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Abstract

Alzheimer disease (AD) involves glial inflammation associated with amyloid plaques. The role of the microglial cells in the AD brain is
controversial, as it remains unclear if the microglia form the amyloid fibrils of plaques or react to them in a macrophage-phagocytic role.
Also, it is not known why microglia are preferentially associated with some amyloid plaque types. This review will provide substantial
evidence to support the phagocytic role of microglia in the brain as well as explain why microglia are generally associated with specific
plaque types that may be explained through their unique mechanisms of formation. In summary, the data presented suggests that plaque
associated microglial activation is typically subsequent to specific amyloid plaque formations in the AD brain.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction 1.1. AD plaque heterogeneity

Amyloid plaques are the most investigated neuropatho- Extracellular amyloid in plaques exists in many shapes
logical feature associated with Alzheimer disease (AD) and sizes that could be related to multiple mechanisms of for-
even though they have been detected in non-dementedmation[11,12] and/or to technical factors such as the stain-
age-matched control brain tissues. The origin of these ing methods, post-mortem time delay, specificity of reagents
plagues has been attributed to extracellular ‘deposition’ of and so fort{14,17] As an example, not only was plaque size
beta-amyloid (48), which eventually leads to neuronal death increased using formic acid pretreatment on serial sections
by unknown mechanisms. Although alternative mechanismsof an AD brain (as compared to no pretreatment), but the
of amyloid plaque formation have also been proposed, in- amyloid was presented as plaques in the brain of an appar-
cluding models of neuronal or vascular origin, microglia ent middle-aged, normal, non-demented male using formic
have also been hypothesized to play a seminal role in amy-acid, which were presented only as intraneuronal labeling in
loid plaque formation. Here, we first exploit the relationship the next serial section without the use of formic afid].
between activated microglia and amyloid plaque types as it Unfortunately, the AD research literature is hampered by
pertains to the role of microglia in plaque formation, then we the lack of an accepted and comprehensive amyloid plaque
focus on the microglia’s phagocytic role and suggest that mi- nomenclature that include such descriptive plague terms as
croglial activation is subsequent to particular amyloid plaque senile, compact, star, diffuse, mature, classical, immature,
formations. dense-core and others. Of all of these confusing descriptive

plague labels, the diffuse and dense-core terms appear the
most referenced and will be used in this review.

Historically, it was proposed that diffuse and dense-core
(senile) amyloid plaques differ with respect to glial activity,
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“reactions” of the diffuse plaque types were weaker and from inside the cell, leading to lysis of gfilled neu-
“rarer” than those seen in the dense-core (classic) plaquesons to deposit their contents as dense-core plagues in the
[63]. In support, it was reported that HLA-DR positive ac- brain [11-13,15] In another example, our lab discovered
tivated microglia were not associated with diffuse plaque the presence of astrocytic plaques (lysed astrocytes) in the
types in the molecular layer of the AD human entorhinal, AD brain tissueq46] thereby supporting the existence of
temporal and occipital cortef2] nor in the AD retrosple-  distinctive plaque types in the AD brain.
nial cortex[65]. Similarly, such activated microglia were The AD cerebellum provides a clear-cut example where
not associated with diffuse plaque types in the APP23 trans-diffuse and dense-core plaques co-exist in predictably, mu-
genic mice brain tissues, in contrast to their preferential tually exclusive area$§22]. The diffuse plaques are only
association with dense-core plaqy68]. Similar observa- observed in the molecular layer, and the striatum of the
tions were reported in Down syndrome brain tissues where APP23 mice, while the dense-cores are only observed just
activated microglia were only associated with particular below the Purkinje cell layer, which further supports the
types of plaque§43]. claim that diffuse plaques are not necessarily a precur-
In reference to plaque formation, the possibility that mi- sor of dense-core amyloid plaqupxl,58,67] So why are
croglia could create any plaque type de novo is even more un-these plaques in exclusive areas? It was suggested that
likely since they do not express detectable levels of amyloid these microglial-associated dense-core plaques arise from
precursor protein (APP) mRNA, implying that these cells are lysed Golgi type Il neuronsFig. 1A), which are typi-

incapable of synthesizing or producing significart fxom cally located just below the Purkinje cell lay§7]. In
endogenous APR32,54] Therefore, microglia cells are not  contrast, in the molecular layer of the same section, the
necessary for the production of3¥plaques. In fact, the @ non-microglial-diffuse plaque${g. 1B) appear to have been
deposition in Down syndrome brains was attributed to gene formed from degenerating Purkinje cell dendritic processes
dosage of 8 precursof34] not microglial involvement. [67]. Fig. 2 presents similar examples in the AD cerebral

If microglia are not creating plaques, then why do they entorhinal cortex where microglia are again associated with
preferentially, but not exclusively, associate with dense-core dense-coreRig. 2A), not diffuse Fig. 2B) amyloid plaques
plagues? Can it be attributed to unique amyloid species, orin different areas of the same AD cerebellar cortical tissue.
is the composition between these plaques different because These explanations make it logical to suggest that mi-

they arose from unique mechanisms of formation? croglia are associated with lysed cell bodies (dense-core
plagues) where lysosomal enzymes, cellular DNA and
1.2. Unique mechanisms of plaque formation other factors such as advanced glycation endprod66&fs

known to be sufficient to induce microglial activation are

Many studies fail to support the hypothesis that dif- released from injured or dying neurons and become acces-
fuse plaques evolve into dense-core plaques over timesible to cause the microglial activation. In support, in vitro
[2,38,60,65,72)suggesting that all plaques are not created activation of microglia by & aggregate in the absence of
equally, and that distinctive plaque types do not exchange in co-factors is typically weak41] as the material in the dif-
the brain[11,12,14,46,72]For example, the majority of the  fuse plaques, perhaps only amyloid, lack these important
ApB deposits in the APP22 mice are the diffuse type, while and potent microglial-activating materials.
those detected in the APP23 mice develop almost exclu- Therefore, if cellular lysosomal enzymes are released,
sively the dense-core, congophilic at their first appearancewhich are enzymatically active in post-mortem tissues, then
making it very difficult to reconcile the diffuse plaque types they should be able to digest focal areas of proteolytically
form a precursor for the dense-core congophilic plaques sensitive parenchymal proteins in the brain. One such prote-
[60]. Therefore, if plagues originate by exclusive mecha- olytically sensitive protein, microtubule-associated protein
nisms, then the some of the contents in these plaques couldMAP)-2, was not immunohistochemically detected through
be unique providing a straightforward explanation why mi- the entire volume of the dense-core plaques, but presented
croglia are only associated with the dense-core plaque typesnormal patterns among the diffuse amyloid plagques in the

Contrary to the popularized dogma that all amyloid same sections of AD entorhinal cortex brain tissiey. In
plagues arise from extracellular deposition, plaques may support, enzymes such as cathespin D were not detected in
originate from vesselp4], neurong11-17] Purkinje cell diffuse plaques but were prominent in dense-core plaques
dendritic processef67] and astrocytef46]. In one exam- (personal observations, MRD). The differential presence
ple, recent attention has turned towards pathological eventsof these enzymes in the dense-core, not diffuse, amyloid
within the neuron suggesting that cell death could come plagues can also explain the easy immunohistochemical

Fig. 2. Triple immunohistochemical labeling using specific antibodiespéd2A HLA-DR and GFAP to detect amyloid, microglia and astrocytes, respectively
according to previously published methdd$] in different areas of the same AD entorhinal cortex. Open arrows indicate red-labeled amyloid plaques.
Large arrowheads identify blue-labeled microglia and small arrowheads identify astrocytes: (A) presence of a microglial embedded withindan amyloi
dense-core plague in the AD entorhinal cortex; (B) presence of a diffuse plaque without associated microglia in the same tissue of the AD entorhinal
cortex. Note the presence of intracellulag42 within nearby pyramidal neurons (N) as well as in nearby astrocytes (small arrowheads}. 4Bam).
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Fig. 1. Triple immunohistochemical labeling using specific antibodies 122 HLA-DR and GFAP to detect amyloid, microglia and astrocytes,
respectively according to previously published methfit in different areas of the same AD cerebellum. Open arrows indicate red-labeled amyloid
plaques. Large arrowheads identify dark blue-labeled microglia and small arrowheads identify brown-labeled astrocytes: (A) presence afla microgl
associated dense-core plaque just below the Purkinje cell (P) layer of the AD cerebellum; (B) presence of a diffuse plague without associged microg|
in the molecular layer of the AD cerebellum of the same tissue. {8aO0pm).
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detection of proteolytically resistant proteins (e.g., tau, [37,39] Electron micrographs of microglia associated with

amyloid, cathepsin D and ubiquitin) in dense-core plaques plaques in AD brain tissue are therefore inconclusive as to

[12]. whether amyloid fibrils are being phagocytized or being se-
Other than released enzymes, cellular nucleotides will creted, since fibrils are only partially engulfed by microglial

also be released, which are diffusible and may play a role cytoplasmic extensiorf80,61] There is little evidence from

in microglial chemotaxig16,23,27,47] One such exam-  cell culture studies to favor the proposition that microglia

ple of microglial-activating material detected in dense-core take up A aggregate, as found in diffuse plaques, and form

but not diffuse plaques is a nuclear remngibt,13,15] it into fibrils, as found in dense-core plaques. Microglia in
as ATP or ADP can induce chemotaxis for cultured mi- vitro actively phagocytose @ monomer, oligomer, and fib-
croglia through Go-coupled P2Y receptorf27], which rils. Clearance of monomer leads to formation of oligomers

is completely blocked by either AR-C69931MX, a potent of approximately 18 kDa molecular weight, presumably
and selective antagonist against R2Treceptors or per-  tetramers. The newly formed oligomers are associated with
tussis toxin pretreatmen27]. Similarly, neurons make the cells and in electron micrographs appear to be inter-
complement components and their message is dramaticallynalized in secondary lysosomfg. However, formation of
induced in AD brain neurong6]. Complement opsonized fibrils was not seen in microglia cultures incubated with ei-
AB is readily recognized and phagocytized by microglia ther monomeric or oligomeric @l—42. Microglia in these
contributing to their activation (next section). cultures contained immunolabeled nonfibrillag An cyto-
Hence, it is logical to propose that activated microglia are plasmic granules that appeared to be secondary lysosomes,
preferentially associated with specific plaque types based onand nonfibrillar A was also seen at the cell surface in the
their content, which is dependent upon their mechanism of process of being phagocytosed (unpublished data, MDA:
formation. The existence of unique plaque types can alsoFig. 3). A fibrils, on the other hand, appeared only in
explain the characteristic morphologies of these plagues andcultures incubated with pre-formed fibrils. In these cases,
suggests the need to distinguish plague types in related studimmunolabeled B fibrils were seen in the process of be-

ies to determine which types correlate to dementia. ing phagocytosed or contained within intracellular vacuoles
(unpublished data, MDAFig. 4). It is interesting to note
1.3. Microglia as phagocytes that fibrillar A, the predominant B species in dense-core

plaques is associated with microglia in the brain but is not
The phagocytic role of microglia has been well docu- associated with microglia in congophilic angiopatl®g].
mented within plaque§32,61] In fact, the characteristics These reports strengthen the notion that materials specific
of activated microglia resemble peripheral macrophagesto dense-core plaques, other than fibrillgs,Acan activate
after injury in peripheral tissue, which is consistent with microglia.
the shared developmental origin of these two cell types
[25,32,33] In vivo studies that include the direct injec- 1.4. Glial activation and amyloid plague formation in
tion of plague cores into the rat cerebral cortex, result in APP transgenic models
phagocytosis, not deposition, of the beta-amyloid cores
[24,51] APP transgenic mice lack neurofibrillary tangle formation
A number of cell surface receptors bin@And mediate  and extensive neurodegeneration but are excellent models
microglial activation, and there is evidence that complement for plaque formatiorj29,57] Exclusively, neuronal expres-
opsonizes B fibrils, facilitating their removal by microglial ~ sion of the APP transgenes with neuron-specific promoters
phagocytosis. Pre-aggregateg® Aan be modestly phago- resulted in plaques with a regional distribution and char-
cytosed by microglial class A scavenger receptor and the acteristic relationships with glia that strongly resemble AD

class B scavenger receptors B1 and CL3(8,9,42,50] [24,28,57] providing compelling evidence for a neuronal
but when opsonized, it is more aggressively phagocytosedsource of the B in deposits. Manipulation of these models
by Fc receptors and complement receptf#3]. Phago- has also provided solid evidence that two of the astrocyte

cytosis activates the cells, and3Ainding to the RAGE protein products, ApoH4] and «1-ACT [45,49] play an
(receptor for advanced glycation end-products) is also aimportant role in amyloid plague deposition. Therefore, one
powerful activator of microglial inflammatiof69]. Finally, must cede the point that astrocytes “contribute” to plaque
amyloid also exerts chemotactic effects through binding to formation or progression although there is also strong ev-
formyl peptide receptor-like 1 (FPRL1), which contributes idence for an astrocytic role in amyloid cleararjdé,71].
to microglial activation10]. We know a great deal about these two pro-amyloidogenic
Phagocytosis of fibrillar  may be less successful invivo  factors that are “contributed” by glia and how they are reg-
where large aggregates of fibrils are not completely enclosedulated. Because microglia also make substantial amounts of
by microglial pseudopodia. This type of attempt at frus- ApoE [4] and stain for ApoE in plaqud$4], it is theoret-
trated phagocytosis is modeled in vitro by attaching fibrillar ically plausible that they also “contribute” to plagques and
AR to the surface of the culture plate, which has been shownthat their activation could play a role, but does it? Empirical
to stimulate a variety of microglial inflammatory responses evidence suggests otherwise.
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Fig. 3. Microglia extending pseudopodia to phagocytose a nonfibrillar aggregate iofithunogold labeled (arrowheads) using anfi-primary and 15 nm
gold-conjugated secondary antibodies (postembedding) according to previously published rf#th@dsginal magnification: 7700 (inset: 15,406).

Fig. 4. Microglia in the process of phagocytosing immunogold-label@dfiBrils (arrowheads). A completely extracellular bundle g fibrils is seen
adjacent to the cell on the right. Within the cell is immunogold-labeled amyloid fibrils enclosed in vacuoles according to previously publisté=d metho
[2]. Original magnification: 10,000 (inset: 20,00&).
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1.5. Microglial activation reduces amyloid In fact, another profen, nitroflurbiprofen, was reported to
not only inhibit but to robustly activate microglia around
When one examines experiments with APP transgenics inplaques; nitroflurbiprofen actually reduced plaques better
which microglial activation has been stimulated by widely than flurbiprofen or ibuprofen, which failed to increase the
varying methods (entorhinal cortex lesion, passive and active CD11b positive activated microgli@1]. Similarly, the an-
AB vaccine, LPS injection, trauma, nitroflurbiprofen) amy- tioxidant/NSAID curcumin reduced amyloid, but increased
loid deposition has been consistently reduced rather thanmicroglia per plaqug36]. So the NSAID studies do not
increased6,7,20] In fact, rapid microglial activation and  support a role for activated microglia in making plaques,
plaque clearance after application o Antibody have been  but are consistent with a role in their removal.
monitored in vivo using multiphoton microscog$]. Di- Finally, ongoing experiments in which CNS microglial
rect ultrastructural evidence implicated microglial amyloid activation has been genetically suppressed in APP transgen-
phagocytosis in vaccinated animals in vivo. Finally, the one ics by the op/op mutatiofb2] which has fewer microglia
case of a similarly B vaccinated human to come to autopsy appear to result in more rather than less amyloid (unpub-
showed evidence of extensive microglial activation and amy- lished results, GMC), again supporting the concept that
loid removal[48] while available evidence mitigated against microglia play a role in normal amyloid clearance while
other possibilitie$26]. While diffuse plagues are more read- suppression of microglia activation or clearance leads to
ily removed, all types of plagues appear to be reduced, againmore rather than less amyloid.
arguing that microglial activation does not result in pro-  While glia (especially astrocytes) obviously contribute
gressive conversion of one type of plaque to another. Thus,some important plaque-associated proteins to amyloid de-
activation of microglia consistently leads to a loss of amy- posits, microglial activation data from many labs using a
loid rather than more amyloid plagues of a particular type range of paradigms consistently show a role in clearance,
providing additional evidence against the hypothesis that not deposit formation. If there is also a role in deposit for-
activated microglia play a major role in plaque formation. mation, additional data are required to show it.

1.6. Inhibiting microglial amyloid clearance can 1.7. Astrocytic role
increase amyloid
Intracellular A3 has also been detected in subpial astro-

If activated microglia formed plagues, one would predict cytes in the form of lysosomal granules possibly indicat-
that anti-inflammatory agents should effectively prevent ing phagocytic and lysosomal activif$6,62], and the A&
plague formation. However, there is no evidence that the detected in plaque-associated astrocytes appeared degraded
most powerful anti-inflammatory agents like dexamethasone because the B was truncatedi72]. Eventually, like the &
have any beneficial impact on amyloid or AD. In fact, ex- overburdened neurons (section on unique mechanisms of
periments from Wyss-Coray et 9] have shown that glial  plaque formation), these astrocytes also [Y48], which
overexpression of a major “anti-inflammatory” cytokine, may activate microglia to phagocytize the debris. In fact,
TGF31, markedly reduced plaques but increased microglial we observed microglia cells in very close association with
activation in APP transgenic mice. Once again, microglial some astrocyte-derived amyloid plaques (unpublished obser-
activation is associated with reduced rather than increasedvation, MRD). It is interesting to note that3Ahas also been
amyloid. Further examination of this effect revealed that found intracellularly in astrocytes associated with both neu-
TGFB1 increased expression of complement C3 and thatritic (apparently dense-corefig. 2A) and diffuse plaques
specifically blocking C3 conversion to C3b/iC3b with sCrry [62], suggesting differential involvement of astrocytes and
prevented microglial removal of C3b opsonize@® Aggre- microglia.
gates leading to a doubling of amyloid burdéi®]. These
studies provide strong evidence for a normal amyloid clear- 1.8. Microglia then astrocyte activation
ance role for microglia rather than a role in making plaques.

Studies with non-steroidal anti-inflammatory drug Some studies have indicated that astrocyte activation
(NSAID) treatment in APP transgenics including our own occurs subsequent to microglia activation suggesting a
have shown the expected reduction in activated microglia in cause and effect relationshi@5]. When human-derived
ibuprofen treated APP mid85,73], but most of the reduc-  dense-core amyloid plaques were injected into the rat brain,
tion appears secondary to the reductions in plaque numbersastrocytes were activated subsequent to the microglia acti-
and therefore plaque-associated microglia. While it might be vation [24]. Interestingly, the local presence of astrocytes
thought that NSAIDs like ibuprofen may be reducing amy- inhibited the microglial ability to ingest plaques o3An
loid by inhibiting microglial activation, recent data from Dr.  vitro [19,54] Without the astrocytes in the cultures, mi-
Takashi Morihara in the author’s lab (GMC) has shown the croglia rapidly (within 2 h) phagocytosed, broke apart and
surprising result that ibuprofen treated animals with fewer cleared the senile plagues. Amazingly, this activity was sup-
plagues actually show no evidence for reduced mRNA asso-pressed after the introduction of astrocytes. Furthermore,
ciated with microglia activation (Morihara et al, submitted). astrocytic-derived IL-4 inhibited microglial phagocytic
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activity in vitro [59]. Similarly, cultured astrocytes were factors to contribute to local secondary cell death con-
incapable of clearing B fibril deposits, and these cells sequences. From this vantage, it is ironic that the cells
released glycosaminoglycase-sensitive molecules that in-empowered to remedy the pathology, instead contribute
hibited the subsequent removal oAy cultured microglia to a self-perpetuating pathological cascd@é,25,58,66]
[54]. Inhibition of microglia was also observed in a separate (Fig. 5).
study where nitric oxide (NO)-related oxidative brain dam-
age was promoted by the microglial cytokine TNH41],
whereas astrocytes exerted, via the release of BGEneg- 2. Summary
ative feedback that inhibited microglial NO producti@b].
Taken together, these studies suggest that the function of The Jiterature presented in this review provides com-
subsequent astrocyte activation may be to temper or regulatgye|ling data to suggest that (1) the known role of the
the phagocytic microglial activity16,55,59]perhaps in an  microglial cell is to phagocytose like its peripheral mono-
effort to more easily form a “scar” of fibrotic processes t0 cytic counterpart; (2) microglial cells are activated by
heal the necrotic area by providing structural support to the material specific to dense-core plaques, which may include
residual tissue like that observed in cases of brain injury in- perikaryon and nuclear factors (debris) known to be power-
volving localized cell deatf25]. Similar astrocytic “wraps”  fyj stimuli to microglial activation; (3) microglial activation
were reported in Mongolian gerbils 17 days after transient js sypsequent to amyloid plaque formation; and (4) mi-
forebrain ischemia where they formed a structure that was groglial activation can in turn activate astrocytes, which
described as a glial sc4i8]. Such an astrocyte wrap Or - can inactivate microglial phagocytosis. It is important to
scar may explain the persistence of the amyloid plaques iNpote that the activated microglia and reactive astrocytes can
AD brains creating additional difficulty in removing them.  secrete factors that are neurotoxic to surrounding neurons
Considering together, these data show a sequence Withreating a vicious cascade of cell deaBig( 5). Further-
initial plaque formation, followed by microglial and then mgre it may be too simplified to assume that all amyloid
astrocytic activation, which together secrete neurotoxic plagues have common etiologies, as specific ones might
correlate with dementia (dense-cores), while others (diffuse)
may have no impact on cognitive impairment.
increase accumulation of Therefore, microglia represent a natural mechanism of
AP42 in neurons protein aggregate and debris removal, and non-selectively
T blocking their functions could break the pathways of in-
creased local inflammation but may not affect the primary
causes of amyloid plaque formation in AD and may even
cell death aggravate plague accumulation.

. clearance / processing issue?

References

secondary cell
death [1] Ard MD, Cole GM, Wei J, Mehrle AP, Fratkin JD. Scavenging of
Alzheimer’s amyloid beta-protein by microglia in culture. J Neurosci
Res 1996;43:190-202.

[2] Armstrong RA, Myers D, Smith CUM. The spatial patterns of
B/A4 deposit subtypes in Alzheimer's disease. Acta Neuropathol
1993;86:36—41.

[3] Bacskai BJ, Kajdasz ST, Christie RH, Carter C, Games D, Seubert P,
et al. Imaging of amyloid3 deposits in brains of living mice permits
direct observation of clearance of plaques with immunotherapy. Nat
Med 2001;7:369-72.

| microglia activated |

I

neurotoxic
factors released

glial scar [4] Bales KR, Verina T, Ghetti B, Dodel RC, Du Y, Altstie L, et al.
Lack of apolipoprotein E dramatically reduces amyldepeptide
5 deposition. Nat Genet 1997;17:263-4.
[5] Bamberger ME, Harris ME, McDonald DR, Husemann J, Landreth

Fig. 5. A proposed pathway of inflammation in the AD brain showing GE. A cell surface receptor complex for fibrillar beta-amyloid
inhibitory (=) and stimulatory ) pathways of primary and secondary mediates microglial activation. J Neurosci 2003;23:2665—74.
cell death consequences. Based on substantial evidence, we propose tha{6] Bard F, Cannon C, Barbour R, Burke RL, Games D, Grajeda H, et
one of the primary activators of microglial activations originates from al. Peripherally administered antibodies against amyloid beta-peptide
dying or lysed cells. Subsequent microglial activation can trigger astrocyte enter the central nervous system and reduce pathology in a mouse
activation ) (although astrocytic activation may occur independent of model of Alzheimer disease. Nat Med 2000,6:916-9.
microglial activation), which in turn can inhibit microglial activatioa ). [7] Chen K, Soriano F, Lyn W, Grajeda H, Masliah E, Games D. Effects

However, both activated microglia and astrocytes secrete factors that are of entorhinal cortex lesions on hippocamg&lamyloid deposition
toxic to neurons, thereby contributing to a pathological cascade. in PDAPP transgenic mice. Soc Neurosci 1998;24(#5926):1502.



682

[8] Cole GM, Ard MD. Influence of lipoproteins on microglial
degradation of Alzheimer's amyloid beta-protein. Microsc Res
Technol 2000;50:316-24.

[9] Coraci 1S, Husemann J, Berman JW, Hulette C, Dufour JH,

M.R. D’ Andrea et al./ Neurobiology of Aging 25 (2004) 675683

[29] Irizarry MC, McNamara M, Fedorchak K, Hsiao K, Hyman BT.
APP,, transgenic mice develop age-relatefl deposits and neuropil
abnormalities, but no neuronal loss in CAl. J Neuropathol Exp
Neurol 1997;56:965—73.

Campanella GK, et al. CD36, a class B scavenger receptor, is [30] Itagaki S, McGeer PL, Akiyama H, Zhu S, Selkoe D. Relationship of

expressed on microglia in Alzheimer’s disease brains and can mediate
production of reactive oxygen species in response to beta-amyloid

fibrils. Am J Pathol 2002;160:101-12.

[10] Cui Y, Le Y, Yazawa H, Gong W, Wang JM. Potential role of the
formyl peptide receptor-like 1 (FPRL1) in inflammatory aspects of
Alzheimer’s disease. J Leukoc Biol 2002;72:628-35.

[11] D’Andrea MR. Do plagues in Alzheimer's disease brains have similar
origins and fates? Soc Neurosci 2002;26(#32811):55.

[12] D’Andrea MR, Nagele RG. MAP-2 immunolabeling can distinguish
diffuse from dense-core amyloid plaques in Alzheimer's disease
brains. Biotech Histochem 2002;77(2):95-103.

[13] D’Andrea MR, Nagele R, Lee DHS, Wang H-Y. Targeting
intracellular A3 for Alzheimer's disease drug discovery. Drug Dev
Res 2002;56:194-200.

[14] D’Andrea MR, Nagele RG, Wang H-Y, Lee DHS. Epitope recovery
immunohistochemical methods insure intracellular localization of
AB42 within Alzheimer's disease pyramidal neurons. Neurosci Lett
2002;333(3):163-6.

[15] D’Andrea MR, Nagele RG, Wang H-Y, Peterson PA, Lee DHS.
Evidence that neurons accumulating amyloid can undergo lysis
to form amyloid plaques in Alzheimer's disease. Histopathology
2001;38(2):120-34.

[16] D’Andrea MR, Reiser PA, Gumula NA, Hertzog BM, Andrade-
Gordon P. Application of triple-label immunohistochemistry to
characterize inflammation in Alzheimer's disease brains. Biotech
Histochem 2001;76(2):97-106.

[17] D’Andrea MR, Reiser PA, Polkovitch DA, Gumula NA, Belkowski
S, Branchide B, et al. The use of formic acid to embellish amyloid
plague detection in Alzheimer's disease tissues misguides key
observations. Neurosci Lett 2003;342(2):114-8.

[18] DeLeo J, Toth L, Schubert P, Rudophi K, Kreutzberg GW.
Ischemia-induced neuronal cell death, calcium accumulation, and
glial response in the hippocampus of the Mongolian gerbil and
protection by propentofylline (HWA 285). J Cereb Blood Flow
1987;7:745-51.

[19] DeWitt DA, Perry G, Cohen M, Doller C, Silver J. Astrocytes regulate
microglial phagocytosis of senile plaque cores of Alzheimer's
disease. Exp Neurol 1998;149:329-40.

[20] DiCarlo G, Wilcock D, Henderson D, Gordon M, Morgan D.
Intrahippocampal LPS injections reduce Abeta load in APPS1
transgenic mice. Neurobiol Aging 2001;22:1007-12.

[21] Dickson DW. The pathogensis of senile plaques. J Neuropathol Exp
Path 1997;56(4):321-39.

[22] Dickson DW. Microglia in Alzheimer's disease and transgenic
models. How close the fit? Am J Pathol 1999;154(6):1627-31.

[23] Dubyak GR, El-Moatassim C. Signal transduction via P2-purinergic
receptors for extracellular ATP and other nucleotides. Am J Phys
1993;265(3 Pt1):C577-606.

[24] Frautschy SA, Yang F, Irizarry M, Hyman B, Saido TC, Hsiao K,
et al. Microglial response to amyloid plaques in APPsw transgenic
mice. Am J Pathol 1998;152:307-17.

[25] Gatan E, Overmier BJ. Inflammatory pathogenesis in Alzheimer's
disease: biological mechanisms and cognitive sequeli. Neurosci
Biobehav Rev 1999;23:615-33.

[26] Hock C, Konietzko U, Streffer JR, Tracy J, Signorell A,
Muller-Tillmanns B, et al. Antibodies against beta-amyloid slow
cognitive decline in Alzheimer’s disease. Neuron 2003;38:547-54.

[27] Honda S, Sasaki Y, Ohsawa K, Imai Y, Nakamura Y, Inoue K, et al.
Extracellular ATP or ADP induce chemotaxis of cultured microglia
through Gyo-coupled P2Y receptors. J Neurosci 2001;21(6):1975-82.

[28] Hsiao K, Chapman P, Nilsen S, Eckman C, Harigaya Y, Younkin S,
et al. Correlative memory deficits,Aelevation and amyloid plaques
in transgenic mice. Science 1996;274:99-102.

microglia and astrocytes to amyloid deposits of Alzheimer disease.
J Neuroimmunol 1989;24:173-82.

[31] Jantzen PT, Connor KE, DiCarlo G, Wenk GL, Wallace JL, Rojiani
AM, et al. Microglial activation and3-amyloid deposit reduction
caused by a nitric oxide-releasing nonsteroidal anti-inflammatory
drug in amyloid precursor protein plus presenilin-1 transgenic mice.
J Neurosci 2002;22(6):2246-54.

[32] Kalaria RN, Cohen DL, Premkumar DRD. Cellular aspects of the
inflammatory response in Alzheimer's disease. Neurodegeneration
1996;5:497-503.

[33] Kruetzberg GW. Microglia: a sensor for pathological events in the
CNS. Trends Neurosci 1996;19(8):312-8.

[34] Lemere CA, Blusztajn JK, Yamaguchi H, Wisniewski T, Saido
T, Selkoe D. Sequence of deposition of heterogeneous amyloid
beta-peptides and Apo E in Down syndrome: implications for initial
events in amyloid plaque formation. Neurobiol Dis 1996;3:26—32.

[35] Lim GP, Chu T, Yang F, Beech W, Frautschy SA, Cole GM. The curry
spice curcumin reduces oxidative damage and amyloid pathology in
an Alzheimer transgenic mouse. J Neurosci 2001;21:8370-7.

[36] Lim GP, Yang F, Chu T, Chen P, Beech W, Teter B, et al. Ibuprofen
suppresses plaque pathology and inflammation in a mouse model for
Alzheimer’s Disease. J Neurosci 2000;20(15):5709-14.

[37] Lue LF, Walker DG, Rogers J. Modeling microglial activation in
Alzheimer’'s disease with human postmortem microglial cultures.
Neurobiol Aging 2001;22:945-56.

[38] Mackenzie IA, Hao C, Munoz DG. Role of microglia in senile plaque
formation. Neurobiol Aging 1995;16(5):797-804.

[39] McDonald DR, Brunden KR, Landreth GE. Amyloid fibrils activate
tyrosine kinase-dependent signaling and superoxide production in
microglia. J Neurosci 1997;17:2284-94.

[40] McGeer PL, Klegeris A, Walker DG, Yasuhara O, McGeer
EG. Pathological proteins in senile plaques. Tohoku J Exp Med
1994;174:269-77.

[41] Meda L, Baron P, Scarlato G. Glial activation in Alzheimer’s
disease: the role of @ and its associated proteins. Neurobiol Aging
2001;22:885-93.

[42] Moore KJ, EI Khoury J, Medeiros LA, Terada K, Geula C, Luster
AD, et al. A CD36-initiated signaling cascade mediates inflammatory
effects of beta-amyloid. J Biol Chem 2002;277:47373-9.

[43] Motte J, Williams RS. Age-related changes in the density and
morphology of plaques and neurofibrillary tangles in Down syndrome
brain. Acta Neuropathol 1989;77:535-46.

[44] Miyakawa T, Shimoji A, Kuramoto R, Higuchi Y. The relationship
between senile plaques and cerebral blood vessels in Alzheimer's
disease and senile dementia. Virchows Archiv 1982;40:121-9.

[45] Mucke L, Yu GQ, McConlogue L, Rockenstein EM, Abraham CR,
Masliah E. Astroglial expression of human alpha(1)-antichymotrypsin
enhances Alzheimer-like pathology in amyloid protein precursor
transgenic mice. Am J Pathol 2000;157:2003-10.

[46] Nagele RG, D’Andrea MR, Lee H, Venkataraman V, Wang H-Y.
Evidence for glial amyloid plaques in Alzheimer’'s disease. Brain
Res 2003;971(2):197-209.

[47] Neary JT, Rathbone MP, Cattabeni F, Abbracchio MP, Burnstock G.
Trophic actions of extracellular nucleotides and nucleosides on glial
and neuronal cells. Trends in Neurosci 1996;19(1):13-8.

[48] Nicoll JA, Wilkinson D, Holmes C, Steart P, Markham H, Weller
RO. Neuropathology of human Alzheimer disease after immunization
with amyloid-beta peptide: a case report. Nat Med 2003;9:448-52.

[49] Nilsson LN, Bales KR, DiCarlo G, Gordon MN, Morgan D, Paul SM,

et al. Alpha-1-antichymotrypsin promotes beta-sheet amyloid plaque

deposition in a transgenic mouse model of Alzheimer’s disease. J

Neurosci 2001;21:1444-51.



M.R. D’Andrea et al./ Neurobiology of Aging 25 (2004) 675683 683

[50] Paresce DM, Ghosh RN, Maxfield FR. Microglial cells internalize [62] Thai DR, Hartig W, Schober R. Diffuse plaques in the molecular
aggregates of the Alzheimer’s disease amyloid beta-protein via a layer show intracellular £8-17-immunoreactive deposits in subpial
scavenger receptor. Neuron 1996;17:553-65. astrocytes. Clin Neuropathol 1999;18(5):228-31.

[51] Pluta R, Barcikowska M, Misicka A, Lipkowski AW, Spisaska [63] Tsujiyama Y. Contributions a I'etude histopathologique des plaques
S, Januszewski S. Ischemic rats as a model in the study of the seniles. Keio J Med 1934;14:1529-41.
neurobiological role of humag-amyloid peptide. Time-dependent  [64] Uchihara T, Duyckaerts C, He Y, Kobayashi K, Seilhean D, Amouyel

disappearing diffuse amyloid plaques in brain. Neurol Report P, et al. ApoE immunoreactivity and microglial cells in Alzheimer’s
1999;10:3615-9. disease brain. Neurosci Lett 1995;195:5-8.

[52] Raivich G, Moreno-Flores MT, Méller JC, Kreutzberg GW. Inhibition  [65] Van Groen T, Liu L, lkonen S, Kadish |. Diffuse amyloid
of posttraumatic microglial proliferation in a genetic model of deposition, but not plague number, is reduced in amyloid precursor
macrophage colony-stimulating factor deficiency in the mouse. Eur protein/presenilin 1 double-transgenic mice by pathway lesions.
J Neurosci 1994;6:1615-8. Neuroscience 2003;119:1185-97.

[53] Rogers J, Strohmeyer R, Kovelowski CJ, Li R. Microglia and [66] Verbeek MM, Eikelenboom P, De Waal RMW. Differences between
inflammatory mechanisms in the clearance of amyloid beta peptide. the pathogenesis of senile plaques and congophilic angiopathy in
Glia 2002;40:260-9. Alzheimer Disease. J Neuropathol Exp Pathol 1997;56(7):751-61.

[54] Shaffer LM, Dority MD, Gupta-Bansal R, Frederickson RC, Younkin  [67] Wang H-Y, D’Andrea MR, Nagele RG. Cerebellar diffuse amyloid
SG, Brunden KR. Amyloid3 protein (A3) removal by neuroglial plaques are derived from dendritigBA2 accumulations in Purkinje
cells in culture. Neurobiol Aging 1995;16(5):737-45. cells. Neurobiol Aging 2002;23(2):213-23.

[55] Schubert P, Ogata T, Marchini C, Ferroni S. Glia-related [68] Wong A, Luth HJ, Deuther-Conrad W, Dukic-Stefanovic S,
pathomechanisms in Alzheimer’s disease: a therapeutic target? Mech Gasic-Milenkovic J, Arendt T, et al. Advanced glycation endproducts

Aging Dev 2001;123:47-57. co-localize with inducible nitric oxide synthase in Alzheimer's
[56] Shen Y, Li R, McGeer EG, McGeer PL. Neuronal expression disease. Brain Res 2001;920:32-40.

of mRNAs for complement proteins of the classical pathway in [69] Wyss-Coray T, McConlogue L, Kindy M, Schmidt AM, Yan SD,

Alzheimer brain. Brain Res 1997;769(2):391-5. Stern DM. Key signaling pathways regulate the biological activities
[57] Sommer B, Sturchler-Pierrat C, Abramowski D, Wiederhold KH, and accumulation of amyloif- Neurobiol Aging 2001;22:967-73.

Calhoun M, Jucker M, et al. Transgenic approaches to model [70] Wyss-Coray T, Lin C, Yan F, Yu GQ, Rohde M, McConlogue L,

Alzheimer’s disease. Rev Neurosci 2000;11:47-51. et al. TGF-betal promotes microglial amyloid-beta clearance and
[58] Stadler M, Phinney A, Probst A, Sommer B, Staufenbiel M, Jucker reduces plaque burden in transgenic mice. Nat Med 2002;7:612-8.

M. Association of microglia with amyloid plaques in brains of APP23  [71] Wyss-Coray T, Loike JD, Brionne TC, Lu E, Anankov R, Yan F,

transgenic mice. Am J Pathol 1999;154(6):1673—-84. et al. Adult mouse astrocytes degrade amyloid-beta in vitro and in
[59] Stoll G, Jander S. The role of microglia and macrophages in the situ. Nat Med 2003;9:453-7.

pathophysiology of the CNS. Prog Neurobiol 1999;58:233-47. [72] Yamaguchi H, Hirai S, Morimatsu M, Shoji M, Harigaya Y. Diffuse
[60] Strurchler-Pierrat C, Abramowski D, Duke M, Wiederhold K-H, type of senile plaques in the brains of Alzheimer-type dementia.

Mistl C, Rothacher S, et al. Two amyloid precursor protein transgenic Acta Neuropath 1988;77:113-9.

mouse models with Alzheimer disease-like pathology. Proc Natl Acad [73] Yan Q, Zhang J, Liu H, Babu-Khan S, Vassar R, Biere AL, et al.

Sci USA 1997;94:13287-92. Anti-inflammatory drug therapy alters beta-amyloid processing and
[61] Terry RD, Gonatas NK, Weiss M. Ultrastructural studies in deposition in an animal model of Alzheimer's disease. J Neurosci

Alzheimer’s presenile dementia. Am J Pathol 1964;44:269-97. 2003;23:7504-9.



	The microglial phagocytic role with specific plaque types in the Alzheimer disease brain
	Introduction
	AD plaque heterogeneity
	Unique mechanisms of plaque formation
	Microglia as phagocytes
	Glial activation and amyloid plaque formation in APP transgenic models
	Microglial activation reduces amyloid
	Inhibiting microglial amyloid clearance can increase amyloid
	Astrocytic role
	Microglia then astrocyte activation

	Summary
	References


