J Neural Transm (2018) 125:827-846
https://doi.org/10.1007/s00702-017-1729-4

=
@ CrossMark

TRANSLATIONAL NEUROSCIENCES - REVIEW ARTICLE

Innate immunity in Alzheimer’s disease: the relevance of animal

models?

Diana K. Franco Bocanegra' - James A. R. Nicoll"? - Delphine Boche'

Received: 16 November 2016/ Accepted: 27 April 2017 /Published online: 17 May 2017

© The Author(s) 2017. This article is an open access publication

Abstract The mouse is one of the organisms most widely
used as an animal model in biomedical research, due to the
particular ease with which it can be handled and repro-
duced in laboratory. As a member of the mammalian class,
mice share with humans many features regarding metabolic
pathways, cell morphology and anatomy. However,
important biological differences between mice and humans
exist and must be taken into consideration when inter-
preting research results, to properly translate evidence from
experimental studies into information that can be useful for
human disease prevention and/or treatment. With respect to
Alzheimer’s disease (AD), much of the experimental
information currently known about this disease has been
gathered from studies using mainly mice as models.
Therefore, it is notably important to fully characterise the
differences between mice and humans regarding important
aspects of the disease. It is now widely known that
inflammation plays an important role in the development of
AD, a role that is not only a response to the surrounding
pathological environment, but rather seems to be strongly
implicated in the aetiology of the disease as indicated by
the genetic studies. This review highlights relevant differ-
ences in inflammation and in microglia, the innate immune
cell of the brain, between mice and humans regarding
genetics and morphology in normal ageing, and the
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relationship of microglia with AD-like pathology, the
inflammatory profile, and cognition. We conclude that
some noteworthy differences exist between mice and
humans regarding microglial characteristics, in distribu-
tion, gene expression, and states of activation. This may
have repercussions in the way that transgenic mice respond
to, and influence, the AD-like pathology. However, despite
these differences, human and mouse microglia also show
similarities in morphology and behaviour, such that the
mouse is a suitable model for studying the role of micro-
glia, as long as these differences are taken into consider-
ation when delineating new strategies to approach the study
of neurodegenerative diseases.

Keywords Microglia - Human brain - Animal model -
Alzheimer’s disease

Introduction

Since the establishment of the amyloid cascade hypothesis
to explain Alzheimer’s disease (AD) by John Hardy in
1992 (Hardy and Higgins 1992), more than 110 mouse
models of AD have been developed (Alzforum database),
mainly based on point mutations identified in familial/early
onset AD. This high number of models demonstrates the
challenge associated with the modelling of a complex
human disease in rodents. The majority of these models
reproduce amyloid-f (AB) protein deposition as the animal
is ageing, with the presence of some other components of
AD pathology such as microglial activation, neuronal loss
(although not to the same extent as in humans), and
memory impairment (LaFerla and Green 2012). One of the
difficulties of modelling AD pathogenesis is the ability to
reproduce in association with AP accumulation, a robust
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accumulation of phosphorylated tau protein that takes years
or decades to accumulate in humans, in the limited lifetime
of a laboratory rodent.

Microglia, as the tissue-resident macrophages in the
brain, belong to the mononuclear phagocyte cell population
(Boche et al. 2013). The presence of activated microglia
clustering around amyloid plaques is a constant observa-
tion in both animal models and the human brain. However,
their role in the pathogenesis is still debated as whether
microglia are responding to or contributing to the neu-
rodegenerative process, or both. Experimental studies have
shown that microglia derive from the yolk sac (Ginhoux
et al. 2010) and differ from the other macrophage popu-
lations in having a distinct homeostatic signature leading to
the expression of microglial-specific genes (Butovsky et al.
2014). During brain development, microglia are critically
involved in pruning overabundant synapses leading to the
organisation and maturation of neuronal networks (Bilbo
and Schwarz 2012; Schafer et al. 2012; Squarzoni et al.
2014). In the adult mouse brain, they remain dynamic cells
surveying the microenvironment (Nimmerjahn et al. 2005)
and participating in synaptic plasticity (Wu et al. 2015).
Interestingly, recent studies reported sexual dimorphism in
microglial behaviour in the developing neonatal brain
(Lenz et al. 2013) and in pathological conditions (Mirza
et al. 2015), potentially explaining the gender-associated
susceptibility observed in some neurodevelopmental and
neurodegenerative disorders (Hanamsagar and Bilbo 2016),
including psychiatric conditions (Werling et al. 2016).
Pathological experimental conditions have demonstrated
that macrophages, and thus microglia, are highly plastic
cells, expressing a range of inflammatory molecules,
ranging from the pro-inflammatory/potentially deleterious
to the anti-inflammatory/potentially beneficial spectrum
based on the stimulus (Boche et al. 2013). As a result,
microglial activation in neurodegenerative diseases has
traditionally been considered simply as a reaction to the
ongoing neurodegeneration. However, with recent evi-
dence, this view is changing. For example, clinical studies
have shown that patients affected by a systemic infection
decline more rapidly (Holmes et al. 2003, 2009), and it is
now recognised that systemic inflammation is an important
component of human neurodegenerative diseases (Holmes
2013). This is essential information to take into account
when studying disease in animals kept in a clean specific-
pathogen-free atmosphere, quite different from our daily
“dirty” environment. The consequence of repetitive sys-
temic infections on microglia is that they become
“primed” and thus more susceptible to activation (Perry
et al. 2010; Perry and Holmes 2014), acquiring an innate
memory (Netea et al. 2015).

As mentioned above, many animal models of AD are
based on mutations associated with rare familial forms of
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the disease (e.g., APP, PS1, and PS2 mutations) and few
encompass the main risk factors of the more numerous late-
onset/sporadic AD population.

Ageing and polymorphism of the apolipoprotein E
(APOE) gene are the main risk factors for AD (McDowell
2001; Spinney 2014). Genome-wide association studies
have also highlighted several inflammation-related genes
as risk factors for late-onset AD, particularly in relation to
innate immunity. This indicates that a component of
microglial activity is likely to be involved in the onset and/
or the progression of the pathological events (Harold et al.
2009; Lambert et al. 2009; Jones et al. 2010a; Guerreiro
et al. 2012; Jonsson et al. 2012), as well as potential
peripheral immune components, further highlighting the
limitations of current animal models.

In this review, we highlight some of the differences
observed between mouse and human microglia in the
context of ageing and AD.

Genetic studies of microglia

In contrast to rare familial early onset AD, common spo-
radic late-onset AD is not caused by genetic abnormalities.
Despite this difference, many studies have shown that
genetic factors are important in the development of spo-
radic AD, as many polymorphisms have been found to
modify the risk of the disease (Table 1). Therefore, as AD
is a complex disease in which genes are known to play an
important role, an ideal model organism for AD would be
one whose genome closely resembles the human in the
expression of key genes.

The human and mouse genomes have significantly
diverged from a common ancestor (Hedges et al. 2006).
There is evidence that only around half of the human geno-
mic DNA can be aligned to the mouse genomic DNA
(Waterston et al. 2002), and expression profiles of both
species vary considerably. Although there is arelatively high
degree of conservation, many mouse genes show different
expression profiles compared to their human orthologues,
and the level of divergence varies depending on tissue type
(Yue et al. 2014). It was established that these differences in
gene expression could be explained mainly by the inter-
species divergence in sequence of cis-regulatory elements
(Yue et al. 2014). Regulation of gene expression is an
important aspect that determines cell phenotype and beha-
viour. When working with a model organism, tissue-specific
differences in patterns of gene transcription may have an
impact on how the organism responds to experimental pro-
cedures and, therefore, should be considered when designing
experiments and interpreting research results.

To assess the similarities and differences in gene expres-
sion patterns between mice and humans, Miller et al. (2010)
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Table 1 Genetic factors in Alzheimer’s disease

Early onset/familial Alzheimer’s disease

Late-onset/sporadic Alzheimer’s disease

Gene Mutation Pathology Gene Function of encoded protein
APP  KM670/ Increased total AP including production and secretion APOE Catabolism of triglyceride-rich lipoprotein
671NL of AP42 and AB40 (Mullan et al. 1992) constituents. A role in AP aggregation and clearance
(Swedish) (Corder et al. 1993)
D694N Extensive cerebral amyloid angiopathy; Widespread  BIN1 Adaptor protein potentially involved in synaptic
(Iowa) neurofibrillary tangles; Increased fibrillogenesis of vesicle endocytosis (Hu et al. 2011)
the AP peptide (Grabowski et al. 2001)
V7171 Mild amyloid angiopathy; numerous plaques and CLU Secreted chaperone involved in apoptosis and
(London) tangles. Increased AP42/AB40 ratio; increased complement regulation (Harold et al. 2009)
AB42 (Goate et al. 1991)
PS1  MI146V Increased AP42/ABA40 ratio; increased AP42 ABCA7  Member of the superfamily of ATP-binding cassette
(Riudavets et al. 2013) (ABC) transporters, which transport molecules
across membranes. Potential role in lipid
homeostasis in immune cells (Hollingworth et al.
2011)
M146L Increased AB42/ABA40 ratio; increased AP42 (Shioi  CRI1 Mediates cellular binding to particles and immune
(A>C) et al. 2007) complexes via activated complement (Corneveaux
et al. 2010)

L286 V Increased AB42/Ap total ratio (Frommelt et al. 1991) PICALM Recruits clathrin and adaptor protein complex 2
(AP2) to cell membranes at sites of coated-pit
formation and clathrin-vesicle assembly (Harold
et al. 2009)

L166P Numerous AB-positive neuritic plaques throughout MS4A6A Likely involved in activation of T cells (Hollingworth

the cerebral cortex; Increased AP42/AP ratio et al. 2011)
(Moehlmann et al. 2002)
PS2  N1411 Extensive amyloid plaques; Extensive neurofibrillary CD33 Transmembrane receptor expressed on myeloid cells
tangles (typically a Braak score of V or VI); a- (Hollingworth et al. 2011)
synuclein inclusions, especially in the amygdala;
Hippocampal sclerosis. Increased AB42/AB40 ratio;
increased AP42 (Jayadev et al. 2010)

M2391 Moderate cortical atrophy; Numerous neurofibrillary CD2AP  Scaffolding molecule that regulates the actin
tangles; Numerous senile plaques, especially in the cytoskeleton. Interacts with filamentous actin and
amygdala. Increased AP42/AB40 ratio; increased various cell membrane proteins through multiple
AB42 (Finckh et al. 2000) actin-binding sites

Implicated in actin remodelling and membrane
trafficking that occurs during receptor endocytosis
and cytokinesis, and thus involved in cell motility
(Hollingworth et al. 2011)

M239 V Numerous neurofibrillary tangles (Braak stage VI) in TREM2  Gateway influencing balance between phagocytic and
addition of plaques; Extracellular “ghost” pro-inflammatory microglial activity (Jonsson et al.
neurofibrillary tangles (Marcon et al. 2004) 2012)

HLA- Immunocompetence, involved in antigen presentation
DRS, (Hamza et al. 2010)
DBRI1

Some of the most important genetic factors associated with AD. In familial AD, mutations are causal, while in sporadic AD, polymorphisms in
the listed genes among others have been identified as risk factors

evaluated the coexpression of genes in the brain of both spe-
cies and established clearly delineated modules (groups of
highly coexpressed genes) that closely depict defined bio-
logical processes (e.g., cytoskeletal organisation and mito-
chondrial function). They found modules of interacting genes
highly conserved across species, meaning that both mice and
humans share similar patterns of gene expression. Interest-
ingly, their results also pointed out that modules

corresponding to proteins expressed by neurons showed a
higher level of conservation between species than modules
corresponding to astrocytes or microglia, which were mainly
composed of genes that participate in the immune response.
Hence, inflammatory genes are the ones exhibiting the most
inter-species divergence (Miller et al. 2010).

These findings are of particular importance, since
among the AD-associated polymorphisms that have been
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identified in case—control association studies or in GWAS,
several occur in genes that are related to the immune
response and inflammation (Harold et al. 2009; Lambert
et al. 2010; Jones et al. 2010b; Guerreiro et al. 2012;
Jonsson et al. 2012). Inflammation is an important factor
strongly linked to the neurodegenerative process; and thus,
it is worth noting that the expression rate of inflammation-
related genes may be determinant in developing the
pathology and symptoms that are characteristic of the
disease and it may be a key feature in the effectiveness and
accuracy of a disease model. Therefore, the difficulty
associated with the reproduction of human AD, e.g,
symptoms and pathology, in animal models might be
explained partly by the divergence in the expression of
glial genes. Surprisingly, the study by Miller also found
significant differences in brain expression in other AD-
related proteins, such as glycogen synthase kinase (GSK)-
3P, tau, and presenilin-1. The evidence that mice and
humans show divergent gene expression patterns precisely
in genes related with AD and other dementias is remark-
able as it highlights the importance of the pathways that
these genes are implicated in, and sheds some light over the
possible reasons for which the mouse brain has not been
able to fully replicate all hallmarks of AD pathology.

Considering all of the above, it has been suggested that
the microglial transcriptome might account for the main
inter-species differences in the brain transcriptome (Miller
et al. 2010). Therefore, studying the specific microglial
gene expression signature could provide insight on how the
central immune response differs from the macrophage
response in other body systems, and on the manner, the
mouse and human respond differently to neurotoxic insults
such as protein aggregation. Recent evidence supports the
idea that microglia are a defined cell type morphologically
and functionally different from other glial cells and
monocyte-derived cells. Butovsky et al. (2014) compared
the mouse microglial gene expression with that of other
major brain cell populations, e.g., astrocytes, oligoden-
drocytes, and neurons, and they identified 106 genes
specifically expressed in microglia the expression of which
is driven by the cytokine transforming growth factor
(TGF)-B. When comparing their data with human micro-
glia, they observed that several human microglial genes
were not expressed in mice. Interestingly, the most highly
expressed gene in murine microglia was Fcrls, for which
there is no orthologue in the human genome (Butovsky
et al. 2014). The Fc receptor-like S, also known as the
immunoglobulin scavenger receptor or macrophage scav-
enger receptor 2, is associated with the M2 activation
profile of macrophages during brain development (Rae
et al. 2007) and in a mouse model of brain tumour (Biswas
et al. 2006). This suggests that Fcrls may have a trophic
and phagocytic function.
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It is important to note that the regulation of gene
expression is not constant in the organism, but, on the
contrary, undergoes a variety of changes throughout the
lifetime. Several authors have documented that in humans,
as well as in other species, specific changes are associated
with ageing. These changes include differences in RNA
splicing and processing, and in chromatin assembly and
disassembly, among others (Harries et al. 2011). Consid-
ering all of the above and since epidemiological data show
that ageing is the most important risk factor for sporadic
AD, the comparison of the gene expression profile between
young and aged organisms can provide insight as to which
genes and metabolic pathways are associated with ageing
both in healthy and pathological conditions.

Studies on the mouse brain transcriptome have revealed
that this species displays significant changes in gene
expression during ageing. Lee et al. (2000) have assessed
the expression of 6347 genes in the neocortex and cere-
bellum of young and aged mice. They detected an
increased expression of several genes during ageing, with
more than 20% of these genes related to the inflammatory
response. The observations of altered regulation of genes
involved in neuroinflammation during ageing have been
since confirmed by a number of recent publications.
Indeed, a study in both mice and humans showed that
ageing is normally accompanied by an increased expres-
sion of cytokines such as interleukin (IL)-1p, IL6, tumour
necrosis factor (TNF)-o and TGFp, chemokines, comple-
ment proteins, and toll-like receptors (TLRs) suggesting a
similar age-related inflammatory landscape in the brains of
both species (Lopez-Gonzalez et al. 2015). Another study
evaluated gene expression of microglia isolated from
young and aged mice, and found an ageing-related
increased expression of genes from the TNF ligand
superfamily (Orre et al. 2014). Interestingly, a decreased
expression of several proteins associated with chemotactic
response, such as integrins, chemokines of the CXC family
and their receptors, adhesion molecule receptors, and the
heparin-binding EGF like growth factor was also observed.
This indicates that with ageing, the inflammatory state is
exacerbated, but at the same time associated with an
impaired response to injury.

It is worth noting that, in both species, there is a marked
increase in the expression of pro-inflammatory genes dur-
ing normal ageing. Interestingly, in humans, the changes in
inflammatory genes were significantly higher when com-
paring young with aged individuals than when comparing
non-demented aged subjects with AD subjects (Cribbs
et al. 2012). These findings coincide with those of Toller-
vey’s group who evaluated changes in transcript levels and
alternative splicing in the brains of healthy subjects of
different ages and subjects affected with AD. They
observed that the gene expression differences were more



Innate immunity in Alzheimer’s disease: the relevance of animal models? 831

pronounced between young and aged people than between
cognitively normal ageing and dementia (Tollervey et al.
2011).

Although there are similarities in the way that gene
expression changes during normal ageing in both species,
there are also some marked differences. Evaluating
expression profiles of transgenic APPSwePSEN1dE9 mice
showed that in general, the immune response seems to be
broader in mice than in humans, as more inflammatory
genes displayed increased expression in pathological con-
ditions, and inflammatory changes coincided largely with
amyloid deposition in the form of plaques. In humans,
these changes have been associated preferentially with the
presence of oligomeric AP rather than amyloid plaques
(Lopez-Gonzalez et al. 2015).

From these studies, it appears that mice are organisms
with a genetic background that broadly resembles that of
humans in the fact that many genes and proteins are con-
served between both species. However, the mouse gene
expression patterns show important differences, particu-
larly in inflammation-related genes that should be taken in
consideration when interpreting observations from mouse
models and their implications in the context of neurode-
generation in human diseases.

Morphology, location, and role of microglia

The mouse and human central nervous systems (CNS) are
different not only in their molecular aspects but also in
their anatomical structure. One important difference is the
distribution of grey versus white matter in the brain. In
mammalian brain, white matter volume increases faster
than that of the grey matter as the total brain size augments
(Zhang and Sejnowski 2000). As a result, the human brain
has a higher white/grey matter ratio compared to the mouse
brain. In humans, the white matter represents 45-50% of
total brain volume, while in the mouse, it accounts only for
around 10% (Gur et al. 1999; Zhang and Sejnowski 2000).

Regarding the distribution of microglial cells, the above-
mentioned facts are important for the density of microglia
which varies between grey and white matters, and also
between species. In mice, microglial density is higher in
grey matter (Lawson et al. 1990; Hart et al. 2012); while in
humans, microglia are more numerous in white matter
(Hart et al. 2012; Mittelbronn et al. 2001). Therefore, due
to the abundance of white matter in the human brain, this
implies a relatively higher overall microglial cell popula-
tion in humans than in mice. Microglial density differs not
only between grey and white matter but also between dif-
ferent brain regions, ranging from 0.3% in the grey matter
of the cerebellum to 16.9% in white matter of medulla
oblongata in humans (Mittelbronn et al. 2001). The

relatively high microglial density in the human CNS makes
it more likely to be affected by an impaired or deleterious
phenotype developed by microglia, an effect that might not
be so marked in the mouse brain.

Experimental studies have shown that ageing modifies
the microglial distribution within the brain, from a homo-
geneous distribution pattern to a heterogeneous one. With
ageing, microglial coverage, defined as the volume of tis-
sue under the surveillance of an individual microglial
cell—i.e., the volume and its branches are able to reach, is
reduced by more than 50% (Baron et al. 2014). This
marked change in microglial morphology likely affects the
surveillance coverage, suggesting an altered microglial
sensing property associated with ageing in human (Davies
et al. 2016). Another study using in vivo two-photon
microscopy revealed, with ageing, a ~14% increase in
microglial number and that microglia were no longer
homogeneously distributed throughout the brain tissue
(Hefendehl et al. 2014), consistent with the study by Baron
and colleagues. Interestingly, a recent study exploring the
density of microglial cells in white and grey matter found
no changes associated with ageing in either mouse or
human brains (Askew et al. 2017). Overall, these studies on
ageing in the mouse brain provide a consensus in the
changes in microglial distribution and morphology, but
also a discrepancy in the findings related to the cell density.

Several ageing-related changes have been reported
regarding microglial phenotype and functional properties.
Observations from the mouse brain show a thickening and
a deramification of microglial processes with hypertrophy
of the cell body. These phenotypic changes coincide with
an increased expression of CD68, CD11b, CDllc, and
FcyRI (CD64). Interestingly, the expression of these
microglial markers and the changes in morphology were
reported to be more extensive in white matter than in grey
matter (Hart et al. 2012).

Studies in mice have identified four morphological
phenotypes of microglia (Torres-Platas et al. 2014), sup-
posedly representing different degrees of activation and
defined as: ramified, primed, reactive, and amoeboid. The
ramified morphology shows a small cell body and several
long, thin, ramified processes, and has been referred to as
“resting” microglia. Primed microglia exhibit an increased
cell body size with unchanged processes and ramifications.
Reactive microglia display a more rounded/amoeboid body
with a reduced number of processes, but ramifications are
still visible (Fig. 1). Finally, amoeboid microglia are
completely devoid of ramifications characterised by a
spherical body with one or two thickened processes or no
processes (Torres-Platas et al. 2014) (Table 2). Curiously,
morphometric analysis of microglia using time-lapse
imaging in rodents has revealed that in the transition from
ramified to the reactive or amoeboid morphology, the
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Fig. 1 Images of human and mouse microglia immunostained with
Ibal. a—c Both species exhibit ramified microglia with several
processes. At higher magnification, b microglia in the inferior parietal
lobe of a human 70-year-old brain show thicker and shorter processes,
maybe representative of reactive/primed microglia as described in the
literature (formalin fixed paraffin embedded section of 4 um

ramified processes do not thicken, but rather are reabsorbed
into the cell body and replaced by new and enlarged pro-
cesses with enhanced motility (Stence et al. 2001). At the
molecular level, independently of the phenotype of acti-
vation, microglia are characterised mainly by the consti-
tutive expression of Ibal, CD68, and MHC-II, which are
the most commonly used markers to immunolabel these
cells (Mittelbronn et al. 2001).

In the past, ramified microglia have been considered to
be in a resting, inactive state. However, it is now
acknowledged from in vivo two-photon imaging studies in
mice that the ramified morphology is actually associated
with high motility. Resting microglia show constant
motility, which may serve a surveillance function, clearing
cellular debris, controlling the brain microenvironment,
thereby remodelling the extracellular matrix, and, at the
same time, facilitating a timely reaction in the context of a
cerebral injury/insult (Nimmerjahn et al. 2005). Recent
studies in mice have demonstrated that the motility of
microglia is an essential component of neuroplasticity
during brain development (Bilbo and Schwarz 2012; Wu
et al. 2015) and in the adult (Hanisch and Kettenmann
2007). Neuroplasticity is the ability of the brain to com-
pensate and adjust its activity in response to changes in the
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thickness, post-mortem delay 31 h), compared to d the mouse
cortical microglia that maintain ramified morphology with finer
processes at 52 weeks old (paraformaldehyde 4% fixed paraffin
embedded section of 10 um thickness). Haematoxylin and eosin
counterstain. Scale bar 50 pm

environment by an alteration in the neurons or glial cells
via cell division/apoptosis and/or synaptic/neurite alter-
ations remodelling the neuronal network. Constant
surveillance of the microenvironment by microglial pro-
cesses (Hanisch and Kettenmann 2007) and their attraction
to active rather than non-stimulated synapses implies that
microglia might monitor the functional state of synapses
leading to plastic changes in healthy adult brain (Tremblay
et al. 2010). Microglial motility relies mainly on
cytoskeletal changes based on motile bundles of actin fil-
aments (Lambrechts et al. 2004), a cytoskeletal protein
abundantly present in microglia as seen in the rat brain
(Capani et al. 2001). One of the microglial proteins also
involved in motility Ibal, an actin cross-linking protein
crucial for actin bundling and microglial membrane ruf-
fling (Ohsawa et al. 2000), and commonly used as an
immunohistochemical marker for microglia.

Findings from biopsies and post-mortem studies con-
firmed that human microglia also display the same four
morphologies described in mice. Particularly, the mor-
phology of ramified microglia is extremely alike between
both species (Fig. 1). This similarity in morphology sug-
gests highly conserved functions. Nevertheless, it is inter-
esting to note that the proportion in which these different
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Table 2 Microglial

morphologies and their Morphology  Description Human (%) Mouse (%)
distribution in human and Ramified Small cell body and thin, highly ramified processes 16 90
mouse brain (from Torres-Platas . . o .
et al. 2014) Primed Wider cell body but processes are still similarly ramified 34
Reactive Wider and rounder cell body, less ramification 32 6
Amoeboid Only one or two unramified processes, or no processes at all 18

morphologies are observed in the brain differs between
mice and humans. In mice, microglia are mostly ramified
cells (>90% of microglial cells) (Torres-Platas et al. 2014),
and the reactive and amoeboid morphologies are very
scarce (Hart et al. 2012). On the contrary in humans, the
most frequent morphology observed is that of primed
microglia (34%) (Torres-Platas et al. 2014). The other
morphological phenotypes of microglia are also detected in
humans in considerable proportions, with 16% ramified
cells, 32% reactive cells, and 18% amoeboid cells (Torres-
Platas et al. 2014) (Table 2). These observations imply a
higher “state of alert”, or a more intense level of activation
in human microglia, which, in pathological conditions,
could be translated to a higher susceptibility to develop
pro-inflammatory profiles contributing to neurodegenera-
tion. The concept of priming is associated with a prolonged
and amplified response to immune challenge (Perry and
Holmes 2014), potentially leading to a microglial memory.
These morphological differences might be partly explained
by the environment in which mice and humans live, i.e.,
“specific-pathogen-free” for the mouse versus “dirty”
environment for the human, but also by the difference in
lifespan.

Interestingly, it was observed in the human AD brain
that, apart from the resting and activated morphologies
mentioned above, microglia were also exhibiting another
abnormal morphology defined as “dystrophic” or “senes-
cent”, characterised by the fragmentation of the microglial
processes referred to as “beading” (Streit et al. 2009).

In AD, it is commonly assumed that microglia become
activated as the result of amyloid accumulation in the
brain, and that this activation is detrimental. Surprisingly,
Streit and colleagues noticed that the occurrence of dys-
trophic microglia preceded the presence of AD pathology
and that, once the pathology was present, these cells were
mainly associated with tau rather than with amyloid. They
showed that AP deposits that lack the presence of tau,
colocalised with ramified non-activated microglia, imply-
ing that microglia might not respond to amyloid accumu-
lation as widely supposed, but to tau (Streit et al. 2009).

Based on these findings, they proposed a novel
hypothesis regarding the role of microglia in AD pathol-
ogy. This was that, rather than microglial activation being
harmful, it is an ageing-related microglial dysfunction with
the subsequent loss of a microglial neuroprotective effect

that actually contributes to neurodegeneration leading to
the onset of the disease. This hypothesis poses new chal-
lenges and highlights the need to further characterise
microglial function in normal and pathological conditions.

Microglia and AD pathology

As described in the previous section, microglia can adopt
different morphologies in normal and pathological condi-
tions, referred to as different states of activation, inde-
pendently of the species. The relationship between these
diverse activated states and the distinctive pathological
features of AD—i.e., amyloid plaques and tau accumula-
tion as neurofibrillary tangles (NFTs), dystrophic neurites,
and neuropil threads—still remains unclear. For a long
time, microglial activation was considered as a physio-
logical response to the protein accumulation and neurode-
generation in AD; but this viewpoint has been challenged
in the light of new evidence from genetic studies. Indeed,
these novel findings associating polymorphisms in
inflammation-related genes with the development of the
disease indicate that microglial dysfunction is a factor
contributing to the onset of disease in a causal way and not
only a response to the neuropathological changes. The lack
of understanding of the complex interactions between
microglia and AD pathology complicates the replication of
the whole disease spectrum in small laboratory animals.

Although there are significant differences between mice
and humans, microglia of both species seem to have sev-
eral points in common regarding morphology and function,
thus supporting the suitability of the mouse as a model
organism, as long as the limitations of the models are well
understood and taken into consideration when interpreting
the results.

However, an important difference to highlight regarding
AD and ageing is that the mouse brain is not capable of
naturally forming amyloid plaques. Consequently, to
explore AD-like pathology in mice, transgenic animals that
express human point mutations associated with early onset
AD (e.g., APP and presenilins) have been developed based
on the amyloid cascade hypothesis (Karran et al. 2011). To
date, no animal model of AD replicates all of the classical
hallmarks of the disease in the same brain in a reliable
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Table 3 Main mouse models of Alzheimer’s disease and their pathological features

Model AD pathology Microglia/gliosis Cognitive impairment
AB APPPS1 AP deposition starts at 6 weeks in the Activated microglia observed around  Cognitive deficits in spatial learning
(Radde etal.  cortex and at 3—4 months in the AP deposits at 6 weeks, as well as and memory in the Morris water
2006) hippocampus increased astrogliosis maze at 7 months
Phosphorylated tau-positive neuritic
processes around plaques are
observed, but no NFTs
Modest neuronal loss in the granule
cell layer of the dentate gyrus, but
overall no neurodegeneration
Tg2576 Numerous A plaques present at Increased microglial density in Reports of impaired spatial learning,
(Hsiao et al. 11-13 months plaque-forming areas of the brain working, memory and contextual
1996) NFTs are absent and there is no including the hippocampus, frontal fear conditioning at <6 months
neuronal loss cortex, entorhinal cortex, and
occipital cortex in 10—16-month-old
hemizygotes
APPSwe/ AP deposits can be found by 6 months ~ Significant gliosis by 6 months, Impairment in the Morris water
PSEN1dES  Apundant plaques in the hippocampus especially in areas around plaques maze at 12 months
(Jankowsky and cortex by 9 months
et al. 2004) .. .
Progressive increase in plaques up to
12 months. NFTs are absent
Neuronal loss observed, specially in
areas adjacent to plaques
5xFAD Amyloid deposition starts at Gliosis starts since 2 months of age Impaired spatial memory as
(Oakley 1.5 months and is particularly high and is proportional to APy, levels measured by the Y-maze test
et al. 2006) in subiculum and deep cortical and amyloid deposition. The number  observed at 4-5 months
layers. AP4, accumulates of activated astrocytes and microglia
intraneuronally in an aggregated increases with age paralleling the
form within the soma and neurites age-related rise in amyloid burden
starting at 1.5 months
NFTs are absent
Neuronal loss observed in cortical
layer 5 and subiculum
AB 3xTg (Oddo Extracellular AP deposits observed at Increased astrocyte and microglial Cognitive impairment develops from
and et al. 2003) 6 months in the frontal cortex density observed at 7 months of age 4 months of age and correlates
tau By 12 months, extensive tau with the accumulation of
pathology is present in CA1 intraneuronal Ap in the
neurons, and later in the cortex hippocampus and amygdala,
although plaques and tangles are
not apparent at this age
APPSweDI/ Increased APy4p/49 ratio, as well as Increased microglial density in brain ~ Severe memory impairment
NOS2™'~ hyperphosphorylated and aggregated  areas associated with plaques and
(Colton tau astrogliosis
et al. 2008)

They exhibit considerable neuronal
loss (30—40%) at the age of
12 months

manner, and this has hampered the development of treat-
ments for late-onset AD (Karran et al. 2011).

Most of the transgenic models of AD are made by
combining in the same organism, human transgenes carrying
the Swedish double mutation (KM670/671NL) for APP and/
or different mutations of the PSENI gene. The most com-
mon used models are listed and described on Table 3. For
example, the APPPS1 mouse strain, a frequently used model
of AD, carries the human APP gene containing the Swedish
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mutation and the human PSENI gene bearing the L166P
mutation. As mentioned above, each of these mutations is
known to cause a familial form of AD, and thus, as a result
of the multiple combined mutations, APPPS1 mice show
age-related amyloid plaque deposition (Holcomb et al. 1998)
and cognitive impairment (Webster et al. 2014). Although
they do not develop fibrillary tau pathology, some phos-
phorylated tau-positive neuritic processes have been
observed near amyloid deposits (Radde et al. 2006).
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Studies carried out on APPPS1 mice show that their
glial response is similar to that observed in humans.
Activated microglia tend to cluster around AP plaques
(Hefendehl et al. 2011), a phenomenon widely described in
human AD (McGeer et al. 1987; Zotova et al. 2011, 2013;
Serrano-Pozo et al. 2013) and also observed in other mouse
models of AD-like pathology (Frautschy et al. 1998;
Stalder et al. 1999). Of note, there may conceivably be
significant differences between the animal models and
human AD in the biochemical characteristics of plaques
which influence the microglial phenotype; however, this
seems to be a relatively under-explored area.

Curiously, although a locally increased microglial den-
sity was observed in the areas surrounding plaques (He-
fendehl et al. 2011); microglial phagocytic activity and
process motility were found to be impaired in the APPPS1
mice in association with amyloid plaques (Krabbe et al.
2013).

These results corroborate the previous findings on
another mouse strain, the APPswe/PSENIdE9 made by
combining the human transgenes APP with the Swedish
mutation and PSENI with a deletion of the exon 9. In these
mice, microglia clustering around amyloid deposits are
dysfunctional and incapable of clearing amyloid (Hickman
et al. 2008), and thus, the authors propose that the reduc-
tion in AP clearance may be due to changes in gene reg-
ulation. They also observed a two- to fivefold decrease in
expression of microglial proteins known to bind AP and to
contribute to its clearance, such as SRA (scavenger
receptor A), CD36, and RAGE (receptor for advanced-
glycation endproducts) (Hickman et al. 2008); whereas
expression of the pro-inflammatory cytokines IL1JB and
TNFa was increased 2.5-fold. Therefore, this discrepancy
between microglial function and inflammatory molecules
secreted reasserts the dual character of microglia in AD.
Indeed, on one hand, microglia appear to lose motility and
sensitivity towards amyloid, which restrains them from
performing their neuroprotective surveillance and clear-
ance function; and on the other hand, microglia develop a
pro-inflammatory profile that eventually results in
neurotoxicity.

Studies using positron emission tomography (PET)
imaging to trace amyloid and microglial activation have
demonstrated that, like APPPS1 mice, AD patients have a
significant increase in both amyloid and microglial signals,
with the microglial signal particularly elevated in the
vicinity of the amyloid signal (Edison et al. 2008). It is
noteworthy that the authors described an inverse relation-
ship between the microglial signal and cognitive perfor-
mance, as measured by the mini-mental state examination
(MMSE), which was not observed with the amyloid signal
(Edison et al. 2008). Given the fact that amyloid deposition
in AD patients commonly precedes the appearance of

symptoms by decades (Okello et al. 2009; Serrano-Pozo
et al. 2011a), this leads to the hypothesis that amyloid is
likely not the direct cause of cognitive impairment in AD.
In transgenic mice, the relationship between A load and
cognitive performance seems more straightforward (Bruce-
Keller et al. 2011). A study performed in the
PS1mi461.+APPke70n Me71L Mice—human transgenes with
the APP Swedish and the PSENI M146L mutations,
reported an association between AB;_4, load and memory
performance using the water maze and radial arm tests
(Gordon et al. 2001). Regarding the relationship between
microglia and tau pathology in human brain, dystrophic
microglia were found associated not only with amyloid
deposits, but also with tau pathology suggesting a direct
association between tau and microglia in AD (Streit et al.
2009). No relationship was observed between amyloid load
and cognitive impairment on PET imaging (Edison et al.
2008) or with microglia in a post-mortem study (Serrano-
Pozo et al. 2011b). Conversely, a direct relationship was
present between the neurofibrillary tau pathology and the
severity of cognitive deficits (Riley et al. 2002), and with
microglial activation (Serrano-Pozo et al. 2011b). Inter-
estingly, in a post-mortem study of 299 brains provided by
the MRC-Cognitive Function and Ageing Studies (CFAS),
investigation of the microglial immunophenotype in the
elderly population showed that overall, in participants
without dementia, negative relationships with the different
pathological features of AD were prevailing; whereas in
participants with AD, microglia were strongly associated
with neuritic plaques and NFTs (Minett et al. 2016).
Therefore, the association between microglia and AD
pathology appeared to change its pattern between partici-
pants without and with dementia. It was also noted in this
study that tangles were the only pathological feature related
to cognition (Minett et al. 2016).

In the context of mouse models of AD, there is difficulty
in assessing the relationship between microglia and tau, as
the amyloid-centered models such as APPPS1 mice do not
develop fibrillary tau pathology (Table 3), which may be
due to their limited lifespan. Of note, the transgenic mouse
models do not usually survived beyond 1 year of age. Other
animal models have been developed which focus on tau
pathology, such as the htauP301S and the PS19, which both
carry the human MAPT (microtubule-associated protein
tau) gene with mutations that cause fronto-temporal
dementia. There is evidence that these models exhibit
increased microglial activation in the CNS, with the human
(h)tauP301S mice presenting activated microglia clustered
around tau-positive neurons (Bellucci et al. 2004). It was
demonstrated in PS19 mice that microglial activation pre-
cedes tangle formation (Yoshiyama et al. 2007), consistent
with the previous observations of the presence of dys-
trophic microglia preceding the appearance of tau
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pathology in AD patients (Streit et al. 2009). From these
observations, it can be inferred that microglia in transgenic
mice behave in many ways similarly to human microglia
regarding their relationship with AD pathological features.
However, it should be kept in mind that tau-centered
models do not exhibit amyloid deposition, and thus, their
accuracy to reflect the changes that take place in AD brains
is limited.

Some models have tried to replicate both AP and tau
pathology in the mouse brain (Table 3).

One of these models was produced by crossing the
transgenic lines Tg2576 (human APP with the Swedish
mutation) with the JNPL3 which expresses the human
MAPT with the P301L mutation to produce the APPSwe-
Tau mice. These mice have a similar plaque distribution to
the Tg2576 mice, e.g., plaques starting to appear at
6/7 months to become more consistent by 9 months
spreading through the cortex and hippocampus. Interest-
ingly, the NFTs appear before the amyloid plaques as early
as 3 months to be widely present at 6 months, and were
more severe than in the parental line JNPL3 (Lewis et al.
2001). Reactive microglia were observed from 3 months of
age and clustered around plaques at 9 months (Lewis et al.
2001). This model by exhibiting more severe tau pathology
supported a synergistic relation between both proteins.
However, it is interesting to note that the tau pathology and
microglial activation were concomitant. The widely used
3xTg-AD mouse strain bears human transgenes for APP,
PS1, and tau with pathogenic mutations that lead to the
development of both amyloid plaques and NFTs. Increased
F4/80 microglia/macrophages were detected in the
entorhinal cortex from the age of 6 months (Janelsins et al.
2005), as well as increased Ibal-positive microglia at a
later stage in the hippocampus (Caruso et al. 2013).
Another interesting mouse AD model, initially designed to
explore the role of nitric oxide (NO) in the AD brain,
reproduces both AP and tau pathology, and is known as
APPsweDI/NOS2 '~ (Colton et al. 2008). This mouse
produces the pathogenic APP Swedish, Dutch, and Iowa
mutations and is knock-out for the mouse nitric oxide
synthase (NOS)2 gene, which encodes the inducible
(())NOS protein, an enzyme strongly associated with neu-
roinflammation and oxidative stress. In addition to the
accumulation of human APP, these mice have high levels
of mouse tau hyperphosphorylation and aggregation,
increased microglial activation, neuronal loss, and severe
memory impairment. The fact that the APPsweDI/
NOS2~/~ mice, as the result of human amyloid accumu-
lation and lack of NOS2, produce mouse tau pathology
without the need of a human tau transgene, reveals a link
between inflammation and tau pathology that very closely
resembles findings from research in humans (Colton et al.
2008). It is apparent that the role of microglia, both in mice
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and humans, is highly dependent on the profile of activa-
tion that they display. Indeed, whereas microglia in normal
conditions fulfil a neuroprotective role, in AD, their func-
tion leans more towards a neurotoxic pro-inflammatory
status. To address this, the inter-species similarities and
differences in microglial inflammatory profile will be dis-
cussed in the next section.

Microglial inflammatory profile in AD

To understand the different activation patterns that
microglia can adopt, it is important to consider the shared
origin of microglia and macrophages. In vivo lineage
tracing studies performed in mice have shown that micro-
glia, as well as primitive macrophages, originate in the yolk
sac derived from myeloid progenitor cells, and start dif-
ferentiating as a distinct cell population early in embryonic
development (Ginhoux et al. 2010).

Unlike macrophages, whose precursor cells, the mono-
cytes, are constantly produced in the bone marrow, evi-
dence indicates that microglia are mostly maintained
throughout life (Ginhoux et al. 2010). Despite this essential
difference, microglia and macrophages share many char-
acteristics regarding gene expression, phenotype, and
function. For example, microglia express many markers
that are typically associated with macrophages, such as
CD11b (Roy et al. 2006), CD14 (Cosenza et al. 2002),
CSFIR (colony-stimulating factor 1 receptor) (Mizuno
et al. 2011), CD68, HLA-DR, MSR-A, and FcyRI (Minett
et al. 2016).

Regarding macrophage activation, traditionally, two
distinct patterns have been described, commonly known as
Ml/classical or M2/alternative profile, with each one
characterised by distinctive protein expression. This clas-
sification of macrophage activation has its origin in the
nomenclature of T helper cells, in which distinct subsets
(termed Thl and Th2) can be recognised depending on the
cytokines which they express after activation (Martinez
and Gordon 2014). Further observations suggested that
adopting a similar nomenclature for macrophages would be
useful to understand their role in different conditions.
Indeed, macrophages can react in several ways to diverse
stimuli, and such responses can be considered as pro-in-
flammatory (M1) or anti-inflammatory (M2) based on
cytokine expression.

M1 activation, also known as “classical activation”, is
induced by IFN-y and characterised by the production of
pro-inflammatory cytokines, such as IL1B, IL6, MCP-1,
and TNFo. On the other hand, M2 activation, or “alter-
native activation”, is defined by the release of anti-in-
flammatory cytokines such as IL4 and IL13 and increased
expression of the inflammatory proteins AG1 (arginase 1),
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MRCI (mannose receptor C, type 1), CHI3L1, and CH3L2
(chitinase 3-like 1 and 2) (Colton et al. 2006). The M2
profile is normally associated with tissue repair and
reconstruction of the extracellular matrix (Bouhlel et al.
2007). A third profile of activation, generally considered a
subtype of M2 activation, has been suggested and defined
as “acquired deactivation”. This phenotype is mainly
found in the presence of apoptotic cells and is characterised
by the expression of IL10 and TGFf, inhibition of the
production of pro-inflammatory cytokines, and increased
expression of scavenger receptors (Saijo and Glass 2011).

However, recent studies have found that, although this
classification is still useful to some extent, in many situ-
ations, macrophage responses cannot simply be classified
into M1 or M2. Studies on the macrophage transcriptome
have pointed out that it is more accurate to consider
macrophage activation as a spectrum, in which different
transcriptional programmes operate in response to chan-
ges in the cellular environment (Xue et al. 2014). This is
consistent with the previous observations that macro-
phages can express a wide range of receptors and
inflammatory molecules (Mosser and Edwards 2008).
This macrophage plasticity was suggested to also apply to
microglia, in which expression profile studies show that in
most pathological conditions, there is not a clear expres-
sion towards an M1 or M2 profile, but rather a mixed
phenotype.

Indeed, Colton et al. explored the microglial profile in
wild-type and AD transgenic mice ranging from day 3 to
12 months old. They did not observe the exclusive expres-
sion of either M1 or M2 markers whatever the age or strain
of the animal. Indeed, the transgenic Tg2576 mice exhibited
increased expression of TNFo, but also increased AG1 and
MRCI. These results were consistent with the expression
profile that they detected in the brains of AD patients, which
showed increased expression of TNFa, AG1, CHI3L1, and
CHI3L2 (Colton et al. 2006). Their findings demonstrated
that microglial activation in AD cannot be regarded as
exclusively M1 or M2, but that instead, both pro- and anti-
inflammatory signals coexist in the same brain.

It was proposed that the microglial activation pattern in
AD could be regarded as a mosaic (Colton et al. 2006), in
which some microglia display an M1 phenotype and others
an M2 phenotype, dependent on the microenvironment
surrounding each particular cell. In a model of human
microglial cells cultured and treated with AP, microglia
actively performing phagocytosis had a lower expression of
M1 markers, while M2 markers were increased (Hjorth
et al. 2013). These results are relevant in the light of the
findings discussed in the previous section regarding
microglial motility and phagocytic activity, that microglial
motility in AD transgenic mice is decreased and this
impairment is spatially correlated with the presence of

amyloid plaques (Krabbe et al. 2013). Therefore, M1
microglia might be less efficient in removing AP, indirectly
contributing to AP accumulation (Hjorth et al. 2013). Thus,
it is possible to hypothesize that microglia surrounding
plaques have impaired motility and display an M1 pheno-
type, whereas microglia far from plaques develop an M2
phenotype. However, it is important to note that this
in vitro study was performed on a human microglia cell
line (Hjorth et al. 2013), and thus, the ex vivo cells might
be more closely related to a macrophage than a microglial
phenotype (Butovsky et al. 2014).

Nevertheless, following this idea of microglial activa-
tion as a spectrum rather a binary classification, it is
acknowledged that to measure inflammatory cytokines is
not sufficient to provide information about the activation
pattern and the role performed by microglia in different
conditions. Instead, this should be performed in association
with the characterisation of the expression of proteins
related to specific functions of microglia known as
immunophenotyping.

Apart from microglial cells, there is debate about the
role that peripheral monocytes/macrophages infiltrating
from the peripheral blood might play in AD. Whether these
cells may be relevant for the immune response in the brain
and if their participation may be beneficial or detrimental
in the disease pathogenesis is still unclear (Simard et al.
2006; Gate et al. 2010) and needs to be further studied in
both humans and mice.

To summarise this section, there is a consensus
regarding the concept that microglia, like the macrophage,
can adopt several inflammatory phenotypes, resulting from
genetic and environmental stimuli. However, our knowl-
edge and understanding of these profiles in human condi-
tions still remain to be fully characterised (Table 4).

Microglia and cognition

Clinically, AD symptoms include deficits in cognitive
functions such as episodic, visuospatial, and semantic
memory, with language, reasoning, and decision-making
also affected in patients. In the human brain, these func-
tions heavily rely on interactions between the hippocampus
and the neocortex (Mummery et al. 2000). Compared to the
murine neocortex, the human neocortex is considerably
larger in size and more complex in terms of the cell number
and their connections (Lui et al. 2011). For this reason, the
complexity and range of human cognitive functions are
difficult to replicate and evaluate in a small rodent. Nev-
ertheless, using methods such as passive avoidance and
maze-based tasks can shed some light as to whether some
of the cognitive symptoms of the disease are mimicked in
the animal model.
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Table 4 Comparison of ageing-related differences between mice and humans

Organism Human

Mouse

Life span

Brain volume

conditions (Schuff et al. 2012)

Life expectancy is at least 81 years in several countries, with an
increase by 2-3 months every year without any indication of a
slow-down (Global Burden of Disease Study 2015)

Significant brain volume loss associated both with normal and
loss pathological ageing, although it is exacerbated in pathological

Life span between 2-3 years depending on strain (Yuan
et al. 2011)

Total brain size increases with age in wild-type mice
(Maheswaran et al. 2009)

Microglial Primed microglia with greater immunoreactivity Thickening and a deramification of microglial processes,
morphology  pystrophic microglia with fragmented processes (Streit et al. with hypertrophy of the cell body (Hart et al. 2012)
2009)
Inflammatory  Increased expression of IL-1, IL6, TNF-o, TGFp, chemokines, Increased expression of cytokines and inflammatory
profile complement proteins, and TLRs (Lopez-Gonzalez et al. 2015)  mediators, in a pattern very similar to the human (Lopez-
Gonzalez et al. 2015)
Different studies have evaluated the relationship Similarly, it was observed that in APPSwePSEN1dE9

between inflammation and cognition in both normal and
pathological conditions. Many pro-inflammatory cytokines,
such as IL1p, IL6, and type I and type II interferons, dis-
turb long-term potentiation (LTP), a mechanism involved
in learning and memory. Interestingly, LTP was observed
to be diminished in aged mice (Griffin et al. 2006), likely as
the result of the increased pro-inflammatory cytokines
characteristic of ageing (Lopez-Gonzalez et al. 2015).
Studies have also evaluated the relationship between
microglia and cognition in pathological conditions. In
transgenic AD models, the majority of the studies have
identified microglial activation as a factor that contributes
to neurodegeneration and accelerates cognitive deteriora-
tion. In APP SwePSEN1dE9 mice, poor performance in the
Morris water maze was associated with increased micro-
glial activation and IL1f brain levels (Gallagher et al.
2013). Overall, high levels of pro-inflammatory cytokines
have been related to cognitive impairment in various
studies in both mice and humans (Munoz et al. 2007,
Swardfager et al. 2010). Conversely, pharmacological
inhibition of microglial activation, for example, with
minocycline (Biscaro et al. 2012), blocking IL1f signalling
(Kitazawa et al. 2011), or inhibition of TNFa expression
(Chavant et al. 2010), has been reported to reduce
inflammation and improve cognitive performance in AD
transgenic mice.

On the other hand, some studies have highlighted a
beneficial role of activated microglia for cognitive function
based on their inflammatory profile. In APPswe/PS1dE9,
AD mouse model with a mutation in the toll-like receptor
(TLR)-4 gene (causing a loss of function of this protein)
decreased microglial activation was observed, with
increased AP deposition and aggravation of the cognitive
deficits (Song et al. 2011). These findings suggested that
activated microglia might be neuroprotective in some cir-
cumstances, at least through TLR4.
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mice, the induction of peroxisome proliferator-activated
receptor (PPAR)y that activates microglia by suppressing
inflammatory gene expression and enhancing phagocytosis
resulted in a reduction of AP in the hippocampus and
improvement of cognitive functions (Yamanaka et al.
2012). Interestingly, treatment of APP23 mice with the
anti-inflammatory cytokines IL4 and IL13 led to an ame-
lioration of cognitive deficits (Kawahara et al. 2012). This
indicated that in mice, microglial activation, when it leans
toward an M2 phenotype, seems to promote Af clearance
resulting in a beneficial effect for cognitive function.

In humans, we previously mentioned the PET imaging
study showing an association between the microglial PET
signal and the cognitive decline in living AD patients
(Edison et al. 2008). In the recent post-mortem MRC-
CFAS study mentioned in the pathology section, the
authors also observed that with ageing, microglia lose the
Ibal protein associated with motility, likely necessary to
support neurons, and this was associated with the devel-
opment of dementia. Conversely, other microglial proteins
(CD68, Macrophage Scavenger Receptor (MSR)-A), the
role of which is clearance of damaged cellular material,
were associated with the development of dementia and
poor cognition (Minett et al. 2016). This study highlighted
that different microglial functions can coexist within the
same brain. The mouse and human studies clearly support
the concept that microglial activation affects cognition, in
keeping with the genetic findings indicating risk for AD
associated with inflammation-related genes. Discrepancies
in the inflammatory profile detected in the animal studies,
may be due to the differences in the mutations used to
develop the transgenic models (Morgan et al. 2005). In
humans, we still do not know the precise inflammatory
profiles present at the onset and during progression of the
disease. Such profiles might result from the sum of (1) pre-
existing variation in genes related to inflammation, (2)
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microglia primed by diverse systemic infections experi-
enced during life, and (3) combinations of pro and anti-
inflammatory molecules produced by microglia responding
to different aspects of AD pathology. PET imaging is a
very useful tool to allow studies of microglia at serial time-
points in living patients, but the microglial PET compounds
currently available do not yet allow the characterisation of
the phenotype of the ongoing inflammation.

The hypothesis that microglial activation could be
beneficial in AD due to its effect on amyloid removal by
phagocytosis is relevant to strategies that involve active or
passive immunisation directed against AB or tau. Immu-
nisation studies in AD mice have provided interesting and
promising results, with many of them reporting beneficial
effects from the treatment. Anti-AB immunisation was
successful in decreasing amyloid plaque burden and this
was facilitated by activated phagocytic microglia (Schenk
et al. 1999; Wilcock et al. 2003, 2004a). In mouse models,
AP clearance had multiple effects, including recovery of
synapse and neurite morphology (Lombardo et al. 2003;
Buttini et al. 2005; Brendza et al. 2005; Spires-Jones et al.
2009) and improved cognitive performance (Morgan et al.
2000; Janus et al. 2000; Wilcock et al. 2004b; Rasool et al.
2013). Immunotherapy against tau in tau-based model of
rodents (Chai et al. 2011) induced decreased NFT burden
and restored cognitive function (Asuni et al. 2007; Boimel
et al. 2010; Boutajangout et al. 2010; Chai et al. 2011).
Interestingly, one study did observe increased microglial
activation (Boimel et al. 2010); whereas two other studies
did not see changes in microgliosis (Boutajangout et al.
2010; Chai et al. 2011), possibly due to the different
models and time-points examined (Chai et al. 2011).

However, clinical trials involving Af immunotherapy in
humans have not been as successful as studies in mice. The
first clinical trial was an active protocol with the use of the
full-length preaggregated synthetic A4, (Bayer et al.
2005) named AN1792. A long-term clinical-neuropatho-
logical follow-up of the patients showed continued cogni-
tive decline despite clearance in amyloid plaques in some
patients (Holmes et al. 2008). Other clinical trials of pas-
sive immunisation using humanized anti-amyloid antibod-
ies bapineuzumab (Salloway et al. 2014) or solanezumab
(Doody et al. 2014) have demonstrated no clear effect in
improving cognitive function or slowing rate of decline in
participants with established AD. However, analysis of the
solanezumab data in people with mild AD showed a trend
toward improved cognition moving the field of
immunotherapy in AD from established AD towards the
prodromal or mild AD with the aim to halt the cognitive
decline as early as possible. A recent trial with the adu-
canumab antibody seems to confirm the slowing of the
cognitive decline in patients with mild AD (Sevigny et al.
2016).

Tau-directed immunotherapy has been initiated and
compounds for PET imaging of tau are currently being
developed (Sigurdsson 2016). The first clinical trial of a
phosphorylated tau immunogen has been completed
regarding the safety, tolerability, and immunogenicity of
the compound, and others trials are already underway
(Pedersen and Sigurdsson 2015), but the findings have not
been published yet.

A remarkable observation from the human A immu-
nisation studies, particularly with AN1792, is the fact that
post-mortem analysis revealed that immunisation was
effective in terms of reducing amyloid load via enhanced
AP phagocytosis by microglia (Nicoll et al. 2006; Zotova
et al. 2011), with a possible contribution from other
mechanisms, as observed in the animal studies. Notwith-
standing, this was not correlated with improvement of
cognitive performance (Holmes et al. 2008), corroborating
the previous studies that pointed out the lack of association
between amyloid pathology and severity of dementia
(Davis et al. 1999; CFAS 2001; Engler et al. 2006; Minett
et al. 2016). In this regard, it is pertinent to highlight the
hypothesis stated by Serrano-Pozo et al. (2011b) that a
certain threshold of amyloid accumulation may be required
to trigger a microglial response and initiate a pathogenic
cascade, likely involving tau, beyond which neurotoxicity
cannot be reversed simply by removing the amyloid. This
reminds us that genetic studies, which highlight the fea-
tures of disease that are causes rather than effect, have
emphasized a role for inflammation in the disease
pathogenesis.

Overall, mice can form the basis of valuable studies of
behaviour in selected aspects of microglial responses and
pre-specified features of AD pathology. However, limiting
factors include the higher complexity and structural dif-
ferences of human neural networks compared with mice,
the difficulty in modelling the full spectrum of AD
pathology, the less severe neurodegeneration, and better
capacity for recovery in the animal models.

Conclusion

A number of similarities exist between murine and human
microglial cells supporting the importance of the animal
studies. These have been and are extremely useful to
identify potential roles or pathways involving microglia
during development, and in healthy and pathological con-
ditions, with some of them already validated in the human
brain. However, the differences between microglia of a
laboratory animal reared in pathogen-free conditions and
those in a human patient complicate the translation of the
research to the human brain. There are fundamental dif-
ferences between mice and humans, and thus, more
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exploration in the human brain is needed to assess the
relevance of the models and guide their further develop-
ment. Meanwhile, the experimental findings should be
interpreted paying close attention to the limitations of the
models utilised.

Acknowledgements Diana Franco Bocanegra is supported by a
CONACyT scholarship from the Mexican Government (270152/
438262) and a Faculty of Medicine Doctoral Training Award and
University Ph.D. Scholarship Award from the University of
Southampton (VCFoM/BocheD/TBC/170). Dr. Delphine Boche’s
research on microglial immunophenotype in human brain has been
supported by the MRC (G0900582) and the Alzheimer’s Research
UK (ARUK-PG2012-8).

Conflict of interest The authors declare no conflict of interest.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

Askew K, Li K, Olmos-Alonso A, Garcia-Moreno F, Liang Y,
Richardson P, Tipton T, Chapman MA, Riecken K, Beccari S,
Sierra A, Molnar Z, Cragg MS, Garaschuk O, Perry VH, Gomez-
Nicola D (2017) Coupled proliferation and apoptosis maintain
the rapid turnover of microglia in the adult brain. Cell Rep
18(2):391-405. doi:10.1016/j.celrep.2016.12.041

Asuni AA, Boutajangout A, Quartermain D, Sigurdsson EM (2007)
Immunotherapy targeting pathological tau conformers in a tangle
mouse model reduces brain pathology with associated functional
improvements. J Neurosci 27(34):9115-9129. doi:10.1523/
JNEUROSCI.2361-07.2007

Baron R, Babcock AA, Nemirovsky A, Finsen B, Monsonego A
(2014) Accelerated microglial pathology is associated with
Abeta plaques in mouse models of Alzheimer’s disease. Aging
Cell 13(4):584-595. doi:10.1111/acel. 12210

Bayer AJ, Bullock R, Jones RW, Wilkinson D, Paterson KR, Jenkins
L, Millais SB, Donoghue S (2005) Evaluation of the safety and
immunogenicity of synthetic Abetad42 (AN1792) in patients with
AD. Neurology 64(1):94-101

Bellucci A, Westwood AJ, Ingram E, Casamenti F, Goedert M,
Spillantini MG (2004) Induction of inflammatory mediators and
microglial activation in mice transgenic for mutant human
P301S tau protein. Am J Pathol 165(5):1643-1652. doi:10.1016/
$0002-9440(10)63421-9

Bilbo SD, Schwarz JM (2012) The immune system and developmen-
tal programming of brain and behavior. Front Neuroendocrinol
33(3):267-286. doi:10.1016/j.yfrne.2012.08.006

Biscaro B, Lindvall O, Tesco G, Ekdahl CT, Nitsch RM (2012)
Inhibition of microglial activation protects hippocampal neuro-
genesis and improves cognitive deficits in a transgenic mouse
model for Alzheimer’s disease. Neurodegener Dis 9(4):187-198.
doi:10.1159/000330363

Biswas SK, Gangi L, Paul S, Schioppa T, Saccani A, Sironi M,
Bottazzi B, Doni A, Vincenzo B, Pasqualini F, Vago L, Nebuloni
M, Mantovani A, Sica A (2006) A distinct and unique

@ Springer

transcriptional program expressed by tumor-associated macro-
phages (defective NF-kappaB and enhanced IRF-3/STATI
activation). Blood 107(5):2112-2122. doi:10.1182/blood-2005-
01-0428

Boche D, Perry VH, Nicoll JA (2013) Activation patterns of microglia
and their identification in the human brain. Neuropathol Appl
Neurobiol 39(1):3-18. doi:10.1111/nan.12011

Boimel M, Grigoriadis N, Lourbopoulos A, Haber E, Abramsky O,
Rosenmann H (2010) Efficacy and safety of immunization with
phosphorylated tau against neurofibrillary tangles in mice. Exp
Neurol 224(2):472-485. doi:10.1016/j.expneurol.2010.05.010

Bouhlel MA, Derudas B, Rigamonti E, Dievart R, Brozek J, Haulon
S, Zawadzki C, Jude B, Torpier G, Marx N, Staels B, Chinetti-
Gbaguidi G (2007) PPARgamma activation primes human
monocytes into alternative M2 macrophages with anti-inflam-
matory properties. Cell Metab 6(2):137-143. doi:10.1016/j.cmet.
2007.06.010

Boutajangout A, Quartermain D, Sigurdsson EM (2010) Immunother-
apy targeting pathological tau prevents cognitive decline in a
new tangle mouse model. J Neurosci 30(49):16559-16566.
doi:10.1523/jneurosci.4363-10.2010

Brendza RP, Bacskai BJ, Cirrito JR, Simmons KA, Skoch JM, Klunk
WE, Mathis CA, Bales KR, Paul SM, Hyman BT, Holtzman DM
(2005) Anti-Abeta antibody treatment promotes the rapid
recovery of amyloid-associated neuritic dystrophy in PDAPP
transgenic mice. J Clin Invest 115(2):428-433

Bruce-Keller AJ, Gupta S, Knight AG, Beckett TL, McMullen JM,
Davis PR, Murphy MP, Van Eldik LJ, St Clair D, Keller JN
(2011) Cognitive impairment in humanized APPxPS1 mice is
linked to Abeta(1-42) and NOX activation. Neurobiol Dis
44(3):317-326. doi:10.1016/j.nbd.2011.07.012

Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ,
Gabriely G, Koeglsperger T, Dake B, Wu PM, Doykan CE,
Fanek Z, Liu L, Chen Z, Rothstein JD, Ransohoff RM, Gygi SP,
Antel JP, Weiner HL (2014) Identification of a unique TGF-beta-
dependent molecular and functional signature in microglia. Nat
Neurosci 17(1):131-143. doi:10.1038/nn.3599

Buttini M, Masliah E, Barbour R, Grajeda H, Motter R, Johnson-
Wood K, Khan K, Seubert P, Freedman S, Schenk D, Games D
(2005) Beta-amyloid immunotherapy prevents synaptic degen-
eration in a mouse model of Alzheimer’s disease. J Neurosci
25(40):9096-9101

Capani F, Ellisman MH, Martone ME (2001) Filamentous actin is
concentrated in specific subpopulations of neuronal and glial
structures in rat central nervous system. Brain Res
923(1-2):1-11

Caruso D, Barron AM, Brown MA, Abbiati F, Carrero P, Pike CJ,
Garcia-Segura LM, Melcangi RC (2013) Age-related changes in
neuroactive steroid levels in 3xTg-AD mice. Neurobiol Aging
34(4):1080-1089. doi:10.1016/j.neurobiolaging.2012.10.007

CFAS (2001) Pathological correlates of late-onset dementia in a
multicentre, community-based population in England and Wales.
Neuropathology Group of the Medical Research Council Cog-
nitive Function and Ageing Study. Lancet 357(9251):169-175

Chai X, Wu S, Murray TK, Kinley R, Cella CV, Sims H, Buckner N,
Hanmer J, Davies P, O’Neill MJ, Hutton ML, Citron M (2011)
Passive immunization with anti-Tau antibodies in two transgenic
models: reduction of Tau pathology and delay of disease
progression. J Biol Chem 286(39):34457-34467. doi:10.1074/
jbc.M111.229633

Chavant F, Deguil J, Pain S, Ingrand I, Milin S, Fauconneau B,
Perault-Pochat MC, Lafay-Chebassier C (2010) Imipramine, in
part through tumor necrosis factor alpha inhibition, prevents
cognitive decline and beta-amyloid accumulation in a mouse
model of Alzheimer’s disease. J Pharmacol Exp Ther
332(2):505-514. doi:10.1124/jpet.109.162164


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.celrep.2016.12.041
http://dx.doi.org/10.1523/JNEUROSCI.2361-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.2361-07.2007
http://dx.doi.org/10.1111/acel.12210
http://dx.doi.org/10.1016/s0002-9440(10)63421-9
http://dx.doi.org/10.1016/s0002-9440(10)63421-9
http://dx.doi.org/10.1016/j.yfrne.2012.08.006
http://dx.doi.org/10.1159/000330363
http://dx.doi.org/10.1182/blood-2005-01-0428
http://dx.doi.org/10.1182/blood-2005-01-0428
http://dx.doi.org/10.1111/nan.12011
http://dx.doi.org/10.1016/j.expneurol.2010.05.010
http://dx.doi.org/10.1016/j.cmet.2007.06.010
http://dx.doi.org/10.1016/j.cmet.2007.06.010
http://dx.doi.org/10.1523/jneurosci.4363-10.2010
http://dx.doi.org/10.1016/j.nbd.2011.07.012
http://dx.doi.org/10.1038/nn.3599
http://dx.doi.org/10.1016/j.neurobiolaging.2012.10.007
http://dx.doi.org/10.1074/jbc.M111.229633
http://dx.doi.org/10.1074/jbc.M111.229633
http://dx.doi.org/10.1124/jpet.109.162164

Innate immunity in Alzheimer’s disease: the relevance of animal models? 841

Colton CA, Mott RT, Sharpe H, Xu Q, Van Nostrand WE, Vitek MP
(2006) Expression profiles for macrophage alternative activation
genes in AD and in mouse models of AD. J Neuroinflammation
3:27. doi:10.1186/1742-2094-3-27

Colton CA, Wilcock DM, Wink DA, Davis J, Van Nostrand WE,
Vitek MP (2008) The effects of NOS2 gene deletion on mice
expressing mutated human AbetaPP. J Alzheimers Dis
15(4):571-587

Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell
PC, Small GW, Roses AD, Haines JL, Pericak-Vance MA
(1993) Gene dose of apolipoprotein E type 4 allele and the risk
of Alzheimer’s disease in late onset families. Science
261(5123):921-923

Corneveaux JJ, Myers AJ, Allen AN, Pruzin JJ, Ramirez M, Engel A,
Nalls MA, Chen K, Lee W, Chewning K, Villa SE, Meechoovet
HB, Gerber JD, Frost D, Benson HL, O’Reilly S, Chibnik LB,
Shulman JM, Singleton AB, Craig DW, Van Keuren-Jensen KR,
Dunckley T, Bennett DA, De Jager PL, Heward C, Hardy J,
Reiman EM, Huentelman MJ (2010) Association of CR1, CLU
and PICALM with Alzheimer’s disease in a cohort of clinically
characterized and neuropathologically verified individuals. Hum
Mol Genet 19(16):3295-3301. doi:10.1093/hmg/ddq221

Cosenza MA, Zhao ML, Si Q, Lee SC (2002) Human brain
parenchymal microglia express CD14 and CD45 and are
productively infected by HIV-1 in HIV-1 encephalitis. Brain
Pathol 12(4):442-455

Cribbs DH, Berchtold NC, Perreau V, Coleman PD, Rogers J, Tenner
AJ, Cotman CW (2012) Extensive innate immune gene activa-
tion accompanies brain aging, increasing vulnerability to cog-
nitive decline and neurodegeneration: a microarray study.
J Neuroinflammation 9:179-197. doi: 10.1186/1742-2094-9-179

Davies DS, Ma J, Jegathees T, Goldsbury C (2016) Microglia show
altered morphology and reduced arborization in human brain
during aging and Alzheimer’s disease. Brain Pathol. doi:10.
1111/bpa.12456

Davis DG, Schmitt FA, Wekstein DR, Markesbery WR (1999)
Alzheimer neuropathologic alterations in aged cognitively
normal subjects. J Neuropathol Exp Neurol 58(4):376-388

Doody RS, Thomas RG, Farlow M, Iwatsubo T, Vellas B, Joffe S,
Kieburtz K, Raman R, Sun X, Aisen PS, Siemers E, Liu-Seifert
H, Mohs R, Alzheimer’s Disease Cooperative Study Steering
Committee, Solanezumab Study Group (2014) Phase 3 trials of
solanezumab for mild-to-moderate Alzheimer’s disease. N Engl
J Med 370(4):311-321. doi:10.1056/NEJMoa1312889

Edison P, Archer HA, Gerhard A, Hinz R, Pavese N, Turkheimer FE,
Hammers A, Tai YF, Fox N, Kennedy A, Rossor M, Brooks DJ
(2008) Microglia, amyloid, and cognition in Alzheimer’s
disease: an [''CJ(R)PK11195-PET and [''C]PIB-PET study.
Neurobiol Dis 32(3):412-419

Engler H, Forsberg A, Almkvist O, Blomquist G, Larsson E,
Savitcheva I, Wall A, Ringheim A, Langstrom B, Nordberg A
(2006) Two-year follow-up of amyloid deposition in patients
with Alzheimer’s disease. Brain 129(Pt 11):2856-2866. doi:10.
1093/brain/awl178

Finckh U, Alberici A, Antoniazzi M, Benussi L, Fedi V, Giannini C,
Gal A, Nitsch RM, Binetti G (2000) Variable expression of
familial Alzheimer disease associated with presenilin 2 mutation
M239I. Neurology 54(10):2006-2008

Frautschy SA, Yang F, Irrizarry M, Hyman B, Saido TC, Hsiao K,
Cole GM (1998) Microglial response to amyloid plaques in
APPsw transgenic mice. Am J Pathol 152(1):307-317

Frommelt P, Schnabel R, Kuhne W, Nee LE, Polinsky RJ (1991)
Familial Alzheimer disease: a large, multigeneration German
kindred. Alzheimer Dis Assoc Disord 5(1):36-43

Gallagher JJ, Minogue AM, Lynch MA (2013) Impaired performance
of female APP/PS1 mice in the Morris water maze is coupled

with increased Abeta accumulation and microglial activation.
Neurodegener Dis 11(1):33—41. doi:10.1159/000337458

Gate D, Rezai-Zadeh K, Jodry D, Rentsendorj A, Town T (2010)
Macrophages in Alzheimer’s disease: the blood-borne identity.
J Neural Transm (Vienna, Austria: 1996) 117(8):961-970.
doi:10.1007/s00702-010-0422-7

Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, Mehler
MF, Conway SJ, Ng LG, Stanley ER, Samokhvalov IM, Merad
M (2010) Fate mapping analysis reveals that adult microglia
derive from primitive macrophages. Science
330(6005):841-845. doi:10.1126/science.1194637

Global Burden of Disease Study Collaborators (2015) Global,
regional, and national incidence, prevalence, and years lived
with disability for 301 acute and chronic diseases and injuries in
188 countries, 1990-2013: a systematic analysis for the Global
Burden of Disease Study 2013. Lancet 386(9995):743-800.
doi:10.1016/S0140-6736(15)60692-4

Goate A, Chartier-Harlin MC, Mullan M, Brown J, Crawford F,
Fidani L, Giuffra L, Haynes A, Irving N, James L et al (1991)
Segregation of a missense mutation in the amyloid precursor
protein gene with familial Alzheimer’s disease. Nature
349(6311):704-706

Gordon MN, King DL, Diamond DM, Jantzen PT, Boyett KV, Hope
CE, Hatcher JM, DiCarlo G, Gottschall WP, Morgan D,
Arendash GW (2001) Correlation between cognitive deficits
and Abeta deposits in transgenic APP+PS1 mice. Neurobiol
Aging 22(3):377-385

Grabowski TJ, Cho HS, Vonsattel JP, Rebeck GW, Greenberg SM
(2001) Novel amyloid precursor protein mutation in an Iowa
family with dementia and severe cerebral amyloid angiopathy.
Ann Neurol 49(6):697-705

Griffin R, Nally R, Nolan Y, McCartney Y, Linden J, Lynch MA
(2006) The age-related attenuation in long-term potentiation is
associated  with  microglial activation. J Neurochem
99(4):1263-1272. doi:10.1111/j.1471-4159.2006.04165.x

Guerreiro R, Wojtas A, Bras J, Carrasquillo MM, Rogaeva E,
Majounie E, Cruchaga C, Sassi C, Kauwe JS, Younkin SG,
Hazrati L, Collinge J, Pocock J, Lashley T, Williams J, Lambert
JC, Amouyel P, Goate AM, Rademakers R, Morgan K, Powell J,
St George-Hyslop P, Singleton AB, Hardy J, Alzheimer Genetic
Analysis Group (2012) TREM2 variants in Alzheimer’s disease.
N Engl J Med 368(2):117-127

Gur RC, Turetsky BI, Matsui M, Yan M, Bilker W, Hughett P, Gur
RE (1999) Sex differences in brain gray and white matter in
healthy young adults: correlations with cognitive performance.
J Neurosci 19(10):4065-4072

Hamza TH, Zabetian CP, Tenesa A, Laederach A, Montimurro J,
Yearout D, Kay DM, Doheny KF, Paschall J, Pugh E, Kusel VI,
Collura R, Roberts J, Griffith A, Samii A, Scott WK, Nutt J,
Factor SA, Payami H (2010) Common genetic variation in the
HLA region is associated with late-onset sporadic Parkinson’s
disease. Nat Genet 42(9):781-785. doi:10.1038/ng.642

Hanamsagar R, Bilbo SD (2016) Sex differences in neurodevelop-
mental and neurodegenerative disorders: focus on microglial
function and neuroinflammation during development. J Steroid
Biochem Mol Biol 160:127-133. doi:10.1016/j.jsbmb.2015.09.
039

Hanisch UK, Kettenmann H (2007) Microglia: active sensor and
versatile effector cells in the normal and pathologic brain. Nat
Neurosci 10(11):1387-1394. doi:10.1038/nn1997

Hardy JA, Higgins GA (1992) Alzheimer’s disease: the amyloid
cascade hypothesis. Science 256(5054):184-185

Harold D, Abraham R, Hollingworth P, Sims R, Gerrish A, Hamshere
ML, Pahwa JS, Moskvina V, Dowzell K, Williams A, Jones N,
Thomas C, Stretton A, Morgan AR, Lovestone S, Powell J,
Proitsi P, Lupton MK, Brayne C, Rubinsztein DC, Gill M,

@ Springer


http://dx.doi.org/10.1186/1742-2094-3-27
http://dx.doi.org/10.1093/hmg/ddq221
http://dx.doi.org/10.1186/1742-2094-9-179
http://dx.doi.org/10.1111/bpa.12456
http://dx.doi.org/10.1111/bpa.12456
http://dx.doi.org/10.1056/NEJMoa1312889
http://dx.doi.org/10.1093/brain/awl178
http://dx.doi.org/10.1093/brain/awl178
http://dx.doi.org/10.1159/000337458
http://dx.doi.org/10.1007/s00702-010-0422-7
http://dx.doi.org/10.1126/science.1194637
http://dx.doi.org/10.1016/S0140-6736(15)60692-4
http://dx.doi.org/10.1111/j.1471-4159.2006.04165.x
http://dx.doi.org/10.1038/ng.642
http://dx.doi.org/10.1016/j.jsbmb.2015.09.039
http://dx.doi.org/10.1016/j.jsbmb.2015.09.039
http://dx.doi.org/10.1038/nn1997

842

D. K. Franco Bocanegra et al.

Lawlor B, Lynch A, Morgan K, Brown KS, Passmore PA, Craig
D, McGuinness B, Todd S, Holmes C, Mann D, Smith AD, Love
S, Kehoe PG, Hardy J, Mead S, Fox N, Rossor M, Collinge J,
Maier W, Jessen F, Schurmann B, van den Bussche H, Heuser I,
Kornhuber J, Wiltfang J, Dichgans M, Frolich L, Hampel H,
Hull M, Rujescu D, Goate AM, Kauwe JS, Cruchaga C,
Nowotny P, Morris JC, Mayo K, Sleegers K, Bettens K,
Engelborghs S, De Deyn PP, Van Broeckhoven C, Livingston G,
Bass NJ, Gurling H, McQuillin A, Gwilliam R, Deloukas P, Al-
Chalabi A, Shaw CE, Tsolaki M, Singleton AB, Guerreiro R,
Muhleisen TW, Nothen MM, Moebus S, Jockel KH, Klopp N,
Wichmann HE, Carrasquillo MM, Pankratz VS, Younkin SG,
Holmans PA, O’Donovan M, Owen MJ, Williams J (2009)
Genome-wide association study identifies variants at CLU and
PICALM associated with Alzheimer’s disease. Nat Genet
41(10):1088-1093

Harries LW, Hernandez D, Henley W, Wood AR, Holly AC, Bradley-
Smith RM, Yaghootkar H, Dutta A, Murray A, Frayling TM,
Guralnik JM, Bandinelli S, Singleton A, Ferrucci L, Melzer D
(2011) Human aging is characterized by focused changes in gene
expression and deregulation of alternative splicing. Aging Cell
10(5):868-878. doi:10.1111/j.1474-9726.2011.00726.x

Hart AD, Wyttenbach A, Hugh Perry V, Teeling JL (2012) Age
related changes in microglial phenotype vary between CNS
regions: grey versus white matter differences. Brain Behav
Immun 26(5):754-765. doi:10.1016/j.bbi.2011.11.006

Hedges SB, Dudley J, Kumar S (2006) TimeTree: a public
knowledge-base of divergence times among organisms. Bioin-
formatics 22(23):2971-2972. doi:10.1093/bioinformatics/bt1505

Hefendehl JK, Wegenast-Braun BM, Liebig C, Eicke D, Milford D,
Calhoun ME, Kohsaka S, Eichner M, Jucker M (2011) Long-
term in vivo imaging of beta-amyloid plaque appearance and
growth in a mouse model of cerebral beta-amyloidosis. J Neu-
rosci 31(2):624-629. doi:10.1523/jneurosci.5147-10.2011

Hefendehl JK, Neher JJ, Suhs RB, Kohsaka S, Skodras A, Jucker M
(2014) Homeostatic and injury-induced microglia behavior in the
aging brain. Aging Cell 13(1):60-69. doi:10.1111/acel. 12149

Hickman SE, Allison EK, El Khoury J (2008) Microglial dysfunction
and defective beta-amyloid clearance pathways in aging
Alzheimer’s disease mice. J Neurosci 28(33):8354-8360.
doi:10.1523/INEUROSCI.0616-08.2008

Hjorth E, Zhu M, Toro VC, Vedin I, Palmblad J, Cederholm T,
Freund-Levi Y, Faxen-Irving G, Wahlund LO, Basun H,
Eriksdotter M, Schultzberg M (2013) Omega-3 fatty acids
enhance phagocytosis of Alzheimer’s disease-related amyloid-
beta42 by human microglia and decrease inflammatory markers.
J Alzheimers Dis 35(4):697-713. doi:10.3233/jad-130131

Holcomb L, Gordon MN, McGowan E, Yu X, Benkovic S, Jantzen P,
Wright K, Saad I, Mueller R, Morgan D, Sanders S, Zehr C,
O’Campo K, Hardy J, Prada CM, Eckman C, Younkin S, Hsiao
K, Duff K (1998) Accelerated Alzheimer-type phenotype in
transgenic mice carrying both mutant amyloid precursor protein
and presenilin 1 transgenes. Nat Med 4(1):97-100

Hollingworth P, Harold D, Sims R, Gerrish A, Lambert JC,
Carrasquillo MM, Abraham R, Hamshere ML, Pahwa JS,
Moskvina V, Dowzell K, Jones N, Stretton A, Thomas C,
Richards A, Ivanov D, Widdowson C, Chapman J, Lovestone S,
Powell J, Proitsi P, Lupton MK, Brayne C, Rubinsztein DC, Gill
M, Lawlor B, Lynch A, Brown KS, Passmore PA, Craig D,
McGuinness B, Todd S, Holmes C, Mann D, Smith AD,
Beaumont H, Warden D, Wilcock G, Love S, Kehoe PG, Hooper
NM, Vardy ER, Hardy J, Mead S, Fox NC, Rossor M, Collinge J,
Maier W, Jessen F, Ruther E, Schurmann B, Heun R, Kolsch H,
van den Bussche H, Heuser I, Kornhuber J, Wiltfang J, Dichgans
M, Frolich L, Hampel H, Gallacher J, Hull M, Rujescu D,
Giegling I, Goate AM, Kauwe JS, Cruchaga C, Nowotny P,

@ Springer

Morris JC, Mayo K, Sleegers K, Bettens K, Engelborghs S, De
Deyn PP, Van Broeckhoven C, Livingston G, Bass NJ, Gurling
H, McQuillin A, Gwilliam R, Deloukas P, Al-Chalabi A, Shaw
CE, Tsolaki M, Singleton AB, Guerreiro R, Muhleisen TW,
Nothen MM, Moebus S, Jockel KH, Klopp N, Wichmann HE,
Pankratz VS, Sando SB, Aasly JO, Barcikowska M, Wszolek
ZK, Dickson DW, Graff-Radford NR, Petersen RC, van Duijn
CM, Breteler MM, Ikram MA, DeStefano AL, Fitzpatrick AL,
Lopez O, Launer LJ, Seshadri S, Berr C, Campion D, Epelbaum
J, Dartigues JF, Tzourio C, Alperovitch A, Lathrop M, Feulner
TM, Friedrich P, Riehle C, Krawczak M, Schreiber S, Mayhaus
M, Nicolhaus S, Wagenpfeil S, Steinberg S, Stefansson H,
Stefansson K, Snaedal J, Bjornsson S, Jonsson PV, Chouraki V,
Genier-Boley B, Hiltunen M, Soininen H, Combarros O,
Zelenika D, Delepine M, Bullido MJ, Pasquier F, Mateo I,
Frank-Garcia A, Porcellini E, Hanon O, Coto E, Alvarez V,
Bosco P, Siciliano G, Mancuso M, Panza F, Solfrizzi V,
Nacmias B, Sorbi S, Bossu P, Piccardi P, Arosio B, Annoni G,
Seripa D, Pilotto A, Scarpini E, Galimberti D, Brice A,
Hannequin D, Licastro F, Jones L, Holmans PA, Jonsson T,
Riemenschneider M, Morgan K, Younkin SG, Owen MJ,
O’Donovan M, Amouyel P, Williams J (2011) Common variants
at ABCA7, MS4A6A/MS4A4E, EPHAIL, CD33 and CD2AP are
associated with Alzheimer’s disease. Nat Genet 43(5):429-435.
doi:10.1038/ng.803

Holmes C (2013) Systemic inflammation and Alzheimer’s disease.
Neuropathol Appl Neurobiol 39(1):51-68. doi:10.1111/j.1365-
2990.2012.01307.x

Holmes C, EI-Okl M, Williams AL, Cunningham C, Wilcockson D,
Perry VH (2003) Systemic infection, interleukin lbeta, and
cognitive decline in Alzheimer’s disease. J Neurol Neurosurg
Psychiatry 74(6):788-789

Holmes C, Boche D, Wilkinson D, Yadegarfar G, Hopkins V, Bayer
A, Jones RW, Bullock R, Love S, Neal JW, Zotova E, Nicoll JA
(2008) Long-term effects of Abeta42 immunisation in Alzhei-
mer’s disease: follow-up of a randomised, placebo-controlled
phase I trial. Lancet 372(9634):216-223. doi:10.1016/S0140-
6736(08)61075-2

Holmes C, Cunningham C, Zotova E, Woolford J, Dean C, Kerr S,
Culliford D, Perry VH (2009) Systemic inflammation and
disease  progression in  Alzheimer disease. Neurology
73(10):768-774

Hsiao K, Chapman P, Nilsen S, Eckman C, Harigaya Y, Younkin S,
Yang F, Cole G (1996) Correlative memory deficits, Abeta
elevation, and amyloid plaques in transgenic mice. Science
274(5284):99-102

Hu X, Pickering E, Liu YC, Hall S, Fournier H, Katz E, Dechairo B,
John S, Van Eerdewegh P, Soares H (2011) Meta-analysis for
genome-wide association study identifies multiple variants at the
BINI1 locus associated with late-onset Alzheimer’s disease. PLoS
One 6(2):e16616. doi:10.1371/journal.pone.0016616

Janelsins MC, Mastrangelo MA, Oddo S, LaFerla FM, Federoff HJ,
Bowers WJ (2005) Early correlation of microglial activation
with enhanced tumor necrosis factor-alpha and monocyte
chemoattractant protein-1 expression specifically within the
entorhinal cortex of triple transgenic Alzheimer’s disease mice.
J Neuroinflammation 2:23

Jankowsky JL, Fadale DJ, Anderson J, Xu GM, Gonzales V, Jenkins
NA, Copeland NG, Lee MK, Younkin LH, Wagner SL, Younkin
SG, Borchelt DR (2004) Mutant presenilins specifically elevate
the levels of the 42 residue beta-amyloid peptide in vivo:
evidence for augmentation of a 42-specific gamma secretase.
Hum Mol Genet 13(2):159-170. doi:10.1093/hmg/ddh019

Janus C, Pearson J, McLaurin J, Mathews PM, Jiang Y, Schmidt SD,
Chishti MA, Horne P, Heslin D, French J, Mount HT, Nixon RA,
Mercken M, Bergeron C, Fraser PE, St George-Hyslop P,


http://dx.doi.org/10.1111/j.1474-9726.2011.00726.x
http://dx.doi.org/10.1016/j.bbi.2011.11.006
http://dx.doi.org/10.1093/bioinformatics/btl505
http://dx.doi.org/10.1523/jneurosci.5147-10.2011
http://dx.doi.org/10.1111/acel.12149
http://dx.doi.org/10.1523/JNEUROSCI.0616-08.2008
http://dx.doi.org/10.3233/jad-130131
http://dx.doi.org/10.1038/ng.803
http://dx.doi.org/10.1111/j.1365-2990.2012.01307.x
http://dx.doi.org/10.1111/j.1365-2990.2012.01307.x
http://dx.doi.org/10.1016/S0140-6736(08)61075-2
http://dx.doi.org/10.1016/S0140-6736(08)61075-2
http://dx.doi.org/10.1371/journal.pone.0016616
http://dx.doi.org/10.1093/hmg/ddh019

Innate immunity in Alzheimer’s disease: the relevance of animal models? 843

Westaway D (2000) Abeta peptide immunization reduces
behavioural impairment and plaques in a model of Alzheimer’s
disease. Nature 408(6815):979-982

Jayadev S, Leverenz JB, Steinbart E, Stahl J, Klunk W, Yu CE, Bird
TD (2010) Alzheimer’s disease phenotypes and genotypes
associated with mutations in presenilin 2. Brain 133(Pt
4):1143-1154. doi:10.1093/brain/awq033

Jones L, Harold D, Williams J (2010a) Genetic evidence for the
involvement of lipid metabolism in Alzheimer’s disease. Biochim
Biophys Acta 1801(8):754-761. doi:10.1016/j.bbalip.2010.04.005

Jones L, Holmans PA, Hamshere ML, Harold D, Moskvina V, Ivanov
D, Pocklington A, Abraham R, Hollingworth P, Sims R, Gerrish
A, Pahwa JS, Jones N, Stretton A, Morgan AR, Lovestone S,
Powell J, Proitsi P, Lupton MK, Brayne C, Rubinsztein DC, Gill
M, Lawlor B, Lynch A, Morgan K, Brown KS, Passmore PA,
Craig D, McGuinness B, Todd S, Holmes C, Mann D, Smith AD,
Love S, Kehoe PG, Mead S, Fox N, Rossor M, Collinge J, Maier
W, Jessen F, Schurmann B, Heun R, Kolsch H, van den Bussche
H, Heuser I, Peters O, Kornhuber J, Wiltfang J, Dichgans M,
Frolich L, Hampel H, Hull M, Rujescu D, Goate AM, Kauwe JS,
Cruchaga C, Nowotny P, Morris JC, Mayo K, Livingston G,
Bass NJ, Gurling H, McQuillin A, Gwilliam R, Deloukas P, Al-
Chalabi A, Shaw CE, Singleton AB, Guerreiro R, Muhleisen
TW, Nothen MM, Moebus S, Jockel KH, Klopp N, Wichmann
HE, Ruther E, Carrasquillo MM, Pankratz VS, Younkin SG,
Hardy J, O’Donovan MC, Owen MJ, Williams J (2010b) Genetic
evidence implicates the immune system and cholesterol
metabolism in the aetiology of Alzheimer’s disease. PLoS One
5(11):e13950. doi:10.1371/journal.pone.0013950

Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV,
Snaedal J, Bjornsson S, Huttenlocher J, Levey Al, Lah JL,
Rujescu D, Hampel H, Giegling I, Andreassen OA, Engedal K,
Ulstein I, Djurovic S, Ibrahim-Verbaas C, Hofman A, Ikram
MA, Van Duijn CM, Thorsteinsdottir U, Kong A, Stefansson H
(2012) Variant of TREM?2 associated with the risk of
Alzheimer’s disease. N Engl J Med 368(2):107-116

Karran E, Mercken M, De Strooper B (2011) The amyloid cascade
hypothesis for Alzheimer’s disease: an appraisal for the devel-
opment of therapeutics. Nat Rev Drug Discov 10(9):698-712.
doi:10.1038/nrd3505

Kawahara K, Suenobu M, Yoshida A, Koga K, Hyodo A, Ohtsuka H,
Kuniyasu A, Tamamaki N, Sugimoto Y, Nakayama H (2012)
Intracerebral microinjection of interleukin-4/interleukin-13
reduces beta-amyloid accumulation in the ipsilateral side and
improves cognitive deficits in young amyloid precursor protein
23  mice. Neuroscience 207:243-260. doi:10.1016/j.neu
roscience.2012.01.049

Kitazawa M, Cheng D, Tsukamoto MR, Koike MA, Wes PD,
Vasilevko V, Cribbs DH, LaFerla FM (2011) Blocking IL-1
signaling rescues cognition, attenuates tau pathology, and
restores neuronal beta-catenin pathway function in an Alzhei-
mer’s disease model. J Immunol 187(12):6539-6549. doi:10.
4049/jimmunol.1100620

Krabbe G, Halle A, Matyash V, Rinnenthal JL, Eom GD, Bernhardt
U, Miller KR, Prokop S, Kettenmann H, Heppner FL (2013)
Functional impairment of microglia coincides with Beta-amyloid
deposition in mice with Alzheimer-like pathology. PLoS One
8(4):60921. doi:10.1371/journal.pone.0060921

LaFerla FM, Green KN (2012) Animal models of Alzheimer disease.
Cold Spring Harb Perspect Med. doi:10.1101/cshperspect.
2006320

Lambert JC, Heath S, Even G, Campion D, Sleegers K, Hiltunen M,
Combarros O, Zelenika D, Bullido MJ, Tavernier B, Letenneur
L, Bettens K, Berr C, Pasquier F, Fievet N, Barberger-Gateau P,
Engelborghs S, De Deyn P, Mateo I, Franck A, Helisalmi S,
Porcellini E, Hanon O, de Pancorbo MM, Lendon C, Dufouil C,

Jaillard C, Leveillard T, Alvarez V, Bosco P, Mancuso M, Panza
F, Nacmias B, Bossu P, Piccardi P, Annoni G, Seripa D,
Galimberti D, Hannequin D, Licastro F, Soininen H, Ritchie K,
Blanche H, Dartigues JF, Tzourio C, Gut I, Van Broeckhoven C,
Alperovitch A, Lathrop M, Amouyel P (2009) Genome-wide
association study identifies variants at CLU and CR1 associated
with Alzheimer’s disease. Nat Genet 41(10):1094-1099

Lambert JC, Grenier-Boley B, Chouraki V, Heath S, Zelenika D,
Fievet N, Hannequin D, Pasquier F, Hanon O, Brice A,
Epelbaum J, Berr C, Dartigues JF, Tzourio C, Campion D,
Lathrop M, Amouyel P (2010) Implication of the immune
system in Alzheimer’s disease: evidence from genome-wide
pathway analysis. J Alzheimers Dis 20(4):1107-1118. doi:10.
3233/JAD-2010-100018

Lambrechts A, Van Troys M, Ampe C (2004) The actin cytoskeleton
in normal and pathological cell motility. Int J Biochem Cell Biol
36(10):1890-1909. doi:10.1016/j.biocel.2004.01.024

Lawson LJ, Perry VH, Dri P, Gordon S (1990) Heterogeneity in the
distribution and morphology of microglia in the normal adult
mouse brain. Neuroscience 39(1):151-170

Lee CK, Weindruch R, Prolla TA (2000) Gene-expression profile of
the ageing brain in mice. Nat Genet 25(3):294-297. doi:10.1038/
77046

Lenz KM, Nugent BM, Haliyur R, McCarthy MM (2013) Microglia
are essential to masculinization of brain and behavior. J Neurosci
33(7):2761-2772. doi:10.1523/jneurosci.1268-12.2013

Lewis J, Dickson DW, Lin WL, Chisholm L, Corral A, Jones G, Yen
SH, Sahara N, Skipper L, Yager D, Eckman C, Hardy J, Hutton
M, McGowan E (2001) Enhanced neurofibrillary degeneration in
transgenic mice expressing mutant tau and APP. Science
293(5534):1487-1491

Lombardo JA, Stern EA, McLellan ME, Kajdasz ST, Hickey GA,
Bacskai BJ, Hyman BT (2003) Amyloid-beta antibody treatment
leads to rapid normalization of plaque-induced neuritic alter-
ations. J Neurosci 23(34):10879-10883

Lopez-Gonzalez I, Schluter A, Aso E, Garcia-Esparcia P, Ansoleaga
B, LLorens F, Carmona M, Moreno J, Fuso A, Portero-Otin M,
Pamplona R, Pujol A, Ferrer I (2015) Neuroinflammatory signals
in Alzheimer disease and APP/PS1 transgenic mice: correlations
with plaques, tangles, and oligomeric species. J Neuropathol Exp
Neurol 74(4):319-344. doi:10.1097/NEN.0000000000000176

Lui JH, Hansen DV, Kriegstein AR (2011) Development and
evolution of the human neocortex. Cell 146(1):18-36. doi:10.
1016/j.cell.2011.06.030

Maheswaran S, Barjat H, Rueckert D, Bate ST, Howlett DR, Tilling
L, Smart SC, Pohlmann A, Richardson JC, Hartkens T, Hill DL,
Upton N, Hajnal JV, James MF (2009) Longitudinal regional
brain volume changes quantified in normal aging and Alzhei-
mer’s APP x PS1 mice using MRI. Brain Res 1270:19-32.
doi:10.1016/j.brainres.2009.02.045

Marcon G, Giaccone G, Cupidi C, Balestrieri M, Beltrami CA, Finato
N, Bergonzi P, Sorbi S, Bugiani O, Tagliavini F (2004)
Neuropathological and clinical phenotype of an Italian Alzhei-
mer family with M239V mutation of presenilin 2 gene.
J Neuropathol Exp Neurol 63(3):199-209

Martinez FO, Gordon S (2014) The M1 and M2 paradigm of
macrophage activation: time for reassessment. F1000Prime Rep
6:13. doi:10.12703/P6-13

McDowell I (2001) Alzheimer’s disease: insights from epidemiology.
Aging (Milan, Italy) 13(3):143-162

McGeer PL, Itagaki S, Tago H, McGeer EG (1987) Reactive
microglia in patients with senile dementia of the Alzheimer type
are positive for the histocompatibility glycoprotein HLA-DR.
Neurosci Lett 79(1-2):195-200

Miller JA, Horvath S, Geschwind DH (2010) Divergence of human
and mouse brain transcriptome highlights Alzheimer disease

@ Springer


http://dx.doi.org/10.1093/brain/awq033
http://dx.doi.org/10.1016/j.bbalip.2010.04.005
http://dx.doi.org/10.1371/journal.pone.0013950
http://dx.doi.org/10.1038/nrd3505
http://dx.doi.org/10.1016/j.neuroscience.2012.01.049
http://dx.doi.org/10.1016/j.neuroscience.2012.01.049
http://dx.doi.org/10.4049/jimmunol.1100620
http://dx.doi.org/10.4049/jimmunol.1100620
http://dx.doi.org/10.1371/journal.pone.0060921
http://dx.doi.org/10.1101/cshperspect.a006320
http://dx.doi.org/10.1101/cshperspect.a006320
http://dx.doi.org/10.3233/JAD-2010-100018
http://dx.doi.org/10.3233/JAD-2010-100018
http://dx.doi.org/10.1016/j.biocel.2004.01.024
http://dx.doi.org/10.1038/77046
http://dx.doi.org/10.1038/77046
http://dx.doi.org/10.1523/jneurosci.1268-12.2013
http://dx.doi.org/10.1097/NEN.0000000000000176
http://dx.doi.org/10.1016/j.cell.2011.06.030
http://dx.doi.org/10.1016/j.cell.2011.06.030
http://dx.doi.org/10.1016/j.brainres.2009.02.045
http://dx.doi.org/10.12703/P6-13

844

D. K. Franco Bocanegra et al.

pathways. Proc Natl Acad Sci USA 107(28):12698-12703.
doi:10.1073/pnas.0914257107

Minett T, Classey J, Matthews FE, Fahrenhold M, Taga M, Brayne C,
Ince PG, Nicoll JA, Boche D (2016) Microglial immunopheno-
type in dementia with Alzheimer’s pathology. J Neuroinflamma-
tion 13(1):135-145. doi:10.1186/s12974-016-0601-z

Mirza MA, Ritzel R, Xu Y, McCullough LD, Liu F (2015) Sexually
dimorphic outcomes and inflammatory responses in hypoxic-
ischemic encephalopathy. J Neuroinflammation 12:32. doi:10.
1186/s12974-015-0251-6

Mittelbronn M, Dietz K, Schluesener HJ, Meyermann R (2001) Local
distribution of microglia in the normal adult human central
nervous system differs by up to one order of magnitude. Acta
Neuropathol 101(3):249-255

Mizuno T, Doi Y, Mizoguchi H, Jin S, Noda M, Sonobe Y, Takeuchi
H, Suzumura A (2011) Interleukin-34 selectively enhances the
neuroprotective effects of microglia to attenuate oligomeric
amyloid-beta neurotoxicity. Am J Pathol 179(4):2016-2027.
doi:10.1016/j.ajpath.2011.06.011

Moehlmann T, Winkler E, Xia X, Edbauer D, Murrell J, Capell A,
Kaether C, Zheng H, Ghetti B, Haass C, Steiner H (2002)
Presenilin-1 mutations of leucine 166 equally affect the gener-
ation of the Notch and APP intracellular domains independent of
their effect on Abeta 42 production. Proc Natl Acad Sci USA
99(12):8025-8030. doi:10.1073/pnas.112686799

Morgan D, Diamond DM, Gottschall PE, Ugen KE, Dickey C, Hardy
J, Duff K, Jantzen P, DiCarlo G, Wilcock D, Connor K, Hatcher
J, Hope C, Gordon M, Arendash GW (2000) Abeta peptide
vaccination prevents memory loss in an animal model of
Alzheimer’s disease. Nature 408(6815):982-985

Morgan D, Gordon MN, Tan J, Wilcock D, Rojiani AM (2005)
Dynamic complexity of the microglial activation response in
transgenic models of amyloid deposition: implications for
Alzheimer therapeutics. J Neuropathol Exp Neurol
64(9):743-753

Mosser DM, Edwards JP (2008) Exploring the full spectrum of
macrophage activation. Nat Rev Immunol 8(12):958-969.
doi:10.1038/nri2448

Mullan M, Crawford F, Axelman K, Houlden H, Lilius L, Winblad B,
Lannfelt L (1992) A pathogenic mutation for probable
Alzheimer’s disease in the APP gene at the N-terminus of
beta-amyloid. Nat Genet 1(5):345-347. doi:10.1038/ng0892-345

Mummery CJ, Patterson K, Price CJ, Ashburner J, Frackowiak RS,
Hodges JR (2000) A voxel-based morphometry study of
semantic dementia: relationship between temporal lobe atrophy
and semantic memory. Ann Neurol 47(1):36—45

Munoz L, Ralay Ranaivo H, Roy SM, Hu W, Craft JM, McNamara
LK, Chico LW, Van Eldik LJ, Watterson DM (2007) A novel
p38 alpha MAPK inhibitor suppresses brain proinflammatory
cytokine up-regulation and attenuates synaptic dysfunction and
behavioral deficits in an Alzheimer’s disease mouse model.
J Neuroinflammation 4:21. doi:10.1186/1742-2094-4-21

Netea MG, Latz E, Mills KH, O’Neill LA (2015) Innate immune
memory: a paradigm shift in understanding host defense. Nat
Immunol 16(7):675-679. doi:10.1038/ni.3178

Nicoll JA, Barton E, Boche D, Neal JW, Ferrer I, Thompson P,
Vlachouli C, Wilkinson D, Bayer A, Games D, Seubert P,
Schenk D, Holmes C (2006) Abeta species removal after
Abetad2  immunization. J  Neuropathol Exp Neurol
65(11):1040-1048

Nimmerjahn A, Kirchhoff F, Helmchen F (2005) Resting microglial
cells are highly dynamic surveillants of brain parenchyma
in vivo. Science 308(5726):1314-1318. doi:10.1126/science.
1110647

Oakley H, Cole SL, Logan S, Maus E, Shao P, Craft J, Guillozet-
Bongaarts A, Ohno M, Disterhoft J, Van Eldik L, Berry R,

@ Springer

Vassar R (2006) Intraneuronal beta-amyloid aggregates, neu-
rodegeneration, and neuron loss in transgenic mice with five
familial Alzheimer’s disease mutations: potential factors in
amyloid plaque formation. J Neurosci 26(40):10129-10140.
doi:10.1523/jneurosci.1202-06.2006

Oddo S, Caccamo A, Shepherd JD, Murphy MP, Golde TE, Kayed R,
Metherate R, Mattson MP, Akbari Y, LaFerla FM (2003) Triple-
transgenic model of Alzheimer’s disease with plaques and
tangles: intracellular Abeta and synaptic dysfunction. Neuron
39(3):409-421

Ohsawa K, Imai Y, Kanazawa H, Sasaki Y, Kohsaka S (2000)
Involvement of Ibal in membrane ruffling and phagocytosis of
macrophages/microglia. J Cell Sci 113(Pt 17):3073-3084

Okello A, Koivunen J, Edison P, Archer HA, Turkheimer FE, Nagren K,
Bullock R, Walker Z, Kennedy A, Fox NC, Rossor MN, Rinne JO,
Brooks DJ (2009) Conversion of amyloid positive and negative
MCI to AD over 3 years: an 11C-PIB PET study. Neurology
73(10):754-760. doi:10.1212/WNL.0b013e3181b23564

Orre M, Kamphuis W, Osborn LM, Melief J, Kooijman L, Huitinga I,
Klooster J, Bossers K, Hol EM (2014) Acute isolation and
transcriptome characterization of cortical astrocytes and micro-
glia from young and aged mice. Neurobiol Aging 35(1):1-14.
doi:10.1016/j.neurobiolaging.2013.07.008

Pedersen JT, Sigurdsson EM (2015) Tau immunotherapy for
Alzheimer’s disease. Trends Mol Med 21(6):394—402. doi:10.
1016/j.molmed.2015.03.003

Perry VH, Holmes C (2014) Microglial priming in neurodegenerative
disease. Nat Rev Neurol 10(4):217-224. doi:10.1038/nrneurol.
2014.38

Perry VH, Nicoll JA, Holmes C (2010) Microglia in neurodegener-
ative disease. Nat Rev Neurol 6(4):193-201. doi:10.1038/
nrneurol.2010.17

Radde R, Bolmont T, Kaeser SA, Coomaraswamy J, Lindau D,
Stoltze L, Calhoun ME, Jaggi F, Wolburg H, Gengler S, Haass
C, Ghetti B, Czech C, Holscher C, Mathews PM, Jucker M
(2006) Abetad2-driven cerebral amyloidosis in transgenic mice
reveals early and robust pathology. EMBO Rep 7(9):940-946.
doi:10.1038/sj.embor.7400784

Rae F, Woods K, Sasmono T, Campanale N, Taylor D, Ovchinnikov
DA, Grimmond SM, Hume DA, Ricardo SD, Little MH (2007)
Characterisation and trophic functions of murine embryonic
macrophages based upon the use of a Csflr-EGFP transgene
reporter. Dev Biol 308(1):232-246. doi:10.1016/j.ydbio.2007.
05.027

Rasool S, Martinez-Coria H, Wu JW, LaFerla F, Glabe CG (2013)
Systemic vaccination with anti-oligomeric monoclonal antibod-
ies improves cognitive function by reducing Abeta deposition
and tau pathology in 3xTg-AD mice. J Neurochem
126(4):473-482. doi:10.1111/jnc.12305

Riley KP, Snowdon DA, Markesbery WR (2002) Alzheimer’s
neurofibrillary pathology and the spectrum of cognitive function:
findings from the Nun Study. Ann Neurol 51(5):567-577. doi:10.
1002/ana.10161

Riudavets MA, Bartoloni L, Troncoso JC, Pletnikova O, St George-
Hyslop P, Schultz M, Sevlever G, Allegri RF (2013) Familial
dementia with frontotemporal features associated with M146V
presenilin-1 mutation. Brain Pathol 23(5):595-600. doi:10.1111/
bpa.12051

Roy A, Fung YK, Liu X, Pahan K (2006) Up-regulation of microglial
CD11b expression by nitric oxide. J Biol Chem
281(21):14971-14980. doi:10.1074/jbc.M600236200

Saijo K, Glass CK (2011) Microglial cell origin and phenotypes in
health and disease. Nat Rev Immunol 11(11):775-787. doi:10.
1038/nri3086

Salloway S, Sperling R, Fox NC, Blennow K, Klunk W, Raskind M,
Sabbagh M, Honig LS, Porsteinsson AP, Ferris S, Reichert M,


http://dx.doi.org/10.1073/pnas.0914257107
http://dx.doi.org/10.1186/s12974-016-0601-z
http://dx.doi.org/10.1186/s12974-015-0251-6
http://dx.doi.org/10.1186/s12974-015-0251-6
http://dx.doi.org/10.1016/j.ajpath.2011.06.011
http://dx.doi.org/10.1073/pnas.112686799
http://dx.doi.org/10.1038/nri2448
http://dx.doi.org/10.1038/ng0892-345
http://dx.doi.org/10.1186/1742-2094-4-21
http://dx.doi.org/10.1038/ni.3178
http://dx.doi.org/10.1126/science.1110647
http://dx.doi.org/10.1126/science.1110647
http://dx.doi.org/10.1523/jneurosci.1202-06.2006
http://dx.doi.org/10.1212/WNL.0b013e3181b23564
http://dx.doi.org/10.1016/j.neurobiolaging.2013.07.008
http://dx.doi.org/10.1016/j.molmed.2015.03.003
http://dx.doi.org/10.1016/j.molmed.2015.03.003
http://dx.doi.org/10.1038/nrneurol.2014.38
http://dx.doi.org/10.1038/nrneurol.2014.38
http://dx.doi.org/10.1038/nrneurol.2010.17
http://dx.doi.org/10.1038/nrneurol.2010.17
http://dx.doi.org/10.1038/sj.embor.7400784
http://dx.doi.org/10.1016/j.ydbio.2007.05.027
http://dx.doi.org/10.1016/j.ydbio.2007.05.027
http://dx.doi.org/10.1111/jnc.12305
http://dx.doi.org/10.1002/ana.10161
http://dx.doi.org/10.1002/ana.10161
http://dx.doi.org/10.1111/bpa.12051
http://dx.doi.org/10.1111/bpa.12051
http://dx.doi.org/10.1074/jbc.M600236200
http://dx.doi.org/10.1038/nri3086
http://dx.doi.org/10.1038/nri3086

Innate immunity in Alzheimer’s disease: the relevance of animal models? 845

Ketter N, Nejadnik B, Guenzler V, Miloslavsky M, Wang D, Lu
Y, Lull J, Tudor IC, Liu E, Grundman M, Yuen E, Black R,
Brashear HR, Bapineuzumab 301 and 302 Clinical Trial
Investigators (2014) Two phase 3 trials of bapineuzumab in
mild-to-moderate Alzheimer’s disease. N Engl J Med
370(4):322-333. doi:10.1056/NEJMoa1304839

Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR,
Yamasaki R, Ransohoff RM, Greenberg ME, Barres BA,
Stevens B (2012) Microglia sculpt postnatal neural circuits in
an activity and complement-dependent manner. Neuron
74(4):691-705. doi:10.1016/j.neuron.2012.03.026

Schenk D, Barbour R, Dunn W, Gordon G, Grajeda H, Guido T, Hu
K, Huang J, Johnson-Wood K, Khan K, Kholodenko D, Lee M,
Liao Z, Lieberburg I, Motter R, Mutter L, Soriano F, Shopp G,
Vasquez N, Vandevert C, Walker S, Wogulis M, Yednock T,
Games D, Seubert P (1999) Immunization with amyloid-beta
attenuates Alzheimer-disease-like pathology in the PDAPP
mouse. Nature 400(6740):173-177

Schuff N, Tosun D, Insel PS, Chiang GC, Truran D, Aisen PS, Jack
CR Jr, Weiner MW (2012) Nonlinear time course of brain
volume loss in cognitively normal and impaired elders. Neuro-
biol Aging 33(5):845-855. doi:10.1016/j.neurobiolaging.2010.
07.012

Serrano-Pozo A, Frosch MP, Masliah E, Hyman BT (2011a)
Neuropathological alterations in Alzheimer disease. Cold Spring
Harb Perspect Med 1(1):a006189. doi:10.1101/cshperspect.
a006189

Serrano-Pozo A, Mielke ML, Gomez-Isla T, Betensky RA, Growdon
JH, Frosch MP, Hyman BT (2011b) Reactive glia not only
associates with plaques but also parallels tangles in Alzheimer’s
disease. Am J Pathol 179(3):1373-1384. doi:10.1016/j.ajpath.
2011.05.047

Serrano-Pozo A, Muzikansky A, Gomez-Isla T, Growdon JH,
Betensky RA, Frosch MP, Hyman BT (2013) Differential
relationships of reactive astrocytes and microglia to fibrillar
amyloid deposits in Alzheimer disease. J Neuropathol Exp
Neurol 72(6):462-471. doi:10.1097/NEN.0b013e31829
33788

Sevigny J, Chiao P, Bussiere T, Weinreb PH, Williams L, Maier M,
Dunstan R, Salloway S, Chen T, Ling Y, O’Gorman J, Qian F,
Arastu M, Li M, Chollate S, Brennan MS, Quintero-Monzon O,
Scannevin RH, Arnold HM, Engber T, Rhodes K, Ferrero J,
Hang Y, Mikulskis A, Grimm J, Hock C, Nitsch RM, Sandrock
A (2016) The antibody aducanumab reduces Abeta plaques in
Alzheimer’s disease. Nature 537(7618):50-56. doi:10.1038/
nature19323

Shioi J, Georgakopoulos A, Mehta P, Kouchi Z, Litterst CM, Baki L,
Robakis NK (2007) FAD mutants unable to increase neurotoxic
Abeta 42 suggest that mutation effects on neurodegeneration
may be independent of effects on Abeta. J Neurochem
101(3):674—681. doi:10.1111/j.1471-4159.2006.04391.x

Sigurdsson EM (2016) Tau immunotherapy. Neurodegener Dis
16(1-2):34-38. doi:10.1159/000440842

Simard AR, Soulet D, Gowing G, Julien JP, Rivest S (2006) Bone
marrow-derived microglia play a critical role in restricting senile
plaque formation in Alzheimer’s disease. Neuron 49(4):489-502

Song M, Jin J, Lim JE, Kou J, Pattanayak A, Rehman JA, Kim HD,
Tahara K, Lalonde R, Fukuchi K (2011) TLR4 mutation reduces
microglial activation, increases Abeta deposits and exacerbates
cognitive deficits in a mouse model of Alzheimer’s disease.
J Neuroinflammation 8:92. doi:10.1186/1742-2094-8-92

Spinney L (2014) Alzheimer’s disease: the forgetting gene. Nature
510(7503):26-28. doi:10.1038/510026a

Spires-Jones TL, Mielke ML, Rozkalne A, Meyer-Luehmann M, de
Calignon A, Bacskai BJ, Schenk D, Hyman BT (2009) Passive
immunotherapy rapidly increases structural plasticity in a mouse

model of Alzheimer disease. Neurobiol Dis 33(2):213-220.
doi:10.1016/j.nbd.2008.10.011

Squarzoni P, Oller G, Hoeffel G, Pont-Lezica L, Rostaing P, Low D,
Bessis A, Ginhoux F, Garel S (2014) Microglia modulate wiring
of the embryonic forebrain. Cell Rep 8(5):1271-1279. doi:10.
1016/j.celrep.2014.07.042

Stalder M, Phinney A, Probst A, Sommer B, Staufenbiel M, Jucker M
(1999) Association of microglia with amyloid plaques in brains
of APP23 transgenic mice. Am J Pathol 154(6):1673-1684

Stence N, Waite M, Dailey ME (2001) Dynamics of microglial
activation: a confocal time-lapse analysis in hippocampal slices.
Glia 33(3):256-266. doi:10.1002/1098-1136(200103)33:3<256:
AID-GLIA1024>3.0.CO;2-J

Streit WJ, Braak H, Xue QS, Bechmann I (2009) Dystrophic
(senescent) rather than activated microglial cells are associated
with tau pathology and likely precede neurodegeneration in
Alzheimer’s disease. Acta Neuropathol 118(4):475-485. doi:10.
1007/s00401-009-0556-6

Swardfager W, Lanctot K, Rothenburg L, Wong A, Cappell J,
Herrmann N (2010) A meta-analysis of cytokines in Alzheimer’s
disease. Biol Psychiatry 68(10):930-941. doi:10.1016/j.biop
sych.2010.06.012

Tollervey JR, Wang Z, Hortobagyi T, Witten JT, Zarnack K, Kayikci
M, Clark TA, Schweitzer AC, Rot G, Curk T, Zupan B, Rogelj
B, Shaw CE, Ule J (2011) Analysis of alternative splicing
associated with aging and neurodegeneration in the human brain.
Genome Res 21(10):1572-1582. doi:10.1101/gr.122226.111

Torres-Platas SG, Comeau S, Rachalski A, Bo GD, Cruceanu C,
Turecki G, Giros B, Mechawar N (2014) Morphometric char-
acterization of microglial phenotypes in human cerebral cortex.
J Neuroinflammation 11:12. doi:10.1186/1742-2094-11-12

Tremblay ME, Lowery RL, Majewska AK (2010) Microglial
interactions with synapses are modulated by visual experience.
PLoS Biol 8(11):e1000527. doi:10.1371/journal.pbio.1000527

Waterston RH, Lindblad-Toh K, Birney E, Rogers J, Abril JF,
Agarwal P, Agarwala R, Ainscough R, Alexandersson M, An P,
Antonarakis SE, Attwood J, Baertsch R, Bailey J, Barlow K,
Beck S, Berry E, Birren B, Bloom T, Bork P, Botcherby M, Bray
N, Brent MR, Brown DG, Brown SD, Bult C, Burton J, Butler J,
Campbell RD, Carninci P, Cawley S, Chiaromonte F, Chinwalla
AT, Church DM, Clamp M, Clee C, Collins FS, Cook LL,
Copley RR, Coulson A, Couronne O, Cuff J, Curwen V, Cutts T,
Daly M, David R, Davies J, Delehaunty KD, Deri J, Dermitzakis
ET, Dewey C, Dickens NJ, Diekhans M, Dodge S, Dubchak I,
Dunn DM, Eddy SR, Elnitski L, Emes RD, Eswara P, Eyras E,
Felsenfeld A, Fewell GA, Flicek P, Foley K, Frankel WN, Fulton
LA, Fulton RS, Furey TS, Gage D, Gibbs RA, Glusman G,
Gnerre S, Goldman N, Goodstadt L, Gratham D, Graves TA,
Green ED, Gregory S, Guigo R, Guyer M, Hardison RC,
Haussler D, Hayashizaki Y, Hillier LW, Hinrichs A, Hlavina W,
Holzer T, Hsu F, Hua A, Hubbard T, Hunt A, Jackson I, Jaffe
DB, Johnson LS, Jones M, Jones TA, Joy A, Kamal M, Karlsson
EK, Karolchik D, Kasprzyk A, Kawai J, Keibler E, Kells C, Kent
W1, Kirby A, Kolbe DL, Korf I, Kucherlapati RS, Kulbokas EJ,
Kulp D, Landers T, Leger JP, Leonard S, Letunic I, Levine R, Li
J, Li M, Lloyd C, Lucas S, Ma B, Maglott DR, Mardis ER,
Matthews L, Mauceli E, Mayer JH, McCarthy M, McCombie
WR, McLaren S, McLay K, McPherson JD, Meldrim J, Meredith
B, Mesirov JP, Miller W, Miner TL, Mongin E, Montgomery
KT, Morgan M, Mott R, Mullikin JC, Muzny DM, Nash WE,
Nelson JO, Nhan MN, Nicol R, Ning Z, Nusbaum C, O’Connor
MlJ, Okazaki Y, Oliver K, Overton-Larty E, Pachter L, Parra G,
Pepin KH, Peterson J, Pevzner P, Plumb R, Pohl CS, Poliakov A,
Ponce TC, Ponting CP, Potter S, Quail M, Reymond A, Roe BA,
Roskin KM, Rubin EM, Rust AG, Santos R, Sapojnikov V,
Schultz B, Schultz J, Schwartz MS, Schwartz S, Scott C, Seaman

@ Springer


http://dx.doi.org/10.1056/NEJMoa1304839
http://dx.doi.org/10.1016/j.neuron.2012.03.026
http://dx.doi.org/10.1016/j.neurobiolaging.2010.07.012
http://dx.doi.org/10.1016/j.neurobiolaging.2010.07.012
http://dx.doi.org/10.1101/cshperspect.a006189
http://dx.doi.org/10.1101/cshperspect.a006189
http://dx.doi.org/10.1016/j.ajpath.2011.05.047
http://dx.doi.org/10.1016/j.ajpath.2011.05.047
http://dx.doi.org/10.1097/NEN.0b013e3182933788
http://dx.doi.org/10.1097/NEN.0b013e3182933788
http://dx.doi.org/10.1038/nature19323
http://dx.doi.org/10.1038/nature19323
http://dx.doi.org/10.1111/j.1471-4159.2006.04391.x
http://dx.doi.org/10.1159/000440842
http://dx.doi.org/10.1186/1742-2094-8-92
http://dx.doi.org/10.1038/510026a
http://dx.doi.org/10.1016/j.nbd.2008.10.011
http://dx.doi.org/10.1016/j.celrep.2014.07.042
http://dx.doi.org/10.1016/j.celrep.2014.07.042
http://dx.doi.org/10.1002/1098-1136(200103)33:3%3c256:AID-GLIA1024%3e3.0.CO;2-J
http://dx.doi.org/10.1002/1098-1136(200103)33:3%3c256:AID-GLIA1024%3e3.0.CO;2-J
http://dx.doi.org/10.1007/s00401-009-0556-6
http://dx.doi.org/10.1007/s00401-009-0556-6
http://dx.doi.org/10.1016/j.biopsych.2010.06.012
http://dx.doi.org/10.1016/j.biopsych.2010.06.012
http://dx.doi.org/10.1101/gr.122226.111
http://dx.doi.org/10.1186/1742-2094-11-12
http://dx.doi.org/10.1371/journal.pbio.1000527

846

D. K. Franco Bocanegra et al.

S, Searle S, Sharpe T, Sheridan A, Shownkeen R, Sims S, Singer
JB, Slater G, Smit A, Smith DR, Spencer B, Stabenau A, Stange-
Thomann N, Sugnet C, Suyama M, Tesler G, Thompson J,
Torrents D, Trevaskis E, Tromp J, Ucla C, Ureta-Vidal A,
Vinson JP, Von Niederhausern AC, Wade CM, Wall M, Weber
RJ, Weiss RB, Wendl MC, West AP, Wetterstrand K, Wheeler
R, Whelan S, Wierzbowski J, Willey D, Williams S, Wilson RK,
Winter E, Worley KC, Wyman D, Yang S, Yang SP, Zdobnov
EM, Zody MC, Lander ES (2002) Initial sequencing and
comparative analysis of the mouse genome. Nature
420(6915):520-562. doi:10.1038/nature01262

Webster SJ, Bachstetter AD, Nelson PT, Schmitt FA, Van Eldik LJ
(2014) Using mice to model Alzheimer’s dementia: an overview
of the clinical disease and the preclinical behavioral changes in
10 mouse models. Front Genet 5:88. doi:10.3389/fgene.2014.
00088

Werling DM, Parikshak NN, Geschwind DH (2016) Gene expression
in human brain implicates sexually dimorphic pathways in
autism spectrum disorders. Nat Commun 7:10717. doi:10.1038/
ncomms 10717

Wilcock DM, DiCarlo G, Henderson D, Jackson J, Clarke K, Ugen
KE, Gordon MN, Morgan D (2003) Intracranially administered
anti-Abeta antibodies reduce beta-amyloid deposition by mech-
anisms both independent of and associated with microglial
activation. J Neurosci 23(9):3745-3751

Wilcock DM, Munireddy SK, Rosenthal A, Ugen KE, Gordon MN,
Morgan D (2004a) Microglial activation facilitates Abeta plaque
removal following intracranial anti-Abeta antibody administra-
tion. Neurobiol Dis 15(1):11-20

Wilcock DM, Rojiani A, Rosenthal A, Subbarao S, Freeman MJ,
Gordon MN, Morgan D (2004b) Passive immunotherapy against
Abeta in aged APP-transgenic mice reverses cognitive deficits
and depletes parenchymal amyloid deposits in spite of increased
vascular amyloid and microhemorrhage. J Neuroinflammation
1(1):24

Wu Y, Dissing-Olesen L, MacVicar BA, Stevens B (2015) Microglia:
dynamic mediators of synapse development and plasticity.
Trends Immunol 36(10):605-613. doi:10.1016/}.it.2015.08.008

Xue J, Schmidt SV, Sander J, Draffehn A, Krebs W, Quester I, De
Nardo D, Gohel TD, Emde M, Schmidleithner L, Ganesan H,
Nino-Castro A, Mallmann MR, Labzin L, Theis H, Kraut M,
Beyer M, Latz E, Freeman TC, Ulas T, Schultze JL (2014)
Transcriptome-based network analysis reveals a spectrum model
of human macrophage activation. Immunity 40(2):274-288.
doi:10.1016/j.immuni.2014.01.006

Yamanaka M, Ishikawa T, Griep A, Axt D, Kummer MP, Heneka MT
(2012) PPARgamma/RXRalpha-induced and CD36-mediated
microglial amyloid-beta phagocytosis results in cognitive
improvement in amyloid precursor protein/presenilin 1 mice.

@ Springer

J Neurosci 32(48):17321-17331. doi: 10.1523/jneurosci.1569-12.
2012

Yoshiyama Y, Higuchi M, Zhang B, Huang SM, Iwata N, Saido TC,
Maeda J, Suhara T, Trojanowski JQ, Lee VM (2007) Synapse
loss and microglial activation precede tangles in a P301S
tauopathy mouse model. Neuron 53(3):337-351. doi:10.1016/j.
neuron.2007.01.010

Yuan R, Peters LL, Paigen B (2011) Mice as a mammalian model for
research on the genetics of aging. ILAR J 52(1):4-15

Yue F, Cheng Y, Breschi A, Vierstra J, Wu W, Ryba T, Sandstrom R,
Ma Z, Davis C, Pope BD, Shen Y, Pervouchine DD, Djebali S,
Thurman RE, Kaul R, Rynes E, Kirilusha A, Marinov GK,
Williams BA, Trout D, Amrhein H, Fisher-Aylor K, Antoshech-
kin I, DeSalvo G, See LH, Fastuca M, Drenkow J, Zaleski C,
Dobin A, Prieto P, Lagarde J, Bussotti G, Tanzer A, Denas O, Li
K, Bender MA, Zhang M, Byron R, Groudine MT, McCleary D,
Pham L, Ye Z, Kuan S, Edsall L, Wu YC, Rasmussen MD,
Bansal MS, Kellis M, Keller CA, Morrissey CS, Mishra T, Jain
D, Dogan N, Harris RS, Cayting P, Kawli T, Boyle AP,
Euskirchen G, Kundaje A, Lin S, Lin Y, Jansen C, Malladi VS,
Cline MS, Erickson DT, Kirkup VM, Learned K, Sloan CA,
Rosenbloom KR, Lacerda de Sousa B, Beal K, Pignatelli M,
Flicek P, Lian J, Kahveci T, Lee D, Kent WJ, Ramalho Santos
M, Herrero J, Notredame C, Johnson A, Vong S, Lee K, Bates D,
Neri F, Diegel M, Canfield T, Sabo PJ, Wilken MS, Reh TA,
Giste E, Shafer A, Kutyavin T, Haugen E, Dunn D, Reynolds
AP, Neph S, Humbert R, Hansen RS, De Bruijn M, Selleri L,
Rudensky A, Josefowicz S, Samstein R, Eichler EE, Orkin SH,
Levasseur D, Papayannopoulou T, Chang KH, Skoultchi A,
Gosh S, Disteche C, Treuting P, Wang Y, Weiss MJ, Blobel GA,
Cao X, Zhong S, Wang T, Good PJ, Lowdon RF, Adams LB,
Zhou XQ, Pazin MJ, Feingold EA, Wold B, Taylor J, Mortazavi
A, Weissman SM, Stamatoyannopoulos JA, Snyder MP, Guigo
R, Gingeras TR, Gilbert DM, Hardison RC, Beer MA, Ren B,
Mouse EC (2014) A comparative encyclopedia of DNA elements
in the mouse genome. Nature 515(7527):355-364. doi:10.1038/
nature13992

Zhang K, Sejnowski TJ (2000) A universal scaling law between gray
matter and white matter of cerebral cortex. Proc Natl Acad Sci USA
97(10):5621-5626. doi: 10.1073/pnas.090504197090504197

Zotova E, Holmes C, Johnston D, Neal JW, Nicoll JA, Boche D
(2011) Microglial alterations in human Alzheimer’s disease
following Abetad42 immunization. Neuropathol Appl Neurobiol
37(5):513-524. doi:10.1111/j.1365-2990.2010.01156.x

Zotova E, Bharambe V, Cheaveau M, Morgan W, Holmes C, Harris
S, Neal JW, Love S, Nicoll JA, Boche D (2013) Inflammatory
components in human Alzheimer’s disease and after active
amyloid-beta42 immunization. Brain 136(Pt 9):2677-2696.
doi:10.1093/brain/awt210


http://dx.doi.org/10.1038/nature01262
http://dx.doi.org/10.3389/fgene.2014.00088
http://dx.doi.org/10.3389/fgene.2014.00088
http://dx.doi.org/10.1038/ncomms10717
http://dx.doi.org/10.1038/ncomms10717
http://dx.doi.org/10.1016/j.it.2015.08.008
http://dx.doi.org/10.1016/j.immuni.2014.01.006
http://dx.doi.org/10.1523/jneurosci.1569-12.2012
http://dx.doi.org/10.1523/jneurosci.1569-12.2012
http://dx.doi.org/10.1016/j.neuron.2007.01.010
http://dx.doi.org/10.1016/j.neuron.2007.01.010
http://dx.doi.org/10.1038/nature13992
http://dx.doi.org/10.1038/nature13992
http://dx.doi.org/10.1073/pnas.090504197090504197
http://dx.doi.org/10.1111/j.1365-2990.2010.01156.x
http://dx.doi.org/10.1093/brain/awt210

	Innate immunity in Alzheimer’s disease: the relevance of animal models?
	Abstract
	Introduction
	Genetic studies of microglia
	Morphology, location, and role of microglia
	Microglia and AD pathology
	Microglial inflammatory profile in AD
	Microglia and cognition
	Conclusion
	Acknowledgements
	References




