, C2

C3a, C5a C5b, C6, C7, C8, C9

C3b

C3

C3 convertase (C4b/C2a)

C1-Inh
(consists of C1q, C1r, C1s)

Ab-Ag complexes, Aβ or phosphorylated tau

Cleave

CD59

Figure 1: Pathways activating and inhibiting complement. The three complement activation pathways converge at the formation of the
enzyme C3 convertase (or C4b/C2a), activation of which leads to the formation of C3b, the ligand of complement receptor 1 (CR1, also
known as CD35). Activation of the complement pathway can ultimately lead to the release of inflammatory mediators, opsonisation of
pathogens, and the membrane attack complex (MAC). The C1 complex of the classical complement pathway is comprised of C1q, C1r,
and C1s. The endogenous complement C1 inhibitor/C1-esterase inhibitor (C1-Inh), which regulates the activation of the C1 complex, is
decreased in AD. C5b, C6, C7, C8, and C9 form the MAC complex in the alternative complement activation pathway. CD59, an endogenous
regulator of the MAC complex, is decreased in AD whilst C9 may be increased. Levels of Factor H, a regulatory glycoprotein of the alternative
complement cascade, may also be perturbed in AD.

prevents the complete assembly and insertion of the complex
into the membrane [10].

The role of complement in the elimination of pathogens
by phagocytic recruitment and opsonisation occurs through
binding with complement receptors [11, 12]. To date, the
family of complement receptors consists of four known
types: CR1 (CD35), CR2 (CD21), CR3 (CD11b/CD18),
and CR4 (CD11c/CD18). However CR1 has been the best
characterized of these since it was discovered almost 60 years
ago when it was found that human erythrocytes bound to
bacteria treated with complement and a specific antibody
[13]. The single-chain glycoprotein that comprises CR1
functions as the receptor to C3b and C4b and as a regulator of
complement activation [14]. It is positioned on chromosome
1, band q32, and is composed of a series of short consensus
repeats [15]. It is expressed on a number of cells includ-
ing erythrocytes, B cells, polymorphonuclear leukocytes,
monocytes, follicular dendritic cells, and podocytes [16, 17].
Multiple forms of CR1 exist with varying molecular weights
ranging from 190 to 260 kDa and the expression of CR1
is under the control of two codominant alleles which code
for high (H) and low (L) receptor number, of which the
L allele appears to be associated with AD (see review of
Crehan et al. [18]). The main role of CR1 on erythrocytes
is to remove complement-activating particles and immune
complexes from the blood [19].

2. Complement Factors and Signalling in
Alzheimer’s Disease

Studies carried out on mono- and dizygotic twins demon-
strate a significant genetic role in the susceptibility to late
onset AD (as reviewed by Ertekin-Taner [20]), and until
recently APOE was the only known genetic variant to
influence the risk of AD development. Recent genomewide
association studies (GWASs) have indicated common genetic
variations in CLU, CR1, PICALM, ABCA7, BIN1, EPHA1,
CD33, CD2AP, and the MSA4 gene cluster as additional risk
factors for the development of late-onset AD [21–24]. The
genetic variation at CR1 has been confirmed by a meta-
analysis with a completely independent data set [25, 26].
CR1 loci demonstrated association with MRI characteristics
of AD [27]. The association of the CR1 polymorphism,
rs6656401, and cognitive function was measured in 1380
elderly people by Mini Mental State Examination (MMSE),
and a cognitive composite score indicated an association
between the CR1 polymorphism and poorer performance in
the cognitive composite score in males [28]. Recent studies
aimed at identifying AD biomarkers have correlated elevated
CSF levels of complement factors C3 and C4 in AD patients
(with dementia) compared with patients with mild cognitive
impairment (MCI) which did not progress to AD [29].
Furthermore CSF levels of CR1 were elevated in patients
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with MCI progressing to AD and in AD patients, supporting
aberrant complement regulation in AD [29].

Classical markers of immune-mediated damage have
been identified in AD brains including major histocompat-
ibility complex class I and II positive microglia [30–32],
glial cells expressing inflammatory cytokines [33], and the
acute phase protein α1-antichymotrypsin [34]. Early studies
identified complement proteins of the classical pathway, such
as factor C1q, in AD brains [35], and subsequent studies
established the presence of all of the native complement
proteins as well as their activation products C4d, C3d,
and MAC in AD brain [2]. However the lack of classical
immune complexes led to the search for other complement
activators. Rogers et al. [36] demonstrated that, in the
absence of antibody, Aβ bound to and activated factor
C1q, part of the classical complement cytolytic pathway,
and, furthermore, that factors of this complement activation
pathway were localised to areas of AD pathology. C1q was
subsequently shown to be intimately associated with Aβ
plaques [37, 38] as, indeed, have other complement factors
such as C3c/d, C4c/d, and C5-9, [38, 39]. The search
for antibody-independent activators of the complement
pathway continued with the investigation of tau, the major
protein component of neurofibrillary tangles. Shen et al.
[40] demonstrated complement activation by neurofibrillary
tangle material extracted from AD brains and furthermore by
human recombinant tau. Whilst most research on comple-
ment activation in AD has focussed on the classical pathway,
alternative pathway activation also occurs, since the presence
of mRNA of the essential alternative pathway element, factor
B, has been observed in the frontal cortex of the AD brain
[41].

The role of C1q in AD has been experimentally addressed
in studies using animal models deficient in the protein. One
such study involved the crossing of C1q-deficient mice with
a Tg2576 mouse model which exhibits an age-dependent
increase in Aβ, dystrophic neuritis, and activated glial cells
(microglia and astrocytes) [42]. These authors reported that
the number of activated glia surrounding Aβ plaques was
lower in the C1q-deficient mice compared with the AD
mouse model. In addition there was a reduction in the
loss of synaptophysin and MAP2 compared with Tg2576
control mice [42], leading to the conclusion that C1q
may have a harmful effect on the integrity of the neuron
through initiating an inflammatory response. C1q-deficient
mice also exhibited reduced retinal synapse elimination
in mouse models of glaucoma, leading to the proposal
that C1q mediates synapse loss in other neurodegenerative
diseases [43]. Sárvári et al. [44], investigating the effects
on hippocampal cells of the C1 complex inhibitor, C1-
Inh, showed that inhibition of C1q protected hippocampal
cells from Aβ-induced complement lysis. Neurons in the
hippocampus and in the cortex are more vulnerable to
complement-mediated damage as they are low in the com-
plement inhibitors which usually protect host tissue from
complement lysis [45] but conversely are abundant sources
of complement [46]. Since these are the two brain areas
which correlate with AD pathology, this may explain why
analysis of cerebrospinal fluid (CSF) of AD patients indicated

significantly lower C1q levels compared with control CSF,
and decreased levels of C1q correlate with a diminished
cognitive function [47].

3. Complement Sources, Inhibitors, and
Function within the AD Brain

Complement factors can enter the brain via a compromised
blood-brain barrier (BBB). Increasing evidence suggests BBB
dysfunction is an early event in AD [48–52]. This may
potentiate the triggering of detrimental brain parenchymal
signalling cascades by blood components including comple-
ment proteins. Additionally the presence of MAC component
mRNA and proteins in the AD brain has been reported,
suggesting a possible CNS origin of synthesis [53–55]. Whilst
neurones are an abundant source of complement proteins
[46], the expression of complement protein mRNA has
also been observed on murine astrocytes and microglia
[56] and in postmortem-derived human CNS microglia
[57]. Furthermore, astrocytoma cell lines, astrocytes, and
oligodendroglia have been shown to produce complement
proteins, indicating glial cells as another potential source of
complement factors within the brain [58–61].

Inhibitors of the complement cascade have been shown
in biomarker analyses to be reduced in AD. Thus com-
plement C1 inhibitor/C1-esterase inhibitor (C1-Inh), which
regulates the activation of complement in the classical
activation pathway, has been shown to be reduced in plasma
from AD patients [62, 63] and may be the result of the
inability of neurons and astrocytes within the AD brain
to secrete the active form of C1-Inh [64]. Additionally,
deficiencies in the regulation of the alternative pathway of
complement activation are also reported in AD. Hence the
hippocampus and frontal cortex of AD patients have been
shown to display significantly less CD59 expression but more
complement factor 9, compared with nondemented control
brains [65]. Since CD59 negatively controls MAC assembly,
and activity, these data suggest that a deficiency in this
control and subsequent damage may contribute to neuronal
loss in AD. Factor H is a plasma glycoprotein which regulates
the alternative pathway. Factor H is present in Aβ plaques in
AD and may bind to CR3 receptors expressed on microglia
to generate iC3a [66].

4. Microglia and AD

Microglia, resident in normal brain as sentinel cells [67–
69], become reactive in AD [70]. In AD, microglia surround
damaged or dead cells, clear cellular debris, and predominate
around amyloid beta (Aβ) plaques [71]. Microglia proliferate
around neurons prior to their loss in murine models of
AD [72]. A positron emission tomography (PET) study
detecting both activated microglia and an increase in amyloid
load correlated the increase in activated microglia with
cognitive impairment [73]. Microglia in animal models
of AD show reactivity before obvious amyloid plaque
deposition [74], indicating an early, “silent” (preclinical and
asymptomatic) response of microglia may occur in AD by
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as yet unconfirmed triggers. These may include amyloid
oligomers and hypoperfusion [75, 76], but also complement.
Complement activation and activated microglia are early
neuropathological events in AD brains [77], and microglial
responses show similarity to the peripheral immune system
reaction of the macrophage. Activation products of the
early complement components C1, C4, and C3 are found
within neuritic plaques but there is little evidence of late
complement components C7 and C9 or of MAC in the
neuropathological lesions in AD brains [78]. This finding
leads to the suggestion that in AD the complement system
does not act as an inflammatory mediator through MAC
formation, but through the actions of the early complement
products which fuel the inflammatory responses, leading to
neurotoxicity [78].

It is thus increasingly the accepted dogma that inflam-
mation can actively cause neuronal damage and ultimately
death of the neuron [79]. Recent data demonstrating that
the responsiveness of the innate immune system is higher in
offspring with a parental history of late-onset AD indicate
heritable traits for AD that are related to inflammatory
processes [80]. Furthermore the correlation of higher serum
levels of certain acute-phase proteins with cognitive decline
or dementia provides additional evidence for the early
involvement of inflammation in AD pathogenesis [80].
Microglial reactivity is generally beneficial but the prolonged
and progressive nature of the microglial response in AD can
promote neurodegeneration. Pathogenic input to microglia,
including the enhanced deposition of Aβ peptides, can result
in the production of excessive free radicals, proinflammatory
cytokines, complement proteins, and glutamate [81–83].
Consequences of the attenuation of inflammation in AD are
seen clearly in animal studies. Craft et al. [84] demonstrated
that inhibition of glial inflammation in an animal AD
model resulted in reduced neurotoxicity. Advanced glycation
end product (AGE) accumulation is accelerated in AD
as it accumulates on plaques, and AGE-positive neurons
and glia both increase with age and dramatically so with
AD progression [85]. Activation of the receptor for AGE,
(RAGE), on microglia with one of its ligands, such as AGE or
Aβ, results in the release of proinflammatory mediators (free
radicals and cytokines) [86]. A combination of both these
ligands (AGE and Aβ) can lead to an enhanced microglial
inflammatory response [87].

5. Complement, Phagocytosis, and Microglia

Rat microglia constitutively express C1q and its correspond-
ing receptor CR1 [88, 89] and activated and amoeboid rat
microglia, but not ramified microglia, can express CR3, C3
mRNA and shed C3 protein [61, 90]. Human monocytes
and macrophages express three known receptors, CR1,
CR3, and CR4 that bind complement proteins or their
degradation products [91]. CR1 (CD35) binds mainly C3b,
C4b, and C1q [16, 89] whereas CR3 (CD11b/CD18) and
CR4 (CD11c/CD18) are relatively specific for iC3b [92].
Human macrophages require activation by both alternative
and classical complement pathways in order to phagocytose

apoptotic cells [93]. Exposure of phosphatidylserine on
the apoptotic cell surface is a partial requirement for
complement activation and results in coating the apoptotic
cell surface with iC3b (Figure 2). The macrophage receptors
for iC3b, CR3 (CD11b/CD18), and CR4 (CD11c/CD18) are
implicated in this phagocytosis of apoptotic cells and appear
more effective compared with other phagocytic receptors,
such as scavenger receptors, implicated in clearance [93]. C1q
binds directly and specifically to surface blebs of apoptotic
cells [94]. Immune complexes coated with C3b and C4b bind
to CR1 which leads to their elimination through endocytosis
by the CR3 containing phagocytes in the liver [95]. CR1
also functions to regulate complement activation by acting
as a cofactor in the Factor-1 mediated cleavage of C3b and
C4b [96]. Complement C3 deficiency leads to accelerated Aβ
plaque deposition, neurodegeneration, and promotion of a
nonphagocytic microglial phenotype in APP transgenic mice
[97].

Since complement activation is required for efficient
phagocytosis [11] and removal of apoptotic cells within the
systemic circulation, early component deficiencies could pre-
dispose to systemic autoimmunity by enhanced exposure to
and/or aberrant deposition of apoptotic cells [93]. Apoptotic
cells promote autoimmunity and defects in the clearance of
self-antigens and chronic stimulation of type 1 interferons
lead to the systemic autoimmunity seen in C1q deficiency
[98]. Null mutations in complement proteins underlie the
autoimmune disease systemic lupus erythematosus (SLE),
and the severest forms of the disease are those associated
with C1q deficiency [99]. Knock-out studies using mice
deficient in the complement component, C1q, and patients
with systemic lupus erythematosus (SLE) show increased
mortality and multiple apoptotic cell bodies and immune
deposits, compatible with the hypothesis that C1q deficiency
causes autoimmunity by an impaired clearance of apoptotic
cells, thought to be a major source of autoantigens in SLE
[99, 100]. Further studies have demonstrated the impor-
tance of complement in AD. Human-APP transgenic mice
expressing the soluble form of the C3 convertase inhibitor
Crry (sCrry), (thus hAPP/sCrry mice), showed a 2- to 3-
fold higher deposition of Aβ deposits and an accumulation of
degenerating neurons compared with the hAPP mice [101].
This suggests that, as in SLE, the impairment of apoptosis
in AD and subsequent immune cell responses may fuel
disease progression. Changes in complement activation or
in CR1 expression [22] might thus lead to a disruption
in the clearance of cellular debris and Aβ by microglia. In
addition microglial CR3 (CD11b/CD18) is implicated in
the phagocytosis of Aβ peptides, acting alongside the low-
density lipoprotein receptor-related protein (LRP) [102], and
deficiencies in C3bi signalling might thus reduce microglial
Aβ phagocytosis.

The signalling pathways triggered by complement factors
in microglia have attracted modest attention [103–105].
CD88, otherwise known as the complement component C5a
receptor 1, plays a role in the calcium signalling required
for phagocytosis in microglia ([105], reviewed by [106]).
Complement 5a (C5a), a chemotactic agent for macrophages
and microglia, transiently activates an outwardly rectifying
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K+ conductance, mediates intracellular calcium mobilisa-
tion, and serves to increase microglial motility and to direct
these cells by a G-protein-dependent pathway to damaged
areas [103, 104]. Recently data suggest that the microglial
expression of C5aR/CD88 correlates with Aβ deposition
in murine transgenic models of AD, with C5aR/CD88
showing enhanced expression in microglia adjacent to Aβ
plaques [107]. Antagonism of microglial C5aR resulted in a
significant reduction in pathology in the AD mouse model
Tg2576 and reduced hyperphosphorylated tau in 3xTg mice.
[107, 108], suggesting a possible therapeutic target for the
treatment of AD. Exposure of microglia to complement
fragment C3a also induces a calcium response mediated by
PTX-sensitive G-proteins [103]. Complement factors have
also been shown to increase microglial glutamate transporter
GLT-1 expression and promote increased glutamate uptake,
without affecting glutamate release [109].

Recent evidence suggests that deletion of C3 convertase
regulator complement receptor 1-related protein y (Crry)
on microglia results in microglial priming, a microglial state
which controversially may precipitate a neurotoxic microglial
phenotype and predispose the brain to neurodegeneration

[110]. These authors observed that mice that were double-
knockout for Crry and either C3 or factor B did not show
priming, demonstrating dependence on alternative pathway
activation. Colocalization of C3b/iC3b and CR3 implicated
the CR3/iC3b interaction in priming, and similar expression
patterns were observed in microglia in human multiple
sclerosis. In the rodent MS model, EAE was accelerated and
exacerbated in Crry-deficient mice and was dependent on
complement activation.

Microglia are a source of cytokines, which may, in the
AD brain, result in the alteration of complement cascade
inhibitors and complement factors. Thus cytokines detected
in AD plaques, such as IL-1, IL-6, and TNF-α, have been
found to differentially stimulate the secretion of C1 sub-
components, C1-Inh, C3, and C4 from glial cells including
microglia [39]. Microglia constitutively express C1q, whilst
the cytokines IL-1α, IL-1β, TNFα, and IL-6 can stimulate
the secretion of C1r, C1s, and C3 from microglia, astrocytes,
and neuroblastoma cells, and C4 can be secreted in response
to IFNγ and IL-6, but complement inhibitor C1-Inh is only
secreted in response to IFNγ. Since this cytokine is not
present in Aβ plaques, there is the potential for an imbalance



6 International Journal of Alzheimer’s Disease

between the generation of complement factors and their
inactivation by C1-Inh [39], allowing unregulated activation
of complement cascades.

6. Complement: A Protective Role in AD and
Microglial Responses?

Complement activation in the CNS has been mainly dis-
cussed so far with regard to its damaging effects when in
fact a number of components of the complement pathway
have demonstrated protective effects [111–113]. For example
the inflammatory and phagocytotic mediator, C5a, has a
protective effect against glutamate neurotoxicity through
regulation of the ionotropic Glu2 receptor subunit and
protects against neuronal apoptosis [114]. C5a also protected
human neuroblastoma cells and normal rodent hippocampal
neurons from Aβ-induced neurotoxicity by triggering rapid
activation of protein kinase C and activation and nuclear
translocation of the NF-kappa B transcription factor [115].
Furthermore, C5a-deficient animals are more susceptible to
damage from excitotoxic lesions in the hippocampus [116].

We have previously summarized the detrimental effects
of C1q in relation to neurodegenerative diseases. However
in contrast, inherited deficiency of this component of the
classical complement pathway is associated with systemic
lupus erythematosus (SLE) [117, 118] as discussed earlier.
C1q mRNA has been reported to be increased in the neurons
of patients with AD [119] and other neurodegenerative
diseases such as Huntington’s disease [120]. Also neuronal
C1q synthesis has been demonstrated in the brain of
rodent models of ischaemia and excitotoxic insult [121].
Furthermore, an increase in gene expression of C1q has
been also demonstrated during normal brain ageing in mice
which may be due to an oxidative stress response [122].
This could imply that C1q synthesis may be a response
to injury and in fact play a protective role by promoting
clearance of apoptotic cells which might otherwise pose
an autoimmunity risk [99, 123]. A study in which C1q
was incubated with primary neuronal cell cultures revealed
a neuroprotective role of this complement factor, when
the neurons were exposed to toxic concentrations of Aβ
and serum amyloid-P (SAP) [124]. The neuroprotective
properties of another complement factor generated from
C1q, namely, C3, have also been investigated; a complement
C3-deficient amyloid precursor protein (APP) transgenic AD
mouse model (APP; C3(−/−)) exhibited accelerated plaque
burden in the cortex and hippocampus, increased plasma
Aβ levels, and significant hippocampal neuronal loss [97].
Interestingly, the microglia were present in the so-called
alternative activation phenotype, displaying significantly
increased CD45 immunoreactivity, together with increased
brain levels of IL-4 and IL-10 and reduced levels of CD68,
F4/80, inducible nitric oxide synthase, and TNFα [97].
This would suggest a protective role for C3 in terms of
plaque clearance and for its triggering of Aβ phagocytosis
by microglia, as shown by Choucair-Jaafar et al. [102] and
Fu et al. [125] together with an overall neuroprotection. The
findings also reveal that the alternative activation phenotype

of microglia in AD may not be a particularly desirous state to
aim for as a therapeutic endpoint. Instead it could be argued
that some form of microglial response to complement in AD
is essential.

7. Conclusion

In summary, there is now a substantial body of work
implicating alternations in complement signalling in AD.
Dysregulation of the complement cascade, either by changes
in receptor expression, enhanced activation of different com-
plement pathways or imbalances between complement factor
levels, and complement cascade inhibitors may all contribute
to the involvement of complement in AD. With regard to
microglia and complement, the evidence presented here
indicates that microglia can be manipulated by complement
factors to adopt protective or harmful phenotypes. Thus, in
AD, microglia may be activated by disruptive complement
signalling and the presence of Aβ plaques to enhance their
secretion of cytokines, which can fuel secretion of further
complement factors, leading to a chronic inflammatory
response. The task ahead is to unravel further the complex
interactions between complement, AD, and microglia as an
essential prerequisite to understanding, and manipulating to
therapeutic advantage, the role of complement and microglia
in AD.
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[85] H. J. Lüth, V. Ogunlade, B. Kuhla et al., “Age- and stage-
dependent accumulation of advanced glycation end products
in intracellular deposits in normal and Alzheimer’s disease
brains,” Cerebral Cortex, vol. 15, no. 2, pp. 211–220, 2005.

[86] K. Berbaum, K. Shanmugam, G. Stuchbury, F. Wiede, H.
Körner, and G. Münch, “Induction of novel cytokines and
chemokines by advanced glycation endproducts determined

with a cytometric bead array,” Cytokine, vol. 41, no. 3, pp.
198–203, 2008.

[87] J. Gasic-Milenkovic, S. Dukic-Stefanovic, W. Deuther-
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Alzheimer’s disease (AD) is a complex, neurodegenerative disorder characterized by the presence of amyloid plaques and
neurofibrillary tangles in the brain. Glial cells, particularly microglial cells, react to the presence of the amyloid plaques and
neurofibrillary tangles producing an inflammatory response. While once considered immunologically privileged due to the blood-
brain barrier, it is now understood that the glial cells of the brain are capable of complex inflammatory responses. This paper will
discuss the published literature regarding the diverse roles of neuroinflammation in the modulation of AD pathologies. These data
will then be related to the well-characterized macrophage phenotypes. The conclusion is that the glial cells of the brain are capable
of a host of macrophage responses, termed M1, M2a, M2b, and M2c. The relationship between these states and AD pathologies
remains relatively understudied, yet published data using various inflammatory stimuli provides some insight. It appears that
an M1-type response lowers amyloid load but exacerbates neurofibrillary tangle pathology. In contrast, M2a is accompanied by
elevated amyloid load and appears to ameliorate, somewhat, neurofibrillary pathology. Overall, it is clear that more focused, cause-
effect studies need to be performed to better establish how each inflammatory state can modulate the pathologies of AD.

1. Introduction

Alzheimer’s disease (AD) is defined as the presence of
amyloid plaques composed of amyloid-beta (Aβ) peptide
aggregates and neurofibrillary tangles composed of hyper-
phosphorylated and aggregated tau protein. Neuroinflam-
mation has been known to be present in AD since the
original description of the histopathology of AD by Alois
Alzheimer in 1907, who described “gliose,” inflammation
of the glia. Since then, it has been shown in numerous
studies, both mouse and human, that glial cells respond to
the presence of AD pathological lesions (plaques and tangles)
by morphologically changing their characteristics, expressing
numerous cell surface receptors and surrounding the lesions
[1, 2]. The prevailing view of neuroinflammation in AD for
many years has been that it is an on-off phenomenon that
contributes to the cytotoxicity of AD lesions and therefore
contributes to the neurodegeneration in AD [3]. It is only
within the recent decade that neuroinflammation has come
to the forefront of AD research, not only with respect to

its contribution to the neurodegenerative process, but also
for its role in the clearance of AD lesions and beneficial
contribution to AD progression. The dichotomy of the
research findings on the role(s) of neuroinflammation in AD
may be explained by the capacity of glial cells to generate
multiple distinct phenotypes dependent upon the stimuli
present.

Glial cells describe the nonneuronal cells of the brain
and include microglia, astrocytes, oligodendrocytes, and per-
icytes. These accessory cells are critical for the maintenance
of an appropriate environment in which the neuronal cells
can function optimally. This includes, but not limited to,
ionic and osmotic homeostasis, myelination, debris removal,
and neurotransmitter uptake and recycling. All glial cells
are capable of achieving some degree of inflammatory
response; however, the key cell type for the initiation,
regulation, and resolution of the inflammatory response
is considered to be the microglial cell. Derived from the
macrophage cell lineage, microglia are specialized tissue
macrophages in the brain and are capable of a broad range
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of inflammatory responses dependent upon the stimulus.
This paper will summarize the published literature regarding
different activation states of microglia and their subsequent
impact on AD pathologies. This paper will then discuss how
the field can use data from the peripheral macrophage body
of literature to better characterize microglial activation states
and begin to predict what impact each state will have on
the progression of AD.

2. Microglia in AD

For many years the body of literature regarding microglial
cells and their role in AD focused on the negative influence
inflammation would be thought to have on the progression
of AD. This primarily focused on the concept of the autotoxic
loop. Described in 1998 by E. G. McGeer and P. L. McGeer as
a “vicious cycle,” the autotoxic loop is the description of the
microglial activation in response to cellular debris in the AD
brain, this microglial activation is then thought to result in
the release of cytotoxic cytokines that then leads to a more
rapid neuronal death, thus providing more cellular debris to
further accelerate this process [3]. Evidence for this process
stemmed from the finding that there are increased cytokine
levels in the brains and CSF of AD patients. These cytokines,
primarily IL-1β and TNFα, are known to be toxic to cells in
culture and also toxic in the brain if injected into the brain
parenchyma (reviewed in [4]). While there has been some
evidence for the presence of an autotoxic loop, much of the
body of literature suggests that the levels of cytokines are
not great enough, or sustained enough in the AD brain to
cause significant neuronal damage. Attempts to recreate the
autotoxic loop led to some surprising findings, mostly that
the initiation of an inflammatory response in the brain often
leads to the clearance of amyloid plaques in transgenic mouse
models.

Table 1 summarizes some of the studies that have
stimulated inflammatory responses. It is initially apparent in
Table 1 that most studies that have stimulated inflammation
and activated microglia result in reduced amyloid load and
do not present evidence of exacerbated neuronal degenera-
tion. These data do not disprove the autotoxic loop, instead
they suggest a much greater complexity to the inflammatory
response of the brain than originally considered possible.

Lipopolysaccharide (LPS) is a gram-negative bacterial
cell-surface proteoglycan that stimulates an innate immune
response. Injection of LPS into the brain parenchyma of
aged APP/PS1 mice originally aimed at stimulating the
autotoxic loop resulted in microglial activation and the
rapid reduction of amyloid deposits in the brain [5]. A
later study identified the types of microglial activation
occurring with LPS in wildtype mice using intraparenchymal
LPS injections over a time course of 1, 6, and 24 hours
as well as an extended time course of 3, 7, 14, and 28
days [6]. Over this time course, it was found that most
gene expression changes in inflammatory markers peaked
around the 3-day time point and slowly declined to normal
levels by 14 days. The inflammatory markers examined
included TNFα and IL1β as well as Fcγ receptors and

scavenger receptors. Histologically, the same report found
that microglial expression of cell-surface proteins including
complement receptor 3 (also known as CD11b), CD45,
scavenger receptor A, and Fcγ receptors II and III also
peak around three days and then decline; however, some
markers did not decline to control levels. Importantly,
performance of a similar time course in APP/PS1 mice
demonstrated that the majority of amyloid removal occurred
between the time zero and three days, a small further
decrease occurred at 7 and 14 days, while amyloid levels,
surprisingly, rebounded to near time zero levels by 28 days
[7].

In contrast to the amyloid data, LPS injection into tau
transgenic mice showed opposite effects. Intraparenchymal
injection of LPS into the rTg4510 tau transgenic mice
resulted in exacerbation of tau pathology seven days after
the injection [8]. This was determined by examining several
phosphoepitopes of tau as well as Gallyas’s silver staining-
positive neurofibrillary tangles. In addition to the stan-
dard microglial cell surface markers including CD45, this
study identified additional markers of microglial activation
stimulated by LPS; these were arginase 1 and YM1. The
importance of these markers will be discussed later in this
paper. Additionally, LPS injection into the 3XTg mouse
model of amyloid and tau pathology exacerbated the tau
hyperphosphorylation [9]. These data suggest that tau and
amyloid pathologies have opposite responses to the same
inflammatory stimuli, in this case LPS. Whether this is the
case for all inflammatory stimuli remains to be determined;
however, these data should provide significant caution to the
extrapolation of findings in amyloid depositing mice to the
overall condition of AD.

Anti-Aβ immunotherapy is a potential therapeutic
approach to the treatment of AD that uses either a vaccina-
tion approach [10] or passive immunotherapy approach [11]
to increase levels of circulating anti-Aβ IgG molecules. There
have now been numerous studies showing that this approach
significantly lowers amyloid pathology and enhances behav-
ioral performance in amyloid depositing transgenic mice
(reviewed in [12]). Importantly, we previously performed a
series of studies showing that anti-Aβ antibodies stimulate
an inflammatory response in the brain. This occurs whether
the anti-Aβ antibodies are directly injected into the brain
parenchyma [13] or systemically administered in a passive
immunization protocol [14]. We were also able to show
that inhibition of this inflammatory response attenuates the
amyloid reductions significantly [15, 16]. In contrast to the
LPS studies, we were able to show in a different transgenic
mouse model, the APPSw/NOS2−/− mice that develop
amyloid and tau pathologies, that anti-Aβ immunotherapy
is able to lower both amyloid and tau pathologies while
improving behavioral performance [17]. We examined the
breadth of the inflammatory response in both passively
immunized APP transgenic mice and actively vaccinated
APPSw/NOS2−/− transgenic mice, and we found that anti-
Aβ immunotherapy stimulates the gene expression of IL-1β,
TNFα, and IL-6 while concomitantly reducing the expression
of inflammatory markers associated with wound repair; YM1
and arginase 1 [18]. These data contrast with those found
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Table 1: Summary of some transgenic mouse studies that have modulated inflammation and the effects these modulations had on the
pathology.

Mode of inflammatory
modulation

Genetic model
of AD

Pathological changes observed
References

Amyloid load
Tau

pathology
Neuronal

degeneration
Microglial

“activation”

LPS intracranial
APP/PS1
amyloid

↓ ↑ [5, 7]

LPS intracranial rTg4510 tau ↑ ↑ [8]

Anti-Aβ immunotherapy APP amyloid ↓ ↑ [13, 14]

Anti-Aβ immunotherapy
APP/NOS−/−

amyloid, tau,
neuron loss

↓ ↓ ↓ ↑ [17]

IL-1β overexpression in brain
APP/PS1
amyloid

↓ ↑ [22]

TGFβ overexpression in brain APP amyloid ↓ ↑ [19]

TNFR1 and R2 deletion
3Xtg amyloid

and tau
↑ ↓ [21]

with LPS injection, where IL-1β, TNFα, YM1, and arginase 1
were all significantly elevated.

Genetic overexpression of individual inflammatory
cytokines has yielded data similar to those observed with LPS
and anti-Aβ immunotherapy. Increased expression of TGFβ
by astrocytes results in reduced amyloid deposition and
increased microglial activation in APP amyloid depositing
transgenic mice [19]. In addition, an interesting finding
in this study showed that while parenchymal amyloid
deposition decreased, vascular amyloid deposition (cerebral
amyloid angiopathy (CAA)) increased in a correlative man-
ner. We observed a similar phenomenon with the anti-
Aβ immunotherapy passive immunization studies, where
we found increased CAA despite significantly decreased
parenchymal amyloid deposition [20]. The data from Wyss-
Coray et al. would suggest that inflammatory mechanisms
may at least in part, be responsible for the shifted distribution
of amyloid from the brain parenchyma to the cerebrovascu-
lature.

TNFα and IL-1β are considered the major proinflam-
matory cytokines and are studied as classical markers of
neuroinflammation. Individually, both have been implicated
in an autotoxic loop as both are capable of inducing cell death
in vitro and in vivo. Yet, when these pathways are targeted
in amyloid depositing transgenic mice the data show that
these cytokine pathways may have some beneficial action by
ameliorating amyloid deposition. One study that genetically
deleted TNF receptors I and II in the 3XTg mouse model of
amyloid deposition and tau pathology showed that blocking
TNFα signaling actually increases amyloid deposition and
tau pathology [21]. Increased expression of IL-1β in the hip-
pocampus of APP/PS1 amyloid depositing transgenic mice
by genetic means resulted in reduced amyloid deposition and
enhanced microglial activation [22]. The author suggest that
IL-1β-mediated activation of microglia is the mechanism for
the reductions in amyloid deposition. However, in contrast
to these studies, other studies have shown a clear relationship
between IL-1β and neurodegeneration. In a similar way to

the LPS studies, IL-1β has been shown to be responsible for
tau hyperphosphorylation in an in vitro coculture system
of microglia and neurons [23]. Also, a positive correlation
was observed when examining IL-1β levels compared to
neurodegeneration in the APPV717F transgenic mice [24].
Therefore, while IL-1β may ameliorate amyloid pathology,
it seems that the same pathways may also enhance tau
pathology and neurodegeneration.

The contrasting data in different mouse models, cell cul-
ture models and stimulating agents clearly paints the picture
of a complex process, one that cannot simply be defined as
neuroinflammation.

3. Peripheral Macrophage Inflammatory States

Macrophages are circulating immune effector cells that are
prodigious phagocytes essential for the clearance of cellular
debris and invading pathogens. The macrophages monitor
the tissue environment and respond rapidly to any pertur-
bations that may occur. Both macrophages and microglia
originate from bone marrow hematopoietic stem cells that
undergo differentiation into monocytes. These monocytes
then undergo further differentiation upon reaching their
target tissue to become macrophages, of which there are
several types based on their tissue occupancy, or microglia
if they enter the brain (reviewed in [25]). Macrophages
are well understood to generate a variety of responses
dependent upon the stimuli they are presented with. For
instance, the presence of interferon-γ (IFNγ) or TNFα from
T cells, antigen-presenting cells, or natural killer cells will
stimulate the macrophage to express secrete proinflamma-
tory cytokines and produce oxygen and nitrogen radicals.
This state is termed classically activated or M1-activated
macrophages. The M1 state has high microbicidal activity
and is important as a defense mechanism, yet can also
cause damage to the host if not tightly regulated [26].
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Figure 1: Schematic illustrating the M1, M2a, M2b, and M2c
macrophage inflammatory states.

Indeed, classically activated macrophages are implicated in
the development of autoimmune pathologies [27].

Stimulation of macrophages by IL-4 and/or IL-13
results in an M2a state, sometimes called a wound-healing
macrophage [28]. The M2a macrophage state is character-
ized by high IL-1 receptor antagonist (IL-1Ra) and high
arginase as well as expression of chitinases and other
mediators that are known to contribute to the accumulation
and reorganization of extracellular matrix [29]. The M2a
responses are primarily observed in allergic responses,
extracellular matrix deposition, and remodeling. The M2b
macrophage state is stimulated by immune complexes (IgG
antibody-antigen complexes), toll-like receptor activation,
or IL-1 receptor ligands. This state is a combined M1 and
M2a state, where arginase is high and IL-12 is low, but IL-
1β, IL-6 and TNFα are also high. CD86 also appears to be
a relatively specific marker for the M2b state [30]. Finally,
the M2c macrophage state is stimulated by IL-10 and is
sometimes referred to as a regulatory macrophage with anti-
inflammatory activity [30, 31]. These cells express TGFβ
and high IL-10 as well as matrix proteins such as pentraxin
and versican. The M2c state can also be generated through
the hypothalamic-pituitary axis-derived glucocorticoids that
inhibit the expression of pro-inflammatory cytokine genes
and decrease the mRNA stability of these genes [31].
The M2c macrophages contribute to an environment that
results in defective pathogen killing and enhanced survival
of organisms. The macrophage states are summarized in
Figure 1.

4. Applying the Macrophage Classification
to Microglia and AD

Neuroinflammatory markers have been identified in the
macrophage literature that can be applied to the study

of microglia. Indeed, microglia are capable of expressing
many of the macrophage markers identified in Figure 1.
My laboratory, and others, has shown that the brains of
amyloid-depositing mice, tau transgenic mice, and human
AD expressing IL-1β, TNFα, IL-6, YM1, arginase 1, mannose
receptor, TGFβ, and IL-1Ra, among others. Most recently,
my laboratory has performed in vitro studies on BV2
microglial cells to show that, given the correct stimulus,
these microglial cells can generate very specific macrophage-
like inflammatory responses using the M1, M2a, M2b, and
M2c classifications. Figure 2 shows the gene expression data
obtained from BV2 microglial cells treated for 12 hours with
IFNγ and TNFα to induce an M1 response, IL-4 and IL-
13 to induce an M2a response, anti-Aβ IgG-Aβ immune
complexes to induce and M2b response and, finally, IL-
10 to induce an M2c response. As can be seen from the
graphs in Figure 2, twelve hours of treatment of BV2 cells
induced specific responses characterized by the expression
of markers matching those described in the macrophage
literature. These data suggest that microglia, given the correct
stimuli, are capable of generating a range of responses similar
to the macrophage. It will be important to follow up these
studies in primary microglial cells to confirm that these
findings are not unique to the immortalized BV2 microglial
cell line.

My laboratory recently showed that passive immuniza-
tion with anti-Aβ antibodies results in a shift in the inflam-
matory state of the brains of amyloid depositing transgenic
mice. Tg2576 APPSw transgenic mice aged 18 months are
normally biased to the M2a and M2c inflammatory states.
Following only one month of weekly anti-Aβ antibody
injections, the inflammatory state transitioned from M2a
and M2c to M1; this was maintained following two and three
months of administration [18]. Since the change occurred
prior to significant reductions in amyloid deposition, it
is likely that this inflammatory state transition is, at least
partially, responsible for the reductions in amyloid due to the
passive immunotherapy.

The concept that M1 inflammatory state in the brain is
associated with lower amyloid burden is supported by several
studies that have examined components of this inflammatory
state. For instance, IL-1β overexpression in the hippocampus
of APP/PS1 transgenic mice results in decreased amyloid
burden [22]. IL-1β is an M1 cytokine, so its overexpression
may be reproducing the effect of an M1 neuroinflammatory
state in the brain. Additionally, inhibition of TNFα signaling
by the deletion of TNFRI and II in the 3XTg mice also
showed reduced amyloid load [21]. Since TNFα is another
M1 cytokine, the deletion of its signaling represents an
artificial suppression of the M1 inflammatory state. Finally,
LPS stimulates the secretion of IL-1β, TNFα, and IL-6; all M1
cytokines [6, 33]. LPS has been shown in several studies to
significantly lower amyloid load in APP/PS1 transgenic mice.

The influence of other inflammatory states (M2) on
amyloid load is less established. Few studies have directly
targeted any of the M2 inflammatory pathways to establish
cause-effect relationships between these states and amyloid
deposition. The overexpression of TGFβ may represent a
bias toward the M2c inflammatory state however, in the
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Figure 2: Stimulation of BV2 cultured microglial cells to polarize the response to M1, M2a, M2b, or M2c. BV2 microglial cells were cultured
in normal DMEM media. When confluent, cell media was changed to serum-free DMEM media for 24 hours. Then media was changed
to either DMEM plus IFNγ (2.5 ng/mL) to stimulate an M1 response (a), DMEM plus IL-4 (20 ng/mL) and IL-13 (20 ng/mL) to stimulate
an M2a response (b), DMEM plus immune complexes prepared as described in [32] (5 μg/mL Aβ coated with IgG) to stimulate an M2b
response (c), DMEM plus IL-10 (10 ng/mL) to stimulate an M2c response (d), or DMEM alone to act as an untreated control. Cells were
then harvested 12 hours after the start of treatment. We repeated the experiments 3 times, each on separate cultures of different passage
numbers. Data are shown as fold change compared to untreated control BV2 cells. ∗P < 0.05 and ∗∗P < 0.01.

absence of a characterization of the inflammatory milieu in
these mice it is impossible to draw conclusions. It is appar-
ent, however, from studies performed in aged transgenic
mice that as amyloid accumulates in the brains of mice,
the inflammatory state becomes increasingly polarized to
the M2a inflammatory state. Also, my laboratory recently
showed that lithium treatment enhances the M2a and M2c
inflammatory phenotypes in APPSwDI/NOS2−/− transgenic
mice and increases amyloid deposition in the absence of
changes in total Aβ measured biochemically. Until further
studies are performed that directly enhance the M2a state
using agents identified in the macrophage literature the exact
relationship between the M2a state and amyloid deposition
will remain unknown.

The relationship between neurofibrillary tangle pathol-
ogy and the inflammatory state of the brain is relatively
understudied in comparison to amyloid pathology. The
few studies that have been done to establish relationships
of hyperphosphorylated tau and neuroinflammation would
suggest an opposite relationship to that of amyloid and
neuroinflammation. Where M1 inflammatory phenotypes
appear to ameliorate the amyloid pathology in numerous
studies, induction of M1 phenotypes in tau transgenic mice
or cell culture results in the exacerbation of tau pathology.
LPS injection into the brains of rTg4510 tau transgenic
mice has shown that the tau hyperphosphorylation and
neurofibrillary tangle pathology are increased due to the
LPS. Importantly, this study used an identical protocol to



6 International Journal of Alzheimer’s Disease

that used in APP/PS1 mice to show amyloid reductions
due to LPS. Also, LPS injection in the 3XTg model of
amyloid and tau pathology showed exacerbation of tau
hyperphosphorylation after LPS injection [9]. Additionally,
IL-1β treatment of microglia/neuron cocultures results in
significant hyperphosphorylation of tau protein in the
neuron [23]. Since IL-1β is an M1 cytokine, this again
suggests that the M1 inflammatory state worsens the tau
pathology associated with AD. Finally, my laboratory showed
that biasing APPSwDI/NOS2−/− mice to the M2a state
ameliorates tau hyperphosphorylation normally present in
these mice.

Little has been studied in the human AD brain with
respect to neuroinflammatory profiles, where a complete
spectrum of M1 and M2 inflammatory markers has been
examined. It has been shown that human AD brain is capable
of expressing an array of inflammatory markers spanning the
M1, M2a, M2b, and M2c inflammatory states [34]. Addi-
tionally, data from the ADAPT clinical trial that studied the
preventative properties of nonsteroidal anti-inflammatory
drugs (NSAIDs) in AD suggest that neuroinflammation may
be complex and variable in the human population, since a
subset of patients responded well to NSAIDs, while others
declined more rapidly in response to the same NSAID
[35]. Also, immunotherapy trials continue to show amyloid
reductions in humans, while tau pathology remains relatively
unchanged [36]. Future studies in humans should be focused
on identifying the relationship between the pathologies of
AD and the neuroinflammatory states.

5. Summary and Conclusions

In summary, this paper has described that the macrophage
inflammatory states of M1, M2a, M2b, and M2c, that are
extremely well characterized in the immunology field, can be
applied when examining the inflammatory state of the brain.
By applying these states to the body of literature on the role
of neuroinflammation in AD, the field can begin to establish
cause-effect relationships for each neuroinflammatory state.
It can be concluded that neuroinflammation is a complex,
diverse process that can be characterized by examining a
profile of markers associated with distinct inflammatory
states. Finally, it is essential that more attention be focused
on identifying relationships between each inflammatory state
and each AD pathology so that the AD field can better target
in a more directed, personalized manner to therapeutically
treat AD.
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Metabolic dysregulation, including abnormal glucose utilization and insulin resistance or deficiency, occurs at an early stage of AD
independent of type II diabetes mellitus (T2DM). Thus, AD has been considered as type 3 diabetes. T2DM is a risk factor for AD;
the coexistence of these two diseases in a society with an increasing mean age is a significant issue. Recently, research has focused
on shared molecular mechanisms in these two diseases with the goal of determining whether treating T2DM can lessen the severity
of AD. The progress in this field lends strong support to several mechanisms that could affect these two diseases, including insulin
resistance and signaling, vascular injuries, inflammation, and the receptor for advanced glycation endproducts and their ligands.
In this paper, we focus on inflammation-based mechanisms in both diseases and discuss potential synergism in these mechanisms
when these two diseases coexist in the same patient.

1. Introduction

Alzheimer’s disease (AD) and type 2 diabetes mellitus
(T2DM) are diseases prevalent in the elderly population.
T2DM can increase the risk for developing dementia
by 1.5- to 2-fold, and it is considered an important risk
factor for AD [1–8]. As the prevalence rate of T2DM is
the highest in the age group 65 and older (26.8% in year
2010 according to Center for Disease Controls and Preven-
tion; http://www.cdc.gov/diabetes/pubs/estimates07.htm), it
is a serious concern how T2DM might impact the prevalence
rate of AD, and how it might affect the treatment of AD
patients. As the mean population age is increasing, both
of these two diseases could become much more significant
issues. The issue could be further compounded by the
epidemic-like phenomenon of obesity that is spreading
across all ages [9–11]. At the current annual increase of
0.3–0.6%, there could be 75% of adults that are overweight
or obese by 2015 [11]. Obesity is a major risk factor for
developing T2DM [2, 12]. Moreover, obesity in middle-age

subjects is a negative modifier of T2DM [13]. It has been
shown recently that insulin resistance, which is also a risk
factor for AD, is associated with lower brain volume and
executive function in a large, relatively healthy, middle-aged,
community-based cohort [14]. A lack of comprehensive
preventive and intervention strategies for these interlinked
diseases could lead to a more severe crisis for the healthcare
system and the health of the public [15].

There has been promising progress made in identifying
links between T2DM and dementia in the last decade.
Special research attention has been directed towards the
mechanisms by which T2DM may affect cognitive func-
tion and pathogenesis of AD, and towards determining
whether treating T2DM might be effective in reducing
incidence of AD by modifying AD pathogenesis. The major
mechanisms through which T2DM may influence AD
include insulin resistance, impaired insulin receptor (IR),
and insulin growth factor (IGF) signaling, glucose toxicity,
advanced glycation endproducts (AGEs) and the receptor for
advanced glycation endproducts (RAGEs), cerebrovascular
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injury, vascular inflammation, and others [5, 16–20]. There
are a number of comprehensive reviews available on insulin
resistance and growth factor signaling as molecular mech-
anisms linking AD and T2DM [8, 16, 17, 21]. Additional
discussion focusing on whether there is a causal relationship
between AD and T2DM from the studies of epidemiology,
clinical trials, and imaging can be found in a review article
published in the March issue of Journal of Alzheimer’s
Disease [18].

The goal of this paper is to focus on a less studied
topic: how inflammation-based mechanisms in T2DM might
affect AD neuroinflammation and microglial activation.
As T2DM and AD both have significant inflammatory
components, it is important to assess whether inflammation
is synergized when these two diseases coexist. As there has
been little research conducted on this aspect, we will review
inflammatory mechanisms with respect to each disease and
discuss the possibility for these mechanisms to converge.

2. Inflammation and Diabetes

An association of inflammation with T2DM can possibly be
demonstrated before clinical diagnosis. This is based on sev-
eral epidemiological studies that demonstrated greater white
blood cell counts or higher levels of inflammatory markers,
including C-reactive protein (CRP) and interleukin-6 (IL-6)
in healthy middle-aged subjects who later developed T2DM
[22–24]. However, not only is chronic inflammation a risk
factor for developing T2DM, but it is also an important
contributor to the pathogenic mechanisms.

2.1. IL-1β and Its Receptor. The beta cells from T2DM
subjects contain elevated levels of IL-1β, a potent pro-
inflammatory cytokine, and reduced levels of IL-1 receptor
antagonist (IL-1ra) [25]. IL-1ra is a naturally produced
molecule that inhibits IL-1β activity on its receptor, IL-
1 receptor [26]. In vitro studies demonstrated that IL-
1β increased release of insulin by pancreatic islet cells in
the presence of high glucose concentration and promoted
glucose oxidation [27]. Islet beta cells can be damaged by
exposure to IL-1β, in a dose- and time-dependent manner
[28]. High glucose concentration induced IL-1β expression,
but reduced expression of IL-1ra, resulting in an imbalance
between IL-1β and IL-1ra, which impaired insulin secretion
and cell proliferation and increased apoptosis [29]. A study
in T2DM GK rats has shown that IL-1ra treatment at high
dose improved glucose sensitivity, insulin processing, and
suppressed inflammation and infiltration of immune cells
[30]. The GK rats developed T2DM at a young age and
the pancreatic tissues expressed elevated levels of IL-1β, and
IL-1β-driven inflammatory cytokines and chemokines such
as tumor necrosis factor-alpha (TNF-α), monocyte chemo-
tactic protein-1 (MCP-1), and macrophage inflammatory
protein-1alpha (MIP-1α), along with abnormal infiltration
of macrophages and granulocytes [30]. This study supported
that an imbalance between IL-1β and IL-1ra leads to
pancreatic islet inflammation and release of insulin. Clinical
trials using anakinra, a recombinant human IL-1ra, or
inhibition of IL-1 receptor signaling has shown effectiveness

in correcting beta cells dysfunction and reduced systemic
inflammation in T2DM [31, 32]. In fact, IL-1ra is the only
anti-inflammatory treatment approved by Food and Drug
Administration for T2DM [33].

2.2. RAGE and the Ligands. The receptor for advanced gly-
cation endproducts (RAGE), a pattern-recognition receptor,
interacts with its ligands resulting in persistent inflammatory
responses at sites where the ligands concentrate. These
mechanisms have been shown to play a pivotal role in
propagation of vascular injuries, a major complication of
diabetes [34–37]. The major RAGE ligands in diabetes
are advanced glycation endproducts (AGEs), which are
derivatives of lipids, proteins, and ribonucleic acids. These
are modified by nonenzymatic glycosylation, followed by
rearrangement, dehydration, and eventually becoming irre-
versible cross-linked macromolecules [38, 39]. The amount
of these heterogeneous products increases with age, but is
further enhanced by diabetes or hyperglycemic conditions
[40–42]. Circulating neutrophils can play a role in enhanc-
ing the formation of AGE in response to inflammatory
activation of the myeloperoxidase system [43]. Diabetes-
associated RAGE-AGE interactions induced reactive oxygen
species-mediated inflammatory responses in vascular cells
(endothelial cells, smooth muscle cells, and pericytes) and
mononuclear phagocytes; all of these cells are critically
involved in diabetes-associated atherosclerosis, nephropathy,
and retinopathy [37, 44–48].

Recent evidence also demonstrated that RAGE is involved
in inflammation-based mechanisms of islet cell death. Acti-
vation of RAGE by S100B and high mobility group box
1 (HMG1) caused apoptotic death of pancreatic beta cells
through an NADPH oxidase-mediated mechanism [49]. The
interaction of AGE with RAGE induced apoptosis of islet beta
cell and impaired the function of secreting insulin in an in
vitro study [50]. Inhibition of AGE formation and blockade
of RAGE-mediated chronic inflammatory mechanisms are
currently considered to be therapeutic strategies for diabetes
and diabetes-associated macro- and microvascular compli-
cations [51–54].

Human vascular cells express a novel splice variant of
the RAGE gene that encodes for a soluble RAGE protein,
named endogenous secretory RAGE (esRAGE). The esRAGE
protein neutralizes the action of AGE on vascular cells, thus
preventing AGE from activating cell-surface (or full-length)
RAGE signaling [55]. There is another form of soluble RAGE
(sRAGE) that is not generated by alternative splicing; instead,
it is a product of catalytic cleavage of membrane bound
full-length RAGE by enzymes such as a disintegrin and
metalloprotease 10 [56–58]. There was a negative correlation
between the expression levels of full-length membrane RAGE
and sRAGE expression in monocytes from T2DM [59].
Enhancing sRAGE-associated protective mechanisms are
also molecular targets in developing T2DM therapeutics
[60].

2.3. Other Pattern-Recognition Receptors. Toll-like receptors
(TLRs) are pattern-recognition receptors consisting of 12



International Journal of Alzheimer’s Disease 3

family members in humans. They are crucial for innate
immune functions. Evidence has emerged that some of
the TLR members are involved in mediating inflammatory
responses in metabolic disorders. TLR2 and TLR4 expres-
sions were elevated in the cell surface of monocytes, derived
from patients with metabolic syndrome, and released higher
levels of IL-1β, IL-6, and Il-8 following lipopolysaccharide
stimulation [61, 62]. High glucose increases the expression of
TLR2 and TLR4, which can be accentuated by the presence
of free fatty acids [63, 64]. These effects were mediated via
protein kinase C (PKC)-α/PKC-δ by stimulation of NADPH
oxidase [63]. The inflammatory responses induced by TLR2
and TLR4 are mediated through the activation of NF-κB
[65]. TLR4 is upregulated in pancreatic islet cells and a
chemokine ligand, interferon-inducible protein (IP)-10 (or
CXCL10), was identified to activate this receptor leading to
islet cell death [66]. IP-10 can be induced by high glucose
through TLR2 and TLR4 [67].

CD36 (oxidized low-density lipoprotein receptor, oxLDL
receptor, or scavenger receptor B, MSR-B) is also a pat-
tern recognition receptor which serves as a co-receptor
for TLR2 and TLR6 heterodimers, as well as TLR4 and
TLR6 heterodimers [68]. High glucose, oxLDL, free fatty
acids, and low high density lipoprotein receptors (HDLs)
cholesterol concentrations were shown to increase the
expression of CD36 in monocytes/macrophages, resulting
in vascular oxidative injury, increased leukocyte adhesion,
and promoting atherogenesis [69]. Deficiency of CD36 in
transgenic mice improves insulin signaling, inflammation,
and atherogenesis [70, 71].

3. Diabetes and Alzheimer’s Disease Pathology

There have been several studies investigating whether T2DM
worsens the hallmark pathology of AD, namely, neuritic
plaques and neurofibrillary tangles. In a study involving 143
diabetic and 567 nondiabetic AD patients, no differences
were observed between these two groups in Aβ load, neuritic
plaque, and neurofibrillary tangle scores [72]. In another
study, the presence of diabetes has even been shown to be
negatively associated with the abundance of neuritic plaques
and neurofibrillary tangles [73]. In line with this finding,
Nelson and colleagues observed that although AD patients
with diabetes had significantly more infarcts and vascular
damage, the plaque scores, as measured by Consortium to
Establish a Registry for Alzheimer Disease criteria, were
significantly lower [74]. Using biochemical and histological
approaches, Sonnen et al. found inconsistent results between
biochemical and neuropathological results [75]. Using
formic acid to extract detergent-insoluble Aβ from amyloid
deposits in superior and medial temporal samples, they
found that the concentrations of Aβ42 in formic-acid extract
were significantly higher in AD patients without T2DM than
in AD patients with T2DM. This was regardless of neuritic
plaque scores and neurofibrillary tangle distribution that
did not differ between AD cases with and those without
T2DM. The same study also investigated whether T2DM
leads to more oxidative reactivity and neuroinflammation.

The results showed that AD cases without T2DM had
significantly higher levels of free-radicals as measured by F2-
isoprostanes, whereas AD cases with T2DM had significantly
greater IL-6 concentrations in cortical tissues than AD
without T2DM. It is worth noting that IL-6 is one of three
key acute phase proteins shown to be significantly elevated
in temporal cortical samples of AD subjects [51]. Neurons in
the brain of T2DM patients could be more vulnerable to the
toxicity of Aβ due to the defective insulin receptor signaling
[76]. Conversely, the defect in insulin receptor signaling
could lead to increased production of Aβ and Aβ-induced
oxidative damage of the mitochondria [17]. These are among
the mechanisms that increase the neuronal degeneration in
association with the condition of T2DM.

When determining whether T2DM affects the types
and development of amyloid plaques, a significant increase
in Aβ40-immunoreactive dense plaques, but not in cored
plaques, was observed [77]. Dense plaques are consid-
ered to be at an earlier stage of maturation, and more
toxic than core-only plaques (or burnt-out plaques). Using
RAGE immunoreactivity as a marker for oxidatively stressed
cells, the authors detected a significant increase in RAGE-
immunoreactive cells in the hilus of dentate gyrus in AD
cases with T2DM than in AD cases without T2DM [77].
It is intriguing how T2DM might affect the maturation
of amyloid plaques. Could this be mediated through its
effects on microglial activation? The authors noticed a looser
association of activated microglia with dense plaques in
AD subjects with T2DM when compared to AD subjects
without T2DM. There could be several possible interpre-
tations for this finding. It could suggest that there was
an enhanced microglial phagocytic function in AD with
T2DM, thus facilitating the removal of amyloid surrounding
the amyloid core. This could also be due to the modifi-
cation of microglia activation state by additional stimuli
in AD with T2DM. Previous research has shown the
association of primed, enlarged, or phagocytic microglia
with amyloid plaques of different maturation stages [78].
When IL-1α used as a marker for microglial activation,
a greater number of IL-1α-immunoreactive microglia were
associated with diffuse neuritic amyloid plaques, but they
did not associate with nonneuritic dense core plaques
[78, 79]. A more detailed analysis is necessary to eluci-
date whether co-existence of T2DM with AD alters the
development of amyloid plaques, as well as the pheno-
typic and functional characteristics of microglia activa-
tion. This would require utilization of various microglial
activation markers along with antibodies that can detect
Aβ40- or Aβ42-predominant amyloid plaques, and anti-
bodies that can detect neuritic components within the
plaques. The potential effects of T2DM on microglia
activation during development of AD are proposed in
Figure 1.

4. RAGE-Mediated Inflammation in AD Brain

RAGE-mediated mechanisms play crucial roles in the patho-
genesis of T2DM and associated vascular complications, but
RAGE is also an important cell-signaling receptor involved
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Figure 1: Potential effects of type 2 diabetes mellitus on microglial activation in Alzheimer’s disease. Type 2 diabetes mellitus (T2DM)
affects the brain with chronic impairment of insulin production and glycaemic control in the periphery. T2DM also causes macro- and
microvascular diseases in which inflammation plays a pivotal role. Cerebral microvascular diseases developed from T2DM complications lead
to compromised blood-brain barrier function and endothelial cell activation. Microglia can respond to vascular injury and inflammation.
Microglial activation is a process of functional and morphological transformation. We propose here that they can be staged as surveillance,
proinflammatory, inflammatory, phagocytic, and degenerative states; the transformation depends on the type, distance, potency, and
duration of stimulation. We propose that T2DM might promote the activation of microglia through vascular inflammation and the effects
on neuronal metabolic dysfunction.

in various aspects of AD. RAGE is expressed in the brain in
neurons, microglia, and astrocytes [80–82]. Aβ is a specific
ligand for RAGE, which interacts with the N-terminal
domain of RAGE [83]. RAGE expression was elevated in AD
pathology-enriched brain regions, including hippocampus
and inferior frontal cortex, when compared to cerebellum
where AD pathology is limited. RAGE expression was also
increased in neurons and microglia in the hippocampus [80,
82]. The interaction of Aβ with neuronal RAGE leads to reac-
tive oxygen species-mediated cellular stress and activation
of the transcription faction NF-κB, resulting in increased
inflammatory gene and protein expression. For example, ele-
vated secretion of macrophage colony-stimulating factor (M-
CSF) and tumor necrosis factor alpha (TNF-α) by microglia
and BV-2 cells was observed [80, 84]. In experiments
using cultures of postmortem human microglia and an in
vitro Aβ plaque model, Aβ-induced directional migration
of microglia was shown to be RAGE-dependent. This was
shown by the inhibition of microglial migratory responses
to Aβ when RAGE was blocked by anti-RAGE (Fab′)2 [80].
The involvement of RAGE-mediated microglial activation in
exacerbation of synaptic degeneration, neuroinflammation,
and Aβ levels has been illustrated in a study that compared
human amyloid precursor protein (APP) single-transgenic

mice to double-transgenic mice over expressing the human
RAGE gene in microglia along with mutated APP transgene
[85, 86]. Enhanced IL-1β and TNF-α production, increased
infiltration of microglia and astrocytes in amyloid plaques,
increased levels of Aβ40 and Aβ42, reduced acetylcholine
esterase (AChE) activity, and accelerated deterioration of
spatial learning/memory were observed in the double-
transgenic mice when compared to single transgenic APP
or RAGE mice [85]. The involvement of microglial RAGE
in driving these consequences was further elucidated in the
same study by using signal transduction-defective mutant
RAGE [dominant negative (DN)-RAGE] to microglia. The
DN-RAGE gene in APP transgenic mice prevented the loss
of AChE activity, reduced plaque load, and improved spatial
and memory functions [85]. These findings demonstrated
that RAGE signaling in microglia played a critical role
in promoting inflammatory responses that could lead to
increase in Aβ levels and synaptic dysfunction.

Increased association of AGEs, a RAGE ligand, has
been observed in amyloid deposits, and in astrocytes and
microglia. This correlated with increased inducible nitric
oxide synthase in AD pathology-rich area [87]. The nitric
oxide-mediated oxidative mechanisms can mediate the cyto-
toxicity of AGE [88]. Other RAGE ligands upregulated in
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Figure 2: RAGE-driven inflammatory synergy in Alzheimer’s disease with type 2 diabetes mellitus. Receptor for advanced glycation
endproducts- (RAGEs) mediated inflammatory responses play an important roles in pathogenesis of Alzheimer’s disease (AD) and type
2 diabetes mellitus (T2DM). In AD, Aβ is the most prominent ligand that interacts with RAGE leading to inflammatory signaling.
The interaction also leads to microglia secretion of M-CSF which can further upregulate the expression of RAGE in microglia. Other
inflammatory cytokines and chemokines are also produced upon the activation of RAGE, including IL-1β, IL-6, TNF-α, and MCP-1. Several
of these inflammatory mediators also can modulate the expression of RAGE and its ligands. A number of other ligands are also expressed at
elevated levels in the AD brain including AGE, S100A8, S100A9, S100A12, S100B, and HMG1. In T2DM, advanced glycation endproducts
(AGEs) are the major ligand. Interaction with RAGE, AGE induces production of other RAGE ligands and inflammatory cytokines and
chemokines, which is the major mechanism for propagation of vascular inflammatory injury in T2DM-associated vascular diseases. Thus,
RAGE-mediated inflammatory responses might be accentuated when these two diseases coexist in the same patient.

AD brains include S100B, S100A9, S100A12, and HMG1
[89, 90]. Although S100B and S100A8 are known as inflam-
matory cytokines of myeloid phagocytes, their expression by
human microglia can be induced by chronic exposure to
Aβ1-42 [91].

Increases in formation of AGE could also result in upreg-
ulation of macrophage scavenger receptor CD36. Elevated
expression of CD36 correlated with the presence of amyloid
deposits, but not the clinical diagnosis of AD. The expression
of CD36 by microglia promotes adhesion to fibrillar Aβ,
increases oxidative stress and proinflammatory responses,
and affects microglial uptake of Aβ [92].

5. RAGE, Ligands, and Cytokine Cascade

One feature that makes RAGE a critical inflammatory recep-
tor is that its expression is increased by its ligands; this creates
a positive feedback mechanism that can perpetuate inflam-
mation once it sets off [37, 46, 93, 94]. The amplification
of inflammatory consequences can also be further fueled by
additional cytokines. For example, in monocytic lineage cells,
preexposure to AGE followed by treatment of IL-6 or TNF-α
can induce release of the RAGE ligands, S100A8 and S100A9
[95]. Preexposure of endothelial cells to AGE has also been
shown to increase IL-6, intercellular adhesion molecule-1,

vascular adhesion molecule-1, and MCP-1 upon stimulation
with S100A8/A9 heterodimers [93]. These findings illustrate
how RAGE and its ligands can combine with cytokine-
mediated inflammation to exacerbate chronic inflammatory
diseases such as AD and T2DM.

As in T2DM, there is a deficiency in the anti-
inflammatory function of sRAGE in AD due to a gradual
decline in the circulating levels of sRAGE [57, 96, 97]. With
this protective function being compromised and with several
RAGE ligands elevated, it is possible that the coexistence of
AD and T2DM would result in accentuated inflammatory
responses, both in the periphery and in the brain. Small
molecules that can block RAGE activation or enhance the
protective function of sRAGE are a strategy which may be
beneficial to both AD and T2DM [98, 99].

6. Conclusion

There is strong evidence supporting inflammation as key
feature in the brain of AD and in the pancreas of T2DM
as summarized in Table 1. A wide range of inflammatory
mediators and receptors are involved in these two diseases,
although complement activation is a prominent feature in
AD, but not in T2DM [100]. The presence of infiltrated
lymphocytes is controversial in AD [76, 101]. Therefore,
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Table 1: Inflammatory responses detected in the brain of Alzheimer’s disease and the pancreas of diabetes mellitus.

Disease-affected brain regions in Alzheimer’s
disease patients

Pancreas in T2DM patients

Elevated inflammatory markers

Cytokines (e.g., IL-1α, IL-1β, IL-6, TNF-α),
chemokines (e.g., IL-8, MCP-1), acute phase
proteins (e.g., ACT-1, Serum amyloid P), acti-
vated complement proteins (e.g., C3, C5a, C5b-
9), and S100B

Cytokines (e.g., IL-1β, IL-6, TNF-α),
chemokines (e.g., IL-8, IP-1, MCP-1,
MIP-1α), growth factor (G-CSF), S100B,
and HMGB1

Immune cell infiltration Rare presence of lymphocytes or macrophages
Increased macrophages, T-lymphocytes,
and granulocytes

Involvement of pattern recognition
receptors and major ligands

MSR-A, MSR-B, RAGE, TLR2, TLR4; amyloid
beta, AGE

MSR-A, MSR-B, RAGE, TLR2, TLR4:
amylin, AGE, IP-10

current research findings support the inflammation-based
pathogenic mechanisms in both diseases. Although research
investigating that T2DM may alter brain inflammation
in AD is limited, there is a great possibility that T2DM
could accentuate microglial activation, neuroinflammation,
and vascular inflammatory/oxidative injury in AD brains
through mechanisms mediated by RAGE and other pattern-
recognition receptors, and the cascade of cytokine and
chemokines. Figure 2 illustrates the potential of RAGE-
centric mechanisms in the central and peripheral systems
when both diseases coexist. As microglia play a central role in
initiation and propagation of neuroinflammation, and anti-
inflammation is one of the preventive and disease modifying
strategies for AD, more studies will be needed to characterize
the patterns of microglial activation in AD patients with
T2DM and AD patients without T2DM.
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Neuroinflammation is now regarded as both an early event and prime mover in the pathobiology of Alzheimer disease (AD), a
neurodegenerative disease that represents a growing public health threat. As the resident innate immune cells within the central
nervous system, microglia are centrally positioned as key orchestrators of brain inflammation. It is now accepted that numerous
forms of activated microglia exist. Furthermore, while some types of reactive microglia are detrimental, others can actually be
beneficial. In the context of AD etiopathology, much debate surrounds whether these enigmatic cells play “good” or “bad” roles.
In this article, we distill a complex clinical and experimental literature focused on the contribution of microglia to AD pathology
and progression. A synthesis of the literature only seems possible when considering context– the conditions under which microglia
encounter and mount immunological responses to AD pathology. In order to carry out these diverse contextual responses, a
number of key receptors and signaling pathways are variously activated. It will be critically important for future studies to address
molecular mediators that lead to beneficial microglial responses and therefore represent important therapeutic targets for AD.

1. Introduction

More than twenty years ago, groundbreaking studies by Wis-
niewski and his colleagues sparked debate over the relation-
ship between microglia and β-amyloid plaques in Alzheimer
disease (AD). In their electron microscopic observations of
microglia associated with β-amyloid deposits in the brain
parenchyma and cortical vessel walls of AD patients’ brains,
Wisniewski and his colleagues discovered that ∼80% of
a morphologic structure they termed the “amyloid star”
was covered by microglia [1, 2]. Although they found that
microglia had the ability to phagocytose Aβ in vitro, these
innate immune cells appeared in close proximity to amyloid
plaques in brains of AD patients but did not contain β-
amyloid fibrils in their lysosomal compartments. These
ultrastructural observations led Frackowiak and coworkers
to hypothesize that microglia were unable to phagocytose
and remove Aβ in vivo and were instead responsible
for the manufacture of amyloid fibers [3]. In contrast,

Wisniewski did observe β-amyloid fibrils in the lysosomes
of macrophages that had infiltrated the brain from the
periphery in AD patients with rare comorbid stroke [4]—
findings that were later confirmed by Akiyama and McGeer
[5].

Rooted in these initial landmark studies of Wisniewski,
it is now recognized that there are at least two classes of
phagocytic cells responsible for the innate immune responses
in the brain—the endogenous microglia and the exogenous
hematogenous macrophages [6–8]. Microglia are the brain-
resident macrophages derived from monocyte precursors
during embryogenesis and provide the initial response to
injury from within the central nervous system (CNS).
Activation of microglia via neural insults leads to the
synthesis of an array of proinflammatory mediators, which
can be beneficial for clearing infections and for tissue repair;
but, if left uncontrolled, this response can go unresolved
and perpetrate bystander neural insult. Thus, in addition to
their role as the first responders to CNS injury, activated
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microglia (and astrocytes) can participate in a form of
chronic neuroinflammation termed “reactive gliosis,” which
has been implicated in the pathoetiology of a myriad of
neurodegenerative diseases. The second class of phagocyte,
peripherally-derived macrophages, arises from bone marrow
precursors and will be referred to in this review as hematoge-
nous macrophages. These cells can be recruited to the CNS
in health and after CNS injury and are primarily believed
to traverse the blood-brain barrier (BBB) at postcapillary
venules [9]. While hematogenous macrophages typically
remain in the perivascular space, they can be recruited
into the brain parenchyma by chemokines and cytokines.
These proteins are typically released following activation of
microglia and astrocytes upon CNS insult and can cause
blood-borne mononuclear cells to differentiate into cells
that closely resemble brain-resident microglia. Finally, recent
focus has been directed towards a third class of brain
phagocyte known as the perivascular macrophage. These
cells have been found to play an important role in remodeling
cerebrovascular Aβ deposits in a transgenic mouse model of
cerebral amyloidosis [10].

Even though the pioneering observations of Wisniewski
and his colleagues were made more than two decades ago,
it is only recently and with the availability of modern
cellular and molecular biology techniques that the roles
of brain phagocytes have been more fully interrogated in
AD. Still, their significance in the pathoetiology and—even
more intriguingly—as a possible treatment modality for AD,
remains unclear. What is clear from the studies of the past
twenty years, however, is that resident local and peripherally-
infiltrating brain macrophages play complex roles in the
pathobiology of AD.

2. “Bad” versus “Good” Microglia
in Alzheimer’s Disease

It has previously been suggested that microglial activation is
not simply a single phenotype, and that a continuum exists
with antigen presenting cell function (adaptive activation)
at one pole and phagocytic cell function (innate activation)
at the other [11]. Accordingly, expression profile studies
of macrophages in AD and in mouse models of cerebral
amyloid also suggest that there is functional heterogeneity
in the activation states of microglia that may contribute to
disease outcome [12–14]. These innovative concepts support
the notion that the context of microglial activation is a key
factor in determining what role (whether “bad” or “good”)
these enigmatic cells play in AD.

3. A Case for “Bad” Microglia

3.1. Evidence from Patients. The concept that microglia pri-
marily play a detrimental role in AD is supported by the
Wisniewski studies and by early epidemiologic findings. In
general, results from these studies are interpreted as lending
support to the idea that activated microglia are likely more
harmful than helpful to an AD-afflicted brain. For instance,
activated microglia secrete the proinflammatory innate

cytokines including tumor necrosis factor-alpha (TNF-α)
and interleukin-1beta (IL-1β), which can directly injure
neurons at superphysiologic levels [15, 16].

In addition to the well-accepted notion that microglia
are closely associated with senile plaques in AD, it has also
been shown that numerous inflammatory mediators are up-
regulated in affected areas of the AD brain [17]. These
observations have led to the hypothesis that individuals
being treated on a long-term basis with anti-inflammatory
medications might be afforded prophylaxis against chronic
neuroinflammation and may therefore be at reduced risk
for developing AD. In accord with this concept, a number
of epidemiologic studies in the early 1990s found that
incidence of dementia in elderly patients with arthritis
was lower compared to the general population [18–20].
In addition, evidence from neuropathologic studies sup-
ports the notion that nonsteroidal anti-inflammatory drugs
(NSAIDs; often prescribed for arthritis) reduce microglial
activation and thereby dampen brain inflammation [21].
Specifically, Mackenzie and Munoz compared brains from
elderly, nondemented arthritic patients with a history of
chronic NSAID use and nondemented control subjects that
were not NSAID users and found that this latter group
had (on average) three-fold more activated microglia than
the former. However, interpreting these results is not so
straightforward, as arthritis was used as a surrogate for
NSAID use in many of these early studies, raising a possible
“confounding by indication” issue. Further, The Golde
group has shown that a subset of NSAIDs lower Aβ1−42,
widely considered the neurotoxic Aβ species, independently
of cyclooxygenase (COX) activity [22]. Nonetheless, these
initial reports prompted more recent work that focused
more specifically on NSAID use, and there are now over
25 epidemiologic studies that have shown an inverse risk
relationship between NSAID use and AD. A systematic
review of these studies uncovered an approximate 50%
reduced risk of AD enjoyed by NSAID users compared to
nonusers [23].

3.2. Evidence from Mouse Models. The effects of NSAIDs
have also been evaluated in transgenic mouse models of
cerebral amyloidosis. In the earliest study, Lim et al. tested
the effects of 6-month-long treatment of Tg2576 mice with
ibuprofen, beginning at 10 months of age when Aβ plaques
first appear in these mice. They found that treated animals
had significantly reduced amyloid deposition as well as
blunted expression of the reactive astrocyte marker glial
fibrillary acidic protein (GFAP) and the proinflammatory
cytokine, IL-1β [24]. Other groups confirmed the ibuprofen
results in Tg2576 mice, amyloid precursor protein (APP)
plus presenilin-1 (PS1) double transgenics (termed APP/PS1
mice) and APPV717I transgenic mice, all of which showed
reduced microglial activation and fewer amyloid deposits
following treatment [25–27]. Heneka and colleagues also
tested the effects of curcumin, a naturally-occurring NSAID
derived from turmeric, which is considered to be a less
toxic alternative to COX-2 inhibitors like ibuprofen. They
found decreased IL-1β and GFAP levels as well as attenuated
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plaque burden in treated mice [27]. Furthermore, treatment
of PS1/APP doubly transgenic mice with the nitric oxide-
donating NSAID NCX-2216 reduced amyloid load via a
mechanism thought to involve phagocytic microglia [25, 28].
These studies demonstrate that early treatment with NSAIDs
can reduce neuroinflammation and amyloid plaque burden
in three different transgenic mouse models of cerebral
amyloid deposition. However, it should be noted that studies
done with the selective COX-2 inhibitor celecoxib failed
to reduce inflammatory burden and, in one study, actually
increased abundance of Aβ1−42 peptide in transgenic AD
model mice [25, 29]. Therefore, it seems that certain NSAIDs
are capable of reducing microgliosis and amyloidosis in
several different transgenic mouse models, while others
are not as effective or even produce converse results. This
suggests that microglia likely have different responses to such
treatment depending on the mechanism of action of the
compound and/or the nature of the inflammatory milieu at
the initiation of, or even during the course of treatment.

Studies using mouse genetics as a powerful tool to
elucidate the role of microglia in AD pathogenesis have
also helped to establish the existence of “bad” microglia
that promote disease progression. In early studies done
by our group, Aβ-stimulated microglia treated with CD40
ligand (CD40L) showed increased TNF-α production and
promoted injury of primary cortical neurons. In addition,
these studies demonstrated that microglia from transgenic
“Swedish” mutant APP (Tg2576) mice deficient for CD40L
exhibited reduced activation compared to microglia from
CD40L-sufficient transgenic Tg2576 littermates [16]. More-
over, a separate study showed that genetic ablation of
CD40L in APP/PS1 mice reduced amyloid plaques and
mitigated astrocytosis and microgliosis [30]. Further in vitro
investigations showed that CD40-CD40L interaction led to
decreased microglial phagocytosis of exogenous Aβ1−42 and
increased production of proinflammatory cytokines. CD40
ligation in the presence of Aβ1−42 led to “adaptive” activation
of microglia, as evidenced by increased colocalization of
major histocompatibility complex class II (MHC II) with
Aβ. In addition, when cultured microglia were exposed
to Aβ1−42 in the presence of CD40L and cocultured with
CD4+ T cells, T cell-derived interferon-gamma (IFN-γ)
and interleukin-2 production were stimulated, suggesting
that CD40 signaling promotes a microglial proinflammatory
antigen presenting phenotype [31]. In the context of CD40-
CD40L interaction, these results collectively suggest that
microglia become proinflammatory and play a primarily
deleterious role in progression of AD-like pathology.

Additional early evidence for detrimental effects of ac-
tivated microglia in AD came from Qiao and colleagues.
Those authors chronically administered the bacterial endo-
toxin lipopolysaccharide (LPS) intracerebroventricularly to
APPV717F mice that either expressed apolipoprotein E
(apoE+/+) or were apoE deficient (apoE−/−) [32]. While all
LPS-treated mice exhibited global astrocytosis and amyloid
plaque-localized microglial activation, Qiao et al. found
significant acceleration of amyloid deposition in LPS-treated
compared to vehicle-treated APPV717F-apoE+/+ mice, while
this effect was not observed in APPV717F-apoE−/− mice.

These experiments suggest that experimental induction of
microglial activation by chronic administration of LPS can
accelerate amyloidosis in a transgenic mouse model of AD
in the presence of apoE, and support the idea that activated
microglia exacerbate cerebral amyloidosis.

More recent studies by Mori and colleagues showed
that overexpression of the proinflammatory cytokine-like
molecule human S100B (huS100B) in the Tg2576 mouse
model of cerebral amyloid deposition resulted in increased
parenchymal and cerebrovascular β-amyloid deposits and
elevated Aβ levels [33]. These effects were accompanied by
increased amyloidogenic processing of APP in addition to
reactive astrocytosis and microgliosis in Tg2576-huS100B
mice. The results by Mori et al. lend further support to the
notion that some forms of glial activation (brought about
in this case by reactive astrocyte-derived S100B) exacerbate
AD-like pathology and are thus likely detrimental to the AD-
afflicted brain.

In addition to proinflammatory cytokines, chemokines
play critical roles in orchestrating movement (chemotaxis)
of microglia toward noxious stimuli including β-amyloid
deposits. Recent studies by Fuhrmann and colleagues have
shown that knocking out the expression of the fractalkine
receptor, Cx3cr1, can prevent neurodegeneration [34]. The
expression of Cx3cr1 is exquisitely restricted within the
CNS to microglia and is considered to be a critical factor
in neuron-microglia communication. Fuhrmann and col-
leagues used intravital two-photon imaging to observe inter-
actions between microglia and neighboring neurons in 3x
Tg-AD mice, which overexpress pathogenic mutant forms of
PS1 (M146V), “Swedish” mutant APP, and tau (P301L) [35].
These 3x Tg-AD mice were crossed with a transgenic mouse
line expressing yellow fluorescent protein in cortical layers III
and V and another line expressing green fluorescent protein
in place of the endogenous murine Cx3cr1 locus. Time-lapse
intravital imaging showed neuron loss in Cx3cr1-sufficient
mice while neurons in Cx3cr1-deficient mice survived. In
addition, they observed that Cx3cr1-sufficient microglia
rapidly mobilized toward neurons destined for degeneration.
However, Cx3cr1-deficient mice did not exhibit change
in Aβ abundance, suggesting that the phagocytic ability
of microglia in these mice was either not altered or not
involved in the observed neuron loss phenotype. Similar
studies by Bruce Lamb, Richard Ransohoff, and their col-
leagues have shown that Cx3cr1 deficiency results in a gene
dose-dependent reduction in β-amyloid deposition in two
different mouse models of AD: APP/PS1 and R1.40 [36].
Interestingly, in their models, Cx3cr1 deficiency also resulted
in reduced numbers of microglia surrounding Aβ deposits
as well as attenuated immunostaining for CD68 (but not
CD45) and altered expression of inflammatory cytokines and
chemokines, including reduced levels of TNF-α and CCL2
mRNAs, but elevated IL-1β mRNA levels. Moreover, the
authors demonstrated in vivo and in vitro that Cx3cr1−/−

microglia had enhanced ability to phagocytose Aβ. While the
study by Fuhrmann and coworkers did not show differences
in Aβ abundance between Cx3cr1-sufficient and -deficient
mice, Lee et al. suggested that Aβ aggregates in 3x Tg-AD
mice may be more intracellular than extracellular at the age
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Table 1: “Bad” microglia in Alzheimer disease.

Publication(s) Type of Study Observations

Wisniewski et al., 1989 [1], 1992
[2]; Frackowiak et al., 1992 [3]

Neuropathologic
Microglia are “frustrated phagocytes” responsible for
manufacture of amyloid fibrils and not for their removal.

Meda et al., 1995 [15] In vitro
Activated microglia secrete proinflammatory cytokines that
promote neural injury at high levels.

Tan et al., 1999 [16] Mouse models

Aβ and CD40L-stimulated microglia release TNF-α that
injures primary cortical neurons. CD40 ligand-deficient
Tg2576 mice have reduced microglial activation and tau
hyperphosphorylation.

McGeer et al. 1990 [18], 1992 [19],
1996 [20]

Epidemiologic
There is lower incidence of dementia in elderly patients with
arthritis compared to the general population.

Mackenzie and Munoz, 1998 [21] Neuropathologic
Chronic NSAID users with senile plaques have 3-fold less
activated microglia than non-users.

Szekely et al., 2004 [23] Epidemiologic
Systematic review of over 25 epidemiologic studies shows
∼50% reduced risk of AD associated with NSAID use.

Lim et al., 2000 [24], 2001 [72] Mouse models
NSAID-treated Tg2576 mice have significantly reduced
amyloid deposition, astrogliosis, and IL-1β abundance.

Jantzen et al., 2002 [25]; Yan et al.,
2003 [26]; Heneka et al., 2005 [27]

Mouse models
Ibuprofen-treated Tg2576, APP/PS1 or APPV717I transgenic
mice have reduced microglial activation and amyloid
deposits.

Tan et al., 2002 [30] Mouse models
Genetic or pharmacologic ablation of CD40 ligand in Tg2576
mice reduces cerebral amyloidosis and mitigates gliosis.

Townsend et al., 2005 [31] In vitro
CD40 ligand in the presence of Aβ1–42 promotes a microglial
proinflammatory antigen presenting cell phenotype.

Qiao et al., 2001 [32] Mouse models
Chronic intracerebroventricular injection of LPS accelerates
Aβ plaque load in APPV717F transgenic mice.

Mori et al., 2010 [33] Mouse models
Forcing expression of proinflammatory S100B accelerates
glial activation and cerebral amyloid pathology in Tg2576
mice.

Fuhrmann et al., 2010 [34] Mouse models
Cx3cr1 endorses microglial-mediated neuronal loss in 3xTg
AD mice.

Lee et al., 2010 [36] Mouse models
Cx3cr1 deficiency reduces cerebral amyloid and reactive
microglia in APP/PS1 and R1.40 mice. Cx3cr1−/− microglia
have greater Aβ uptake.

Sundaram et al., 2012 [38] Mouse models

Neuroinflammation occurs early and promotes
neurodegeneration mediated by lysophosphatidylcholine and
Cdk5/p25. Inducible p25 expression in vivo triggers
neuroinflammation and intraneuronal Aβ.

at which this study was done, therefore affecting the ability
of microglia to phagocytose these deposits. Nonetheless,
these studies suggest that Cx3cr1 signaling plays a role in
(a) homing of microglia to neurons that are destined for
death and (b) determining microglial responses to cerebral
amyloidosis. In both cases, signaling through Cx3cr1 seems
to direct microglia to respond in such a way that aids rather
than combats the progression of AD-like pathology.

Finally, previous studies, chiefly from the group of
Li-Huei Tsai, have established that activation of cyclin-
dependent kinase five (Cdk5) via proteolytic cleavage of
p35 to p25 is a key event in AD patient brains that can
promote neurodegeneration [37]. However, the role of brain
inflammation in this process was not previously clear. In
a very recent study, the Kesavapany group examined the
consequences of driving p25/Cdk5 activity both in vivo and

in vitro on neuroinflammation and neuronal death [38].
The authors demonstrated that the Cdk5/p25 pathway trig-
gered neuroinflammation via lysophosphatidylcholine that
proceeded and led to neurodegeneration and neuronal loss
in vitro. In addition, they showed that inducible Cdk5/p25
expression in vivo caused early neuroinflammation followed
by later accumulation of copious intraneuronal Aβ. One
interpretation of this finding is that Aβ production signifies
an acute-phase stress response that can both be initiated by
neuroinflammation and drive it. If this is true, then one could
imagine a feed-forward loop endorsing a constellation of
damaging inflammatory mediators. These findings provide
direct evidence that neuroinflammation, at least as initiated
by Cdk5/p25 activation, occurs early and can promote
neurodegenerative changes. All of these studies suggesting
detrimental actions of microglia are summarized in Table 1.
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4. A Case for “Good” Microglia

4.1. Evidence from Humans and Preclinical Mouse Models.
Inflammatory responses are not always deleterious, and are
often even necessary for survival. Given the exquisite sensi-
tivity of neurons to inflammation-induced bystander injury
however, there is a fine line between neuroinflammation
that results in tissue repair versus excessive damage to brain
cells [39]. Epidemiological findings demonstrating reduced
risk for AD in patients using NSAIDs led to the design
of the Alzheimer disease anti-inflammatory prevention trial
(ADAPT), a randomized controlled trial to test the asso-
ciation of NSAID use with cognitive function over time
in nondemented elderly individuals. The result of this trial
indicated no protection afforded by NSAIDs (naproxen or
celecoxib) on cognitive scores, and weak evidence for lower
cognitive scores in naproxen users [40, 41]. This latter result
suggests that chronic use of naproxen might have actually
been detrimental in the ADAPT study. If correct, there exists
a possibility that microglial activation was actually beneficial
and that treatment with naproxen could have negated this
effect. While these results need to be interpreted with
caution since the trial was prematurely halted due to fear
of cardiotoxicity associated with certain NSAIDs, other trials
testing NSAIDs for treatment of AD or as preventative agents
for mild cognitive impairment also had null findings [42].
That the clinical studies did not support epidemiological
findings raises the possibility that the context of microglial
activation and other factors such as whether individuals
were cognitively healthy or “on the verge” of conversion to
mild cognitive impairment or to AD at the time of NSAID
treatment are critically important outcome determinants
[43]. Also, because many of the healthy elderly participants in
the ADAPT trial were arthritics, these individuals’ peripheral
immune environment may impact their risk for later devel-
oping AD [44] and therefore could represent a confound to
interpreting the risk relationship between NSAID use and
development of AD.

While the above reports investigated the effects of
NSAIDs in the clinic, studies in the late 1990s from Dale
Schenk and colleagues at Elan pharmaceuticals yielded
surprising results in preclinical mouse models. They admin-
istered peripheral injections of Aβ1−42 plus complete Fre-
und’s adjuvant into young PDAPP transgenic mice, which
overexpress mutant APP. Their intention was to worsen AD-
like pathology in these mice. However, they instead found
that Aβ1−42 plus adjuvant given to young mice essentially
blocked β-amyloid plaque formation, and treatment of older
animals significantly mitigated the extent of cerebral amyloid
deposits. In addition, Schenk and colleagues observed MHC
II-positive microglia colocalized with Aβ plaques in Aβ1−42

treated mice, which were not observed in control mice
treated with PBS plus adjuvant [45]. These results were sup-
ported by independent studies that demonstrated decreased
behavioral impairment in Aβ-immunized PDAPP mice [46,
47]. In a subsequent study, Bard and colleagues showed that
passive transfer of Aβ antibodies from vaccinated mice to
transgenic PDAPP mice also reduced cerebral amyloidosis.
In that study, they observed punctate immunoreactivity for

Aβ that co-localized with activated microglia, and suggested
that Aβ plaque clearance was mediated by antibodies against
amyloid β-peptide that crossed the BBB and triggered
microglial cells through Fc receptor-mediated phagocytosis
[48]. While microglia are generally regarded as inefficient
Aβ phagocytes [11], Bard and colleagues suggested the
passive Aβ vaccine was somehow able to lure microglia into
phagocytosing Aβ antibody-opsonized plaques.

Based on encouraging results in mouse models, Elan
pharmaceuticals and Wyeth partnered to develop an Aβ
vaccine for use in humans. The drug, named AN-1792,
consisted of synthetic Aβ1−42 peptide in QS-21 adjuvant,
and a phase I trial did not reveal significant adverse effects
in a limited cohort of 80 subjects. The phase IIa trial was
halted prematurely, however, when four participants (∼5-
6% of study subjects) developed clinical signs consistent
with aseptic meningoencephalitis [49]. Shortly after the trial
was halted, a case report was published of a 72-year-old
woman who had a history of probable AD and had received
AN-1792 and responded with elevated Aβ antibody titers.
Upon histological examination, her brain showed extensive
areas of the neocortex with very few plaques and regions
devoid of plaques that had punctate immunoreactivity for
Aβ that often colocalized with phagocytic microglia. Such
results were consistent with previously published reports in
AD transgenic mice suggesting that the vaccine instigated
microglial clearance of Aβ [50]. A subsequent study of eight
participants who received immunization and developed Aβ-
specific antibodies showed clear evidence of amyloid plaque
removal but no effect of immunotherapy on prevention
of cognitive decline [51]. Together, these data suggest that
positive signal in mouse models of cerebral amyloidosis does
not always translate to human AD and, in the case of Aβ
immunotherapy, that careful preclinical toxicology in non-
human primates is critically important.

4.2. Evidence from Mouse Genetics Approaches. Previous
studies have shown elevated CD45 expression on reactive
microglia in AD brains compared with controls [52], and
our group investigated the role of CD45 in responsiveness of
microglia to Aβ peptides [53]. Because CD45 is a membrane-
bound protein-tyrosine phosphatase, we inhibited its func-
tion in the context of Aβ stimulation by cotreating primary
cultured microglia with a tyrosine phosphatase inhibitor
and Aβ peptides. This resulted in secretion of TNF-α and
nitric oxide that injured neurons in coculture conditions.
Furthermore, treatment with an agonistic CD45 antibody
markedly inhibited these detrimental effects via blocking
p44/42 mitogen-activated protein kinase, suggesting that
CD45 activation promotes beneficial, neuroprotective func-
tion of microglia. After stimulation with Aβ peptides,
primary cultured microglia from CD45-deficient mice exhib-
ited copious TNF-α release, nitric oxide production, and
neuronal injury, and brains from Tg2576 mice deficient
for CD45 had significantly increased production of TNF-
α compared with CD45-sufficient Tg2576 littermates. In
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more recent studies, we reported that CD45-deficient PSAPP
mice had increased abundance of soluble oligomeric and
insoluble Aβ (both extracellular and intracellular species),
increased TNF-α and IL-1β proteins, and neuronal loss
compared with CD45-sufficient PSAPP littermates [54].
These studies demonstrate that the cell surface marker CD45
promotes “good” microglial activation in the context of Aβ
challenge, likely by endorsing an Aβ phagocytic phenotype
that mitigates cerebral amyloidosis.

There are also studies demonstrating that proinflamma-
tory cytokines can promote beneficial neuroinflammation
that actually resolves cerebral amyloidosis in transgenic
mice. In one of the earliest reports, Shaftel and colleagues
studied the role of IL-1β in chronic neuroinflammation
and in AD by engineering an IL-1βXAT transgenic mouse
[55]. This model was constructed to overexpress IL-1β in
the CNS using the GFAP promoter. Following injection
of the FIV-Cre construct into hippocampi of these mice,
a STOP codon in the IL-1βXAT transgene is excised, thus
activating overexpression of IL-1β in a temporal and spatial
manner. In this mouse model, IL-1β expression led to
robust neuroinflammation characterized by activation of
astrocytes and microglia and induction of proinflammatory
cytokines. Moreover, when IL-1βXAT mice were crossed with
the APP/PS1 mouse model of AD and the hippocampi of the
resulting compound transgenic mice were injected with FIV-
Cre, those authors observed dramatically reduced amyloid
plaque pathology in the injected area of the brain. Addition-
ally, Shaftel and colleagues showed that IL-1β overexpression
caused an increase in the number of microglia overlapping
with amyloid plaques, an increase in Iba1 staining intensity,
and high levels of MHC II expression in the same cells.
These findings implicate IL-1β expression in activating a
“good” form of neuroinflammation in APP/PS1 mice, which
the authors suggested mediated enhanced phagocytosis of
amyloid plaques by activated microglia. However, their
studies do not rule out the role that other cell types might
have played in this scenario.

In another study, Chakrabarty and colleagues used
recombinant adeno-associated virus serotype 1 (rAAV1) to
express murine IFN-γ (mIFN-γ) in brains of the TgCRND8
mouse model of cerebral amyloidosis. Those authors demon-
strated the ability of this potent proinflammatory cytokine to
clear amyloid plaques [56]. Specifically, neonatal TgCRND8
mice injected with rAAV1-mIFN-γ in cerebral ventricles
were euthanized at 3 months of age for analysis. The
results showed widespread increased immunoreactivity for
both GFAP and Iba1 in their brains. In addition, brains
of these mice exhibited decreased levels of soluble Aβ and
Aβ plaque burden, and did not show evidence of altered
APP processing. Similar results were found after rAAV1-
mIFN-γ injection into hippocampi at 4 months of age and
pathological analysis 6 weeks later. Furthermore, mIFN-γ
expression in vivo resulted in significant up-regulation of
several microglial markers (e.g., MHC I, MHC II, CD11b,
and CD11c), suggesting a microglial phenotype reminiscent
of an antigen-presenting cell. Chakrabarty and colleagues
also demonstrated in in vitro studies that mouse microglia
primed with mIFN-γ had increased uptake of fluorescently

tagged Aβ1−42 aggregates compared to control microglia.
These results were not only restricted to mIFN-γ, as similar
studies from this group using IL-6 and TNF-α rAAV
approaches produced consistent findings [57, 58]. In contrast
to the findings of Qiao et al. outlined in the previous section,
DiCarlo and colleagues found that induction of multiple
proinflammatory molecules following a single intrahip-
pocampal injection of LPS into APP/PS1 transgenic mice
resulted in activated microglia but reduced Aβ plaque load
compared to saline-injected mice [59]. When taken together,
these results suggest that certain forms of proinflammatory
microglial activation are potentially beneficial for reducing
AD-like pathology in transgenic mouse models.

In a different experimental paradigm, Wilcock and
colleagues deleted the microglial proinflammatory nitric
oxide synthase 2 (NOS2) gene in the APPSwDI mouse model
of cerebrovascular amyloidosis. Those authors were able
to create a model with progressive amyloid pathology as
well as tau pathology and neuronal loss [60]. The authors
pointed out that a difference in nitric oxide (NO) production
between human and mouse microglia may be a key factor
in this result. As such, they hypothesized that lower levels of
NO production by human microglia create an environment
in which AD-like pathology is endorsed, whereas high levels
of NO (such as those produced by mouse microglia) are
neuroprotective. Therefore, the authors suggest that NOS2
deficiency creates a milieu that is conducive to AD pathology.
This study provides yet another interesting example of how
the context of the brain inflammatory milieu can determine
whether microglia play a beneficial or detrimental role in the
progression of AD-like pathology. All of the studies reviewed
suggesting beneficial actions of microglia are summarized in
Table 2.

5. Heterogeneous Microglial Activation States

As underscored by the studies reviewed above, it is becoming
more and more appreciated that microglial activation is not
simply a single phenotype. In fact, the most parsimonious
interpretation of the evidence thus far points to broad
heterogeneity of microglial activation states. But an open
question remains as to how to best define these various forms
of reactive microglia. On the one hand, an activation “contin-
uum” likely exists that makes delimiting discrete phenotypes
difficult [61]. A complementary view is that microglia exist
in at least three distinct activated forms in the context
of neuroinflammatory diseases: classical (proinflammatory)
activation, alternative (anti-inflammatory) activation, and
acquired deactivation [62, 63]. In the context of mouse
models of cerebral amyloidosis, it is now clear that microglia
exhibit a mixed pattern of activation, with elements of
both classical and alternative activation [62]. The picture is
further complicated by different populations of microglia
likely coexisting, each population with its own activated
phenotype. Clearly, one of the great challenges for the
field will be to define robust and informative markers
that predict functional outcomes of these heterogeneous
microglial activation phenotypes.
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Table 2: “Good” microglia in Alzheimer disease.

Publication(s) Type of study Observations

Martin et al., 2008 [41] Epidemiologic
No primary prevention of AD in an NSAID clinical trial; weak
evidence for lower cognitive scores in naproxen users.

Schenk et al., 1999 [45] Mouse models
Aβ immunotherapy mitigates β-amyloid plaque pathology in
PDAPP mice; phagocytic microglia colocalize with remaining
Aβ deposits.

Janus et al., 2000 [46];
Morgan et al., 2000 [47]

Mouse models
Behavioral impairment is reduced in Aβ-immunized TgCRND8
or APP/PS1 transgenic mice.

Bard et al., 2000 [48] Mouse models
Passive Aβ immunotherapy reduces cerebral amyloidosis in
PDAPP mice. Remaining Aβ deposits colocalize with phagocytic
microglia.

Nicoll et al., 2003 [50] Neuropathologic
AN-1792 Aβ immunotherapy results in striking reduction of
amyloid pathology; remaining plaques colocalize with
phagocytic microglia.

Tan et al., 2000 [53] Mouse models
Microglial CD45 negatively regulates microglial activation and
opposes activated microglia-induced neuronal cell injury.

Zhu et al., 2011 [54] Mouse models
Microglial CD45 endorses phagocytosis and clearance of Aβ
peptides and oligomers in PSAPP mice.

Shaftel et al., 2007 [55] Mouse models
Forcing brain IL-1β expression using IL-1βXAT transgenic mice
activates “good” neuroinflammation and dramatically reduces
amyloid plaque pathology in APP/PS1 mice.

Chakrabarty et al., 2010
[56]

Mouse models
Forcing cerebral IFN-γ expression leads to profound
neuroinflammation and clears amyloid plaques in TgCRND8
mice via microglial phagocytosis.

Chakrabarty et al., 2010
[57]

Mouse models
Overexpressing brain IL-6 leads to massive gliosis and clears
amyloid plaques in TgCRND8 mice via microglial phagocytosis.

Chakrabarty et al., 2011
[58]

Mouse models
Increasing cerebral proinflammatory TNF-α expression clears
amyloid pathology in TgCRND8 mice.

DiCarlo et al., 2001 [59] Mouse models
Acute intrahippocampal injection of LPS reduces Aβ plaque
load in APP/PS1 transgenic mice.

Wilcock et al., 2008 [60] Mouse models
APPSwDI mice deficient in proinflammatory NOS2 have tau
pathology and neuronal loss.

6. But Do Brain-Resident Microglia
Play Any Role at All?

While many of the studies cited above suggest that microglia
can be deleterious or beneficial in the context of AD-
like pathology depending on contextual cues, a recent
study suggests that brain-resident microglia do not play a
significant role in the formation, maintenance or clearance
of amyloid plaques. Mathias Jücker and colleagues used a
CD11b-tyrosine kinase/ganciclovir suicide gene approach to
kill microglia for two to four weeks in two different AD
mouse models (APP/PS1 and APP23) [64]. Selective ablation
of microglia in APP/PS1 transgenic mice did not result
in differences in total Aβ burden, plaque morphology, or
distribution of cerebral Aβ deposits. While it is possible that
ablation of brain-resident microglia for two to four weeks
is not sufficient time to observe a significant change in Aβ
plaque remodeling in transgenic mouse models of cerebral
amyloid deposition, this study implies that microglia are
not always primary players in the complex landscape of AD
pathobiology.

7. Hematogenous Macrophages

As mentioned earlier, CNS-exogenous hematogenous ma-
crophages have been suggested to play a role in the innate
immune responses in the brain. Independent studies from
the laboratories of Mathias Jücker and Serge Rivest have
shown limited infiltration of peripheral mononuclear cells
into the CNS of cerebral amyloidosis mouse models [65, 66].
Both studies demonstrated that bone marrow-derived cells
were spatially associated with amyloid plaques. While Stalder
and coworkers were not able to uncover evidence of amyloid
phagocytosis within these cells by electron microscopy,
Simard and colleagues presented convincing evidence of
amyloid deposits in GFP+ infiltrating mononuclear phago-
cytes. Further, these authors crossed APP/PS1 mice with
CD11b-tyrosine kinase mutant (TKmut30) transgenic mice in
which proliferating CD11b+ cells can be specifically ablated
by administering the antiviral drug ganciclovir. Using this
mouse model, the authors were able to convincingly show
that proliferating MHC II-positive peripheral mononuclear
phagocytes played an important role in restricting β-amyloid
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plaques. Another landmark study in this area was from the
group of Joseph El Khoury. By crossing mice deficient in
the chemokine receptor Ccr2 with the Tg2576 mouse model
of cerebral amyloidosis, they were able to demonstrate that
restriction of hematogenous microglia entry into the brain
led to increased plaque load [67].

These observations led to studies by our group investigat-
ing whether peripheral mononuclear phagocytes (hematoge-
nous macrophages) could be targeted to infiltrate into the
brain and militate against AD-like pathology. We engineered
a CD11c promoter-driven dominant-negative transforming
growth factor-beta (TGF-β) type II receptor transgene in
C57BL/6 mice (CD11c-DNR mice) [68], and were thus able
to genetically interrupt TGF-β and downstream Smad 2/3
signaling specifically on peripheral innate immune cells. We
crossed CD11c-DNR mice with the Tg2576 mouse model
of cerebral amyloid and evaluated behavioral impairment
and AD-like pathology [69]. Interestingly, doubly transgenic
mice showed up to 90% attenuation of brain parenchymal
and cerebrovascular amyloid deposits. Further, these ani-
mals exhibited partial amelioration of cognitive impairment
and reduced astrocytosis, effects that were associated with
increased infiltration of Aβ-containing peripheral mononu-
clear phagocytes in and around cerebral vessels and amyloid
plaques. We were also able to observe Aβ immunoreactivity
within the cytoplasm of these cells, suggesting that these
peripheral macrophages were actively clearing Aβ via phago-
cytosis. In addition, the peripherally-derived macrophages
displayed an anti-inflammatory CD45+CD11b+Ly-6C− cell
surface phenotype and secreted elevated levels of the canon-
ical anti-inflammatory cytokine, interleukin-10 [70, 71],
suggesting that the beneficial effect of reduced β-amyloid
did not come at the cost of increased brain inflamma-
tion. Additionally, we were able to demonstrate ∼3-fold
increased phagocytosis of Aβ by CD11c-DNR versus wild-
type macrophages ex vivo and similar effects in vitro with
pharmacologic inhibitors of TGF-β-Smad2/3 signaling, sug-
gesting that inhibition of TGF-β-Smad 2/3 signaling allows
for both peripheral mononuclear phagocyte recruitment
to brains of AD model mice and for phagocytic amyloid
removal.

8. Concluding Remarks

It is now becoming widely appreciated that there are nu-
merous forms of “activated” microglia, some of which are
detrimental, and others, beneficial (Figure 1). In this paper,
we have attempted to survey the state of the field with respect
to both “good” and “bad” forms of reactive microgliosis
in terms of AD-like pathology. A synthesis of the literature
only seems possible when considering context—the condi-
tions under which microglia encounter AD-like pathological
lesions. Specifically, a model emerges where microglia mount
different types of activated responses depending on whether
they encounter particular species of misfolded protein (Aβ
or perhaps even tau) and whether this innate recognition
occurs early on or after pathology is well-established. While
it is not yet clear how microglial cells differentiate between

“Good’’ microglia “Bad’’ microglia

IL-6
IL-1β

TNF-α
TGF-β
Cx3cr1
CD45

Inflammation
Phagocytosis↓

↑Inflammation
Phagocytosis

↓
↑

CD40L
Cx3cr1

Cdk5/p25
S100B

NO
•

Figure 1: “Good” versus “Bad” microglia in Alzheimer disease.
Illustration using 3D models of ramified “good” microglia and
ovoid “bad” microglia along with the array of immune molecules
that likely help to determine which activated form of microglia
will respond to AD-like pathological lesions. It is postulated that
microglial phenotype can interconvert between ramified and ovoid
functional states. The 3D images were generated using Imaris:
Bitplane 3D modeling software and are provided courtesy of David
Gate.

these various forms of pathogenic peptides and proteins, it is
likely that a varied set of immune molecules orchestrate these
complex innate immune responses. A deeper understanding
of these molecules, and specifically, which pathways lead to
beneficial responses to clear pathogenic misfolded proteins
in AD, will be key for harnessing these innate immune cells
to militate against neuropathology.
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There exists an urgent need for new target discovery to treat Alzheimer’s disease (AD); however, recent clinical trials based on anti-
Aβ and anti-inflammatory strategies have yielded disappointing results. To expedite new drug discovery, we propose reposition
targets which have been previously pursued by both industry and academia for indications other than AD. One such target
is the calcium-activated potassium channel KCa3.1 (KCNN4), which in the brain is primarily expressed in microglia and is
significantly upregulated when microglia are activated. We here review the existing evidence supporting that KCa3.1 inhibition
could block microglial neurotoxicity without affecting their neuroprotective phagocytosis activity and without being broadly
immunosuppressive. The anti-inflammatory and neuroprotective effects of KCa3.1 blockade would be suitable for treating AD
as well as cerebrovascular and traumatic brain injuries, two well-known risk factors contributing to the dementia in AD patients
presenting with mixed pathologies. Importantly, the pharmacokinetics and pharmacodynamics of several KCa3.1 blockers are well
known, and a KCa3.1 blocker has been proven safe in clinical trials. It is therefore promising to reposition old or new KCa3.1
blockers for AD preclinical and clinical trials.

1. Repositioning an “Old,” Non-AD Specific
Target for AD Therapy

All currently FDA-approved drugs for Alzheimer’s disease
(AD), the three acetylcholinesterase inhibitors Aricept, Raza-
dyne, and Exelon, and the N-methyl-D-aspartate receptor
antagonist, Namenda, only treat the symptoms of AD
and cannot hold its progression. There therefore exists an
urgent need for new target discovery to treat AD. The
main approaches for AD drug discovery tend to focus on
AD-specific molecular targets, such as those involved in
the generation and aggregation of amyloid-β protein (Aβ).
Several such targets have been investigated and have driven
developments of therapeutic reagents showing impressive
preclinical efficacy. However, very few of these developments
have resulted in target validation in humans or successful
translation to disease-modifying therapies [1].

These setbacks could still be overcome [2], but, in our
view, should prompt pursuit of alternative approaches to
target molecules that are not AD specific, which could
provide additional chance of success. There are two major
approaches under this category: either one could devise a
broadly neuroprotective compound that is useful for many
CNS indications, or one could “reposition” an existing
target which has been previously pursued by both industry
and academia for other indications and therefore is better
understood. The former approach makes sense because
it is increasingly obvious that AD is caused by multiple
converging insults related but not specific to AD rather
than by a single cascade pathway [3, 4]. This, in our view,
is perhaps one of the reasons for failures of clinical trials
targeting AD-specific pathways. We need to recall that the
overwhelmingly major risk factor for AD is aging, and
aging is certainly a multifactorial process. In addition, in
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reality, “pure AD” is relatively uncommon; most demented
individuals show multiple pathologies including Lewy body
pathology, TDP-43 pathology, and cerebrovascular diseases
(CVDs), in addition to the traditional AD-type amyloid
plaques and neurofibrillary tangles [5, 6]. In particular, the
combination of CVD and AD commonly called “mixed
dementia,” accounts for most dementia cases in community-
dwelling older persons [7]. Approximately 60 to 90% of
individuals with AD also have vascular brain pathologies
[8]. Drugs specifically targeting pure AD pathologies may
not address these common comorbidities, while broadly
neuroprotective compounds could perhaps better address
the downstream common pathways leading to synaptic
and neuronal dysfunction. As an example, recently the
Schubert group developed a drug screening procedure that is
based upon old age-associated pathologies without requiring
preselected molecular targets. The panel of screening assays
was able to identify compounds that protect neurons from
loss of trophic support, oxidative stress, aberrant energy
metabolism, and amyloid toxicity. They subsequently iden-
tified a lead compound that showed promising effects in
enhancing the memory performance of a transgenic AD
mouse model [9]. Because the targets of this compound,
although unknown, are not restricted to the AD-related
amyloid toxicity pathway, this compound also facilitated
memory in normal rodents. Viewed as a “memory enhancer,”
this compound is predicted to be useful in other CNS
indications affecting memory.

Our own approach, being reviewed here, is to reposition
a target, KCa3.1, which has been pursued for both non-CNS
and CNS indications for years, for AD therapy. We have to
keep in mind that on average it currently takes at least 15
years and $1.5 billion to bring a drug for a major indication
like AD to market. As an example, for more than a decade,
remarkable efforts and resources have been devoted to anti-
Aβ strategies based on the widely accepted amyloid cascade
hypothesis [10]. However, results from several clinical trials
are disappointing, for a multitude of reasons. In essence,
Golde et al. pointed out that none of the putative anti-
Aβ agents that have failed in pivotal phase 3 trials were
optimal or even optimized agents within their class of anti-
Aβ therapeutics [2]. They were hampered by low potency,
poor brain penetration, and significant mechanism-based
toxicity (such as from the nonselective action of γ-secretase
inhibitors to block physiological functions), illustrating the
practical difficulties of translating a brand new target to
a new clinically useful drug. In addition, toxicity or poor
tolerance during clinical trials is a common reason leading
to failure of a new compound. It is therefore advantageous
to reposition known targets, for which a wealth of pharma-
cological knowledge has been accumulated, and safety has
been demonstrated in clinical trials. For these old targets,
there typically exist useful pharmacological tool compounds
that can be quickly resynthesized, evaluated in animal models
to obtain proof-of-concept, and then optimized for specific
properties such as brain penetration. This approach should
expedite new drug development which is currently urgently
needed for AD.

2. Three Criteria for Developing a
“Pathway-Selective” Inhibitor of
Microglial Activation for
Anti-Inflammatory Therapy

Neuroinflammation and associated neuronal dysfunction
mediated by activated microglia play an important role
in the pathogenesis of AD [14]. Microglia, the resident
macrophages and major mediator of neuroinflammation
in the brain, can be activated by a variety of pathologic
stimuli including the amyloid aggregates formed by amyloid-
β protein (Aβ) [15–17]. Although microglia were initially
noted to be abundantly present around amyloid plaques
[18] and thought to be involved in plaque formation,
recent positron emission tomography studies of patients with
mild cognitive impairment (MCI) concluded that microglia
activation occurs even before plaque and tangle formation
[19] and is correlated with early cognitive deficits [20].
Although the exact stimuli that induce pathologic activation
of microglia await further study, our recent results suggest
that soluble Aβ oligomers (AβOs), the small and early-
stage amyloid aggregates could be a potent stimulus [17]. A
reasonable assumption is that multiple stimuli converge to
cause microglial dysfunction and aberrant activation, thus
aggravating microglia-mediated neurotoxicity and reducing
their neuroprotective capacity. Indeed, a variety of life events,
such as trauma, infection, stroke, metabolic disorders, and
network hyperexcitability (epileptic seizures), have been
implicated in contributing to the development of AD.
Notably, all these conditions invariably activate microglia.
Activated microglia release cytotoxic substances and proin-
flammatory cytokines to cause neuronal damage and age-
associated microglial dysfunction [17, 21–23]. Above all,
aging is perhaps the major risk and a prerequisite for “patho-
logic activation” that prevents microglia from performing the
intended neuroprotective and repair functions [24, 25].

Irrespective of the events causing neuroinflammation
in AD, curbing the harmful proinflammatory response of
microglia activation is a reasonable approach toward pre-
vention or therapy of AD. However, despite abundant pre-
clinical evidence of their benefit, various anti-inflammatory
approaches have not proven successful in clinical trials
for a multitude of reasons. The most widely tested anti-
inflammatory agents are the nonsteroidal anti-inflammatory
drugs (NSAIDs). NSAIDs show multiple beneficial effects on
preclinical cell culture and animal models of AD, although
the exact molecular targets mediating these effects are not
known. Unfortunately, results from several clinical trials
are disappointing [26], partly due to inadequate CNS drug
penetration of existing NSAIDs, suboptimal doses, unknown
molecular targets (therefore unknown pharmacodynamics),
and toxicities. For example, a recent large-scale AD preven-
tion trial with NSAIDs, including naproxen and celecoxib,
was stopped early because of drug safety concerns. Despite
this, these setbacks should prompt investigations to develop
novel anti-inflammatory agents with known specific targets,
satisfactory CNS penetrance, and low toxicities.

We also have to consider that microglial activation can be
neuroprotective through the release of neurotrophic factors
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Figure 1: KCa3.1 regulates microglial activation by modulating Ca2+ influx. AβO initiates an increase of intracellular Ca2+ either directly by
forming a Ca2+-permeable membrane pore (AβO-Ca2+ pore) [11, 12] or indirectly through interaction with a receptor (tentatively termed
AβO-R). Intracellular Ca2+ activates KCa3.1 to induce K+ efflux. The resulting hyperpolarisation provides the driving force for Ca2+ entry
through store-operated inward-rectifier calcium channels like CRAC, thus sustaining the Ca2+ signal necessary for selective Ca2+ activated
pathways. One example illustrated here is iNOS activation and nitric oxide (NO) production to cause microglia-mediated neurotoxicity.

and by phagocytosing Aβ and debris from degenerated
neurons [14, 23]. Any anti-inflammatory therapies for
AD should take these dichotomous microglial functions
into consideration [23]. This constitutes our criteria no.1
for microglia-targeted therapy in AD: the therapy should
maintain microglial ability to migrate and clear Aβ, while
inhibiting their release of neurotoxic mediators. Recent
evidence suggests that this could be achieved by control-
ling the activities of specific pathways that can modulate
certain aspects of microglia activation. Proposed approaches
include modulation of the peroxisome proliferator-activated
receptor-γ (PPAR-γ) [14] and the E prostanoid receptor
subtype 2 [27]. Evidence obtained from our laboratory
and from other groups strongly suggests blockade of the
calcium-activated K+ channel KCa3.1 as another promising
approach that could curb inflammatory brain pathologies
while preserving microglial migration and phagocytosis [13,
17, 28–30].

Two additional criteria for an anti-inflammatory drug for
AD therapy are: criteria no.2, it should be relatively specific to
microglia to avoid adverse neuronal effects and criteria no.3,
it should not be broadly immunosuppressive. We will review
evidence supporting that KCa3.1 is a suitable therapeutic
target for AD using the above three criteria.

3. KCa3.1 as a Microglia-Selective
Target in CNS

K+ channels are encoded by a super-family of 78 genes [31]
and are involved in diverse physiological and pathological
processes [32]. K+ channels accordingly already serve as drug
targets for cardiac arrhythmia, type-2 diabetes, and epilepsy
and have been proposed as potential targets for various
neurological diseases such as multiple sclerosis, Parkinson’s
disease, stroke, pain, schizophrenia, and migraine. Two K+

channels, the calcium-activated KCa3.1 (also known as IK1,
SK4 or KCNN4) and the voltage-gated Kv1.3, play important
roles in microglia activation by modulating Ca2+ signaling
and membrane potential. Similar to T cells, where their

roles have been studied in much more detail [33], K+

efflux through microglial KCa3.1 and Kv1.3 helps maintain
a negative membrane potential for Ca2+ influx through the
store-operated inward rectifier calcium channel CRAC (Ca2+

release activated Ca2+ channel) (Figure 1). However, the two
K+ channels appear to be differentially expressed following
immune cell activation and differentially modulate cytokine
production and cellular proliferation in different T and B
cell subsets. While Kv1.3 is primarily important in CCR7−

effector memory T cells and class-switched IgD−CD27+ B
cells, CCR7+ T cells and IgD+ B cells rely on KCa3.1 for
part of their calcium-signaling and activation events [34–
37]. In microglia, KCa3.1-mediated control of Ca2+ entry
has been shown to be involved in oxidative burst, nitric
oxide production, and microglia-mediated neuronal killing,
including that induced by Aβ oligomer (AβO) [17, 28, 38,
39].

Although no human diseases involving KCa3.1 muta-
tions have been described so far, KCa3.1 constitutes a
very attractive and (in some cases) relatively well-validated
drug target for diseases or conditions ranging from sickle
cell disease, restenosis, and atherosclerosis to asthma and
traumatic brain injury (see [40] for a recent review). KCa3.1
channels are widely expressed throughout the body and
primarily found in hematopoietic-derived cells including
macrophages/microglia. A significant advantage of KCa3.1
channels as a therapeutic target for CNS indications is that
expression seems to be restricted to hematopoietic-derived
cells and peripheral tissues such as secretory epithelial,
fibroblasts, and proliferating neointimal smooth muscle cells
[40], but the channels have been found to be absent from
excitable tissues such as neurons and cardiomyocytes [41–
43]. KCa3.1 channels appear also not expressed in astrocytes.
However, evidence shown in a recent article by Bouhy et al.
suggests expression of KCa3.1 in reactive astrocytes in the
spinal cord of a mouse spinal cord injury model, although
only one anti-KCa3.1 antibody was used in immunohisto-
chemistry [30]. We feel that this is clearly not the case for
the forebrain, based on previously published gene expression
data [41, 43]. Our own experiments using several polyclonal
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Table 1

Structure Pharmacokinetics/pharmacodynamics/safety Development status

N
N

Cl

Clotrimazole
(1) KCa3.1 IC50 70–250 nM
(2) Acute inhibition and chronic induction of cytochrome P450-dependent

enzymes
(3)Liver toxic

Topical antifungal generally
regarded as too toxic for
internal use

N

N
Cl

TRAM-34
(1) KCa3.1 IC50 20 nM
(2) No toxicity in 28-day and 6-month tox studies in rodents
(3) t1/2= 2 hours (rats, primates)
(4) Cbrain/Cplasma1.2
(5) Not orally available

Patented by the University
of California WO 01/49663
(2001)

F

F

O

NH2

ICA-17043 (senicapoc)
(1) KCa3.1 IC50 11 nM
(2) Orally available in humans
(3) t1/2= 12.8 days (humans)
(4) IND enabling preclinical toxicity studies in two species

Failed to reduce number of
sickling crisis in Phase-3
clinical trial for sickle cell
anemia after having been
found safe and effective in
Phase-1 and Phase-2
Developed at Icagen

O

O

Cl

H3COOC

CF3 Cyclohexadiene lactone
(1) KCa3.1 IC50 8 nM
(2) Cbrain/Cplasma10
(3) Used for traumatic brain injury studies [13]

Compounds seem to have
been abandoned when
Bayer pulled out of stroke
research
Patented by Bayer AG
Germany, DE-9619612645
(1997)

and monoclonal anti-KCa3.1 antibodies to stain sections
from models of AD (unpublished results) and stroke [29]
show that KCa3.1 is substantially upregulated in activated
microglia, but not in astrocytes. We therefore feel that we
can perhaps conclude that the major parenchymal cells in
the cerebrum in which KCa3.1 channels play a significant
role are microglia, and in some pathological conditions,
invading macrophages. Therefore, it is reasonable to assume
that a CNS-permeating KCa3.1 blocker would have relatively
selective actions on microglia and would avoid adversely
affecting neuronal functions.

4. KCa3.1 Blockers Are Neuroprotective

Recognizing the important role of KCa3.1 in regulating
immune cell functions, Wulff et al. synthesized a specific
KCa3.1 blocker called TRAM-34 using as a template the
antimycotic clotrimazole, which is a potent but poorly
tolerated KCa3.1 inhibitor [44]. TRAM-34 (IC5020 nM)
is currently the most widely used pharmacological tool
compound for studying the pathophysiology of KCa3.1
because of its high selectivity over other K+ channels and
its availability to academic researchers. Table 1 shows the
structures of TRAM-34 and several other KCa3.1 blockers
developed by pharmaceutical companies and summarizes
pharmacokinetic, safety, and development information. For
more extensive reviews on KCa3.1 pharmacology, interested
readers are referred to two review articles [40, 45].

TRAM-34 has been tested in various animal models,
including optic nerve transaction [28], middle cerebral
artery occlusion [29], traumatic brain injury [13] and
restenosis [46] in rats; traumatic spinal cord injury [30],
atherosclerosis [47], and inflammatory bowel disease [37]
in mice; and angioplasty in pigs [48]. In particular, the
following in vivo observations taken together provide strong
evidence that KCa3.1 inhibitors can curb brain inflammation
and provide neuroprotection.

(1) Our own group recently demonstrated that TRAM-
34 inhibits AβO-induced microglia activation and
microglia-mediated neuronal toxicity [17].

(2) Our group further showed that TRAM-34 inhibits
microglia activation and reduces infarct area and
neurological deficit scores in a rat model of ischemic
stroke even if treatment is commenced 12 h after
reperfusion [29].

(3) The Schlichter group showed that TRAM-34 reduces
retinal ganglion cell degeneration after optic nerve
transection in rats [28]. Interestingly, KCa3.1 block-
ade did not prevent microglia from aligning with
damaged axons or from phagocytosing damaged
neurons, but increased the number of surviving
retinal ganglion cells presumably by reducing the
production and/or secretion of neurotoxic molecules
in the retina [28]. This could possibly be explained by
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the observation that the Ca2+ influx during phagocy-
tosis appears to be mediated through reverse mode
Na+/Ca2+ exchange [49] and not through KCa3.1-
regulated CRAC channels, supporting the “pathway-
selective” nature of KCa3.1 inhibition.

(4) The David group showed that TRAM-34 reduces the
secondary damage and improves locomotor function
in a mouse model of spinal cord injury in a dose-
dependent manner [30].

(5) Scientists at Bayer demonstrated that two structurally
different KCa3.1 inhibitors, a triarylmethane and a
cyclohexadiene (Table 1), reduced infarct volume and
brain edema following traumatic brain injury caused
by acute subdural haematoma in rats [13].

(6) Scientists at Schering resynthesized TRAM-34 and
showed that it treats MOG-induced experimental
autoimmune encephalomyelitis in mice by reducing
the production of the inflammatory cytokines INF-γ
and TNF-α in the brain and spinal cord [50].

5. Targeting KCa3.1 Could Ameliorate
AβO-Induced Neuronal Damage

AβOs, the small soluble and diffusible aggregates of Aβ
peptides, were initially considered transient or metastable
intermediates in fibril formation [51]. However, some of
them may not be obligate intermediates in the fibril forma-
tion pathway and can be stable [52, 53]. Importantly, recent
in vitro and in vivo studies have revealed that the buildup of
soluble AβO may be an early and central event in the patho-
genesis of AD [54–57]. The strong and rapidly disruptive
effect of AβO on synaptic plasticity and neuronal integrity
is hypothesized to cause memory problems in AD and is
generally attributed to their direct neuro- or synaptotoxicity
[10]. However, one plausible but less studied possibility is
that AβO activates microglia and causes indirect, microglia-
mediated neuro- and synaptotoxicity. Recently we found
that AβO, either assembled in vitro from synthetic Aβ1-
42 peptide or isolated from AD brains, is a highly potent
activator of microglia [17]. Although the mechanism mediat-
ing AβO-induced microglia activation and the exact pattern
of activation are still under investigation, a particularly
interesting observation is that this mode of microglia activa-
tion and related neurotoxicity are dependent on microglial
KCa3.1. We found that TRAM-34 blocked AβO-induced
microglia proliferation, p38MAPK phosphorylation, NFκB
activation, and nitric oxide generation. We further showed
that the neurotoxic effects of low concentrations of AβO
(10–50 nM) applied to mixed microglia-neuron cultures
or organotypic hippocampal slices were almost completely
blocked by cotreatment with TRAM-34, another microglial
activation inhibitor doxycycline, and inhibitors of iNOS.
This set of results suggests that AβO, although generally
considered a neurotoxin, may more potently cause indirect
neuronal damage by activating microglia in AD. Consistent
with this notion, a previous study showed that the inhibition
of NMDA receptor-dependent long-term potentiation by

soluble Aβ can be prevented by minocycline, a microglia
activation inhibitor in the same class as doxycycline, and
iNOS inhibition to reduce nitric oxide production from
microglia [58]. Taken together, these results suggest that
KCa3.1 blockers could potentially also inhibit microglial
neurotoxicity and thus preserve memory in AD.

6. Targeting KCa3.1 Could Also
Effectively Address Cerebrovascular
and Traumatic Comorbidities in AD

As discussed above, cerebrovascular insults and traumatic
brain injuries are significant comorbidities in AD. In
addition to clinically apparent strokes, carotid, vertebral,
and intracranial vascular stenosis can cause chronic cere-
bral hypoperfusion, microinfarcts, and lacunar infarcts,
contributing to dementia. These vascular and traumatic
pathologies cannot possibly be addressed by AD-specific
therapies, such as antiamyloid drugs or vaccines. The well-
documented beneficial effects of KCa3.1 blockers in models
of ischemic stroke [29], traumatic brain injury [13], and
atherosclerosis [47], which primarily seem to be mediated
through inhibition of detrimental microglia/macrophage
function, considerably add to KCa3.1

′
s attractiveness as a

novel target for treating the dominant group of AD patients
presenting with both degenerative and vascular pathologies.
KCa3.1 is further expressed in dedifferentiated, proliferative
vascular smooth muscles cells, which, as Köhler et al. showed,
switch from their normal KCa1.1 (BK) channel expression to
KCa3.1 expression following balloon catheter injury. In keep-
ing with a role of KCa3.1 in driving aberrant smooth muscle
cell proliferation, TRAM-34 prevents vascular restenosis in a
rat model [46]. These findings were more recently confirmed
by a study in which coating of TRAM-34 onto balloon
catheters significantly reduced restenosis in pigs, which very
closely resemble humans with respect to postangioplasty
restenosis [48]. A similar increase in KCa3.1 expression
was found in coronary vessels from patients with coronary
artery disease and in aortas from ApoE−/− mice, suggesting
that KCa3.1 is involved in atherogenesis. KCa3.1 blockade
with TRAM-34 prevented atherosclerosis development in
ApoE−/− mice by reducing smooth muscle cell proliferation
and macrophage infiltration into atherosclerotic plaques
[47]. Furthermore, TRAM-34 administration reduced the
inflammatory neurotoxicity and infarct areas in the wake
of ischemic stroke, even when the first dose was applied
at 12 hours after reperfusion. This was accompanied by a
dose-dependent improvement in neurological deficit score,
a reduction in the number of ED1+ activated microglia and
an increase in NeuN+ surviving neurons [29].

7. KCa3.1 Blockers Are Mild
Immunosuppressants and Are
Relatively Safe

The promise of KCa3.1 as a therapeutic target for AD
is further strengthened by the observations that KCa3.1
blockers are very mild immunosuppressants that do not
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reduce the ability of rodents to clear viral infections like
flu [47]. In addition, genetic or pharmacological blockade
of KCa3.1 seems relatively safe and well tolerated. Two
independently generated KCa3.1−/− mice were both viable,
of normal appearance, produced normal litter sizes, did
not show any gross abnormalities in any of their major
organs, and exhibited rather mild phenotypes: impaired
volume regulation in erythrocytes and lymphocytes [59],
a reduced EDHF (endothelium derived hyperpolarizing
factor) response together with a mild ∼7 mmHg increase
in blood pressure [60], and subtle erythrocyte macrocytosis
and progressive splenomegaly [61]. A 28-day toxicity study
with TRAM-34 in mice resulted in no observable changes
in blood chemistry, hematology or necropsy of any of the
major organs [47]. A subsequent 6-month toxicity study
with TRAM-34 in rats also did not find any changes in the
same parameters and also did not report any increases in
susceptibility to viral or bacterial infections [29]. Senicapoc,
a KCa3.1 blocker structurally similar to TRAM-34 (see
Table 1), was safe and well tolerate, in a Phase-1 clinical
trial in healthy volunteers [62] and was afterwards found
to significantly reduce hemolysis and increase hemoglobin
levels in a 12-week, multicenter, randomized double-blind
Phase-2 study in sickle cell disease patients [63]. However, in
a subsequent Phase-3 study, which was designed to compare
the rate of acute vasoocclusive pain crisis occurring in
sickle cell disease patients, Senicapoc failed to reduce this
desired clinical endpoints despite again reducing hemolysis
and increasing hemoglobin levels and not inducing any
significant adverse events (see [40] for a more extensive
discussion of the clinical experiences with KCa3.1 blockers).

8. Conclusion: Microglial KCa3.1 Is
a Promising Target for AD

Concluding the above discussion, we here propose that
microglial KCa3.1 is a promising therapeutic target for AD
because KCa3.1 blockade comes close to fulfilling three cri-
teria we set for anti-inflammatory therapy. Using the specific
KCa3.1 inhibitor TRAM-34 as a pharmacological tool com-
pound, proof-of-concept studies have shown that KCa3.1
inhibition can reduce AβO-induced microglial neurotoxicity
and protect neurons in other non-Aβ neuronal injury models
by reducing the production of neurotoxic proinflammatory
mediators while preserving the neuroprotective functions
of microglia, such as migration and phagocytosis. This
“pathway-selectivity” is likely due to the ability of KCa3.1 to
“fine-tune” the pattern of microglial activation by selectively
regulating various Ca2+-activated signaling pathways. Due to
its demonstrated effects on models of CVD and traumatic
brain injuries, two well-known risk factors for AD, KCa3.1
inhibition could offer additional therapeutic benefits for
mixed pathologies commonly seen in AD patients. KCa3.1
blockade by either pharmacological inhibition or genetic
knockout only resulted in minimal immunosuppression.
Importantly, a KCa3.1 blocker has been proven safe in clinical
trials. Therefore, it is promising to either directly reposition
existing KCa3.1 blockers for AD preclinical proof-of-concept
studies and subsequent clinical trials and/or make efforts to

optimize existing or newly-discovered compounds for oral
availability and brain penetration in order to expedite drug
development for AD.
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Alzheimer’s disease (AD) is increasing in prevalence with the aging population. Deposition of amyloid-β (Aβ) in the brain of AD
patients is a hallmark of the disease and is associated with increased microglial numbers and activation state. The interaction of
microglia with Aβ appears to play a dichotomous role in AD pathogenesis. On one hand, microglia can phagocytose and clear Aβ,
but binding of microglia to Aβ also increases their ability to produce inflammatory cytokines, chemokines, and neurotoxic reactive
oxygen species (ROS). Scavenger receptors, a group of evolutionally conserved proteins expressed on the surface of microglia act as
receptors for Aβ. Of particular interest are SCARA-1 (scavenger receptor A-1), CD36, and RAGE (receptor for advanced glycation
end products). SCARA-1 appears to be involved in the clearance of Aβ, while CD36 and RAGE are involved in activation of
microglia by Aβ. In this review, we discuss the roles of various scavenger receptors in the interaction of microglia with Aβ and
propose that these receptors play complementary, nonredundant functions in the development of AD pathology. We also discuss
potential therapeutic applications for these receptors in AD.

1. Microglia and Alzheimer’s Disease Pathology

Alzheimer’s disease (AD) is a devastating neurological con-
dition characterized by increasing memory loss, inability
to perform daily tasks, and eventually dementia. This fatal
condition currently has no cure, and by 2050, 13 million
people in the United States are projected to be affected by
the disease [1]. AD brains show deposition of the protein
amyloid-β (Aβ) in senile plaques [2], this protein is produced
by cleavage of APP (amyloid precursor protein), by the
enzymes β-secretase and γ-secretase [3]. Aβ accumulates in
soluble form and also undergoes conformational changes to
become fibrillar, microglia interact with both soluble and
fibrillar forms of Aβ [4–6].

In addition to Aβ accumulation during the development
of AD, tau protein also accumulates in neurofibrillary tangles
(NFT) in cell bodies of neurons [7] and apical dendrites
[8]. Tau is a microtubule-associated protein that segregates
into axons and stabilizes their microtubules. In AD, tau
dissociates from the microtubules and begins to accumulate

in the somatodendritic compartment of the axon, a process
which is not fully understood [9]. Tau contains a high num-
ber of phosphorylation sites and upon phosphorylation dis-
sociates from the microtubules, as observed in AD [10]. Tau
protein then undergoes conformational changes which form
fibrils [11]. NFT could possibly activate microglia which
may prove deleterious for the surrounding neurons and con-
tribute to disease progression, however, little is known about
the NFT mechanism of action [12].

Microglia are the major phagocytic cell of the brain and
become activated upon encountering Aβ [6] and can release
chemokines and cytokines into their environment [13].
Microglia are believed to initially clear Aβ deposits, but as the
disease progresses, they produce proinflammatory cytokines,
chemokines, and reactive oxygen species (ROS) and lose their
ability to clear Aβ [14], and despite increased numbers of
microglia in the AD brain, the plaques continue to increase in
size and number [15]. This inflammatory environment ulti-
mately becomes toxic to the surrounding neurons, resulting
in neuronal degeneration and disease progression [16].
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Scavenger receptors bind many ligands with high affinity,
including Aβ [4, 17], and have been shown to be expressed
on microglia surrounding Aβ plaques in the brain [18].
This review will focus on the role of scavenger receptors in
AD development and discuss efforts to examine scavenger
receptors as targets for therapy.

2. What Are Scavenger Receptors (SRs)?

Several families of pattern recognition receptors (PRR) have
been identified including the well-defined and extensively
studied Toll-like and Nod-like receptors (TLR and NLRs).
In addition to these proteins, the scavenger receptor (SR)
family represents another major class of PRR. SRs were first
described in 1979 by Brown and Goldstein as macrophage
receptors that mediate endocytosis of modified low-density
lipoprotein (LDL) leading to foam cell formation and were
shown to play a role in the pathogenesis of atherosclerosis
[19, 20]. Since then, the definition of SRs has been broad-
ened: SRs are defined as a family of molecules that share the
ability to bind polyanionic ligands. This simple definition
belies the importance of SRs as PRRs-SRs are archetypal
multifunctional receptors, often able to bind ligands of both
pathogen and self-origin. These receptors are teleologically
ancient pathogen receptors, emphasizing their important
role in host defense. However, while the critical roles SRs
play in atherosclerosis and host defense against a variety
of pathogens is well characterized, the exact role of these
receptors in the pathogenesis of neurodegenerative disorders
including AD is not clearly understood.

3. Classification of SRs

SRs are structurally unrelated membrane receptors that
are highly expressed by phagocytes such as macrophages,
dendritic cells, and microglia, and also found on selected
endothelial cells (Figure 1). To date, the SRs family has been
classified into 6 classes but additional members of this family,
like CD163, RAGE, and SR-PSOX (scavenger receptor that
binds phosphatidylserine and oxidized lipoprotein) remain
unclassified. SRs are defined by their common ability to
bind polyanionic ligands with high affinity and have broad
specificity. SRs cooperate with the other innate immune
PRRs like the TLRs to define pathogen-specific responses
[21]. However, unlike the TLRs and NLRs, SRs facilitate
ligand uptake by phagocytosis and endocytosis [22].

4. Class A Scavenger Receptors (SCARA)

SCARA are required for host defense against several bac-
terial and viral pathogens: SCARA-1 is an arrangement of
three coiled extracellular regions with cysteine-rich domains
connected to the plasma membrane by a long fibrous stalk
composed of an alpha-helical coiled coil and a collagen rich
triple helix which is believed to bind ligands through the
collagen-like domain [23–25] (Figure 1). SCARA-1 exem-
plify this family of multiligand receptors, in addition to
binding to modified lipoproteins, lipopolysaccharide (LPS),
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Figure 1: Structural diversity of the scavenger receptors. SCARA
have a collagen-like domain believed to be their ligand-binding
domain. CD68 has a mucin-like domain; LOX-1(oxidized-low
density lipoprotein (lectin-like) receptor-1) (SCARE) has a C-type
lectin domain and binds oxidized LDL. SCARF (scavenger receptor
class F) has multiple extracellular EGF-like repeats.

[26] and lipoteichoic acid (LTA) [27, 28], we and others
have shown that SCARA-1/2 also bind fibrillar β-amyloid
and advanced glycosylation end products (AGEs) [4, 25].
SCARA-1/2 mediate phagocytosis of infectious organisms
like Staphylococcus aureus [28] and Neisseria meningitides
[29] and also mediate clearance of apoptotic thymocytes
[30]. Because of their broad ligand specificity, SCARA-1/2
contribute to resistance to gram-positive and gram-negative
microbial infections and some viral infections in vivo, and
SCARA-1/2 null mice succumb to S. aureus, and Herpes
simplex infections faster than normal mice [28, 31]. In
addition, SCARA-1/2 null mice also demonstrate increased
susceptibility to LPS-induced shock, [32] suggesting a poten-
tial role in regulating the endotoxin response.

4.1. SCARA Role in Alzheimer’s Disease. Murine microglia
bind and phagocytose Aβ via SCARA1. Studies using a
transgenic mouse model of AD expressing the human form
of Aβ, and developing Aβ plaques in the brain over time
[33] showed an increased level of SCARA-1 on microglia
around Aβ plaques [34]. Microglia isolated from human
brains were also able to bind to and ingest Aβ via SCARA-
1 [35]. Additional evidence that SCARA-1 is an impor-
tant phagocytic receptor for Aβ comes from studies using
microglia from SCARA-1 knock-out mice. SCARA-1 knock-
out microglia isolated from these animals showed a 60%
decrease in the ability to take up amyloid-β compared with
wild-type cells [36]. These results suggest that in addition to
SCARA-1, other receptors may be involved in clearance of
Aβ by microglia. Since SCARA-1 is involved in clearance of
Aβ, from a therapeutic standpoint, it may be beneficial to
upregulate expression of this receptor on microglia thereby
increasing the ability of these cells to clear Aβ.

Another SCARA that has been shown to interact with
Aβ is the macrophage scavenger receptor with collagenous
structure (MARCO). MARCO is a SCARA family member
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but is encoded by a distinct gene from SCARA-1/2. Impor-
tantly, MARCO and SCARA1/2 have both common and
distinct ligands [37, 38]. MARCO is expressed on cultured
neonatal rat microglia and is also a receptor for Aβ [39].
It is not known if MARCO is expressed in microglia in the
AD brain. By coimmunoprecipitation, MARCO has been
shown to form a complex with formyl peptide-receptor-like
1 (FPRL1) upon encountering Aβ. Intracellular signaling via
ERK 1/2 and inhibition of cAMP is then initiated through
FPRL1 which may play a part in decreasing the inflammatory
response mediated through MARCO in microglia [40].

5. Class B Scavenger Receptors (SCARB)

SCARB are also important in the innate host response to
bacterial and fungal pathogens. The B class receptors are
characterized by the presence of membrane-spanning N and
C termini and a large extracellular loop [41] (Figure 1).
CD36 (SCARB-2), the first classified SCARB was initially
identified as a receptor for thrombospondin [42] and
for malaria parasitized erythrocytes [43]. Endemann and
colleagues subsequently identified CD36 as the “second”
modified lipoprotein receptor [44], the first receptor being
SCARA-1/2. By virtue of their ability to bind HDL and act
as fatty acid transporters, CD36 and SCARB-1 play major
roles in cholesterol metabolism [45–47]. CD36 also binds
and internalizes S. aureus and is required for protection
against this pathogen [21]. Recently, we have uncovered a
novel role for CD36 as a receptor for β-glucan [48]. We also
found that CD36 and its C. elegans ortholog play a major role
in host defense to opportunistic infections with pathogenic
yeast such as Candida albicans and Cryptococcus neoformans.
Interestingly, SCARB-1 act as a coreceptor for the hepatitis C
virus and may play a role in viral pathogenesis of hepatitis
C [49, 50]. In addition to binding to microbial ligands,
CD36 binds several modified “self” antigens including AGE-
modified proteins involved in the pathogenesis of vascular
complications of diabetes [51].

5.1. SCARB Role in Alzheimer’s Disease. Scavenger receptor
B1 (SCARB-1) is a receptor for Aβ on microglia. A study
by Husemann et al. [52] proposed that SCARB-1 is devel-
opmentally regulated and was not found on microglia in
adult human brain and was only expressed on astrocytes.
In a mouse model of AD, a reduction in SCARB-1 protein
expression increased Aβ plaque deposition had no effect
on microglial accumulation around Aβ plaques and in fact
worsened cognitive defects in learning and memory [53].

CD36/SCARB-2 is also expressed on microglia and a
receptor for amyloid-β [54]. Intracellular signaling through
CD36 is activated upon Aβ binding and activates microglia
to produce cytokines and chemokines that induce microglial
migration [55]. CD36 knock-out microglia have less Aβ-
mediated activation and reduced chemokines and cytokine
production compared with wild-type cells. Injection of Aβ
into CD36 knock-out mouse brains induced less accumula-
tion of microglia compared with wild-type brains, demon-
strating an important role for CD36 in the inflammatory

response to Aβ [54]. Microglial CD36 signals upon Aβ
engagement via the Src family members Fyn and Lyn and by
activation of mitogen-activated protein kinase (MAPK) and
subsequent chemokine and ROS production [56].

Further investigation of the signaling properties of CD36
has recently been shown to be intimately involved with two
toll-like receptors TLR-4 and TLR-6. Upon Aβ engagement,
CD36 forms a heterodimeric complex with TLR-4 and TLR-
6 on microglia resulting in ROS production, and an increase
in IL-β mRNA, indicative of inflammasome activation [5].

From a therapeutic standpoint, it may be advantageous
to inhibit the ability of CD36 to signal when bound to Aβ,
and thus prevent the release of chemokines and ROS by
microglia that are deleterious to the surrounding neurons.
We recently undertook a high-content screen to identify
small molecule inhibitors of CD36. Screening of an FDA-
approved compound library discovered ursolic acid to be an
inhibitor of CD36 binding to Aβ. In addition, ursolic acid
also inhibited Aβ-mediated ROS production in microglia
without effecting microglial ability to phagocytose Aβ
[57].

6. Class C Scavenger Receptors (SCARC)

SCARC-1 was identified in Drosophila but no mammalian
ortholog for this receptor has yet been discovered. SCARC-
1 is involved in phagocytosis of Gram-negative and Gram-
positive bacteria but not yeast [58, 59]. Intriguingly, SCARC-
1 also mediates uptake of dsRNA [59]. Since no mammalian
ortholog for SCARC has been identified, it remains to be
determined if this class of SR plays any role(s) in mammalian
physiology or disease pathogenesis.

7. Class D Scavenger Receptors (SCARD)

The class D SRs are characterized by the presence of a mucin-
like extracellular domain (Figure 1). The best characterized
SCARD is CD68 (also known as macrosialin), which is
expressed by macrophages, dendritic cells microglia, and
osteoclasts [60, 61] For this reason, CD68 has been used
for many years as a histological marker for these cells. It is
found mainly intracellularly in late endosomes but cell
surface expression increases following activation [62]. CD68/
macrosialin plays a minor role in the binding and uptake
of oxidized lipoproteins and apoptotic cells by macrophages
[63].

7.1. Role of SCARD in Alzheimer’s Disease. Studies investi-
gating a role of SCARD in AD have been mostly descriptive.
Immunizing human subjects with AD with Aβ 1–42 caused a
reduction in plaques and an upregulation of CD68 expressed
on microglia [64]. However in two longer surviving subjects,
even though Aβ plaques were cleared, the expression of CD68
was found to be lower than in nonimmunized AD brains
[65]. No studies to date investigated whether this class of SRs
is mechanistically involved in CNS disorders including AD.
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8. Class E Scavenger Receptors (SCARE)

Lectin-like oxidized LDL receptor (LOX-1) was the first scav-
enger receptor with a C-type lectin-like domain (Figure 1)
to be identified. LOX-1 was initially cloned from endothelial
cells and appears to play a role in atherosclerosis [66].
LOX-1 is expressed on freshly isolated human monocytes
[67], LOX-1 decreases with monocyte differentiation into
macrophages. LOX-1 binds oxidized LDL [66] and has also
been implicated in the transport of β-amyloid across the
blood brain barrier [68, 69]. In addition, LOX-1 binds gram
positive and gram negative bacteria, although its exact role in
the innate immune response to these pathogens is unknown
[70]. It is not known if LOX-1 is expressed on microglia.

9. Class F Scavenger Receptors-SCARF

SCARFs are characterized by the presence of multiple
extracellular epidermal growth factor-like repeats (Figure 1).
The first SCARF was identified as an endothelial receptor for
modified LDL, termed SREC [71]. In addition to binding
modified LDL, SCARFs are receptors for heat shock proteins
[72] and calreticulin which is involved in trafficking asso-
ciated peptides into the major histocompatibility complex
class I cross-presentation pathway of antigen-presenting cells
[73]. We found that SCARF-1 is expressed on macrophages,
and that SCARF-1 plays an important role in binding of the
pathogenic yeasts Candida albicans and Cryptococcus neofor-
mans. SCARF appears to be conserved through evolution.
CED-1, a C. elegans ortholog of SCARF also appears to
play a major role in the innate worm immune response to
pathogenic yeast, and CED-1-deficient mutant worms have a
dramatic increase in their susceptibility to these infections
[48]. Interestingly, CED-1 also binds to cell corpses [74].
Similarly, related families of molecules have been identified
in Drosophila melanogaster where they also contribute to host
defense [75].

9.1. Role of SCARF in Alzheimer’s Disease. It is not known
if SCARF1 is expressed in the brain and/or involved in
AD pathogenesis. MEGF10 (multiple EGF-like domains-10),
also a member of the SCARF family, has recently been
shown to be a receptor for Aβ [76]. MEGF10 is a type
1 transmembrane protein containing 17 EGF-like domains
in the extracellular portion (Figure 1) [77]. MEGF10 is
expressed in the brain of a transgenic mouse model of AD
in the hippocampus and cortex region of the brain where Aβ
plaques are also found, but it is unknown whether MEGF10
is expressed on microglia [76].

10. Unclassified Scavenger Receptors

10.1. RAGE. RAGE (receptor for advanced glycation end
products) is a member of the immunoglobulin superfamily
of receptors [78] expressed on endothelial cells [79] and
microglia which is capable of binding many ligands including
Aβ [80], AGEs (advanced glycation end products) and
S100 protein [81]. Ligand binding to RAGE induces many

intracellular signaling pathways such as Ras-extracellular
signal-regulated kinase 1/2 (ERK1/2) [82], Cdc42/Race [83]
stress-activated protein kinase/c-Jun-NH2-terminal kinase
(SAPK/JNK), and p38 mitogen-activated protein (MAP)
kinase pathways [84] that activate transcription factors,
for example, NFκB [85], cAMP response element-binding
(CREB) protein [82], or (STAT3), a member of the signal
transducers and activators of transcription family [86].
RAGE activation through ligand binding induces a positive
signaling feedback loop causing sustained activation of NFκB
and a chronic state of inflammation [87].

10.1.1. Role of RAGE in Alzheimer’s Disease. RAGE expressed
on endothelial cells has previously been shown to play a
role transporting Aβ into the brain [88], and also increasing
the diapedesis of monocytes across the blood- brain barrier
through RAGE-mediated signaling [89].

RAGE is expressed in higher levels on neurons and vas-
culature in AD brains compared with undiseased brains [90].
Soluble Aβ bound to RAGE induces microglial activation and
chemotaxis along a concentration gradient, which may lead
to microglial accumulation around Aβ plaques. [80].

In a double-transgenic mouse model of AD (both
expressing mutated human APP and increased levels of
RAGE), Aβ deposition, and microglial activation through
NFκB were observed, providing evidence that RAGE also
functions as a signaling receptor [91]. Studies using trans-
genic mice expressing human Aβ and a dominant negative
form of RAGE showed microglial RAGE to be an essential
signaling receptor, signaling through p38 MAPK and JNK,
which leads to synaptic dysfunction through JNK-mediated
IL-β release [92].

However, more recent evidence shows that transgenic
mice expressing both the Swedish and Arctic forms of
human APP, and deficient in RAGE have a decrease in Aβ
deposition and an increase in insulin degrading enzyme
(IDE), an enzyme known to cleave Aβ when compared to
mice expressing RAGE [93]. Such decrease in Aβ was found
at 6 months of age. No improvement in cognitive function
or difference in microglial recruitment to plaques was seen
in 12 months old mice. This suggests RAGE may not be
essential for microglial recruitment but could be involved in
Aβ processing in the early disease state [94].

10.2. CD163. CD163 contains nine scavenger receptor
cysteine-rich (SRCR) domains, an ancient and highly con-
served protein motif, belonging to the SRCR superfamily.
CD163 is expressed on mature tissue macrophages and has
previously been shown to be involved in the clearance of
hemoglobin-haptoglobin from the circulation [95]. Engage-
ment of macrophage CD163-induced nitric oxide, IL-1β,
and TNFα production, suggesting CD163 may be involved
in activation of macrophages at sites of inflammation [96].
CD163 is also involved in host defense against both gram-
positive and gram-negative bacteria, acting as an immune
sensor and mediator of inflammation [97]. In the brains of
patients with HIV-associated dementia, CD163 was found
to be expressed on microglia [98], and on perivascular
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macrophages near the blood-brain barrier, [99] and CD163
is considered a marker for perivascular macrophages. How-
ever it is unknown whether CD163 is involved in the patho-
genesis of AD.

10.3. SR-PSOX. Scavenger receptor that binds phosphatidyl-
serine and oxidized lipids (SR-PSOX), also known as
CXCL16, is a class H SR that can be both a membrane-bound
and soluble protein. SR-PSOX is expressed on dendritic
cells, and on monocyte-derived macrophages surrounding
atherosclerotic plaques but not on smooth muscle cells or
endothelial cells [100]. The membrane-bound form is com-
posed of type I transmembrane glycoprotein, consisting of
CXC chemokine, mucin stalk, transmembrane, and cytoplas-
mic domains [101]. Treatment of human peripheral blood
mononuclear cells (PBMCs) with IFNγ induced increased
uptake of oxLDL and increased levels of SR-PSOX [102]. The
soluble form of SR-PSOX has been shown to ligate the T-
cell receptor CXCR6 and attracts IFNγ-producing T cells to
lymph nodes [103]. It is not known if this receptor binds Aβ
or whether it plays a role in AD pathogenesis.

11. SR and Innate Immune Signaling

A common emerging theme is that SRs are not only innate
immune recognition and phagocytic receptors but also act as
critical regulators of inflammatory signaling and function as

sensors for the innate immune response. The mechanism(s)
by which SRs regulate the outcome of ligand engagement is
currently unknown.

Two potential and not mutually exclusive possibilities
exist. First, SRs may facilitate ligand delivery to other PRRs,
particularly to the TLRs, which have not been shown to be
sufficient for cellular binding to their targets. Pertinent to
this, recent work has demonstrated that many TLRs do not
interact with their ligands on the cell surface but within
intracellular compartments such as endosomes or phago-
somes. However, the mechanisms that deliver TLR ligands
to the appropriate compartments are poorly defined. One
possibility is that ligand delivery is facilitated by coreceptors
such as Dectins [104–107] and SRs. The second scenario is
that signals triggered directly from the SRs combine with
those from other PRRs to define the ligand-specific response.

Such dichotomous cooperative role of SRs with other
PRRs is nicely illustrated by CD36. We have observed
that CD36 knockout macrophages and microglia show a
decreased response to bacterial and self-ligands including Aβ
but expression of CD36 is not by itself sufficient to initiate
such responses. CD36 requires the presence of TLRs to
mediate the responses to its ligands [5]. This reflects two roles
for CD36 which contributes to response by both binding
the ligand and also by synergistic and cooperative signaling
with other PRRS such as TLRs. This cooperation may define
the specificity of the response to a particular ligand. Indeed,
we found that CD36/TLR2/6 respond to pathogens [108]
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whereas CD36/TLR4/6 respond to endogenous ligands such
as β-amyloid and oxLDL. These roles for CD36 have been
mostly described in vitro. It remains to be determined if such
sophisticated ligand-receptor specificity of interaction also
occurs in vivo and whether it affects diseases processes such
as AD.

12. Diverse Roles of SRs in AD

Promising evidence has shown the diversity of SRs with
regards to their functions during the development of AD.
SCARA-1 and CD36 play complementary nonredundant
roles in the interactions of microglia with Aβ. SCARA-1-
Aβ interactions are beneficial and promote phagocytosis and
clearance of Aβ, whereas CD36-Aβ interactions are harmful
and together with TLR-4 and TLR-6 lead to production
of neurotoxins and proinflammatory molecules. This is
reminiscent of the role CD36 plays in the interaction bet-
ween macrophages and oxidized low-density lipoproteins
in atherosclerosis. Indeed, we have shown in the past that
while SCARA-1 mediates adhesion to oxidized LDL coated
surfaces, CD36 mediates macrophage activation by oxidized
LDL to produce reactive oxygen species [109]. Such differ-
ential roles of SCARA-1 and CD36 may have therapeutic
implications for AD. Indeed, because of the role of SCARA-1
in Aβ clearance, drugs that upregulate SCARA-1 expression
or functions may be helpful for treatment of AD. In contrast,
drugs that block CD36 interactions with Aβ or reduce its sur-
face expression may be helpful to stop or delay progression
of AD. Similarly, since RAGE expressed on endothelium
facilitates the transport of circulating Aβ from the blood
across the blood-brain barrier into the brain, compounds
that block Aβ-RAGE interactions may be beneficial. In
addition to SCARA-1, CD36 and RAGE, and other SRs such
as MARCO, LOX-1, and MEGF-10 are also emerging as
receptors that bind Aβ and/or may have a role in the patho-
genesis of disease (Figure 2). Dissecting the complex roles of
various scavenger receptors in microglia-Aβ interactions, is
therefore, important to understand the role of microglia in
this disease and has therapeutic implications for treatment
of this devastating disorder.
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[2] J. Näslund, V. Haroutunian, R. Mohs et al., “Correlation
between elevated levels of amyloid β-peptide in the brain
and cognitive decline,” Journal of the American Medical Asso-
ciation, vol. 283, no. 12, pp. 1571–1577, 2000.

[3] G. Thinakaran and E. H. Koo, “Amyloid precursor protein
trafficking, processing, and function,” The Journal of Biologi-
cal Chemistry, vol. 283, no. 44, pp. 29615–29619, 2008.

[4] J. El Khoury, S. E. Hickman, C. A. Thomas, L. Cao, S. C.
Silverstein, and J. D. Loike, “Scavenger receptor-mediated
adhesion of microglia to β-amyloid fibrils,” Nature, vol. 382,
no. 6593, pp. 716–719, 1996.

[5] C. R. Stewart, L. M. Stuart, K. Wilkinson et al., “CD36 ligands
promote sterile inflammation through assembly of a toll-like
receptor 4 and 6 heterodimer,” Nature Immunology, vol. 11,
no. 2, pp. 155–161, 2010.

[6] P. L. McGeer, S. Itagaki, H. Tago, and E. G. McGeer, “Reactive
microglia in patients with senile dementia of the Alzheimer
type are positive for the histocompatibility glycoprotein hla-
dr,” Neuroscience Letters, vol. 79, no. 1-2, pp. 195–200, 1987.

[7] A. Matus, “Microtubule-associated proteins and the determi-
nation of neuronal form,” Journal De Physiologie, vol. 84, no.
1, pp. 134–137, 1990.
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Recently, there has been growing interest in the association between traumatic brain injury (TBI) and Alzheimer’s Disease (AD).
TBI and AD share many pathologic features including chronic inflammation and the accumulation of beta amyloid (Aβ). Data
from both AD and TBI studies suggest that microglia play a central role in Aβ accumulation after TBI. This paper focuses on the
current research on the role of microglia response to Aβ after TBI.

1. Introduction

Recently, there has been growing interest in the association
between traumatic brain injury (TBI) and Alzheimer’s Dis-
ease (AD). The interest grew from several lines of evidence,
including epidemiological studies that demonstrated an
association of TBI and the development of AD later in life [1–
7] and autopsy studies that showed acute and chronic AD-
like pathology in TBI victims [8, 9]. While most of the studies
investigating the association of AD and TBI have focused on
the accumulation and clearance amyloid-β (Aβ) [2, 8, 9],
chronic neuroinflammation is also a common feature of AD
and TBI, and microglia likely play a central role [10, 11].
In AD, microglia are recruited to newly formed Aβ plaques,
where microglial activation functions as a double-edged
sword, promoting beneficial responses such as Aβ clearance
[12–14] while also eliciting a proinflammatory response
[12]. Similar patterns of microglia activation have been
demonstrated both acutely and chronically after TBI [15, 16].

This paper will explore the current research on the role
of microglia response to Aβ after TBI. Although there are few
studies that directly examine microglial reaction to trauma-
induced Aβ, data from TBI and AD experimental and human
studies will be used to make an argument for a central role
of microglia in acute and chronic responses to Aβ-mediated
secondary injury after TBI.

2. General Microglial Response after TBI

TBI is a disease process in which mechanical injury initiates
cellular and biochemical changes that perpetuate neuronal
injury and death over time, a process known as secondary
injury. Secondary injury begins minutes after injury and can
continue years after the initial insult. Mechanisms implicated
in secondary injury after TBI include glutamate excitotoxi-
city, blood-brain barrier disruption, secondary hemorrhage,
ischemia, mitochondrial dysfunction, apoptotic and necrotic
cell death, and inflammation [17].

As the primary mediators of the brain’s innate immune
response to infection, injury, and disease, microglia react
to injury within minutes. In fact, microglia may represent
the first line of defense following injury [18]. Microglial
activation has been demonstrated as early as 72 hours after
injury in human TBI victims and can persist for years after
injury [15, 16, 19, 20]. Experimental models have recapitu-
lated these findings, with chronic microglial activation being
demonstrated weeks to months after injury [21–24].

Gene-profiling studies also strongly implicate early
microglial activation after TBI.

Markers of microglial activation (CD68, MHC-II), stress
responses (p22phox, heme oxygenase 1), and chemokine
expression (CXCL10, CXCL6) have been shown to markedly
increase after experimental models of TBI [25]. Consistent
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Figure 1: Schematic depiction of the beneficial and detrimental
effects of the interaction Aβ -genesis and microglia after traumatic
brain injury.

with early microglial activation after injury, experimental
models have demonstrated rapid increases in expression of
both IL-1β and TNF-α after injury [26, 27]. Much of this
proinflammatory cascade may be mediated by Il-1IR, which
is strongly expressed on microglia [27–29]. In addition to
proinflammatory cytokines, activated microglia also produce
other neurotoxic products after injury such as nitric oxide
(NO) and superoxide free radicals that generate reactive
oxygen species (ROS) and reactive nitrogen species (RNS).

Microglia also produce a number of neuroprotective sub-
stances after injury, including anti-inflammatory cytokines
(IL-10, IL-1 receptor antagonist (Il-1ra)) and neurotrophic
factors (nerve growth factor, transforming growth factor β
(TGF-β). IL-10, which is elevated acutely after injury in
humans [30], has been shown to have beneficial effects in
experimental models of injury [31]).

These neuroprotective effects may be a result of sup-
pressed microglial production of proinflammatory cytokines
[31, 32]. TGF-β also has also been shown to have neuropro-
tective effects after injury, including improved function, de-
creased lesion size, and decreased iNOS production [33, 34].

3. Microglial Response to Aβ after TBI

Aβ, which is elevated acutely after TBI, may be a key mediator
of microglial activation in this setting [35]. In autopsy
studies, Aβ plaques, a hallmark of AD, were present in as
many as 30% of TBI victims (including children) [8, 9]. The
plaques found in TBI patients, which are strikingly similar
to those observed in the early stages of AD, develop rapidly
and can appear within a few hours after injury [9, 36]. TBI-
induced increases in Aβ have been successfully replicated
in animal models of brain trauma [37–40]. Moreover, Aβ
accumulation after TBI has also been shown to be associated
with increases in the enzymes necessary for Aβ-genesis,
including BACE1 protein (β-secretase) and the gamma
secretase complex proteins [41–43].

Microglia may have a dual role in Aβ accumulation and
clearance (Figure 1). Following closed head injury, microglia
have been shown to have increased expression of the gamma
secretase complex proteins, suggesting a role for microglia
in posttraumatic Aβ-genesis [43]. Polymorphisms in the
Aβ-degrading enzyme neprilysin have been shown to affect
rates of Aβ accumulation after TBI [2], suggesting the possi-

bility that changes in microglial neprilysin expression may
be a pathologic mechanism in post-TBI Aβ accumulation
in addition to the known relevance to AD [12]. More-
over, proinflammatory cytokines expressed by microglia,
including interferon-γ, interleukin-1β, and tumor necrosis
factor-α, can specifically stimulate gamma-secretase activity,
concomitant with increased production of Aβ and the intra-
cellular domain of APP (AICD) [44]. Further evidence sug-
gests that increases in the numbers of neurons with elevated
ß-APP concentrations after TBI correlate with increases in
the number of activated microglia expressing IL-1α and that
clusters of dystrophic neurites containing ß-APP are nearly
universally associated with activated microglia expressing IL-
1α [45]. Microglia containing Aβ have also been described
in association with TBI-induced Aβ plaques, suggesting that
phagocytic clearance of plaques may occur [46].

In addition to the temporospatial relationship of
microglial and Aβ after TBI, much of the evidence regarding
the important role of microglia in the modulation of TBI-
induced Aβ is indirect. Most of this indirect evidence is
derived from drug studies, which, while not designed to
demonstrate the important interaction of microglial with
TBI-induced Aβ, have served to demonstrate this vital inter-
action. Many of the studies that have indirectly elucidated the
interaction of microglia and Aβ after TBI have focused
on therapeutics targeting postinjury inflammation. Minocy-
cline, a compound whose anti-inflammatory properties (in-
cluding attenuating microglial activation) have been widely
demonstrated in different models of TBI [47, 48], has also
been shown to preclude formation of Aβ through restoration
of the nonamyloidogenic α-secretase pathway of APP pro-
cessing [49]. Interestingly, it has been shown that some other
anti-inflammatory compounds that exert neuroprotective
effects in TBI, such as nonsteroidal anti-inflammatory drugs,
cholesterol-lowering drugs, and steroid hormones, also
enhance the α-secretase pathway [50–53]. It is unclear from
these studies whether the anti-inflammatory and proα-
secretase effects are merely parallel processes, although cer-
tainly diversion of APP from the production of Aβ, which has
known proinflammatory properties including stimulation
of microglial activation, may itself adequately explain
both the anti inflammatory and anti amyloidogentic effects.

Additional studies support the observation that suppres-
sion of microglial activation after TBI is also associated with
decreases in injury-induced Aβ. Apoe mimetic peptides, liver
X-receptor (LXR) agonists, and 3-Hydroxy-3-methylglutaryl
coenzyme A reductase inhibitors (statins) have all been
shown to attenuate microglial activation and mitigate in-
creases in Aβ after TBI [54–56]. It should be noted, however
that none of these earlier studies can definitively lead one to
conclude whether Aβ is a cause, product, or mere marker
of microglial activation and secondary injury after TBI.
However, what can be concluded is that Aβ is an excellent
indicator of microglial activation following TBI.

4. Conclusions and Future Directions

The link between trauma, microglial activation, and Aβ is
likely to be extremely complex, and work in this field remains
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in its infancy. Much of the work is derived from studies
in AD, though the time course and long-term sequelae of
TBI and AD may require separate lines of investigation. One
recurring issue is the role of Aβ in the pathogenesis of
microglial activation after brain injury which parallels the
increasing emphasis on microglial function in the pathogen-
esis of AD.

Prior studies in AD suggest that microglial clearance of
Aβ declines with aging [12]. It is therefore important to
understand how TBI-induced Aβ alters long-term microglial
function and Aβ-clearance. Future work should focus on
whether blocking Aβ-genesis after TBI alters short- and
long-term microglial activation. In addition, therapeutics
targeting microglial-mediated Aβ clearance, such as the new
AD therapeutic bexarotene [57], may hold promise as new
modalities to treat TBI patients.

In this paper, we have attempted to show how a mecha-
nistic understanding of the interaction of Aβ and microglia
after TBI could have significant implications for therapeutics,
especially for those at the highest risk for TBI, including
those in the military and those who engage in contact sports.
Furthermore, the advancement of drug discoveries in the
field of TBI, such as sex steroids or Apoe mimetics which
alter both microglial function and Aβ metabolism, may have
potentially important roles in TBI as well as other neurode-
generative diseases. Finally, as we advance our mechanistic
understanding of the interaction between microglia and Aβ
after TBI, it is important to understand whether therapeutic
interventions targeting microglia and Aβ will have any effect
on long-term cognitive sequelae in TBI victims.
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Microglia are multifunctional immune cells in the central nervous system (CNS). In the neurodegenerative diseases such as
Alzheimer’s disease (AD), accumulation of glial cells, gliosis, occurs in the lesions. The role of accumulated microglia in the
pathophysiology of AD is still controversial. When neuronal damage occurs, microglia exert diversified functions, including
migration, phagocytosis, and production of various cytokines and chemokines. Among these, microglial phagocytosis of unwanted
neuronal debris is critical to maintain the healthy neuronal networks. Microglia express many surface receptors implicated in
phagocytosis. It has been suggested that the lack of microglial phagocytosis worsens pathology of AD and induces memory
impairment. The present paper summarizes recent evidences on implication of microglial chemotaxis and phagocytosis in AD
pathology and discusses the mechanisms related to chemotaxis toward injured neurons and phagocytosis of unnecessary debris.

1. Introduction

Microglia are macrophage-like resident immune cells in the
central nervous system (CNS) and possess both neurotoxic
and neuroprotective function. Microglia accumulate in the
lesions of a variety of neurodegenerative disorders, such as
Alzheimer’s disease (AD), Parkinson’s disease, and multiple
sclerosis, and are thought to play both toxic and protective
functions for neuronal survival [1]. Microglia are considered
to be a first line defense and respond quickly to various
stimuli. When activated, microglia undergo morphological
changes to ameboid, proliferate, migrate toward injured
areas, and release many soluble factors and phagocytosis
of foreign substances or unwanted self-debris. Appropriate
migration of microglia to damaged area is controlled by
chemokines and nucleotide ATP [2, 3]. Phagocytosis seems
to be important to prevent the senile plaque expansion in AD
by removing amyloid β (Aβ) deposit [4]. Microglia not only
engulf the Aβ protein but also phagocytose apoptotic cells
and degenerated neuronal debris. Phagocytosis of apoptotic
or degenerated neuronal debris is crucial to reduce inflam-
mation and maintain healthy neuronal networks. Another

type of phagocytosis, phagocytosis with inflammation, oc-
curs in chronic inflammatory-related neurodegenerative dis-
orders including Alzheimer disease [5–7].

Degenerated neurons releases several signaling molecu-
les, including nucleotides, cytokines, and chemokines, to
recruit microglia and enhance their activities [8, 9]. The
phenomenon are now termed as find-me, eat-me, and help-
me signals. In this paper, we focused on find-me, and eat-me
signals from degenerated neurons to microglia. Most distin-
guished and examined eat-me signal is phosphatidylserine
(PS), which is a component of cellular membrane and is
everted on apoptotic cell membrane [10, 11]. Nucleotides are
also considered as the eat-me signal lately; microglia expresse
various P2X and P2Y receptors, nucleotide receptors, which
regulate not only chemotaxis but also phagocytosis [8, 12].

Microglia express many other surface receptors, which
have direct interaction with the target to initiate phagocy-
tosis, including PS receptor [6], lipopolysaccharide (LPS)
receptor CD14 [13], the scavenger receptor CD36 [14], the
purine receptor P2Y6 [8], and the toll-like receptors (TLRs)
[15] (Table 1, Figure 1). Another surface receptor, the CX3C
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Table 1: Various chemotaxis or phagocytosis-related receptors in microglia and its ligand(s) or interacted factors. Microglia are activated
with various stimuli through the specific receptor of each stimuli. For detailed review of chemokines, pathogens, and factors associated with
tissue damage recognized by microglia, refer to [19–21].

Receptor type Subtypes Ligand(s)/interacted factors

CCR1
CCL3 (MIP-1α), CCL5 (RANTES), CCL7 (MCP-3),
CCL9 (MIP-1γ), CCL14 (HCC-1), CCL15 (HCC-2/leukotactin-1),
CCL16 (HCC-4/LEC), CCL23 (MPIF-1)

Chemokine receptor CCR2
CCL2 (MCP-1), CCL7 (MCP-3), CCL8 (MCP-2), CCL13 (MCP-4),
CCL16 (HCC-4/LEC)

CCR5 CCL3 (MIP-1α), CCL4 (MIP-1β), CCL5 (RANTES)
CXCR3 CXCL9 (Mig), CXCL10 (IP-10), CXCL11 (I-TAC)

CX3CR1 CX3CL1 (Fractalkine)

Purinergic receptor
P2X4, P2Y7, P2Y12

P2Y6
ATP, ADP
UDP

TLR

TLR1
TLR2
TLR4
TLR6
TLR9

Triacyl lipopeptides
Glycolipids, Hsp70, HMGB1, Aβ
LPS, Hsp
Diacyl lipopeptides
CpG-DNA

Phosphatidylserine (PS) receptor
MFG-E8, Tim1, Tim4

RAGE
PS of apoptotic cells
Aβ, AGE, HMGB1 PS of apoptotic cells

Scavenger receptor (SR) SR-AI/II (CD204), SR-BI, CD36 Cellular debris, apoptotic cells, Aβ (CD36)

Immunoglobulin (Ig) receptor FcγRI, FcγRIII Ig-opsonized particles

Complement receptor (CR) CR3 (MAC-1; CD11b/CD18) Complement components, opsonized particles

Other phagocytosis-related receptor

CD14
CD47

CD200R
TREM2

LPS, Aβ
SIRPα (CD172a)
CD200
Hsp60, DAP12

chemokine fractalkine receptor CX3CR1, is almost exclu-
sively expressed in microglia throughout the CNS, which
is involved in progression of neurodegenerative disease by
altering microglial activities [16, 17] (Figure 2). Deletion
of CX3CR1 expression in microglia results in progressive
neuronal cell death in an animal model of neurodegenerative
disease, by inducing microglial dysfunction. It has been
identified recently that neurons themselves produce cytokine
and chemokine, such as fractalkine. As shown in Figure 2,
we previously reported that interleukin-34 (IL-34), a newly
discovered cytokine, is produced by neurons, and that its
receptor, colony-stimulating factor 1 receptor, is primarily
expressed on microglia [18]. Fractalkine and IL-34 might be
important mediator between neurons and microglia, and it is
important to clarify this cellular crosstalk signaling pathways
for seeking future therapeutic target of neurodegenerative
diseases including AD. In the following sections, we will
discuss about recent advances of microglial chemotaxis and
phagocytosis and their implications for AD therapy.

2. Microglial Chemotaxis in CNS Injury

Chemokine and its receptors are expressed in broad area of
the CNS. The expression levels were increased under path-
ological conditions, which seem to facilitate the recruit-
ment and trafficking of glial cells to the damaged area [22].
Microglia constitutively express several chemokine receptors
(Table 1), which are implicated in the recruitment and ac-
cumulation microglia in AD lesions. When exposed to Aβ,

microglia are induced to produce several chemokines, such
as CCL2, CCL4, and CXCL12 [23]. CCR2, the receptor of
CCL2, deficiency resulted in reduction of microglial accu-
mulation and higher brain Aβ levels in mouse model of
AD, which might be mediated via suppression of anti-in-
flammatory molecule, transforming growth factor β (TGF-
β) [3]. However, there is a conflicting report showing
increased TGF-β signaling in microglia surrounding Aβ
plaques in CCR2 knockout in AD model mouse (APPSwe/
PS1/CCR2−/−) [24]. The other chemokine receptor CX3CR1
expression in microglia was also increased in the mice.
This AD model has been shown to have accumulation of
oligomeric Aβ and memory impairment [24]. CX3CR1 is
the sole receptor of CX3C chemokine CX3CL1 (fractalkine).
The roles of CX3CL1-CX3CR1 signaling on AD pathology
are discussed in next section. CCL2 expression level is
also related to another neurodegenerative disorder, multiple
sclerosis (MS); CCL2 level is downregulated in cerebrospinal
fluid from MS patients [25].

CCL21 is a neuronal chemokine, expressed in neurons.
Expression of CCL21 is upregulated in neurons undergoing
degeneration [26, 27]. CCL21 triggers chemotaxis of mi-
croglia through CXCR3, but not CCR7 which implicated in
peripheral lymphoid organs [28].

CXCR3-CXCL10 interaction is also implicated in mi-
croglial migration [29]. CXCR3 knockout mice reveal im-
pairment of the microglial migration but no change in pro-
liferation. CXCL10 is also expressed in neurons. CXCL10 and
CCL21 synergistically induce microglial homing through
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Figure 1: Chemotaxis or phagocytosis-involved receptors in microglia and correlation of the inflammatory or anti-inflammatory response.
Many of the receptors correlated with microglial activities of chemotaxis (migration) or phagocytosis, respectively. Among these, some of the
receptors possess not merely single function; CCR1 is the migration-inducing receptor that also possesses phagocytotic activity. CCR2 and
CCR5 are also the migration-inducting receptors that lead to anti-inflammatory response. CX3CR1 contributes to migration, phagocytosis,
and anti-inflammatory response. TREM2 and MFG-E8 induce phagocytosis and anti-inflammatory response. CD47 and CD200R usually
induce phagocytosis under pathological condition, so that they indirectly contribute to anti-inflammatory status. TLR9 activates microglia to
induce phagocytosis with producing proinflammatory and anti-inflammatory molecules. There are receptors inducing not only phagocytosis
but also inflammatory response (CD14, CD36, RAGE, TLR1, TLR2, TLR4, and TLR6). Within these receptors that the synergistic signaling
involved Aβ-triggering inflammatory response are CD14-TLR2-TLR4 and CD36-TLR2-TLR6.

the receptor CXCR3 [30]. CXCL10 inhibits CCL21-induced
migration in microglia through CXCR3 [31]. Neuronal
CCL21 upregulates P2X4 receptor, the nucleotide receptor,
expressed in microglia [32]. This cascade is implicated in
pathophysiology of tactile allodynia to cause chronic neuro-
pathic pain.

CCR5 also plays a role in neuronal survival [33]. In is-
chemic stroke models, brain damage is severer by CCR5 defi-
ciency [34].

Inter- and intracellular transmitter nucleotides can in-
fluence microglial migration and phagocytosis. Microglia
express various nucleotide receptors, P2X and P2Y receptors
(Table 1) [35]. Aβ-induced microglial activation is mediated
through P2X7 receptor that is reported as proinflammatory
response conductive receptor [36]. ATP predominantly
induced microglial migration among nucleotides through
P2Y receptors, especially P2Y12 [2, 37]. Following CNS
injury, expression of P2Y12 in microglia drastically reduced
after microglial activation, suggesting that P2Y12 is a pri-
mary and temporary receptor to induce microglial chemo-
taxis at early stages of the local CNS injury [37]. The other

nucleotide UDP increases mainly microglial phagocytosis
(uptake of microspheres) via P2Y6 receptor [8]. In the
condition brain damage by kainic acid administration, the
P2Y6 receptor is upregulated and can act as a sensor for
phagocytosis [38].

3. CX3CL1-CX3CR1

The CX3C chemokine CX3CL1 (fractalkine, also called
as neurotactin), which has been identified as two forms,
soluble or membrane-anchored forms, plays a pivotal role
in signaling between degenerating neurons and microglia
[39]. CX3CL1 and its receptor CX3CR1 are highly expressed
in brain tissue, particularly in neurons and microglia [40–
42]. CX3CL1 directly induces various microglial functions
including migration [41], proliferation [43], inhibition of
Fas-ligand-induced cell death [44] and glutamate-induced
neurotoxicity [45, 46], and inhibition of proinflammatory
cytokine production [42, 47]. Recently, we have shown that
soluble form of CX3CL1 also directly enhances microglial
clearance of degenerated neuronal debris, which is mediated
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Figure 2: Model of the role of neuronal chemokine (FKN) and neuronal cytokine (IL-34) in microglial phagocytosis and neuroprotection.
Neuronal cells primary produce chemokine fractalkine (CX3CL1; FKN) and cytokine IL-34. Microglia predominantly express its receptor,
CX3CR1, and colony-stimulating factor 1 receptor (CSF1R). Soluble form of FKN (sFKN) is secreted from damaged neurons and promotes
microglial phagocytosis of neuronal debris through the release of MFG-E8. sFKN also induces the expression of the antioxidant enzyme
HO-1 in microglia via Nrf2 recruitment and activation of the JNK MAPK signaling pathway. The neuroprotective effects of sFKN are also
mediated in part by activation of ERK MAPK, although the downstream signaling pathway has not yet been elucidated. IL-34 promoted
microglial proliferation and clearance of Aβ which mediates insulin-degrading enzyme (IDE) expression. Therefore, sFKN and IL-34 may
be an intrinsic neuroprotectant for damaged yet surviving neurons.

through phosphatidylserine (PS) receptor and production
of Milk fat globule-EGF factor 8 protein (MFG-E8) [46]
(Figure 2). The source of soluble form of CX3CL1 is
neuron. The membrane-anchored CX3CL1 is cleaved by
several proteases including a disintegrin and metalloprotease
(ADAM) family, ADAM-10 and ADAM-17 [48–50], and
cathepsin S [51]. When neurons are injured or exposed to
glutamate, shedding of CX3CL1 occurs immediately [41, 52].
However, little is known about direct connection with Aβ-
induced neuronal toxicity and the CX3CL1-shedding.

Another important function of ADAM family enzyme,
except for CX3CL1 shedding, is an α-secretase. It cleaves
APP in the centre of the Aβ domain, and generated α-APP
is considered to have neurotrophic function [53–56]. The
ADAMs include ADAM-9, ADAM-10, and ADAM-17 [57,
58]. Cathepsin S is expressed predominantly in microglia and
implicated in microglial activation of neuropathic pain [51].
Therefore, these CX3CL1-shedding proteases may regulate
the microglial phagocytosis directly or indirectly through
CX3CL1 expression, and may also play a role on pathogenesis
of AD.

Microglia respond to CX3CL1 through CX3CR1. In
a previous study, we have shown that CX3CL1 functions
neuroprotective against activated microglia-induced neuro-
toxicity [46]. There are some reports showing that CCL2
activates CX3CR1 expression, and the induction of CX3CR1

expression by CCL2-CCR2 axis is mediated through p38
MAPK activation [59]. CX3CR1 deficiency increases sus-
ceptibility to neurotoxicity in mouse models of Parkinson’s
disease, amyotrophic lateral sclerosis, and systemic LPS
administration [16]. CX3CL1-induced neuroprotection in
a rat model of Parkinson’s disease has also been reported
recently [60]. In addition, there are some reports showing
that pathologic features of AD mouse model are worsened
by knockout of CX3CR1 [17, 61].

4. Microglial Receptors Involving
Phagocytosis with or without Inflammation:
Possible Implication to AD Pathology

Microglial phagocytosis is classified into two categories, with
or without inflammation [62]. Some receptors are involved
in both types of phagocytosis (Table 1). The receptor leading
to inflammatory status includes CD14, CD36, the receptor
for advanced glycation end products (RAGEs), and toll-
like receptor (TLR) 1, TLR2, TLR4, and TLR6. The recep-
tor leading to anti-inflammatory status includes triggering
receptor expressed on myeloid cells 2 (TREM2) and PS
receptor (PSR), MFG-E8. Microglia also express many other
phagocytosis-related receptors which are not yet unclear to
the correlation of inflammatory status.



International Journal of Alzheimer’s Disease 5

CR3. Microglia express classical phagocytosis-related recep-
tor, the αMβ2 integrin complement-receptor-3 (CR3; MAC-
1; CD11b/CD18), and scavenger-receptor (SR)-AI/II (SR-
AI/II; CD204). CR3 synergistically activated SR-AI/II-
mediated myelin phagocytosis by microglia [63, 64]. CR3
is implicated in clearance of bacteria through induction of
major histocompatibility complex class II (MHC II) antigens
[65]. CR3 is involved in endocytosis in normal conditions
and MHC II antigens in an inflammatory state. Microglia
express SR-AI/II and SR-BI during neonatal period, while in
adult they lack the expression. However SR-AI/II expression
in microglia is upregulated in AD [66].

CD14. CD14 is the LPS receptor which is also considered
as classical phagocytosis-related receptor in macrophage and
microglia [67]. CD14-mediated phagocytosis of apoptotic
cells occurred in both normal and inflammatory conditions
[67]. CD14-mediated phagocytosis does not require expres-
sion of PS receptor and possibly induces inflammatory con-
ditions through activation of CD14 signaling [68]. CD14 also
contributes phagocytosis of Aβ by microglia [13]. However,
deletion of CD14 reportedly attenuates pathological features
of AD mouse model. The authors suggested that it might be
due to reduction of insoluble, but not soluble, Aβ [69].

FcγReceptor. Exposure of fibrillar Aβ to microglia induces
phagocytosis through the receptors distinct from those used
by the classical phagocytosis: immunoglobulin receptors
(FcγRI and FcγRIII) or complement receptors [70].

CD36 and CD47. Aβ directly interacted with microglial cell
surface receptor complex comprising the class B scavenger
receptor CD36, α6β1 integrin, and integrin-associated pro-
tein CD47, all of them involved in migration and phago-
cytosis of microglia [70–72]. CD36 is required for fibrillar
Aβ-induced chemotaxis and proinflammatory molecules
including reactive oxygen species (ROS), TNFα, IL-1β, and
several chemokines in microglia [23]. Aβ activates microglial
recruitment to amyloid deposition site through CD36-
dependent signaling cascade involving the Src kinase family
members, Lyn and Fyn, and the ERK1/2 [73]. CD47 is a
membrane glycoprotein, broadly expressed in the various
cell types in the CNS, including neurons and microglia.
Signal regulatory protein-α (SIRPα; CD172a) is a receptor
binding to CD47, which is also expressed on neurons
and myeloid cells. SIRPα is an inhibitory molecule of
CD47 that downregulates MAPK phosphorylation which
is a downstream pathway of CD47 [74]. SIRPα interacts
with the protein tyrosine phosphatases SHP-1 and SHP-2,
which are predominantly expressed in neurons, dendritic
cells, and macrophages [75]. Intact myelin expresses CD47 to
suppress myelin phagocytosis by microglia via SIRPα-CD47
interaction [76]. Therefore, CD47 functions normally as a
marker of “self” to protect intact body component [76, 77].

RAGE. In has been reported that the direct interaction
of Aβ peptide with the receptor for RAGE is important
in AD pathophysiology. In AD brains, RAGE expression

is increased, and RAGE directly induces neurotoxicity by
production of oxidative stressors and indirectly by activating
microglia [78]. RAGE increases macrophage-colony stim-
ulating factor (M-CSF) from neurons via nuclear-factor-
κB- (NF-κB-) dependent pathway and released M-CSF
induced interaction of cognate receptor c-fms on microglia
which prolongs survival of microglia [79]. RAGE recognizes
multiple ligands other than Aβ peptide, such as advanced
glycation end products (AGEs), PS, and high-mobility group
box 1 protein (HMGB1) [80, 81]. These molecules act as
an agonist of RAGE on microglia, by inducing proinflam-
matory molecules, such as NO, TNF-α, IL-1β, and IL-6,
via MAP-kinase-kinase (MEK) and phosphatidylinositol 3-
kinase (PI3K) pathways [81]. Activation of RAGE leaded
to NF-κB and MAPK-mediated signaling to propagate and
perpetuate inflammation status [82]. RAGE also mediates
the transport of peripheral Aβ into the brain across the
blood-brain barrier (BBB) [83].

CD200R. CD200 is a transmembrane glycoprotein and is
expressed on many different cell types including neurons,
endothelial cells, lymphocytes, and dendritic cells [84]. The
receptor of CD200, CD200R expression, is predominant
in myeloid cells, macrophages, and microglia [84, 85].
As in the case of SIRPα-CD47, CD200 exerts inhibitory
effect on CD200R, so that CD200-CD200R interaction can
downregulate activity of microglia. In retina, it has been
shown that activation of CD200R in microglia does not show
direct effect on migration, but CD200-CD200R signaling
restores LPS/IFNγ-induced loss of migration [86]. CD200
knockout leads to an expansion of the myeloid population
in several tissues and increased expression of the activation
markers in microglia, including the signaling adaptor protein
DNAX-activating protein of 12 kDa (DAP12), CD11b, CD45,
CD68, and inducible NO synthase (iNOS) [87]. Blocking
of CD200R increases neurodegeneration in mouse model
of Parkinson’s disease [88]. These observations suggest
that CD200-CD200R signaling leads to anti-inflammatory
state and protection against neurotoxic stimuli. CD200 and
CD200R expression levels (neurons and microglia, resp.)
are decreased in AD hippocampus and inferior temporal
gyrus, indicating that inhibition of CD200-CD200R axis
contributes to AD pathology [89].

TREM2. TREM2, a recently identified innate immune
receptor, and its adaptor protein DAP12 are expressed on
microglia and cortical neurons, but not on hippocampal
neurons, astrocytes, and oligodendrocytes. Their expression
correlates with clearance of apoptotic neurons by microglia
without inflammation [90–92]. However, endogenous ligand
or specific agonist of TREM2 had not been identified until
recently. Heat shock protein 60 (Hsp60) is a mitochondrial
chaperone, which interacts with TREM2 directly. Hsp60-
induced phagocytosis is only found in microglia which have
robust expression of TREM2 [93]. In AD model mouse,
TREM2 expression was highest in the outer zone in Aβ
plaques, and the expression level correlated with the size
of Aβ plaque [94]. Forced expression of TREM2 positively
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regulated microglial phagocytosis, the ability of microglia
to stimulate CD4+ T-cell proliferation, TNF-α and CCL2
production, but not IFNγ production [94].

5. TLRs

TLRs are class of pattern-recognition receptors in the innate
immune system to induce inflammatory responses. 13 TLRs
have been identified in human and mouse to date, except for
TLR10 which is expressed only in human [95, 96]. TLRs may
also contribute to the microglial inflammatory response to
promote AD pathogenesis [15].

CD11b, a marker of macrophages and microglia, has
been shown to interact with TLR signaling. CD11b knockout
mouse exhibited enhanced TLR-mediated responses and
subsequent more susceptibility to endotoxin shock [97].

Among the TLRs, LPS receptor TLR4 potently activates
microglia in various aspects, such as Aβ phagocytosis and
proinflammatory molecules production [98, 99]. Activa-
tion of TLR1, TLR2, TLR3, and TLR9 by each selective
agonist also increased phagocytosis and several cytokines
and chemokine production [98, 100]. CD14 is a coreceptor
of TLR4. The response of microglia to fibrillar Aβ is
mediated via CD14, which act together with TLR4 and
TLR2 to bind fibrillar Aβ and induced microglial activation
through p38 MAPK [101]. Deficiency of CD200 induces the
expression of TLR2 and TLR4 in glial cells and proliferation
of CD11b+/MHCII+/CD40+ activated microglia [102].
These mice show memory impairment, suggesting that dual
activation of TLR2 and TLR4 may induce an inflammatory
phenotype of microglia which negatively regulate synaptic
plasticity in the AD model. Aβ triggers the inflammatory
status in microglia via heterodimer of TLR4 and TLR6, which
is regulated by CD36 [103]. Therefore, CD14-TLR2-TLR4
and CD36-TLR4-TLR6 signaling are crucial to Aβ-induced
inflammatory response, and also in microglial phagocytosis.

Bacterial DNA containing motifs of unmethylated CpG
dinucleotides (CpG-DNA) is a ligand of TLR9, which is
initially identified to activate microglia and strongly induces
TNF-α and IL-12 production [104]. However, we have shown
that CpG activated microglia to produce neuroprotective
molecule, such as hemeoxygenase-1 (HO-1) and matrix
metalloproteinase 9 (MMP-9) without producing neurotoxic
molecules, such as TNF-α, glutamate and nitric oxide (NO),
and enhanced Aβ clearance to protect memory disturbance
in vivo [105]. There are the discrepancies about CpG effect
between aforementioned two reports despite using the same
origin cells (mouse primary microglia). It may be due to con-
centrations of this TLR9 ligand used: higher concentration
(10 μM) in former report [104], whereas lower concentra-
tions (1 to 100 nM) in latter report [105]. Moreover, the latter
report revealed the difference on neuroprotective effect of
CpG among synthetic oligodeoxynucleotides (ODNs) classes
(A to C). Class A CpG did not activate microglia, but classes
B and C CpGs increased microglial neuroprotective effect
through induction of clearance of Aβ and production of
neuroprotectant. These suggested that the CpG sequence-
dependent microglial activation and responses are present.

CpG increased chemokine CCL9 and its receptor CCR1
expression in macrophages and microglia via TLR9/MyD88
signaling involving ERK, p38 MAPK, and PI3K pathways.
Thus it can enhance microglial migration as well as phago-
cytosis [106].

6. PSR

Phagocytotic cells recognize apoptotic cells by several mech-
anisms, including recognition of PS expressed on the cells.
PS is receiving much attention because it is responsible
for phagocytosis without inducing inflammation [10]. The
receptors of PS (PSRs) had not been clarified for a long time
but have uncovered in recent years. These include MFG-E8
(the lactadherin homolog in humans) and T-cell immuno-
globulin mucin domain 4 (Tim4) [107, 108]. These act
as a bridge between PS-expressing apoptotic cells and PSR
expressing phagocytes and trigger engulfment of cellular
debris.

MFG-E8 is expressed on various macrophage subsets in
the periphery and on microglia in the CNS. Recently, we
have shown that CX3CL1 induces MFG-E8 expression in
primary mouse microglia to lead to the microglial clearance
of degenerated neuronal debris [46]. Others also reported
the induction of MFG-E8 by CX3CL1 in macrophages and
rat microglia [109, 110]. MFG-E8 bridges PS and integrins
αvβ3 or αvβ5 on the surface of phagocytes [107, 111]. High-
mobility group box 1 protein (HMGB1) is an intracellular
protein that activates transcriptional factors, including p53
and NF-κB. HMGB1 reportedly suppresses the interaction
between MFG-E8 and αvβ3 integrin in macrophage and
inhibits the phagocytosis of apoptotic cells through ERK-
mediated signaling pathway [112]. MFG-E8 may also be
involved in Aβ phagocytosis, since its expression is reduced in
AD [113]. We previously showed the neutralization of MFG-
E8 progressed neuronal degeneration [46]. MFG-E8 report-
edly induces anti-inflammation status in the periphery.
Therefore, MFG-E8 may possibly lead to targeted clearance
of unwanted molecules, such as Aβ, without inflammation.

The other well-studied PSR, Tim4, is expressed in MAC-
1+ cells in various mouse tissues, including spleen, lymph
nodes, and fetal liver [108]. Among the other Tim family
members, Tim1, but neither Tim2 nor Tim3, also specifically
binds to PS. Tim1-PS subsequently connects with exosomes
to recognize and engulf apoptotic cells [114–116].

It has been shown recently that RAGE also recognizes
PS and induces apoptotic cell clearance [80]. However as
mentioned previously, RAGE-guided intracellular signaling
pathway induces prolonged inflammatory status.

7. γ-Secretase and Phagocytosis in
AD Pathology

γ-secretase is a protein complex of four essential membrane
proteins: aph-1, pen-2, nicastrin, and presenilin. A recent
study suggests that presenilin increases microglial phago-
cytosis of Aβ, and this γ-secretase has dual role for AD
pathogenesis: one is cleavage of amyloid precursor protein
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(APP) to produce pathologic Aβ, and the other is reduction
of microglial phagocytosis of Aβ by γ-secretase inhibitor
[117]. Vertebrates have two presenilin genes, PSEN1 (located
on chromosome 14 in humans; encoded presenilin 1) and
PSEN2 (located on chromosome 1; encoded presenilin 2).
There is a report that presenilin 2 is identified as the pre-
dominant γ-secretase in mouse microglia (but not preseni-
lin 1), which repressed microglial activation via its function
as a γ-secretase, and its expression is increased by inflamma-
tory stimuli (IFN-γ) [118].

In order to explore the detailed mechanism how γ-
secretase regulates microglial activity, further studies are
needed since γ-secretase is a therapeutic target for AD. In
traumatic injury of the brain, presenilin and nicastrin expres-
sions are elevated in activated microglia and astrocytes [119].
γ-secretase mainly cleaves APP to lead to accumulation of
Aβ1-42, which then results in aggregation of Aβ protein to
worsen AD pathology. However Aβ1-42 is also a target of
microglial phagocytosis.

8. Concluding Remarks

Microglia express a wide array of receptors characteristic to
immune cell, such as CD molecules, integrins, chemokine
receptors, and PSR (Figure 1). These receptors are involved
in multiple functions of microglia. Chemokine receptors
not only induce migration of microglia but also con-
tribute directly to AD pathogenesis through regulation of
phagocytosis and neuroprotective activity. PS acts as eat-me
signal, and PSR-mediated phagocytosis so far is regarded as
inducing anti-inflammatory responses. However, according
to some recent reports, RAGE interacts with PSR and
facilitates phagocytosis with robust inflammation status [80,
120]. Therefore, if the other phagocytosis-related receptors
including TLRs interact with PSR, microglia would be
activated to outbreak excessive phagocytosis with robust
inflammation.

Microglia from old APP/PS1 mouse, but not from
younger ones, show the reduction of SRA, CD36, RAGE, and
the Aβ-degrading enzymes including insulysin, neprilysin,
and MMP9 [121]. Dysfunction of microglia after progression
of disease development may lead to neurodegeneration.
Thus, it is important to consider the microglial status
depending on the disease stage, to treat AD effectively. As
shown in Figure 2, FKN and IL-34 may be an intrinsic
neuroprotectant for damaged but still surviving neurons
through activation of microglia. Therefore, it is important to
elucidate neurons-microglia crosstalk in neurodegenerative
condition.
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Microglia have long been noted to be present and activated in Alzheimer brain. Demonstrations that these microglia are associated
with the specific lesions of Alzheimer disease—Aβ plaques and neurofibrillary tangles—and that these microglia overexpress the
potent proinflammatory cytokine interleukin-1 led to the recognition of a potential pathogenic role for these cells in initiation and
progression of disease. Activated, cytokine-overexpressing microglia are near-universal components of Aβ plaques at early (diffuse)
and mid (neuritic) stages of progression in Alzheimer brain, and only decline in end-stage, dense core plaques. They correlate with
plaque distribution across cerebral cortical cytoarchitectonic layers and across brain regions. They also show close associations
with tangle-bearing neurons in Alzheimer brain. Microglial activation is a consistent feature in conditions that confer increased
risk for Alzheimer disease or that are associated with accelerated appearance of Alzheimer-type neuropathological changes. These
include normal ageing, head injury, diabetes, heart disease, and chronic intractable epilepsy. The neuropathological demonstration
of microglial activation in Alzheimer brain and in Alzheimer-related conditions opened the field of basic and applied investigations
centered on the idea of a pathogenically important neuroinflammatory process in Alzheimer disease.

1. Introduction

Microglia have been known to be present in the characteristic
plaques of Alzheimer disease since the first descriptions of
these cells by del Rio Hortega and Penfield in the 1920s
[1], but half a century would pass before attention returned
to these cells. The first suggestion of a causative role for
microglia in Alzheimer disease came from Glenner, who
hypothesized in 1979 that the amyloid found in Alzheimer
brain was produced by these cells [2]. This idea dominated
several subsequent studies that identified microglia associ-
ated with amyloid plaques in the brains of Alzheimer patients
[3–5]. The idea was largely abandoned when the neuronal
origin of Aβ was elucidated [6], although occasional studies
have returned to this idea [7].

The first evidence that microglia may have an immu-
nological—rather than a phagocytic or Aβ-processing—
function in Alzheimer brain was the demonstration in 1989
by Griffin and colleagues that these microglia express
the potent immunomodulatory cytokine interleukin-1 [8]
(Figure 1). This report, together with the finding that
interleukin-1 regulates the synthesis of the Aβ precursor
protein [9], immediately suggested that microglia and their

cytokines might play a role in driving plaque development, a
concept very different from ideas about amyloid production
or phagocytosis and protein degradation that had been pre-
viously attributed to microglia. Over the next several years,
additional cytokines were added to the listing of proteins that
are elevated in Alzheimer brain. These include interleukin-
6 [10], transforming growth factor β1 [11], interferon α
[12, 13], and interleukins-2 and -3 [14].

Ideas regarding the role of microglia in Alzheimer disease
have continued to evolve over the 20 years since these seminal
studies. Neuropathological investigations, in particular, have
both suggested and supported ideas about the potential roles
of inflammatory mechanisms in Aβ plaque formation and
progression in Alzheimer disease, and the potential roles of
microglial activation in progressive plaque-associated neu-
ritic damage, neuronal damage, and neuronal death. This
review will highlight these neuropathological studies.

2. Microglial Identification in Human Brain

Microglia were first described in 1899 by Nissl, who distin-
guished these cells from other neural components based on
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the shape of their nuclei [15]. The definitive identification
and characterization of these cells were done in the 1920s
by del Rio Hortega and Penfield, using a silver carbonate
staining technique [1]. Microglia are now known to express
a wide variety of immune-related molecules and antigens
[16], many of which can be used to immunolabel microglia
in histological tissue sections. “Resting” microglia, found
throughout normal brain parenchyma, express many of these
molecules either at very low levels or not at all.

In contrast to the low levels of expression of immune-
related molecules by resting microglia, immunological chal-
lenge or tissue injury leads to upregulation of many of these
factors, a process known as microglial activation. With fur-
ther activation, microglia undergo morphological changes
that include enlargement and withdrawal of their ramified
processes. Activated microglia can be identified through their
expression of such factors. In general, however, antibodies
against secreted products such as interleukin-1β (IL-1β)
or tumor necrosis factor-α generally yield poor results in
paraffin sections as these soluble peptides are lost dur-
ing tissue processing. In contrast, the cytokine IL-1α is
expressed by microglia as a membrane-bound peptide, and
immunohistochemistry using antibodies against IL-1α is
very effective at labeling activated microglia while producing
little or no labeling of resting microglia (Figure 1) [17].
Other techniques that have been used to identify microglia
include MHC class II cell surface receptors [18], Fc receptors
[19], various lectins [20–22], and other monocyte markers
[23, 24]. More recently, immunohistochemistry for ion-
ized calcium binding adapter molecule 1 (Iba1) has been
identified as a reliable marker for microglia, although this
technique labels resting as well as activated microglia and
is thus not specific for activated forms [25, 26]. A subset of
microglia express ferritin and can be immunolabelled with
anti-ferritin antibodies. Such expression, however, appears to
represent a degenerative, or “dystrophic” change in microglia
rather than an activated state [27].

3. Microglial Associations with Aβ Plaques

Activated microglia are near-universal components of Aβ
plaques in Alzheimer brain. In Alzheimer brain, microglia
accumulate fragmented DNA, presumably originating from
neuronal injury and death [28]. Such accumulation, together
with cytokine stimulation, is a potent microglial activating
stimulus [28]. Microglial activation has been shown to
progress with clinical (CDR) stage of dementia [29, 30], with
neuropathological (Braak and Braak [31]) stage of disease
severity [29], and with stage of progression of individual
Aβ plaques [32]. The distribution of activated microglia
across different brain regions closely parallels that of neuritic
plaques in Alzheimer brain, with involvement of hip-
pocampus > temporal lobe > frontal and occipital lobes
[33]. Moreover, there is variation in the distribution of
microglia in different cortical cytoarchitectonic layers [34].
In Alzheimer brain, this distribution correlates closely with
the distribution of neuritic plaques across these same layers,
with both showing greater involvement of layers III–VI than

Figure 1: Activated microglia, overexpressing interleukin-1, within
an Aβ plaque in Alzheimer brain. Immunohistochemistry using an
antibody specific for IL-1α.

of layers I-II. Of even greater interest, normal individuals—
without Alzheimer disease and without neuritic plaques—
show a similar (but much less pronounced) variation in
content of (resting) microglia across these cortical layers.
This latter finding suggests that the normal distribution of
microglia across cerebral cortical layers may influence the
pattern of development of neuritic plaques in Alzheimer
brain [34].

The association of activated microglia with Aβ plaques
is also a function of plaque type. The Aβ plaques present in
Alzheimer brain show different morphological appearances,
which are thought to represent different stages of plaque pro-
gression, commencing with diffuse deposits of Aβ peptide,
progressing to complex plaques with congophilic amyloid
and with evidence of damage to neurons and their processes
(“dystrophic neurites”), and terminating in a dense core of
condensed amyloid without diffuse Aβ peptide and without
adjacent dystrophic neurites [32, 35]. This schemata is widely
(but not universally [7]) accepted.

Both the numbers of microglia and the degree of acti-
vation of microglia vary with plaque type, or stage [32].
Early plaques in Alzheimer brain—those which contain
diffuse deposits of Aβ peptide without formation of true
(fibrillar) amyloid and without evidence of neuritic injury—
already contain small numbers of microglia that overexpress
interleukin-1 (IL-1) [32]. These microglia are not enlarged
or phagocytic [36] and thus are easily mistaken for normal
“resting” microglia in the absence of specific immunohisto-
chemical demonstration of their cytokine upregulation [26].
Of interest is the fact that similar-appearing diffuse deposits
of Aβ peptide can sometimes be found, in the absence of the
later plaque forms and in the absence of clinical dementia.
This includes occasional otherwise normal, cognitively intact
elderly individuals, and includes individuals with the disease
hereditary cerebral hemorrhage with amyloidosis (Dutch)
(HCHA-D), a disease that is characterized by extensive amy-
loid angiopathy and consequent cerebral hemorrhage. In
contrast to the ubiquitous presence of activated microglia
in diffuse plaques present in Alzheimer brain [32], activated
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microglia have not been identified in either the similar-
appearing deposits in the brains of neurologically normal
elderly individuals [37] or in the similar-appearing deposits
in the brains of patients with HCHA-D [23]. This observa-
tion suggests that Aβ deposition alone is not sufficient for the
development of Alzheimer disease. Further, this observation
suggests that activated microglia, overexpressing IL-1, may
be a key element in Aβ plaque progression, and hence a key
element in the clinical conversion to, and progression of,
clinical Alzheimer disease.

It remains unclear why the diffuse Aβ deposits in normal
elderly or in HCHA-D differ in their ability to attract and
activate microglia. One possibility is the lack of some code-
posited, immunogenic protein, possibly originating outside
the brain. In support of this idea is the observation that
Alzheimer brain shows diffuse immunoreactivity for the
serum-derived proteins fibrinogen and IgG, suggesting
breakdown of blood-brain barrier function in Alzheimer
disease [38]. This fibrinogen immunoreactivity is enhanced
in Aβ deposits and is associated with microglial activation
[38]. A second possibility is that there is a difference in some
physical characteristic of the Aβ peptide (e.g., oligomer or
fibrillar state), as may be the case for patients with HCHA-D.
Finally, for those unusual elderly individuals with only
diffuse Aβ deposits, there is the third possibility that there
is an inherent difference in the responsiveness of microglia in
these individuals.

Early, diffuse plaques progress to neuritic forms, char-
acterized by condensation of Aβ peptide into true, fibrillar
amyloid, and by the appearance of injured (dystrophic)
neural processes (neurites). At this stage, there are increases
both in the number of microglia associated with individual
plaques, and in the degree of activation of these associated
microglia [32, 36, 39]. In addition to overexpression of
IL-1, these microglia become enlarged with fewer ramified
processes, thus meeting classic morphological criteria (in
addition to immunohistochemical criteria) for activation.
With continued condensation of Aβ peptide, a “dense core”
of amyloid is formed. This process appears to mask or reverse
the immunogenic properties of the plaque, as the numbers
of microglia associated with such plaques are less than that
seen prior to the formation of the dense core [32]. Further,
the microglia found in these cored plaques are phagocytic
in appearance [36], although the appearance of microglia in
these later plaques has also been interpreted as a degenerative
or senescent change [26]. Microglia are clearly capable of
phagocytosing and even removing Aβ, as trials of Aβ vaccines
have suggested in both animals and humans [40].

The final, end-stage of plaque progression is a solitary
dense core of amyloid, without surrounding diffuse Aβ pep-
tide and without associated dystrophic neurites. These end-
stage plaques are also devoid of microglia, suggesting that the
immunogenic stimulus that attracts and activates microglia
has abated [32]. This waxing and waning of numbers of
activated microglia with plaque progression has its parallel in
the finding that microglia in Alzheimer brain appear early in
the disease course (as measured by premortem assessments
using the Blessed test score) and decline late in the disease

[41], at which point there is severe dementia from the
accumulated neuronal loss. A similar observation is that
there is a slight decrease in microglial activation in end-stage
(Braak and Braak stage VI) Alzheimer brain, after showing
increases over the first five Braak and Braak stages [42].

The concurrent absence of microglia and dystrophic
neurites in end-stage, dense-core plaques also suggests that
plaque-associated microglia may play a role in damaging
surrounding neural elements and generating the dystrophic
neurites of Alzheimer amyloid plaques. Interleukin-1 is
known to be neurotoxic at high concentrations, as coculture
of lipopolysaccharide-activated microglia with primary rat
cortical neurons results in neuronal death, and this effect is
attenuated in the presence of the naturally occurring IL-1
receptor antagonist IL-1ra [43]. In human brain, the associa-
tion of activated, IL-1-expressing microglia with Aβ plaques
correlates with histochemical evidence of progressive neu-
ronal damage, as assessed using the TUNEL technique [44].
Cortical neurons contained within or adjacent to Aβ plaques
frequently show TUNEL positivity, and the percentage of
such neurons that are positive by this technique increases
with plaque progression, reaching nearly 100% in end-stage
dense core plaques. Further, the total number of plaque-
associated neurons declines significantly in such end-stage
plaques, suggesting that there is neuronal death and loss asso-
ciated with plaque progression [44]. Plaques are generally
much more numerous than tangles in Alzheimer brain, and
neuronal loss in Alzheimer brain has long been known to
exceed the incidence of neurofibrillary tangles [45]. Thus,
such plaque-associated neuronal injury and loss, mediated at
least in part by microglia-derived cytokine overexpression,
may be a significant—and perhaps even major—source of
neuronal loss in Alzheimer brain.

4. Microglial Associations with
Neurofibrillary Tangles

Neuropathological investigations have also offered evidence
that microglia may be involved in the pathogenesis and pro-
gression of neurofibrillary tangle formation. Just as there are
correlations between the distribution of activated microglia
and distribution of Aβ plaques in Alzheimer brain, so, too
are there correlations between the distribution of microglia
and the distribution of neurofibrillary tangles [46]. Further,
and again as for Aβ plaques, a progressive association has
been shown between activated microglia and neurofibrillary
tangle stage [47]. Neurofibrillary tangles can be classified into
different stages, representing a pathological progression [47,
48]. In Alzheimer brain, there is a progressive association of
activated, IL-1-overexpressing microglia with neurofibrillary
tangles across this spectrum of tangle progression [47]. In
vitro work has shown that IL-1 increases neuronal expression
of the tau-phosphorylating enzyme MAPK-p38 and also
increases the phosphorylation (activation) of this enzyme
[43]. This, together with the neuropathological observations,
suggests that neuron-associated microglia may be important
in driving or sustaining neuronal tangle formation in
Alzheimer disease.
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5. Microglia in Other
Neurodegenerative Diseases

Chronic microglial activation as a potentially neurotoxic
driving force is not likely to be restricted to Alzheimer dis-
ease. Following the seminal observations of microglial acti-
vation in Alzheimer brain, similar microglial activation has
been found in other chronic neurological diseases, including
amyotrophic lateral sclerosis, spinocerebellar ataxia, and
Huntington’s disease [49–52], and especially in diseases
characterized by α-synuclein pathology: Parkinson’s disease,
dementia with Lewy bodies, and multiple system atrophy.
Activated, cytokine-overexpressing microglia are found in
the substantia nigra of Parkinson patients (for reviews, see
references [53–55]). Activated microglia also show close
associations with inclusion-bearing neurons in dementia
with Lewy bodies [56] and with inclusion-containing oligo-
dendrocytes in multiple system atrophy [57]. These findings
suggest a common final pathway of neuronal injury and loss
in a number of chronic neurodegenerative diseases [58].

6. Origins of Neuroinflammatory Processes

Alzheimer disease, and Alzheimer-type neuropathological
changes, show important associations with a number of
other conditions. These include ageing, head injury, diabetes,
heart disease, and epilepsy. All of these conditions have been
shown to enhance or accelerate microglial activation in the
brain. In normal human ageing, for instance, there is a
progressive increase in the numbers of activated microglia
overexpressing IL-1 [59]. This effect may serve to lower the
threshold required to subsequently initiate disease [60] and
may thus explain in part the strong age association of
Alzheimer disease. Similarly, head injury results in activation
of microglia overexpressing IL-1, together with expression of
the Aβ precursor protein by neurons and neuronal processes
[61]. For patients with established Alzheimer disease, and
microglial activation, there is further enhancement of this
microglial activation in the presence of concurrent diabetes
[62] or heart disease [63]. Patients with chronic intractable
temporal lobe epilepsy or with HIV infection show increased
proinflammatory activation of microglia [64, 65], and both
of these conditions have been associated with acceler-
ated appearance of age-associated, Alzheimer-type “senile”
changes [66, 67]. Collectively, these findings suggest that
proinflammatory processes of various etiologies can con-
tribute to a summative inflammatory state—characterized
by microglial activation—that lowers the threshold and
increases the risk for the subsequent development of neu-
rodegenerative disease.

7. Conclusion

Microglial activation is a universal feature of Alzheimer
disease, as well as a number of other chronic neurodegen-
erative diseases. These microglia show specific patterns of
association with the neuropathological features of Alzheimer
disease, which collectively suggest a pathogenic role in driv-
ing the progression of such pathology. Further, microglial

activation is a prominent feature of several other conditions
that have been associated with increased risk for Alzheimer
disease or with accelerated appearance of Alzheimer-type
neuropathological changes.
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N. Durany, “Immunohistochemical analysis of human brain
suggests pathological synergism of alzheimer’s disease and
diabetes mellitus,” Neurobiology of Disease, vol. 37, no. 1, pp.
67–76, 2010.

[63] W. J. Streit and D. L. Sparks, “Activation of microglia in the
brains of humans with heart disease and hypercholesterolemic
rabbits,” Journal of Molecular Medicine, vol. 75, no. 2, pp. 130–
138, 1997.

[64] J. G. Sheng, F. A. Boop, R. E. Mrak, and W. S. T. Griffin,
“Increased neuronal β-amyloid precursor protein expres-
sion in human temporal lobe epilepsy: association with
interleukin-1α immunoreactivity,” Journal of Neurochemistry,
vol. 63, no. 5, pp. 1872–1879, 1994.

[65] L. C. Stanley, R. E. Mrak, R. C. Woody et al., “Glial cytokines
as neuropathogenic factors in hiv infection: pathogenic simi-
larities to alzheimer’s disease,” Journal of Neuropathology and
Experimental Neurology, vol. 53, no. 3, pp. 231–238, 1994.

[66] I. R. A. Mackenzie and L. A. Miller, “Senile plaques in temporal
lobe epilepsy,” Acta Neuropathologica, vol. 87, no. 5, pp. 504–
510, 1994.

[67] M. M. Esiri, S. C. Biddolph, and C. S. Morris, “Prevalence
of Alzheimer plaques in AIDS,” Journal of Neurology, Neuro-
surgery & Psychiatyry, vol. 65, no. 1, pp. 29–33, 1998.



Hindawi Publishing Corporation
International Journal of Alzheimer’s Disease
Volume 2012, Article ID 737846, 9 pages
doi:10.1155/2012/737846

Review Article

The Biphasic Role of Microglia in Alzheimer’s Disease

Tetsuya Mizuno

Department of Neuroimmunology, Research Institute of Environmental Medicine, Nagoya University, Furo-cho,
Chikusa-ku, Nagoya 464-8601, Japan

Correspondence should be addressed to Tetsuya Mizuno, tmizuno@riem.nagoya-u.ac.jp

Received 28 December 2011; Accepted 29 February 2012

Academic Editor: Akio Suzumura

Copyright © 2012 Tetsuya Mizuno. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Neuroinflammation is involved in the pathogenesis of Alzheimer’s disease (AD). Microglia, macrophage-like resident immune cells
in the brain, play critical roles in the inflammatory aspects of AD. Microglia may be activated by oligomeric and fibrillar species of
amyloid β (Aβ) that are constituents of senile plaques and by molecules derived from degenerated neurons, such as purines and
chemokines, which enhance their migration and phagocytosis. The main neurotoxic molecules produced by activated microglia
may be reactive oxygen species, glutamate, and inflammatory cytokines such as tumor-necrosis-factor-α and interleukin- (IL-) 1β
These molecules differentially induce neurotoxicity. Aβ itself directly damages neurons. In terms of neuroprotective properties,
microglia treated with fractalkine or IL-34 attenuate Aβ neurotoxicity by Aβ clearance and the production of antioxidants. There-
fore, regulation of the microglial role in neuroprotection may be a useful therapeutic strategy for AD.

1. Introduction

Microglia, macrophage-like immune cells in the central ner-
vous system (CNS), cluster around the senile plaques that
along with polymorphous amyloid β (Aβ) deposits are
the pathological hallmarks of Alzheimer’s disease (AD).
Microglia have a biphasic neurotoxic-neuroprotective role in
the pathogenesis of AD. In regard to their neurotoxic proper-
ties, microglia may be involved in the inflammatory compo-
nent of AD [1, 2]. In AD, the trigger molecule for microglial
activation may be Aβ and molecules derived from degene-
rated neurons may enhance microglial neurotoxicity [3]. Aβ
exists in different assembly forms including monomers, oli-
gomers, and fibrils. Both oligomeric Aβ (oAβ) and fibrillar
Aβ (fAβ) have been shown to stimulate microglial secre-
tion of proinflammatory cytokines such as interleukin-1
(IL-1), IL-6, and tumor-necrosis-factor-α (TNF-α); chemo-
kines including monocyte chemotactic-1 (MCP-1) and
macrophage inflammatory protein-1 (MIP-1); complement
components; free radicals such as reactive oxygen species
(ROS), including superoxide anions and hydroxy radicals [4,
5]. Glutamate also plays an important role in microglial
neurotoxicity in AD. Activated microglia produce large
amounts of glutamate, which induces excitotoxicity via
N-methyl-D-aspartate (NMDA) receptor signaling [6–9].

Chronic activation of extrasynaptic NMDA receptors leads
to increased Aβ production [10].

Aβ itself is toxic to neurons in AD, with oAβ being more
toxic than fAβ (Figure 1). The toxicity of oAβ manifests itself
in terms of synaptic dysfunction, including inhibition of hip-
pocampal long-term potentiation, facilitation of long-term
depression, and disruption of synaptic plasticity [11, 12]. It is
therefore necessary to evaluate microglial neurotoxicity apart
from Aβ neurotoxicity.

In regard to its neuroprotective properties, microglia at-
tenuate Aβ neurotoxicity by Aβ clearance, including phago-
cytosis and degradation of Aβ and the production of antioxi-
dants and neurotrophic factors [13–15]. In the present paper,
we focus on the trigger molecules that mediate microglial
activation and the mechanisms of microglial neurotoxicity
mediated by ROS glutamate, and inflammatory cytokines.
We also discuss the neuroprotective role of microglia in AD.

2. The Trigger Molecules That
Mediate Microglial Activation

2.1. Fibrillar Aβ. Aβ, the key mediator of AD, is processed
from the amyloid precursor protein (APP). The most
common isoforms are Aβ1-40 and Aβ1-42, which are the
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Figure 1: Aβ neurotoxicity. Aβ is derived from APP by enzymatic cleavage. Aβ consists of 40 or 42 amino acids. Aβ40 is soluble and of lower
toxicity, but Aβ42 is prone to aggregate and form fibrillar structures via oligomers (a). Oligomeric Aβ (oAβ42) and fibrillar Aβ (fAβ42) are
detected by western blotting and an electron microscope (b). Administration of 5 μM oAβ42 to cortical cultures induces significant neuronal
death. In contrast, administration of fAβ42 does not induce neuronal cell death, although Aβ deposition is observed on dendrites (c).

major constituents of senile plaques. Aβ1-42 is more prone
to aggregate than Aβ1-40. Initial Aβ deposition begins with
Aβ1-42, but not with Aβ1-40. In the process of Aβ1-42
aggregation, many types of soluble oAβ are formed: dimers,
trimers, tetramers, dodecamers, Aβ-derived diffusible lig-
ands, and annular protofibrils [16–18]. Stimulation of mic-
roglia with fAβ reportedly results in the Syk kinase- and
NFκB-dependent production of TNF-α, iNOS, and perox-
ynitrite [19]. However, the ability of fAβ to activate microglia
is generally low or absent when fAβ is used as the sole sti-
mulant. Recent reports have clarified that fAβ can activate
microglia via Toll-like receptor 2 (TLR2) [20] or interaction
with cell surface receptor complexes. TLR2, TLR4, and TLR6
have been shown to be essential components of the receptor
complexes for microglial activation. The coreceptor CD14
and TLR2 and 4 complex is required for fAβ-stimulated mic-
roglial activation [21]. The class B scavenger receptor CD36
and TLR4 and 6 complex is also involved in the activation of
microglia by fAβ. The signals mediated by this receptor com-
plex induce IL-1β production in microglia [22].

2.2. Oligomeric Aβ. The patterns of microglial activation
caused by fAβ and oAβ are different. In addition, studies of
microglial activation with oAβ have yielded controversial
results. oAβ activates microglia by increasing levels of phos-
phorylated Lyn, Syk kinase, and p38 MAP kinase, which
results in the production of IL-6 and a decrease in MCP-1
[23]. On the other hand, oAβ does not produce several proin-
flammatory mediators commonly induced by lipopolysac-
charides (LPS), such as prostaglandin E2, glutamate, TNF-α,
IL-1β, and IL-6. There is a report that oAβ at low nanomolar
concentrations induces neurotoxicity by increasing the pro-
duction of nitric oxide (NO) as well as the activity of scaven-
ger receptor A and the Ca2+-activated potassium channel
KCa3.1 [24]. oAβ induces neuronal ROS through a mecha-
nism requiring NMDA receptor activation [25]. ROS is also
induced by fAβ and oAβ in microglia [26]. In contrast to the
above reports, our data showed that both fAβ and oAβ failed
to induce toxic molecules such as TNF-α, NO, and glutamate
in microglia and to enhance these molecules in LPS-activated
microglia (Figure 2) [15]. The synthetic oAβ that is used
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Figure 2: Inflammatory molecules produced by Aβ- or LPS-activated microglia. In primary microglial culture, administration of 5 μM
oAβ42 or 5 μM fAβ42 for 24 h does not induce the production of neurotoxic mediators such as TNF-α, glutamate, or nitrite, a stable
breakdown product of NO. While microglia activated with 1 μg/mL LPS produce these molecules, both oAβ42 and fAβ42 do not enhance
the production.

for in vitro studies contains oligomers of different sizes and
shapes, and microglia may respond to this heterogeneous
oAβ mixture in various ways. Moreover, synthetic oAβ pre-
parations are less potent than oAβ isolated from the super-
natant of transfected cell cultures.

2.3. The Molecules Derived from Degenerated Neurons.
Recent findings have indicated that damaged neurons are not
merely passive targets of microglia but rather regulate mic-
roglial activity through nucleotides and chemokines [27].
Damaged neurons release several substances that activate
microglia, for instance purines, including ATP [28] and UDP
[29]; chemokines, such as CCL-21 [30]; glutamate [31].
However, these molecules do not always induce microglial
neurotoxicity. ATP regulates microglial branch dynamics and
mediates a rapid microglial response toward injured neu-
rons. UDP triggers microglial phagocytosis via P2Y6 recep-
tors. The chemokine CCL-21, released by damaged neurons,
activates microglia via the CXCR3 receptor. Excessive neu-
ronal glutamate is released as a result of neurodegenerative
processes. Microglial cells express the AMPA and kainate
subtypes of ionotropic glutamate receptors [32]. Metabot-
ropic glutamate (mGlu) receptor 2, mGlu3, and mGlu5 are
expressed in microglia [33, 34]. Glutamate serves as an
activation signal for microglia, and activation of mGluR2
on microglia promotes neurotoxicity. However, microglial
mGluR5 provides neuronal protection by suppressing the
NO and TNF-α production induced by blood protein fibri-
nogen [34].

3. The Neurotoxic Molecules Produced
by Microglia

3.1. ROS. Oxidative damage to protein, lipids, polysaccha-
rides, and DNA is involved in the pathogenesis of AD
[35]. The expression of NADPH oxidase, a multisubunit

enzyme complex responsible for the production of ROS, is
upregulated in AD [36]. Microglial NADPH oxidase is acti-
vated by fAβ [37, 38], and NADPH oxidase activation sub-
sequently causes neurotoxicity through two mechanisms: (1)
extracellular ROS produced by microglia are directly toxic to
neurons, and (2) intracellular ROS function as a signaling
mechanism in microglia to amplify the production of several
proinflammatory and neurotoxic cytokines [39]. ROS are in-
duced in the mitochondrial membranes of both neurons
and microglia, causing subsequent oxidative damage in the
early stages of disease progression. Loss of mitochondrial
membrane potential and increase of ROS production have
been demonstrated in studies of AD patients as well as in
transgenic mice models of AD [40, 41]. An increase in hydro-
gen peroxide and a decrease in cytochrome oxidase activity
were found in young Tg2576 mice prior to the appearance
of Aβ plaques [40]. Oxidative stress has been shown to
contribute to the onset of cognitive dysfunction caused by
Aβ [42].

A recent report showed that fAβ and oAβ induced ROS
in microglia through the TRPV1 cation channel, also known
as the capsaisin receptor, and that pretreatment with fAβ
or oAβ induced microglial priming through Kv1.3 K(+)
channels, that is, increased ROS production upon secondary
stimulation with the phorbol ester PMA [26]. The translo-
cation of chloride intracellular channel 1 from the cytosol
to the plasma membrane is also involved in microglial ROS
generation [43].

Neuronal ROS induced by Aβ can be selectively dysfunc-
tional as well as degenerative. Overstimulation of excitatory
NMDA receptors can lead to excessive ROS. Antioxidative
enzyme heme oxygenase-1 (HO-1) is a microsomal enzyme
that oxidatively cleaves heme to produce biliverdin, carbon
monoxide, and iron [44]. Aβ binds to heme to promote a
functional heme deficiency and induces mitochondrial dys-
function and neurotoxicity [45]. APP also binds to HO, and
oxidative neurotoxicity is markedly enhanced in cerebral
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cortical cultures from APP Swedish mutant transgenic mice
[46].

3.2. Glutamate. Activated microglia release large amounts of
glutamate through upregulation of glutaminase expression
and induce excitoneurotoxicity through NMDA receptor
signaling [7, 47, 48]. Microglial glutamate production is
reported to be induced by APP, but not Aβ [48]. Excessive
glutamate increases Ca2+ influx via the NMDA recep-
tor, resulting in Ca2+/calmodulin-dependent protein kinase
(CaMK) activation. NO induced by CaMK inhibits mito-
chondrial function. Stimulation of synaptic NMDA receptors
enhances prosurvival signals through the activation of
cAMP response element-binding protein (CREB) and the
extracellular signal-regulated kinase (ERK) cascade [49, 50],
whereas calcium flux through extrasynaptic NMDA recep-
tors overrides these functions, causing mitochondrial dys-
function and neuronal cell death [51, 52]. A recent report
suggested that chronic activation of extrasynaptic NMDA
receptors leads to sustained neuronal Aβ release via amy-
loidogenic APP expression [53].

Focal bead-like swelling in dendrites and axons, known as
neuritic beading, is a neuropathological sign that is a feature
of neuronal cell dysfunction preceding neuronal death in
various diseases such as ischemia, epilepsy, brain tumor, and
AD [54–57]. We found that glutamate from activated mic-
roglia induces neuritic beading by impairing dendritic and
axonal transport through NMDA receptor signaling [7].
Moreover, we demonstrated that gap junction hemichannels
are the main avenue of excessive glutamate release from neu-
rotoxic activated microglia [6]. The blockade of gap junction
hemichannels by glycyrrhetinic acid derivatives significantly
prevents activated microglia-mediated neuronal death in
vitro [7, 58, 59] and in vivo in rodent models of transient
ischemic brain injury, multiple sclerosis, amyotrophic lateral
sclerosis, and AD [60–62]. In the APP/PS1 transgenic mouse
model of AD, glycyrrhetinic acid derivatives improved mem-
ory impairments without altering Aβ deposition [62].

oAβ is directly neurotoxic as a result of inducing gluta-
mate release from hippocampal neurons and may contribute
to dysregulation of excitatory signaling in neurons [63].

3.3. Inflammatory Cytokines. oAβ, but not fAβ, has been
shown to increase levels of TNF-α and IL-1β in rat microglial
cultures [64]. However, gene expression analysis of microglia
using cDNA arrays has confirmed that the upregulation of
TNF-α and IL-1β is caused by both oAβ and fAβ [65]. TNF-α
is a well-characterized proinflammatory cytokine involved in
many neuroinflammatory cascades, including autocrine acti-
vation of microglia [66] and direct apoptosis via activation of
extrinsic pathway-associated TNF receptors [67, 68]. TNF-α
enhances microglial glutaminase expression, glutamate pro-
duction, and cell-surface expression of gap junction hemi-
channels [6]. Synergistic and autocrine activities of TNF-α
may cause the release of large amounts of glutamate, result-
ing in excitotoxic neuronal death [69]. TNF-α has been
shown to directly upregulate the expression of the AMPA
receptor GluR1 subunit in mouse hippocampus and cerebral

cortex neurons [70] and to exacerbate AMPA-induced neu-
ronal death at high doses [71]. TNF-α has also been reported
to enhance excitotoxicity through synergistic stimulation of
the TNF and NMDA receptors [72].

IL-1β is known to be a driving force in the inflammatory
process in AD, and it promotes the synthesis and processing
of APP [73]. IL-1β affects ion currents, intracellular Ca2+

homeostasis, and membrane potentials and suppresses long-
term potentiation, thus contributing to dysfunction and in-
flammation [74]. A recent report indicated that the cytoplas-
mic receptor NALP3 inflammasome is involved in the innate
immune response in AD [75]. Activation of the microglial
NALP3 inflammasome is initiated by phagocytosis of fAβ
and induces lysosomal damage and cathepsin B release.
Moreover, it leads to the cleavage of pro-IL-1β/pro-IL-18
into IL-1β/IL-18 by caspase-1. Subsequently, IL-1β activates
the secretion of several proinflammatory and chemotactic
mediators [75].

Wnt signaling plays an important role in neural devel-
opment, including synaptic differentiation. Wnt 5a and its
receptor Frizzled-5 have been shown to be upregulated in
the AD mouse brain [76], and activation of Wnt5a signaling
enhances Aβ-evoked neurotoxicity by induced TNF-α and
IL-1β [76]. In contrast, postsynaptic damage induced by
oAβ in hippocampal neurons is reported to be prevented by
Wnt5a [77]. This discrepancy can be explained by the fact
that basal Wnt5a has synaptoprotective activity, but excessive
Wnt5a may induce proinflammatory factors.

4. Phagocytosis of Microglia

Microglial phagocytosis of neuronal debris and Aβ plays a
pivotal role in AD. Phagocytosis is associated with inflam-
mation during uptake of microbes via TLRs and Fc receptors,
while phagocytosis of apoptotic cells is executed with-
out inflammation via phosphatidylserine receptors such as
T-cell-immunoglobulin-mucin-4 (TIM-4) [78, 79]. Milk-
fat-globule-EGF-factor-8 (MFG-E8), secreted by activated
microglia or macrophages, also binds to phosphatidylserine
exposed on plasma membranes of apoptotic cells [80, 81].
Phagocytosis with inflammation may be toxic to neurons
because of the production of inflammatory molecules such as
proinflammatory cytokines, NO, and ROS. However, phago-
cytosis of Aβ contributes to microglial neuroprotection in
AD. Peptidoglycan, the TLR2 ligand, and unmethylated DNA
CpG motifs, the TLR9 ligand, increase Aβ phagocytosis
through protein-coupled formyl peptide receptor-like 2 [82,
83]. Similarly, LPS, the TLR4 ligand, increases phagocytosis
through the CD14 receptor [84]. TLR4 mutation exacerbates
the Aβ burden in mouse models of AD [85].

5. Molecules Able to Induce Microglial
Neuroprotective Properties

5.1. Fractalkine. Degenerating neurons produce signaling
molecules that regulate microglial phagocytosis and neuro-
protection. Some of this signaling may be controlled by
chemokines and chemokine receptors, which are widely
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Figure 3: Aβ toxicity in neurons and microglia. Aβ is directly toxic to neurons by ROS, and enhances the production of microglia-derived
neurotoxic molecules such as glutamate, TNF-α, and IL-1β. Glutamate from degenerated neurons also induces microglial neurotoxicity.
IL-34 and FKN induce microglial neuroprotection via Aβ clearance and antioxidant activity.

expressed throughout the central nervous system [86]. We
have shown that the soluble CX3C chemokine fractalkine
(FKN), secreted from damaged neurons, promotes mic-
roglial phagocytosis of neuronal debris through the release of
MFG-E8 and induces the expression of the antioxidant
enzyme HO-1 in microglia, resulting in neuroprotection
against glutamate toxicity [87]. The end-products of HO-1
including biliverdin, carbon monoxide, and iron provide cel-
lular and tissue protection through antiinflammatory, anti-
apoptotic, or antioxidative effects [88]. Numerous studies
have demonstrated that upregulation of HO-1 expression in
the CNS may be beneficial to counteract neuroinflammation
and neurodegenerative diseases [89]. The neuroprotective
effect of FKN is abolished by treatment with the HO-1 inhi-
bitor tin-mesoporphyrin IX (SnMP). Moreover, FKN sup-
presses microglial NO, IL-6, and TNF-α production [90].
FKN signaling is deficient in AD brains and is downregulated
by Aβ. CX3CR1, the fractalkine receptor, is a key member
of the microglial pathway that protects against AD-related
cognitive deficits that are associated with aberrant microglial
activation and elevated inflammatory cytokines [91]. Mice
lacking the CX3CR1 receptor show cognitive dysfunction as
demonstrated by contextual fear conditioning and Morris
water maze tests, deficits in motor learning, and a significant
impairment in long-term potentiation via increase in IL-1β
[92]. CX3CR1 deficiency worsens the AD-related neuronal
and behavioral deficits [91]. In contrast, CX3CR1 deficiency
is reported to reduce Aβ deposition in AD mouse models
[93]. Thus, FKN-CX3CR1 signaling in AD is still controver-
sial.

5.2. IL-34. The dimeric glycoprotein IL-34, which is mainly
expressed in neurons, may also be a neuronal cytokine that
regulates microglial function. The major function of IL-34
is to stimulate the differentiation and proliferation of mono-
cytes and macrophages via the colony-stimulating-factor-
(CSF-) 1 receptor [94]. We have shown that IL-34 induces

microglial proliferation and antioxidant HO-1 production
and enhances the degradation of Aβ via insulin degrading
enzyme (IDE) (also known as Aβ degrading enzyme) and
that IL-34 reduces the amount of oAβ and ROS present in
the supernatant of neuron-microglia cocultures, resulting in
microglial neuroprotection against oAβ toxicity [95]. IDE
activity is critical in determining the level of Aβ. The levels
of hippocampal IDE protein and activity have been shown to
be reduced in AD [96]. Enhanced IDE activity in IDE/APP
double-transgenic mice decreased Aβ levels and prevented
the development of AD pathology [97]. Moreover, single
intracerebroventricular injection of IL-34 effectively suppres-
sed the impairment of associative learning in an APP/PS1
transgenic mouse model of AD [95]. The injection of IL-34
may act directly on microglia, which can rapidly eliminate
oAβ via upregulation of IDE and exert antioxidant effect via
HO-1.

5.3. M-CSF. CSF-1, also known as macrophage colony-
stimulating factor (M-CSF), is another ligand of the CSF-1
receptor. M-CSF enables the acidification of macrophage
lysosomes and subsequently the degradation of internalized
Aβ [98]. Intraperitoneal injection of M-CSF prevents mem-
ory disturbance in APP/PS1 mice by inducing microglial
phagocytosis of Aβ [99]. A recent report showed that IL-34
and M-CSF differ in their structure and the CSF-1 receptor
domains that they bind, causing different bioactivities and
signal activation kinetics [100]. Both IL-34 and M-CSF are
useful molecules in terms of inducing microglial neuropro-
tective properties.

5.4. CpG. TLR9, which is located in the intracellular endo-
somal-lysosomal compartment in innate immune cells,
detects single-stranded DNA containing unmethylated CpG.
Microglia express TLR9 at higher levels than do astrocytes
and neuronal cells. Thus, CpG mainly acts on microglia in
the CNS. We have also shown that microglia activated by
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CpG attenuate oAβ neurotoxicity [15]. While high concen-
trations of CpG (10 μM) induce TNF-α, IL-12, and NO in
microglia and enhance neuronal damage [101, 102], lower
concentrations of CpG (1 nM–100 nM) enhance microglial
phagocytosis of Aβ without inflammation. Intracerebroven-
tricular administration of CpG ameliorates both the cogni-
tive impairments induced by oAβ and the impairment of
associative learning in a Tg2576 mouse model of AD [15].

Taken together, these molecules induce neuroprotective
properties in microglia through the antioxidant effect of HO-
1 and Aβ clearance. HO-1 is induced by nuclear translocation
of Nrf2, which is a transcription factor and reportedly plays a
pivotal role in cellular survival [103, 104]. Nrf2 gene therapy
also has been shown to improve memory in the mouse model
of AD [105]. Moreover, Aβ clearance including phagocytosis
and degradation of Aβ by microglia can decrease Aβ plaque
formation and Aβ toxicity.

6. Conclusion

While Aβ, especially oAβ, is directly toxic to neurons, it
may also enhance microglial neurotoxic effects by induc-
ing inflammatory mediators. Degenerated neurons produce
molecules other than Aβ that enhance microglial neurotoxi-
city. However, the microglial neuroprotective effect resulting
from Aβ clearance and antioxidant activity is obvious in AD
(Figure 3). The conditions that determine microglial toxic or
protective effects remain to be elucidated. Clarifying these
issues may contribute to the understanding of AD patho-
physiology. A useful therapeutic strategy for AD may be to
regulate microglia toward neuroprotection, specifically, Aβ
clearance without inflammation.
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In Alzheimer disease (AD) patient brains, the accumulation of amyloid-β (Aβ) peptides is associated with activated microglia.
Aβ is derived from the amyloid precursor protein; two major forms of Aβ, that is, Aβ1-40 (Aβ40) and Aβ1-42 (Aβ42), exist.
We previously reported that rat microglia phagocytose Aβ42, and high mobility group box protein 1 (HMGB1), a chromosomal
protein, inhibits phagocytosis. In the present study, we investigated the effects of exogenous HMGB1 on rat microglial Aβ40
phagocytosis. In the presence of exogenous HMGB1, Aβ40 markedly increased in microglial cytoplasm, and the reduction
of extracellular Aβ40 was inhibited. During this period, HMGB1 was colocalized with Aβ40 in the cytoplasm. Furthermore,
exogenous HMGB1 inhibited the degradation of Aβ40 induced by the rat microglial cytosolic fraction. Thus, extracellular HMGB1
may internalize with Aβ40 in the microglial cytoplasm and inhibit Aβ40 degradation by microglia. This may subsequently
delay Aβ40 clearance. We further confirmed that in AD brains, the parts of senile plaques surrounded by activated microglia
are composed of Aβ40, and extracellular HMGB1 is deposited on these plaques. Taken together, microglial Aβ phagocytosis
dysfunction may be caused by HMGB1 that accumulates extracellularly on Aβ plaques, and it may be critically involved in the
pathological progression of AD.

1. Introduction

Alzheimer’s disease (AD) is characterized by the deposition
of amyloid-β (Aβ) plaques, accumulation of neurofibrillary
tangles (NFTs), and loss of synapses and neurons in partic-
ular brain areas [1]. Experimental studies using transgenic
AD mouse models have demonstrated that Aβ accelerates
NFT formation [2, 3] and is closely associated with synaptic
damage [4]. In contrast, Aβ reduction in the brain by Aβ
immunization restores cognitive functions in transgenic AD
mouse models [5–9] and also appears to slow cognitive
decline in human AD patients [10]. Thus, the accumulation

of Aβ may play a key role in the pathogenesis of AD
[11].

Aβ is derived from the sequential proteolysis of amyloid
precursor protein (APP) by β- and γ-secretases and is
composed of 37–43 amino acid residues because γ-secretase,
which is a protein complex including presenilin (PS),
generates the C-terminal of Aβ with different lengths [12].
Among the variations in Aβ, Aβ1-40 (Aβ40) and Aβ1-42
(Aβ42) are the major species found in AD brains. The most
predominant species deposited in Aβ plaques is Aβ42 [13],
which is prone to aggregation [14] and indicates increased
neurotoxicity [15]. On the other hand, Aβ40 is the major
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soluble species; its secretion is 10-fold more than that of
Aβ42 in normal brains. A previous study demonstrated that
the deposition of Aβ40 in AD brains is particularly correlated
with synaptic and neuronal loss [16]. Thus, lowering the
concentration of Aβ40 and Aβ42 in the brain may serve as
a disease-modifying therapy for AD patients.

Activated microglia accumulate on Aβ plaques in AD
brains. Although microglial accumulation was initially
believed to be involved in the formation of Aβ plaques
[17], experimental studies later demonstrated the ability of
microglia to phagocytose Aβ peptides [18, 19]. In addition,
we demonstrated microglial contribution in Aβ42 clearance
using primary cultured rat microglia [20–25]. However,
it has been reported that microglial dystrophy occurs in
aging human brains [26], and the age-related disability of
microglial Aβ phagocytosis has been demonstrated experi-
mentally [27]. Thus, the dysfunction of microglial Aβ phago-
cytosis appears to be closely involved in the progression of
AD pathology.

High-mobility group box protein 1 (HMGB1) is an
abundant nonhistone chromosomal protein that is released
from cells undergoing necrosis [28, 29]. The released
HMGB1 behaves like an inflammatory mediator by acting
on receptor for advanced glycation end products (RAGE)
and Toll-like receptors (TLRs) 2 and 4 [30, 31]. We
have previously reported that HMGB1 is extracellularly
associated with Aβ plaques in AD brain and is involved
in the pathogenesis of AD as an inhibitory factor against
microglial Aβ42 phagocytosis by interfering with uptake
[32, 33]. However, the effect of extracellular HMGB1 on the
microglial phagocytosis of Aβ40, but not Aβ42, has not been
elucidated. Therefore, in the present study, we analyzed rat
microglial Aβ40 phagocytosis in the presence and absence of
exogenous HMGB1.

2. Materials and Methods

2.1. Primary Culture of Rat Microglia and Drug Treat-
ment. The primary culture experimental procedure was
reviewed and approved by the Committee for Animal
Research at Kyoto Pharmaceutical University. Primary cul-
tured microglia (over 97% pure) were prepared, as described
previously [32]. Briefly, brain tissues were isolated from
newborn Wistar rats, minced, and gently dissociated by
trituration in Dulbecco’s modified Eagle medium (DMEM).
The tissue suspension was filtered through a 50 μm diameter
nylon mesh into 50 mL tubes, and cells were collected by
centrifugation at 200×g for 10 min. Cells were resuspended
in DMEM with 10% fetal calf serum, 100 units/mL penicillin,
and 100 μg/mL streptomycin; they were then plated onto
100 mm diameter dishes at 37◦C in humidified 5% CO2/95%
air. We then harvested the floating microglia from mixed
glial cultures. Microglia were transferred to 24-well plates
(3.0 × 105 cells/well) and were allowed to adhere at 37◦C
overnight; they were then treated with sterilized phosphate-
buffered saline (PBS) as the vehicle or synthetic human Aβs
(Aβ40 or Aβ42; Anaspec, San Jose, CA) in the presence or
absence of calf thymus-purified HMGB1 (WAKO Chemicals,

Osaka, Japan). We previously demonstrated that 1 μM Aβ42
for 12 h markedly phagocytosed by rat microglia [20], and
0.3 μM HMGB1 inhibits the phagocytosis [32, 33]. When
Aβ40 at 1–3 μM were added into the culture, we could
detect Aβ40 phagocytosed by rat microglia by Western blot
analysis [25]. Therefore, in the present study, we adopted the
concentrations at 1 μM and 0.3 μM for the treatments with
Aβs and HMGB1, respectively. To make the experimental
conditions more accurate, we dissolved the lyophilized
human Aβ peptides in distilled and sterilized water at a high
concentration, and small aliquots were kept at −80◦C until
use. Subsequently, Aβ stock solutions were diluted using
sterilized PBS, and once Aβ was thawed, no Aβ was refrozen
to eliminate variance due to repeated freezing and thawing.

2.2. Immunocytochemistry. Twelve hours after Aβ treatment,
microglia were gently rinsed three times with PBS and
then fixed with 4% paraformaldehyde in 100 mM phosphate
buffer (PB) for 30 min. Cells were then incubated with
a mouse monoclonal antibody against Aβ (clone 6E10,
1 : 1000; Chemicon, Temecula, CA) and a rabbit polyclonal
antibody against HMGB1 (1 : 1000; BD Pharmingen, San
Diego, CA). The primary antibodies were followed by appli-
cation of a rhodamine-labeled anti-mouse immunoglobu-
lin (Ig)G antibody and fluorescein isothiocyanate-labeled
anti-rabbit IgG antibody (each diluted 1 : 500; Molecular
Probes, Eugene, OR). Furthermore, cells were incubated
with Hoechst 33258 (1 : 5000; Molecular Probes) to visualize
microglial nuclei. Labeled fluorescence was detected using
a laser scanning confocal microscope LSM 510 (Carl Zeiss,
Jena, Germany).

2.3. Aβ Phagocytosis and Clearance Assay by Western Blot
Analysis. Twelve hours after Aβ treatment, microglia and
culture media were collected and lysed with Laemmli’s
sample buffer and then analyzed by Western blot analysis.
Briefly, samples were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE; 20% poly-
acrylamide gels in Tricine buffer). Proteins were transferred
to a polyvinylidene difluoride membrane (Millipore, Biller-
ica, MA) by electroelution and then incubated with a mouse
monoclonal antibody against Aβ (clone 6E10, 1 : 2000;
Chemicon), followed by a horseradish peroxidase-linked
secondary antibody against mouse IgG (1 : 1,000; Amersham,
Buckinghamshire, UK). Subsequently, protein bands were
detected on radiographic films (Kodak, Rochester, NY) using
a chemiluminescence kit (ECL kit; Amersham). For semi-
quantitative analysis, radiographic films were scanned with a
CCD color scanner (DuoScan, AGFA, Mortsel, Belgium) and
then analyzed densitometrically using the public domain US
National Institutes of Health image 1.56 program.

2.4. Aβ Degradation Assay. Microglia were harvested and
resuspended in 100 mM Tris-HCl buffer (pH 7.5) containing
10 mM KCl, 1.5 mM MgCl2, and 1 mM DTT and then
homogenized. After centrifugation (50,000×g) for 20 min
at 4◦C, the protein concentration of the supernatant was
measured and used as the microglial cytosolic fraction.
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The Aβ peptide (3 μM Aβ40 or Aβ42) was incubated with
the microglial cytosolic fraction (final concentration of
1 mg/mL) in the presence or absence of 0.3 μM HMGB1. At
the time points of 0, 6, and 12 h after incubation, Laemmli’s
sample buffer was added, and samples were boiled at 100◦C
for 5 min to stop Aβ degradation. Subsequently, samples
were analyzed using the antibody against Aβ (clone 6E10,
1 : 2000; Chemicon) by Western blot analysis, as described
previously.

2.5. Immunoprecipitation. HMGB1 (1.5 μg, 2.6 μM) was
mixed with 3 μg of synthetic Aβ40 (37.5 μM) in PBS.
Twenty-four hours after incubation, the antibody (10 μg
of IgG) against HMGB1 (BD Pharmingen) or Aβ (clone
6E10; Chemicon) was added to the mixture and further
incubated for 2 h at 4◦C. Protein A-Sepharose (50 μL of a
50% slurry) was then added, and the mixture was incubated
overnight at 4◦C. After centrifugation, immunoprecipitates
were resuspended in Laemmli’s sample buffer. Subsequently,
samples were analyzed using the antibody against HMGB1
(1 : 1000; BD Pharmingen) or Aβ (clone 6E10, 1 : 2000;
Chemicon) by Western blot analysis, as described previously.

2.6. Immunohistochemical Study Using Human AD Brain
Sections. All experiments using human samples were per-
formed in accordance with the guidelines of the ethical
committees of Kyoto Pharmaceutical University. Informed
consent was obtained from all subjects. For histological
examination, frontal cortex tissue from a patient who was
clinically and histopathologically diagnosed as human AD
(age, 67 years) was used. Neuropathological assessment of
AD was conducted in accordance with the criteria of the
Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD). Dissected tissue blocks were fixed in 10% formalin
and transferred to a 15% sucrose solution in 100 mM PB
containing 0.1% sodium azide at 4◦C. The cryoprotected
brain blocks were cut into 20 μm sections on a cryostat, and
the collected sections were stored in PBS containing 0.3%
Triton X-100 (PBS-T) and 0.1% sodium azide at 4◦C until
use.

Immunohistochemical study was essentially performed
as described previously [34]. Free-floating human brain
sections were treated with 0.1% hydrogen peroxide for
30 min to quench endogenous peroxidase activity; they were
then incubated with 1% goat serum to block nonspecific
binding in PBS. Sections were then incubated with a mouse
monoclonal antibody against Aβ40 (1 : 1000; nanoTools,
Teningen, Germany) and rabbit polyclonal antibody against
Aβ42 (1 : 1000; IBL, Gunma, Japan), a rabbit polyclonal anti-
body against Aβ40 (1 : 1000; IBL) and mouse monoclonal
antibody against human leukemia antigen (HLA)-DR (1 : 50;
Dako, Glostrup, Denmark), or a rabbit polyclonal antibody
against Aβ42 (1 : 1000; IBL) and mouse monoclonal anti-
body against HLA-DR (1 : 50; Dako) in PBS-T with 0.1%
sodium azide for 4 days at 4◦C. After washing with PBS-T,
the sections were incubated with biotinylated anti-rabbit IgG
antibody (1 : 2000; Vector Laboratories, Burlingame, CA) for
2 h at room temperature. The sections were then incubated

with avidin peroxidase (1 : 4000; ABC Elite Kit; Vector Labo-
ratories) for 1 h at room temperature. Subsequently, labeling
was visualized by incubation with 50 mM Tris-HCl buffer
(pH 7.6) containing 0.02% 3,3′-diaminobenzidine (DAB)
and 0.0045% hydrogen peroxide with nickel enhancement
using 0.6% nickel ammonium sulfate, which yielded a dark
blue color. In the second cycle, sections were incubated
with a biotinylated anti-mouse IgG antibody (1 : 2000; Vector
Laboratories) for 2 h at room temperature. The sections
were then incubated with avidin peroxidase (1 : 4000; ABC
Elite Kit; Vector Laboratories) for 1 h at room temperature.
Subsequently, the DAB reaction was performed without
nickel ammonium sulfate, which yielded a brown color.

In laser confocal microscopic analysis, human AD brain
sections were treated with 1% goat serum to block nonspe-
cific binding in PBS. Sections were then coincubated with a
rabbit polyclonal antibody against Aβ40 (1 : 1000; IBL) and a
mouse monoclonal antibody against HLA-DR (1 : 50; Dako)
or a mouse monoclonal antibody against Aβ40 (1 : 1000;
nanoTools) and a rabbit polyclonal antibody against HMGB1
(1 : 1000; BD Pharmingen) in PBS-T with 0.1% sodium azide
for 4 days at 4◦C. The primary antibodies were probed
with Alexa Fluor 546-labeled anti-rabbit IgG antibody and
Alexia Fluor 488-labeled anti-mouse IgG antibody or Alexa
Fluor 546-labeled anti-mouse IgG antibody and Alexia Fluor
488-labeled anti-rabbit IgG antibody (each diluted 1 : 500;
Molecular Probes). Subsequently, fluorescence was observed
using a laser scanning confocal microscope LSM 510 (Carl
Zeiss).

2.7. Statistical Evaluation. Results of the densitometric anal-
ysis are given as the mean ± standard error of mean.
The statistical significance of differences was determined by
analysis of variance. Further statistical analysis for post hoc
comparisons was conducted using the Bonferroni/Dunn test
(StatView, Abacus Concepts, Berkeley, CA).

3. Results

3.1. Binding of HMGB1 with Aβ40. In our previous study,
we found that HMGB1 is extracellularly accumulated on
Aβ plaques in AD brains and further demonstrated that
HMGB1 binds to Aβ42 in in vitro cell-free study [33]. In
the present cell-free study, we first examined the binding
affinity of HMGB1 for Aβ40. Following incubation of the
HMGB1 peptide alone, a 29 kDa band of HMGB1 and its
high-molecular-weight aggregates was detected, while an
approximately 33 kDa band (arrow in Figure 1(a)), which is
believed to be a complex of HMGB1 and Aβ40, appeared as
an upper band 6 h after incubation of HMGB1 and Aβ40
peptides (Figure 1(a)). Following incubation with Aβ40
(Figure 1(b)), monomers and oligomers of Aβ40 were the
major components present in the absence of HMGB1 at each
time point. Predictably, the 33 kDa band, which seemed to
be a complex of HMGB1 and Aβ40, was detected by the
addition of the HMGB1 peptide (arrow in Figure 1(b)).

To confirm the binding affinity between HMGB1 and
Aβ40, we further examined immunoprecipitation using the
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Figure 1: Binding affinity of HMGB1 for Aβ40. (a, b) After incubation of HMGB1, Aβ40, and the mixture of HMGB1 with Aβ40 for 0, 6, and
24 h, samples were analyzed by Western blot analysis using the anti-HMGB1 antibody (a) or anti-Aβ antibody (b). (c, d) After incubation of
HMGB1, Aβ40, and the mixture of HMGB with Aβ40 for 24 h, samples were immunoprecipitated using the anti-HMGB1 antibody (c) or
anti-Aβ antibody (d). The precipitates were then analyzed by Western blot analysis using the anti-HMGB1 antibody and anti-Aβ antibody.

anti-HMGB1 antibody (Figure 1(c)) or anti-Aβ antibody
(Figure 1(d)). As a result, in the mixture of HMGB1 and
Aβ, the complex of HMGB1 and Aβ40 (approximately
33 kDa) was immunoprecipitated with A-Sepharose-linked
antibodies against HMGB1 (Figure 1(c)) or Aβ (Figure 1(d)).
These results demonstrated that HMGB1 had a binding
affinity for Aβ40.

3.2. Microglial Aβ Phagocytosis and Effect of Exoge-
nous HMGB1. We previously demonstrated that microglia
markedly phagocytose Aβ42 [25], and extracellular HMGB1
inhibits phagocytosis on the cell surface [32, 33]. In the
present study, we analyzed the microglial Aβ40 phagocytosis
and the effects of extracellular HMGB1 on phagocytosis
using laser confocal microscopy (Figure 2). Endogenous
HMGB1 was detected in the nuclei of primary cultured rat
microglia (Figures 2(a)–2(f), cyan). When treated with the
vehicle (Figure 2(a)) or HMGB1 alone (Figure 2(b)), no

Aβ immunoreactivity was detected. Consistent with previous
studies, in the presence of Aβ42, microglia phagocytosed
Aβ42 (Figure 2(c), red), exogenous HMGB1 was colocal-
ized with Aβ42 on the microglial cell surface, and Aβ
internalization was inhibited (Figure 2(d), yellow). When
treated with Aβ40, the immunoreactivity of Aβ40 was barely
detected in the microglial cytoplasm (Figure 2(e), red).
Interestingly, in the presence of exogenous HMGB1, small
vesicle-like immunoreactivities of Aβ40 (Figure 2(f), red)
and HMGB1 (Figure 2(f), green) were markedly increased in
the microglial cytoplasm, and parts of them were colocalized
with each other (Figure 2(f), yellow).

3.3. Amounts of Aβ40 inside and outside Microglia and Effect
of Exogenous HMGB1. Twelve hours after Aβ40 treatment,
microglial cell lysate and conditioned medium were collected
and subjected to Western blot analysis; semiquantitative
analysis was then examined to measure the concentration
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Western blot analysis using the anti-Aβ antibody, and the amount of Aβ was semiquantitatively measured. ∗∗P < 0.01, ∗∗∗P < 0.001 versus
Aβ40 alone at each time point.

of Aβ40 inside (Figure 3(a)) and outside microglia (Fig-
ure 3(b)). When microglia were treated with the vehicle
or exogenous HMGB1 alone, no Aβ40 immunoreactivity
was detected inside them (Figure 3(a)). After treatment
with Aβ40, a small amount of Aβ40 was detected inside
microglia (Aβ40 phagocytosed by microglia), and this
amount increased dramatically by simultaneous treatment
with exogenous HMGB1 (Figure 3(a)). This result raises two
possibilities: (i) extracellular HMGB1 increases microglial
Aβ40 uptake, and (ii) HMGB1 inhibits the degradation of
Aβ40 in the microglial cytoplasm after uptake. To address
these possibilities, we measured the amount of Aβ40 in
the culture medium (Aβ40 remaining outside microglia)
(Figure 3(b)). After treatment with the vehicle or exogenous
HMGB1 alone, no Aβ was detected in the culture medium.
Twelve hours after Aβ40 treatment, the amount of Aβ40 in
the culture medium significantly increased by simultaneous
treatment with exogenous HMGB1. Thus, in the presence of
exogenous HMGB1, the amount of Aβ40 both inside and
outside microglia was much higher than that when treated
with Aβ40 alone. These results suggest that exogenous
HMGB1 phagocytosed by microglia inhibits the degradation
of Aβ40 in the microglial cytoplasm and subsequently delays
Aβ clearance by microglia.

3.4. Aβ Degradation with the Microglial Cytosol Fraction and
Effect of Exogenous HMGB1. To confirm whether exogenous
HMGB1 inhibits Aβ40 degradation in microglial cyto-
plasm, we prepared cytosolic fractions from rat microglia
and mixed them with Aβ. Degradation of Aβ40 and
Aβ42 by microglial cytosol fractions was compared (Fig-
ure 4(a)). Aβ40 and Aβ42 were gradually degraded by the
addition of the microglial cytosolic fraction in a time-
dependent manner. Aβ40 was degraded earlier than Aβ42
(Figure 4(a)). We next examined the effect of exoge-
nous HMGB1 on the Aβ40 degradation induced by the
microglial cytosolic fraction (Figure 4(b)). At 6 and 24 h
after incubation, the degradation of Aβ40 was significantly
delayed by the addition of exogenous HMGB1. Thus, this
result suggests that exogenous HMGB1 phagocytosed by
microglia inhibits the degradation of Aβ40 in the microglial
cytoplasm.

3.5. Accumulation of Aβ40, Aβ42, and Microglia in AD Brains.
We further investigated the localization of Aβ40 and Aβ42 in
AD brains using specific antibodies (Figures 5(a) and 5(b))
and microglial accumulation on the plaques composed of
Aβ40 (Figures 5(c) and 5(d)) and Aβ42 (Figures 5(e) and
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Figure 5: Immunohistochemical study of microglial accumulation on Aβ plaques in human AD brains. Free-floating human AD brain
sections were incubated with the anti-Aβ40 specific antibody (dark blue) and anti-Aβ42 specific antibody (brown) (a, b), anti-Aβ40 specific
antibody (dark blue) and anti-HLA-DR antibody (for microglial staining; brown) (c, d), and anti-Aβ42 specific antibody (dark blue)
and anti-HLA-DR antibody (for microglial staining; brown). Arrows and arrow heads show marked and poor microglial accumulations,
respectively. (b), (d), and (f) show high-magnification views of squared area in (a), (c), and (e), respectively. Scale bar in (a) equals 400 μm
for (a), (c), and (e). Scale bar in (b) equals 100 μm for (b), (d), and (f).

5(f)). The number of Aβ40 plaques (dark blue deposits in
Figure 5(a)) was lesser than that of Aβ42 plaques (brown
deposits in Figure 5(a)). High-magnification photographs
revealed that Aβ40 accumulated on Aβ42 plaques (Fig-
ure 5(b)). Regarding microglial accumulations (Figures 5(c)–
5(f)), almost all Aβ40 plaques were markedly surrounded by
activated microglia (Figure 5(c) and arrows in Figure 5(d)).
Although some Aβ42 plaques were markedly accumulated by
microglia (Figure 5(e) and arrow in Figure 5(f)), others were
moderately or poorly surrounded by microglia (arrowheads
in Figure 5(f)).

3.6. Accumulation of HMGB1 and Microglia on Aβ40 Plaques
in AD Brains. We previously demonstrated that extracellular
HMGB1 accumulates on Aβ plaques, as detected using an
anti-Aβ antibody that reacts with a broad spectrum of Aβ
species [33]. Therefore, in the present study, we investigated
the colocalization of extracellular HMGB1 on Aβ40 plaques
in AD brains using a specific anti-Aβ40 antibody. Consistent
with the immunohistochemical study (Figures 5(c) and
5(d)), microglia (Figure 6(b)) markedly accumulated on
Aβ40 plaques (Figure 6(a)) in AD brains (Figure 6(c)).
We further demonstrated that extracellular HMGB1
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Figure 6: Laser confocal microscopic study on the accumulation of HMGB1 and microglia on Aβ40 plaques in human AD brains. (a–c)
Free-floating human AD brain sections were incubated with the anti-Aβ40 specific antibody ((a) red) and anti-HLA-DR antibody ((b) for
microglial staining, green). The merged image is indicated in (c). (d–f) Free-floating human AD brain sections were incubated with the
anti-Aβ40 specific antibody ((a); red) and anti-HMGB1 antibody ((b); green). The merged image is indicated in (f). Scale bar in (a) equals
50 μm for all panels.

(Figure 6(e)) colocalized with Aβ40 plaques (Figure 6(d)) in
AD brains (Figure 6(f)).

4. Discussion

In studies on familial AD, mutations in the APP, PS1, and
PS2 genes have been detected, and transgenic mice models
carrying these familial AD-linked mutations show enhanced
Aβ production in their brains. In particular, transgenic mice
carrying the APP mutation display characteristics that closely
resemble AD, such as Aβ deposition and memory dysfunc-
tion [35, 36], and introduction of the double mutations of
PS/APP exhibits the early onset of these pathologies [37].
Thus, all mutations are involved in Aβ generation, and the
accumulation of Aβ in the brain has been strongly suggested
to be the primary event driving the pathogenesis of AD.
However, familial AD accounts for less than 1% of all AD
cases [38]; most cases develop sporadically. Although the
etiology of sporadic AD remains much more elusive than
that of familial cases, neurological and pathological events in
sporadic AD are essentially indistinguishable from those in
familial cases. In sporadic AD, a decreased Aβ clearance rate
has been reported [39].

One proposed mechanism of Aβ clearance is microglial
Aβ phagocytosis [40, 41]. Reports on AD patients treated
with Aβ immunization also indicate microglial contribution
to Aβ clearance in human AD brains [42, 43]. However, it
has been suggested that the ability of microglia to clear Aβ
decreases with age and progression of AD pathology [26, 27],
and it may, at least in part, account for the dysregulation of
Aβ clearance in sporadic AD.

HMGB1 inhibits microglial Aβ42 phagocytosis by inter-
fering with Aβ42 internalization [32, 33]. In the present

study, we further showed that exogenous HMGB1 inhibits
the degradation of Aβ40 in rat microglial cytoplasm and
subsequently delays Aβ40 clearance. We demonstrated the
binding affinities of HMGB1 for Aβ40 and Aβ42 [33]. Aβ
contains an amino acid sequence (18VFFA21) that has been
identified to be essential for aggregation and fibril formation
[44]. Interestingly, HMGB1 contains a homologous motif
(16AFFV19), and this sequence is thought to be critically
involved in the interactions of Aβ with HMGB1 [33, 45].
Among the many peptidases that have been proposed as Aβ-
degrading enzymes [46], insulin-degrading enzyme, cathep-
sin D, and neprilysin are the principle enzymes involved
in microglia-mediated Aβ degradation [25, 47, 48]. Many
cleavage sites that are the targets of microglial Aβ-degrading
enzymes are located on and in the vicinity of the amino
acid sequence (18VFFA21) of Aβ [46]. Therefore, we speculate
that the cleavage sites of Aβ are masked by the binding
of HMGB1; subsequently, the degradation of Aβ40 may be
inhibited in the microglial cytoplasm. In case of Aβ42, Aβ42
itself forms high-molecular-weight fibrils during incubation
[33]. Therefore, the binding of HMGB1 may stabilize Aβ42
fibril formation, and high-molecular-weight complex of
HMGB1 and Aβ42 fibril may interrupt the uptake of Aβ42
by microglia. Thus, extracellular HMGB1 may serve as a
chaperone protein for Aβ and inhibit microglial Aβ clearance
by interrupting Aβ40 degradation and Aβ42 internalization
by microglia. On the other hand, RAGE, TLR2, and TLR4
are receptors for HMGB1 [30, 31]; they are also involved
in microglial Aβ phagocytosis [49, 50]. Therefore, there is
a possibility that the interactions of HMGB1 with these
receptors on microglia may be related to the inhibitory events
on Aβ.

Consistent with a previous study [13], plaques con-
taining Aβ42 predominantly existed in AD brains, and
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Aβ40 accumulated on parts of Aβ42 plaques. Despite the
restricted distribution of Aβ40, almost all plaques containing
Aβ40 were markedly surrounded by activated microglia. We
previously reported that small oligomers formed by Aβ40
strongly induce rat microglial reactions such as cytokine
production [51]. Thus, Aβ40 may play an important role
in microglial activation and/or recruitment on Aβ plaques.
However, we have found that the level of HMGB1 was
significantly increased in AD brains [33], and extracellular
HMGB1 accumulated on Aβ plaques. Therefore, in AD
brains, microglial degradation of Aβ40 and uptake of Aβ42
may be inhibited by extracellular HMGB1 despite the
marked accumulation of reactive microglia on Aβ plaques.
Moreover, in the present study, we demonstrated that Aβ40
is more readily degraded by the microglial cytosolic fraction
than Aβ42. However, in the presence of exogenous HMGB1,
the degradation of Aβ40 by microglia is inhibited, and a
lot of Aβ40 granules are existed in the cytoplasm of rat
microglia as shown in Figure 2(f). Interestingly, numerous
microglia containing Aβ40 granules, but not Aβ42, have also
been detected in AD brains [52]. Thus, this event in AD
brain is well replicated by the treatment with Aβ40 in the
presence of extracellular HMGB1 in primary-cultured rat
microglia. Results suggest that our findings in the effect of
HMGB1 on rat microglia may reflect on the pathological
event induced in AD brain and are expected the critical
implication of extracellular HMGB1 in the progression
of AD pathologies. In addition, we have postulated that
the origin of extracellular HMGB1 is leakage from dead
neurons during the progression of AD [32], like ischemic
neurodegeneration [53]. Extracellular HMGB1 leaked from
dead neurons may then accumulate on Aβ plaques through
its binding affinity for Aβ in AD brains.

It has been reported that the released HMGB1 is involved
in the pathologies of various inflammatory-related disease
[54]. In ischemic stroke [55] and intracerebral hemor-
rhage especially [56], extracellular HMGB1 is suggested
to exacerbate brain insult through the disruption of the
blood-brain barrier (BBB), overfacilitation of microglia, and
intense production of proinflammatory molecules. These
studies also demonstrated that a neutralizing anti-HMGB1
monoclonal antibody and glycyrrhizin which bind to and
inhibit cytokine-like activity of HMGB1 attenuate the brain
insult induced by transient ischemia and intracerebral hem-
orrhage in rat, respectively. Therefore, there is a possibility
that the neutralizing anti-HMGB1 monoclonal antibody
and glycyrrhizin may bind to the extracellular HMGB1
accumulated on the Aβ plaques in the AD brain, cancel the
inhibitory effects of HMGB1 on microglial Aβ phagocytosis,
and then may provide novel therapeutic options for the AD
treatment.

In conclusion, in the present study, we found that
HMGB1 extracellularly accumulates on Aβ plaques con-
taining Aβ40 in AD brains. We further demonstrated
that HMGB1 has a binding affinity for Aβ40, and exoge-
nous HMGB1 is internalized into rat microglial cytoplasm
with Aβ40 and inhibits Aβ40 degradation. Subsequently,
exogenous HMGB1 delays Aβ40 clearance in the culture
medium. Thus, these results suggest that extracellular

HMGB1 attenuates microglial Aβ clearance and is possibly
involved in the progression of AD pathology.
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