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Microglia represent a specialized population of macrophages-like cells in the central
nervous system (CNS) considered immune sentinels that are capable of orchestrating
a potent inflammatory response. Microglia are also involved in synaptic organization,
trophic neuronal support during development, phagocytosis of apoptotic cells in the
developing brain, myelin turnover, control of neuronal excitability, phagocytic debris
removal as well as brain protection and repair. Microglial response is pathology
dependent and affects to immune, metabolic. In this review, we will shed light on
microglial activation depending on the disease context and the influence of factors such
as aging, environment or cell-to-cell interaction.
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INTRODUCTION

Depending on the anatomical region, microglia account for 0.5–16.6% of the total cell population
in the human brain (Lawson et al., 1992) and 5–12% in the mouse brain (Mittelbronn et al.,
2001). Under physiological conditions, the number and function of microglia is tightly controlled
by the local microenvironment and by interactions with surrounding cells. In response to an
insult, microglia have the ability to shift into different functional states, modifying its proliferation
(Gomez-Nicola et al., 2013), morphology (i.e., shortened processes) (Cuadros and Navascues,
1998), phagocytic activity (Sierra et al., 2013), antigen presentation (Mcgeer et al., 1988b; Jimenez-
Ferrer et al., 2017) and the release of inflammatory factors such as cytokines and chemokines
(Kettenmann et al., 2011). The local microenvironment and the disease conditions, where microglia
are in close interaction with neurons, astrocytes and oligodendrocytes, differ between different
pathologies given in the different regions. Therefore, the microglial phenotype is disease-dependent
and can be regulated by biochemical and cellular composition, neuronal subpopulations and
circuitries, neurotransmitter and the local metabolic rate. Aging is another factor tightly related
to microglial cell activation. It has been widely studied the effect of aging in microglial cell response
(Mosher and Wyss-Coray, 2014). Aging has been implicated in changes in gene expression as well
as in the occurrence of dystrophic microglia, which have been linked to aberrant cytoplasmic
formation, reduced ramification and fragmented processes (Streit et al., 2004). These changes
related to aging, might have an impact in the progression of neurodegenerative disorders.

We will review the role of microglia in neurodegenerative diseases such as Parkinson’s disease,
Alzheimer’s disease and frontotemporal dementia (FTD), where microglial activation stands as one
of the key components linked to the progression of the pathology and the symptoms severity.
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Microglia Origin and Distribution
Microglial cells originate from the yolk sac and migrate into the
central nervous system (CNS) during embryogenesis (Ginhoux
et al., 2010). Once in the brain, they propagate and disperse
in a non-heterogeneous manner throughout the CNS. In mice,
a higher relative number of microglial cells is observed in the
dentate gyrus of the hippocampus, the substantia nigra and
parts of the basal ganglia, with the highest number of microglia
present in the olfactory telencephalon (Lawson et al., 1990).
Depending on the specific anatomical structure or activation
profile, microglia present different morphological features
(Kreutzberg, 1996; Gomez-Nicola and Perry, 2015), lysosome
content (Majumdar et al., 2007), membrane composition (Button
et al., 2014), electrophysiological activities (i.e., hyperpolarized
resting potentials and differential membrane capacitance) (De
Biase et al., 2017) and gene transcriptome profile (Chiu et al.,
2013; Hickman et al., 2013).

For instance, in the basal ganglia, the expression of genes
associated with a classical microglial profile such as branch
dynamics and cytoskeletal regulation, inflammatory signaling,
immune function and homeostasis, tend to be conserved across
regions (De Biase et al., 2017). In contrast, the expression
of genes involved in mitochondrial function, cell metabolism,
oxidative signaling, reactive oxygen species (ROS) homeostasis
and lysosomal function, are differentially expressed in different
basal ganglia regions (De Biase et al., 2017).

Thus, a phenotypic heterogeneity of microglia can be
observed within an anatomical region (Figure 1). Moreover,
the transcriptomic signature affecting surface proteins and
inflammatory markers can vary between microglia even in close
proximity (Wu et al., 1997; Jiang-Shieh et al., 2003).

Microglial Profile, Not M1 or M2 Anymore
Microglial phenotype regulation is mostly dependent on their
interaction with molecules released by surrounding cells
(neurons, microglial cells, astrocytes, etc.) through membrane-
bound pattern recognition receptors (PRRs). These PRRs can be
classified depending on their affinity for molecules associated to
pathogens (Pathogen Associated Molecular Patterns, PAMPs) or
cellular damage (Danger Associated Molecular Patterns, DAMPs)
(Kawai and Akira, 2010; Kettenmann et al., 2011; Venegas and
Heneka, 2017). However, not only PRRs play a role in microglial
regulation. Microglial cells are also equipped with a wide variety
of receptors to detect other type of molecules such as hormones
and neurotransmitters (Kettenmann et al., 2011).

Traditionally, macrophage and microglial activation has been
classified in two different and opposite states: classic (M1)
and alternative (M2). The M1 phenotype is considered a pro-
inflammatory state, in which microglial cells produce and release
ROS, nitrogen reactive species (NRS) and cytokines like tumor
necrosis factor-α (TNF-α), interleukin 1β (IL-1β) or interleukin
12 (IL-12). On the other hand, the M2 microglial phenotype,
is considered an anti-inflammatory state and is involved in
the production and release of trophic factors, such as tumor
growth factor-β (TGF-β) and brain derived neurotrophic factor
(BDNF) (Tang and Le, 2016). Nowadays this classification does

not respond to the variety of microglial phenotype found in
the brain, instead of black and white, the microglial activation
profile is more a gray scale, depending on the conditions. Instead,
a broad array of activation profiles and phenotypes has been
recently described, especially in relation to the neurodegenerative
diseases (De Biase et al., 2017; Keren-Shaul et al., 2017). For that
reason, we will limit the use of the M1/M2 nomenclature all
over the manuscript. For instance, Stowell et al., demonstrated
a unique microglial phenotype linked to the cerebellum. Indeed,
microglia are more sparsely distributed within the cerebellum,
have less ramified morphology and interact dynamically with
dendrites and somas of Purkinje neurons (Stowell et al., 2018).
More in depth, transcriptional differences in microglial cells
have been recently highlight associated to disease progression.
For example, Krasemann et al., demonstrated that microglial
cells play a specific role in neurodegenerative diseases depending
on apolipoprotein E (APOE) and triggering receptor expressed
on myeloid cells 2 (TREM2), where APOE modulation of
microglial cells activation via TREM2 regulation, participate
in the neuronal loss in an acute model of neurodegeneration
(Krasemann et al., 2017). Indeed, APOE-TREM2 dependent
microglial regulation plays a role in the regulation of homeostatic
microglia. The restoration of the homeostatic microglial function
prevents the neuronal loss in AD model (Krasemann et al., 2017).
TREM2 has been also linked to the regulation of the microglial
metabolism by sustaining cellular energetic and biosynthetic
metabolism (Ulland et al., 2017), which is key to maintain the
high microglial activity needed in the pathology, to deal with
the excess of amyloid pathology and the plaque deposition.
Further in the unique phenotype of microglial cells in the
brain, it has been demonstrated that after irradiation brain-
engrafting macrophages have a different phenotype compared
to resident microglial cells, highlighting the importance of the
microenvironment in the definition of microglial profile (Cronk
et al., 2018).

Regarding expression pattern of microglial cells, De Haas
et al. (2008), found throughout striatum, hippocampus, spinal
cord, cerebellum, and cerebral cortex, a clear expression of
CD11b, CD40, CD45, CD80, CD86, F4/80, TREM−2b, CXCR3
and CCR9, whereas no expression was found for either major
histocompatibility complex II (MHCII) or CCR7.

Aging is considered the main risk factor for several
neurodegenerative diseases and is accompanied by chronic
altered inflammation involving changes in microglial
morphology, phenotype and activity (Franceschi et al., 2007;
Lopez-Otin et al., 2013). In this regard, it has been shown that
region-dependent transcripts are differentially regulated during
aging under physiological conditions (Grabert et al., 2016;
Hanamsagar and Bilbo, 2017). Grabert et al. (2016), suggested
an immunophenotypic variation of brain microglia, where
cortical and striatal microglia are similar but hippocampal
microglia present an intermediate profile between pro- and
anti-inflammatory states.

Interestingly, most neurological conditions occur in a region-
specific manner and display differential regulatory mechanisms
of gene expression (Yao P. et al., 2015). Another factor to be
considered is the relation between gray and white matter and
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FIGURE 1 | Microglial activation is involved in the progression of different neurodegenerative diseases.

microglial activity. For instance, trauma-induced lesions the
spinal white matter exhibited a greater microgliosis than spinal
gray matter. So, one can speculate with myelin composition as
a factor that influences the microglial activity (Batchelor et al.,
2008). In fact, greater inflammatory response was found in white
matter compared to gray matter within both the brain and spinal
cord (Batchelor et al., 2008).

Regional Differences: Hippocampus,
Frontal Cortex and Substantia Nigra and
Striatum
Hippocampus
Hippocampus is an essential learning and memory structure
located bilaterally, deep in the temporal lobes of the gray matter
(Dhikav and Anand, 2012). Hippocampus plays a critical role in
learning and memory processes (Shen et al., 1994; Mu and Gage,
2011) and regional measures of hippocampal atrophy, are one of
the strongest predictors of Alzheimer’s disease (AD) progression
(Henneman et al., 2009). Moreover, microglial activation in
the hippocampus has been study and recently, Grabert et al.,
described how microglial cells in the hippocampus decrease the
expression of genes related to environment sensing (Grabert
et al., 2016), making the hippocampus more vulnerable to aging
and disease related protein deposition. They also demonstrated
that in healthy conditions, microglial cells in the hippocampus

present a higher “immune-vigilant” phenotype. This can be
linked with a higher microglial response in AD pathology to
plaque formation, giving rise to a harmful chronic inflammatory
response. Another particular features of the hippocampus that
might influence microglial activity, are the gray matter content
and the microglial density (Lawson et al., 1990). For instance,
Hart et al., demonstrated a significant regional difference in
microglial phenotypes, with the microglia of white matter
exhibiting greater up regulation of CD11b, CD68, CD11c, F4/80
and FcγRI than gray matter (Hart et al., 2012). In another
study by De Haas et al. (2008), microglia from hippocampus
displayed the lowest expression for four of the proteins (CD45,
CD80, CXCR3, and CCR9) and the highest expression for F4/80.
CXCR3 receptor has been shown to be involved in neuron-
microglia communication, so that, lower values of CXCR3 might
impair the communication, resulting in less microglial control.
According to Krauthausen et al. (2014), the CXCR3 chemokine
system is critically involved in the intrinsic glial activation during
demyelination, which significantly modulates the distribution of
glial cells and the local cytokine milieu. In another study, Rappert
et al. (2004), found CXCR3 essential for microglial recruitment
and neuronal reorganization.

Aging, is also affecting neuronal network in the hippocampus.
For instance, older adults had poorer connectivity between
with the posterior brain regions than young adults. On the
contrary, older adults showed increased connectivity between
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the hippocampus and frontal regions (Dennis et al., 2008).
Differences in neuronal network might implicate changes in
microglial activity pattern.

All the factors before mentioned might predispose
microglial activity for hippocampal-related brain diseases
such as Alzheimer’s disease, where microglial activation and
neuroinflammation play a key role (Dansokho and Heneka,
2017).

Frontal Cortex
Frontal lobes, including prefrontal cortex (PFC) and motor areas,
encompass around 30% of the cortical surface of the human
brain (Zinn, 2008; Kurz et al., 2014). They are involved in
the execution of high-order tasks such as planning, executive
function, working memory and in initiate and direct physical
movement (Macht, 2016). Temporal lobes represent the latero-
basal part of the cortex and they have been related with receptive
and expressive language processing, semantic memory and social
concepts (Wong and Gallate, 2012). Both areas are widely
connected, been critical to language processing but also to the
top-down behavioral control (Brass et al., 2005). In 1997, Raz
et al., performed a cross-sectional study of the cortex using
structural neuroimaging. The study indicates that PFC shows
the highest degree of age-related atrophy. Indeed, the most
substantial age-related decline was found in the volume of the
prefrontal gray matter, compared to another areas such as inferior
temporal and superior parietal cortices (Raz et al., 1997).

Regarding microglial phenotype in healthy cortex, CD11b
on microglia from cerebral cortex was repeatedly lower than
from spinal cord, and CD40 was lower in cortex compared
to cerebellum. On the other hand, CXCR3 was higher in the
cortex compared to the cerebellum (De Haas et al., 2008).
As previously mentioned, CXCR3 has been linked to glial
accumulation and activation in culprizone-demyelination model
(Krauthausen et al., 2014).

Substantia Nigra and Striatum
The substantia nigra is a gray matter area caudal to the
hippocampus with a particularly high microglial density (Lawson
et al., 1990), which is part of the basal ganglia and it is located in
the midbrain. Its name is due to the high levels of neuromelanin
contained in the dopaminergic neurons (Zecca et al., 2003).
Aging is a key factor in the survival of dopaminergic neurons in
the substantia nigra, experiments a decrease in the number and
size of pigmented neurons in the substantia nigra pars compacta
(SNpc) over time (Ma et al., 1999).

In this structure, microglial cells present a proportion of
12%, which is a particular dense population (Lawson et al.,
1990). A key receptor to control microglial activity is fractalkine
receptor (Sheridan and Murphy, 2013). Notably, the fractalkine
receptor distribution is higher in the striatum than in other
structures, such as cerebellum (Tarozzo et al., 2003). Another
important receptor involved in microglia-neuron interaction is
CD200, which is also affected by aging in the substantia nigra.
In fact, Wang et al. (2011), found CD200 downregulated in age
dependent-manner in wild-type mice.

The number of microglial cells in the substantia nigra,
the differential regulation of fractalkine and CD200 and the
decrease of dopaminergic neurons are environmental factors that
might modulate microglial activity. For instance, high microglial
density, the reduction of CD200 receptor, or the decrease
in dopaminergic population, can decrease the regulation of
microglial cell by neurons. An environment with less microglial
regulation, or overpopulated, might give rise to a reduction of
trophic factors production or excessive inflammatory molecules
production, which can be detrimental in the long run.

ALZHEIMER’S DISEASE PATHOLOGY

Although AD is the most common form of dementia, caused
by neuronal death (Santiago et al., 2017), its pathology and
underlying causes are not fully understood. AD is associated
to extracellular deposition of amyloid-β (Aβ) plaques due
to an increased production and/or lack of clearance of Aβ

peptides derived from amyloid precursor protein (APP) cleavage
(Mawuenyega et al., 2010; Sarlus and Heneka, 2017) and by
abnormal intraneuronal accumulation of hyperphosphorylated
tau protein (Johnson and Stoothoff, 2004) (Figure 1). In
normal conditions, tau stabilizes microtubules but in pathological
conditions, intracellular accumulation of hyperphosphorylated
tau disorganizes microtubules impairing the cytoskeleton. This
has been linked to neurodegeneration and cognitive impairment
(Ossenkoppele et al., 2016; Bejanin et al., 2017).

Aging is a primary risk factor for AD (Kawas and Corrada,
2006; Guerreiro and Bras, 2015) and AD can be genetically
classified into familial or idiopathic forms. The early-onset form
of AD (younger than 65 years old) is predominantly familial and
most often linked to single mutations in the genes encoding APP,
presenilin 1 (PSEN1) or presenilin 2 (PSEN2). However, around
90% of the patients display an idiopathic form of AD, which
is considered a multifactorial disease, caused by an interplay
between environment, genetics and lifestyle (Winblad et al.,
2016). Further, idiopathic late-onset AD (older than 65 years
old) is associated to a strong activation of the innate immune
system, pointing out neuroinflammation as a strong contributor
to the pathogenesis of AD (Heneka et al., 2015). Genome-Wide
Association Studies (GWAS) have identified over 20 genetic loci
that are robustly associated with AD risk and microglial immune
responses (Lambert et al., 2013; Karch et al., 2014).

Microglial Activation in Alzheimer’s
Disease
It has been proposed that both functional and morphological
changes of the hippocampus are associated with changes in
microglial cell response during AD progression (Henneman et al.,
2009).

As previously mentioned, PRRs bind to different DAMPs or
PAMPs. For instance, Aβ species can trigger an inflammatory
response in microglial cells (Venegas and Heneka, 2017).
Amyloid-like structures are expressed by microorganisms such
as bacteria (Kreutzberg, 1995), being microglial cells the first
line of defense of the innate immune system in the brain. This
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fact would provide a potential evolutionary explanation for the
microglial response against Aβ. In this section, we will discuss the
role in AD pathology for the main PRRs-associated risk factors,
including, ApoE, TREM2, CD33, toll-like receptors (TLRs) and
inflammasome.

The ApoE is a protein involved in the cell metabolism
regulation and transportation of fatty acids. ApoE can be found
in four different alleles. For instance, ApoE 4 allele increases the
risk of AD threefold to eightfold, depending on the number of
allele copies. ApoE has three common variants: ApoE 2, which is
rare and may protect against AD; ApoE 3, which is common and
seems to play a neutral role; and ApoE 4, which is a major risk
allele for AD (Kim et al., 2009; Iaccarino et al., 2018).

Human ApoE has also been demonstrated to play a role in tau
pathology and brain inflammation53. Shi et al. (2017), generated
tau transgenic mice on ApoE 2, ApoE 3 or ApoE 4 knock-in
and also ApoE knockout background. The results demonstrated
that ApoE4/tau transgenic mice have higher tau levels leading
to greater rates of disease progression and neuroinflammatory
responses, while absence of ApoE presents a protective effect. It
indicates that APOE levels could influence tau pathology and tau-
mediated neurodegeneration independently of amyloid-β. As a
future approach, it would be interesting to target ApoE4 in order
to reduce tau pathology in neurodegenerative diseases.

Innate immune system has been proved to be strongly
involved in AD pathogenesis. Indeed, genetic findings provide
strong evidence for a pivotal role of microglial activation in AD
pathogenesis. These include a common variant of Transcription
factor PU.1 (SPI1) for microglial development and function
(Kierdorf et al., 2013; London et al., 2013), which is associated
with a reduced risk of AD (Huang et al., 2017), as well as an
allelic variant of the TREM2, a cell-surface receptor exclusively of
microglial cells (Colonna, 2003) which is associated to increased
risk for developing AD up to threefold (Jonsson et al., 2013;
Abduljaleel et al., 2014; Ulrich et al., 2017). TREM2 encodes a
type I transmembrane glycoprotein of 40 kDa, that contains an
extracellular immunoglobulin domain (Raha-Chowdhury et al.,
2018). This protein is expressed on myeloid cells such as tissue
macrophages, dendritic cells and microglia (Hickman and El
Khoury, 2014).

Under normal conditions, TREM2 promotes phagocytosis,
proliferation and survival. However, AD risk variants of TREM2
(e.g., TREM2 R47H, homozygous mutations or deletions, and
heterozygous expression of TREM2 variants) impair the proper
function of microglia in terms of phagocytosis, inflammatory
response, energy metabolism, plaque compaction and activation,
affecting disease progression (Ulland et al., 2017; Yin et al.,
2017; Zhong et al., 2017). Studies in TREM2-deficient mouse
models are giving conflicting results on AD pathology (Jay
et al., 2017). For instance, TREM2-deficient APP-PS1 AD mice
displayed reduced accumulation of microglia around plaques
and a decreased inflammatory response but did not show
any differences in amyloid burden (Ulrich et al., 2014; Wang
et al., 2015). However, Jay et al. (2017), reported that the
TREM2 response could be age-dependent, resulting in decreased
number of plaques at early age (4 months) and increasing
number of plaques in late stages of the pathology (8 months)

(Wang et al., 2015). Further, TREM2 studies in transgenic
mice of tau pathology also described conflicting results in two
different animal models. Trem2 deletion seems to play a more
neuroprotective role in the PS19 tau model (Leyns et al., 2017) but
becoming harmful in the hTau model (Bemiller et al., 2017). In
regards to TREM2 and ApoE, Krasemann et al. (2017), describe
an ApoE- and TREM2-dependent microglial response that was
linked to neurodegenerative-associated phenotype (MGnD) in
brain tissue. They suggest that the transition from homeostatic
to MGnD microglia is ApoE-dependent in aged mice in mouse
model of AD. The homeostatic profile of microglial cells is
characterized by low APOE expression and controlled by TGF-β
signaling, while the MGnD microglial phenotype is characterized
by activation of TREM2 signaling and a higher APOE expression.
MGnD microglial profile is also triggered by cellular debris
accumulation in aged mice or in neurodegenerative diseases.
Interestingly, in APOE or Trem2 knockout mice, microglial
response becomes attenuated, suggesting that blocking the
transition could be a possible route for therapeutic intervention
in AD.

Another interesting gene linked to AD is the microglial
chemokine receptor (Cx3cr1) involved in microglial migration
and in neuron/microglial activity regulation (Sheridan and
Murphy, 2013). In tau transgenic mice, deficiency in Cx3cr1 leads
to activation of microglial cells and tau pathology progression in
terms of protein aggregation (Maphis et al., 2015). In alternative
study, Cx3cr1 knockout AD mouse model showed a prevent
neuronal loss but fails in alter amyloid burden (Fuhrmann et al.,
2010).

Additional gene considered a risk for AD pathology, is
CD33. CD33 is a transmembrane receptor mainly expressed
by microglial cells in the brain that regulates innate immune
response. Increased levels of this receptor have been correlated
with an elevated risk of AD due to slower microglial phagocytosis
and Aβ clearance, leading to an increased in plaque deposition in
AD mice brains (Griciuc et al., 2013; Jiang et al., 2014).

Additionally, PRR family TLRs has being linked to AD.
TLR are a subfamily of PRRs, where most of them are
expressed by microglia. TLRs-mediated signaling has been
suggested to be both detrimental and beneficial depending
on the receptor involved in the response (J Downer, 2012).
Thus, toll-like receptor 9 (TLR9) elicits an innate-immune
response and clearance of Aβ through activation by unmethylated
cytosine-guanosine (CpG) reducing AD pathology in mice
(Scholtzova et al., 2014). However, microglial activation can play
a detrimental role, depending on the TLR activated. For instance,
toll-like receptor 4 (TLR4), expressed in microglia, plays an
important role in neuroinflammation (Zhang et al., 2015) and
can be stimulated by both fibrillar and oligomeric forms of Aβ

(Dansokho and Heneka, 2017). However, TLR4 has also been
suggested be protective in AD (Minoretti et al., 2006; Michaud
et al., 2013), that could be depend on other parameters such
as activation intensity. Further, activation of another TLR—toll-
like receptor 2 (TLR2), which can be also stimulated by fibrillar
Aβ, has a detrimental impact on microglia activating the cells
into a more pro-inflammatory profile (Dansokho and Heneka,
2017). Each TLR is stimulated by different ligands, especially
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TLR2 and TLR4 (Landreth and Reed-Geaghan, 2009; Wang
et al., 2016), however, both receptors are stimulated by Aβ,
and it has been described that they form of complexes together
with their co-receptors (Mcmanus and Heneka, 2017), CD14
and CD36, initiating an intracellular signal cascade, leading to
the expression of the pro-inflammatory molecules. For instance,
CD14 is associated with the TLR2-TLR4 dimerization and
complex with the ability to recognizes and bind Aβ. In fact,
CD14, TLR2 and TLR4 deficiency leads to a reduced microglia
phagocytic activation and production of ROS (Landreth and
Reed-Geaghan, 2009). On the other hand, CD36 regulates TLR4-
TLR6 heterodimer-depending inflammatory response to Aβ,
being involved in inflammasome activation in AD (Stewart et al.,
2010). Inflammasome consists in a large protein complex, being
nod like receptor protein 3 (NLRP3) one of the most well
characterized-inflammasome-related proteins in AD (Sheedy
et al., 2013). NLRP3 forms a complex with caspase-1 and ASC by
their effector domains. Once the complex is activated, it initiates
cleavage of pro-IL-1b and pro-IL-18 into IL-1b and IL-18 (Latz
et al., 2013), both inflammatory cytokines (Heneka et al., 2013;
Guo et al., 2015; Karve et al., 2016; Mcmanus and Heneka, 2017).
It has been suggested that NLPR3 activation is taking place by
cathepsin B release in the cytoplasm, triggering the formation
of the NLRP3 inflammasome complex (Bai et al., 2018). In
fact, accumulation of cathepsin B in microglial cells has been
described around senile plaques and in AD mice models and
its inhibition, decreases the amyloid plaques as well as improves
memory deficits (Mueller-Steiner et al., 2006; Hook et al., 2008).

Another major mediator in inflammation is the complement
system, which evolved to protect the host against infection
and plays an important role in microglia-mediated synaptic
refinement during brain development. The complement system
is involved in the innate immune response and its main role is
clearing cellular debris, damage and apoptotic cells (Carroll and
Isenman, 2012) by enhancing the antibody’s activity; however,
its activation can even lead to early synapse loss in AD context
(Hong et al., 2016a). Thus, studies of complement proteins are
an interesting approach to investigate neurodegenerative diseases
like AD. A gene variant of the complement component receptor
1 (CR1-B/S) has been identified as one of the most important
risk genes for late-onset Alzheimer’s disease (LOAD) (Crehan
et al., 2012). In addition, the complement component 3 (C3),
which plays a central role in the complement system, has been
shown to be upregulated in AD, increasing microglial phagocytic
capacity (Lian et al., 2016). Interestingly, a recent study done by
Shi et al. (2017), showed that in APP/PS1 AD mouse model, lack
of C3 is actually protecting from both synapse loss and cognitive
decline, probably due to an altered response of glial cells. Thus,
modulation of complement signaling may have potential as a new
therapeutic strategy for Alzheimer’s disease.

Microglia is also involved in synapses elimination, mainly
those with less activity or from dysfunctional neurons, by a
process called synaptic pruning (York et al., 2017). Further,
microglia seem to drive synapse loss in neurodegenerative
diseases (Presumey et al., 2017). Indeed, abnormal synapse loss
in AD also correlates with cognitive decline (Bahrini et al., 2015;
Hong et al., 2016a). However, even if first amyloid plaques appear

years before clinical symptoms of AD, tau pathology correlates
better with cognitive impairment in AD (Jack et al., 2010).

Another key inflammatory molecule involved in AD is
the nitric oxide synthase (NOS) (Kummer et al., 2011). The
production of the inducible form (iNOS) is highly linked
to microglial activation, being one of the key molecules in
the inflammatory response. Indeed, Kummer et al. (2011),
demonstrated a key role for nitric oxide related to a post-
translational modification of the Tyrosine in the position number
10 of the APP sequences that confers a higher aggregation
capacity. This fact makes iNOS a potential therapeutic target in
order to avoid the aggregation of the proteins and the plaque
deposition in AD.

Cytokines such as IL-12 have been linked to AD progression.
For instance, the lack of IL-23 reduces AD pathology in APP/PS1
model (Vom Berg et al., 2012), affecting the total brain amyloid
burden in mice lacking of IL-12.

To summarize, innate immune activation and inflammatory
response driven by microglial cells are currently rising up as
one of the key research areas to understand AD pathology
progression, as well as, to find new therapeutic targets to halt the
progression of the pathology.

FRONTOTEMPORAL DEMENTIA

Chronic or progressive loss of cortical and subcortical functions
have been defined in FTD (Gotz et al., 2006). This disorder
is the third most common form of dementia, after AD and
dementia with Lewy bodies (DLB), and is a leading type of
early-onset dementia (Vieira et al., 2013). Frontotemporal lobar
dementia (FTLD) is a neurodegenerative disorder characterized
by neuronal loss, gliosis and microvascular changes of frontal
and temporal lobes, resulting in cognitive decline, accompanied
by mood, behavior and personality disturbances (Gotz et al.,
2006; Ridolfi et al., 2013; Bang et al., 2015; Zhang, 2015)
(Figure 1). FTLD can be subdivided in three different types,
attending to the main protein component of neuronal and
glia abnormal deposition and their distribution (Broe et al.,
2003; Mackenzie et al., 2010; Bahia et al., 2013): FTLD-
Tau (related to microtubule-associated protein Tau) is the
most common subtype, reaching 50% of prevalence (Hutton
et al., 1998; Dickson et al., 2011); FTLD-TDP (associated
to the transactive response DNA-binding protein 43 kDa)
presents slightly less prevalence, around 45% (Bigio, 2011);
and FTLD-FUS (related to fused in sarcoma protein, FUS),
appears only in ∼5% of the cases (Weintraub and Mesulam,
2009).

Cortical atrophy and synaptic loss have been also described
in AD, the most common type of dementia (Morrison and
Hof, 2002; Ridolfi et al., 2013; Hong et al., 2016b). AD
is characterized by amyloid-beta-containing plaques and tau-
containing neurofibrillary tangles whereas FTLD mainly exhibits
tau-containing neurofibrillary tangles (Gotz et al., 2006), despite
of the presence of amyloid beta (Tan et al., 2017). This abnormal
protein accumulation triggers the innate immune system in the
brain (Bellucci et al., 2011; Ridolfi et al., 2013).
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In the last few years, several studies show that chronic
microglial activation participates in the development and/or
progression of neurodegenerative disorders, such as AD and
FTLD [for review see (Ridolfi et al., 2013; Pasqualetti et al., 2015)].

Microglial Activation in Frontotemporal
Dementia
In the last years, several studies have shown that alterations in
protein aggregation and neuroinflammation may begin at early
stages of FTLD or AD (Yoshiyama et al., 2007; Heneka et al.,
2014; Morales et al., 2014). In fact, in vivo PET imaging studies,
showed an increased binding of 11-C-R-PK1195 microglial
ligand in frontotemporal brain regions, suggesting that microglial
activation could start at early stages of FTLD prior to anatomical
changes (Rosso et al., 2003; Cagnin et al., 2004). Similar results
were also found in AD patients where, in addition, activated
microglia correlates with cognitive decline (Edison et al., 2008).

FTLD and AD show microglial activation pattern that reflects
the distribution of the pathology of both diseases. In this
way, a higher microglial activation in the frontal subcortical
white matter in FTLD patients has been reported, whereas this
activation is more prominent in temporal regions in AD patients
(Lant et al., 2014; Taipa et al., 2017).

Regarding to molecular level, some genes related with
microglial activation have been associated with FTLD and AD
(Guerreiro et al., 2013; Lue et al., 2015; Lui et al., 2016). One of
the most well reported is Progranulin (PGRN) (Heneka et al.,
2014). This protein is constitutively expressed and secreted
by microglia and participates in cell-cycle regulation, wound
repair, axonal growth and as a mediator of the inflammatory
response (Toh et al., 2011; Mao et al., 2017). PGRN protein
deficiencies have been related with a progressive upregulation of
lysosomal and innate immune genes in FTLD (Lui et al., 2016).
Furthermore, it has also been described that mutations in PGRN
induce a higher microglial activation, characterized by reactive
morphology, and excessive complement system reaction in the
frontal cortex of FTLD patients, leading to defective synaptic
pruning and inducing neuronal dysfunction (Lui et al., 2016). In
FTLD patients, microglial activation and HMGB1 (High mobility
group box 1) have been found co-localizing with tau oligomers,
which might indicate the initiation of an inflammatory response
by microglial cells. This inflammatory response might actively
participate in the neuronal loss due to the creation of a toxic
environment (Nilson et al., 2017).

In recent years, TREM2, another gene related to microglial
function, is attracting the attention of neuroscientists due to its
dual role in FTLD and AD. This gene is expressed by microglial
cells in brain in the cortical areas, as well as hippocampus
(Zhang et al., 2014; Yeh et al., 2017). Moreover, up-regulation
of TREM2 protein has been linked to FTLD cases. TREM2-
related mutations (c.40 + 3delAGG, Q33X, Y38C, T66M, D86V,
W198X) (Chouery et al., 2008; Giraldo et al., 2013; Guerreiro
et al., 2013) have been found in individuals from six different
families, presenting different forms of frontotemporal dementia
[further, see review (Yeh et al., 2017)]. As well as amyloid, tau
tangles accumulated within neurons in the temporal lobe of

FTLD patients induce microglial activation, leading to TREM2
expression.

To summarize, some evidences suggest that
neuroinflammation could be a common process associated
with neuronal damage and cognitive impairment, symptoms that
dementia patient’s exhibit. A better understanding of neuronal-
glial (especially microglial and astrocytes) mechanisms involved
in the cortical degeneration is a current challenge to identify
specific targets that may prevent the development and/or the
progression of cortical-related neuronal disorders.

PARKINSON’S DISEASE

Parkinson’s disease (PD) is a motor brain disorder characterized
by motor impairment due to degeneration of dopaminergic
neurons. Innate immune response in PD has been widely
studied and compelling evidences demonstrated the role of
neuroinflammatory response in the progression of PD (Perry,
2012). Other structure highly relevant in PD pathology is the
Locus Coeruleus (LC), which we will explain more in detail
later.

The main pathological feature of PD is the death of
dopaminergic neurons in the SNpc (Brettschneider et al., 2015).
These neurons project their axons from the SNpc to the striatum.
The loss of these neuronal connections is the main cause of
motor impairment suffered by PD patients. However, the loss
of dopaminergic neurons occurs in many other regions such as:
LC, dorsal motor of the vagus nerve, amygdala or hypothalamus
(Dickson, 2012). The aggregation of misfolded α-synuclein
in intraneuronal inclusions, called Lewy bodies, is another
significant feature of the pathology. These inclusions can be
found in neuronal somas [Lewy’s bodies (LB)] or in the neurites
(Lewy’s neurites) (Spillantini et al., 1998) (Figure 1). Although
α-synuclein inclusion is the main pathological hallmark of PD,
they can be found in other pathologies such as DLB (Mckeith,
2004).

Another important aspect of the biology of PD is the role
of α-synuclein in the pathogenesis of the disease. It is known
that α-synuclein can be present in different aggregation states,
from monomers to small fibrils, being the main compound of the
Lewy bodies. For instance, oligomers of α-synuclein are toxic for
neurons (Ingelsson, 2016).

From the clinical point of view, we can explain the
progression of the disease according to Braak’s hypothesis,
based on the spread of α-synuclein pathology and its effects
over the time (Brettschneider et al., 2015). The production of
α-synuclein, its deposition and spreading within neurons, would
induce their malfunctions leading to neuronal dysfunction and
eventually neuronal death. However, only in advanced stages
of PD, intraneuronal α-synuclein aggregation causes the loss
of dopaminergic neurons in the SNpc (Braak et al., 2003).
Being like this, we might think that factors other than protein
aggregation might play a role in the neuronal death, for instance,
the activation of the innate immune system. Indeed, cell death
induces the release of different molecules, including α-synuclein
and inflammatory factors. This microglial activation leads to an

Frontiers in Cellular Neuroscience | www.frontiersin.org 7 December 2018 | Volume 12 | Article 488

https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-12-00488 December 14, 2018 Time: 18:53 # 8

Bachiller et al. Microglial Cells in Brain Diseases

inflammatory response, which may play an important role in the
progression of the pathology (Perry, 2012).

Another important structure involved in PD is the LC,
which is a small brainstem nucleus located on the rostral
side of the fourth ventricle in the CNS. It is also a major
source of norepinephrine (NE) in CNS. NE was one of the
first neurotransmitters to be identified by Swedish physiologist
Ulf von Euler in 1945 (Euler, 1945). Besides its role in the
periphery, it is an essentially modulatory neurotransmitter
of the CNS (Dahlstroem and Fuxe, 1964). Essentially, the
locus coeruleus-norepinephrine (LC-NE) system is involved in
regulation of several behaviors, including sleep-waking cycle,
alertness, learning and memory as well as stress response
(Berridge and Waterhouse, 2003). Moreover, early symptoms
of PD, like sleep disorder, depression and autonomic nervous
dysfunction, which are developed before emergence of motor
impairment, are related to LC neuronal degeneration (Espay
et al., 2014).

The integrity of LC and the connectivity between this structure
and the rest of the brain, are crucial to regulate a variety of
responses throughout the CNS. Impairment of LC function
has been suggested to contribute to many neurodegenerative
diseases, such PD (Schwarz and Luo, 2015). Besides the neuronal
loss, reduction of NE could aggravates neurodegeneration due
to its role as a potent anti-inflammatory and neuroprotective
mediator (Feinstein et al., 2016). So that, the role of the innate
immune response seems to be essential to understand how works
the PD in the LC.

Microglial Activation in Parkinson’s
Disease
Aside from the degeneration of dopaminergic neurons in the
SNpc and intraneuronal synuclein deposits, inflammation is a key
component in PD. The concentration of microglia is particularly
high in SNpc. The inflammatory response in PD is mainly carried
out by microglial cells and to a minor extent by astrocytes (Perry,
2012). As we mentioned in the introduction, microglial cells
are associated to the clearance of neuronal death-related debris.
Indeed, this death cell related debris can activate microglia,
leading to the release of different inflammatory factors, such as,
pro-inflammatory cytokines, chemokines, etc., along with ROS
and reactive nitrogen species (RNS). Thus, neuroinflammatory
responses may contribute to the progression of the pathology.

Microglial activation in PD has been extensively documented.
In 1988, one study by Mcgeer et al. (1988a) showed human
leukocyte antigen (HLA) receptor reactivity in the SNpc
of PD patients. Apart from microglial activation, different
neuroinflammatory factors have been found in the brain of PD
patients (Qian et al., 2011). Elevated levels of TNF-α, IL-1β, IL-
6 and Interferon-γ (IFN-γ) have been detected in striatum and
substantia nigra of PD patients compared to healthy controls
(Mogi et al., 1994a,b; Hunot et al., 1999; Sawada et al., 2006).
Another pro-inflammatory molecules, NRS, has been measured
in glial cells of PD patients in the vicinity of dopaminergic
neurons in the brain (Hunot et al., 1996). The production of nitric
oxide by glial cells might be toxic for dopaminergic neurons (Boje

and Arora, 1992). In fact, the in vitro inhibition of NRS protects
neurons in co-culture with lipopolysaccharide (LPS) activated
microglial cells (Boje and Arora, 1992). Moreover, different pro-
inflammatory cytokines production might induce a toxic effect in
neurons expressing their receptor. For example, TNF-α is highly
expressed in dopaminergic neurons of PD patients, which might
exert a deleterious effect in an inflammatory context (Mogi et al.,
2000).

One of the most important factors linked to microglial
activation in PD is the MHCII. Microglial MHCII expression
has been mainly associated to neurons containing Lewy bodies,
damage neurons and neurites in PD brains (Imamura et al.,
2003). Moreover, the cells expressing MHCII were also positive
for pro-inflammatory markers such us IL-6 or TNF-α. In another
study, Harms et al. (2013), showed microglial cells close to AAV2-
synuclein-positive neurons expressing MHCII. The expression of
MHCII was increased in a time dependent-fashion. Moreover,
MHCII knockout mice showed less neuronal loss (Harms et al.,
2013). GWAS studies in PD patients have also highlight the
relation of MHCII gene variants with the etiology of the disease,
being MHCII-related SNP considered a risk factor (Pierce and
Coetzee, 2017).

Moreover, there are several known inflammatory-associated
risk factors that might increase the probability of developing
PD. For example, TNF-α polymorphism at position 308, IL-6
polymorphism at position 174 and IL-1β at position 511, are
more common in PD patients than in healthy controls (Kruger
et al., 2000; Hakansson et al., 2005; Arman et al., 2010). Still, it
is not fully clear in which way these polymorphisms affect the
progression of PD pathology, whether the mutations increase
the basal levels of pro-inflammatory factors or exacerbate the
inflammatory response upon insult.

In order to resemble the main pathological hallmarks of the
PD, several animal models have been developed and most of them
present microglial activation and inflammatory response along
with the progression of the pathology. Up to date, toxic-based
models such as, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), 6-hydroxidopamine (6-OHDA) and LPS are the main
PD mice models used, due to their ability to induce cell death
and microglial activation (Castano et al., 1998; Barcia et al.,
2004; Rodriguez-Pallares et al., 2007). The link between the
inflammatory response and the neuronal death has been assessed
in different studies, giving a positive correlation between both
factors. For example, the MPTP models provide robust neuronal
death and microglial activation in the SNpc (Barcia et al.,
2004; Drouin-Ouellet et al., 2011; Noelker et al., 2013). In
fact, iNOS knockout mice show a reduction of neuronal death
upon MPTP injections compared to WT mice (Liberatore et al.,
1999).

Parkinson’s disease mouse model based on LPS injections,
is able to selectively induce dopaminergic cell death in the
SNpc more efficiently than in the striatum (Herrera et al.,
2000). Removing microglial cells have been successfully tested
in animal models. For instance, Venero et al., injected
minocycline, a compound used to inhibit microglial cells,
in an animal model of intranigral injection of LPS. As a
result of the microglial depletion by minocycline, the levels
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of TNF-α, IL-1α and protein peroxynitration, were reduced
and the dopaminergic neurons were protected compared
to minocycline non-injected mice (Tomas-Camardiel et al.,
2004).

Moreover, in vivo models of α-synuclein overexpression
showed microglial activation. In fact, overexpression of a mutant
form of α-synuclein (A53T and A30P) induces microglial
activation in a transgenic mouse model leading to early pro-
inflammatory microglial activity (Su et al., 2009). Upon LPS
injection, mice expressing a mutant version of α-synuclein
(A53T) present selective dopaminergic cell death in the SNpc
along with formation of α-synuclein aggregates within neurons,
a classical hallmark of PD pathology. Interestingly, inclusions
contained α-synuclein nitrated residues, which can be linked
with the inflammatory response elicited upon LPS injection
(Gao et al., 2008). Additionally, in vitro models consisting
of α-synuclein overexpression display the classical features of
microglial activation, as well as the release of different pro-
inflammatory factors (Su et al., 2008).

Regarding PRRs, such as TLR4 and TLR2, have been
demonstrated that are able to bind to α-synuclein in multiple
system atrophy (MSA) models, where the overexpression of
α-synuclein increases motor impairment as well as dopaminergic
degeneration in the SNpc. Furthermore, α-synuclein binding
to TLR4 enhances microglial phagocytic capacity as well
as the production of pro-inflammatory factors, such as
TNF-α (Stefanova et al., 2011). Indeed, the lack of TLR4
reduces microglial α-synuclein-dependent activation, reducing
the production of inflammatory species (Fellner et al., 2013). The
important role of TLR4 in the inflammatory response was also
evaluated using MPTP as an inducer of Parkinson-like lesion
in mouse. In fact, the lack of TLR4 reduced the inflammatory
response, preventing the dopaminergic cell death, which is
linked to reduced microglial activation (Noelker et al., 2013).
Moreover, neuron-released α-synuclein can induce an innate
immune response, activating microglial cells by TLR2 (Kim et al.,
2013). Along with TLR2, TLR1, has been also linked to microglial
response in PD. Indeed, TLR1/TLR2 heterodimer plays a critical
role in α-synuclein response. TLR1/TLR2 heterodimer acts
through MyD88 adaptor activating nuclear factor κ B (NFkB)
pathway, which leads to pro-inflammatory cytokine production
(Daniele et al., 2015).

The main pathways involved in the inflammatory process in
PD are very similar to the one elicited in AD. C-Jun N-terminal
Kinase (JNK), mitogen-activated protein kinase (MAPK) or
nuclear factor κβ (NFκβ) pathways are mainly involved in
the inflammatory response in PD. For instance, MPTP mouse
models trigger the activation of cyclooxygenase 2 (COX2) by
JNK2 and JNK3 related to JNK pathways. Indeed, JNK2 and
JNK3 deficiency reduces dopaminergic cell death (Hunot et al.,
2004). The activation of MAPK p38 pathways in MPTP models
has also been shown in dopaminergic neurons in the SNpc
(Karunakaran et al., 2008). Finally, NFκβ pathway has been
found upregulated in microglia and astrocytes of PD patients
intoxicated with MPTP. NFκβ inhibition reduces microglial
activation and mRNA levels of TNF-α, IL-1β and iNOS in
the SNpc, protecting the neurons located in the nigra-striatum

pathway and improving motor ability in mice exposed to MPTP
(Ghosh et al., 2007).

Altogether, the microglial activation and the consequent
inflammatory response taken place in PD is a major component
of the pathology, having a key role in the progression of the
disease. However, the exact mechanism governing the activation
of microglial cells and how is that affecting to the neuronal
survival still remains unclear.

Microglial Activation in Parkinson’s Disease:
The Role of Locus Cereleus
Parkinson’s disease is commonly characterized with specific loss
of dopaminergic neurons in SNpc and also presence of LB in
many of the remaining neurons. However, compelling evidence
has shown that degeneration of NE neurons within the LC is
more significant and earlier than that in SNpc (Fornai et al.,
2007; Espay et al., 2014). Using mouse models of PD, Yao
et al(2015a) have found depletion of NE in the LC promotes
dopaminergic neuron degeneration by modulating microglial
activity in the midbrain, which lead to increased expression
of pro-inflammatory cytokines, diminished neurotrophic factors
and damaged ability of anti-oxidation in the SNpc (Yao N.
et al., 2015). In addition, microglia can express β-adrenergic
receptors in response to NE, which mediates the suppression
of pro-inflammatory molecules, such as TNF-α, IL-1β and
iNOS, as well as enhancement of anti-inflammatory molecules
production (Feinstein et al., 2002). Thus, deficient production of
NE suppresses the anti-inflammatory function on microglia in
CNS. So that, the reduction of LC noradrenergic neurons also
occurs prior to neuronal degeneration in other brain areas, which
has been linked to microglia activity dysregulation (Feinstein
et al., 2002). Furthermore, NE has also been related to changes
in the mobility of microglia, impairing its capacity to detect and
respond to damage tissue in vivo through adrenergic receptors
(Gyoneva and Traynelis, 2013).

Taken together, LC-NE system has broad actions in the
nervous system and provides neuroprotective actions by
modulation of microglia activity in regard to inflammation,
trophic factors release or motility. So that, therapeutic methods
aiming to increase NE levels have the potential to slow
down the progression of neurodegeneration by suppression of
inflammation. However, so far there is no effective ways available
to test this approach in patients. Although many studies have
been done over past years to understand LC-NE system, we still
need improve our understanding of these disorders in future.

FUTURE DIRECTIONS

Compelling evidences shed light on the role of innate
immune system and microglia response in the progression
of neurodegenerative diseases, such as PD or AD. Microglial
cells can develop different functional activation states, actively
participating in brain homeostasis. However, an uncontrolled
inflammatory response by microglial cells can lead to a
detrimental outcome. Mainly, JAK/STATs and NFkB pathways
govern microglial pro-inflammatory response and molecules
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such as TNF-α, IL-1β and iNOS are the main outcome the
downstream signaling of these pathways. This activation is linked
to a deleterious role in neurodegenerative diseases, expanding the
inflammatory response and increasing the neuronal damage.

Being like that, to actively counteract the progression of
the pathology by regulation of microglial pro-inflammatory
activation, is a promising therapeutic target. So far, efforts
have been made on different molecular targets. For instance,
capsaicin has been used to block TNF-α or IL-1β, reducing the
neuronal degeneration induced by MPTP in PD models (Chung
et al., 2017). Similar to TNF-α or IL-1β, capsaicin significantly
suppressed the activation of MAPK related pathways. The
mechanism seems to act through Prostaglandin E2 (PGE2)
pathways (Bhatia et al., 2017). Another promising target to
prevent microglial-related inflammatory response is COX2.
Recently, COX2 has been shown that plays a key role in 6-
hydroxydopamine (6-OHDA) by increasing the levels of PGE2.
Being like that, to inhibit COX2 would be an interesting
approach to impair microglial inflammatory response. Indeed,
the suppression of this protein has been linked with improved
memory outcome in Tg2576 AD mouse models (Kotilinek
et al., 2008). This pathway seems to work through PGE2 rather
than reduction of inflammatory response. Other inflammatory
pathways, such as NLRP3 inflammasome or TLR4 pathways,
became a therapeutic target due to its role in pro-inflammatory
cytokines production in AD and PD (Fellner et al., 2013;
Heneka et al., 2013; Burguillos et al., 2015). Recently, Slusarczyk
et al. (2018), demonstrate the role of the antidepressant
compound Tianeptine, in the inhibition of NLRP3 and TLR4
related pathways, reducing microglial activation. Similar to
this compound, Resveratrol (a phenol compound) treatment
also prevented the pro-inflammatory effect of fibrillar Aβ on
macrophages by inhibiting STATs and NFkB related pathways,
affecting to TNF-α or IL-6 levels.

However, the reduction of the pro-inflammatory phenotype
was not connected to an increase of a more anti-inflammatory
phenotype. Recently, Chen and colleagues, use TGF-β1 to
induce to promote the production of anti-inflammatory like
phenotype that turns out to be protective in MPP+ (1-methyl-
4-phenylpyridinium) PD-like rat model. TGF-β1 action takes
place by blocking Smad3 inhibitor SIS3 and caspase-3/9 activity
(Chen et al., 2017). Another strategy followed to reduce the
impact of AD progression is the use of non-steroidal anti-
inflammatory drugs (NSAID). The use of NSAID, as a long run
strategy to counteract AD progression, remains controversial due
to not fully conclusive data. However, in a recent meta-analysis
performed by Zhang et al. (2018) (the meta-analysis includes 121
studies: 16 cohort studies with 236,022 participants and published
between 1995 and 2016), the authors conclude that the use of
NSAIDs is significantly associated with a reduction in the risk of
developing AD.

To induce a shift in the microglial profile from anti- to
pro-inflammatory state, would be another potential strategy
to reduce the inflammatory response. For instance, IL-4 is
an inflammatory molecule link to the “M2-like” phenotype
in microglial cells. Recently, Kizil et al., demonstrated in
3D cultures amyloid-β42 reduces neural stem cell (NSC)

plasticity by inducing kynurenic acid (KYNA) production. IL-4
restores NSC proliferative and neurogenic ability by suppressing
the KYNA-producing enzyme Kynurenine aminotransferase
(Papadimitriou et al., 2018). However, it has been reported
that other cytokines traditionally considered anti-inflammatory
cytokines, could play a detrimental role. For instance, Golde
et al., demonstrate that IL-4 expression in the hippocampus leads
to an increase in the amyloid deposition might be linked with
reduced clearance mechanism (Chakrabarty et al., 2012). IL-10
is another anti-inflammatory cytokine shedding contradictory
data on AD progression. For instance, Golde et al., demonstrated
that IL-10 expression in APP/PS1 model resulted in increased
expression in APP/impaired cognitive outcome in APP mice
(Chakrabarty et al., 2015). Cytokines such as IL-12 have been
also proposed as a therapeutic target. As previously comment,
the lack of IL-12 reduces AD pathology in APP/PS1 mice, making
this molecule an interesting therapeutic target. Indeed, Heppner’s
lab demonstrated that the peripheral injection of p40 inhibitor
(IL-12 subunit) is enough to reduce the amyloid burden (Vom
Berg et al., 2012).

Over the last decade, it has been suggested the
immunoproteasome as a valid target counteract the AD
pathology in relation to microglial response and innate immune
system. In 2012, Aso et al. (2012), showed in APP/PS1 mice
the activation of the immunoproteasome over the disease
progression. In 2013, Orre et al. (2013), confirmed the strong
activation of the immunoproteasome in APP mice and using a
specific immunoproteasome inhibitor they were able to reduce
microglial activation ex vivo. Recently, in 2017, Prokop’s lab
demonstrated that APP/PS1 mice lacking of immunoproteasome
subunit 7 (LMP7) had a reduced inflammatory response (Wagner
et al., 2017).

Another therapeutic approach considered to counteract the
progression of neurodegenerative disease is the use of peripheral
macrophages. Recently, Cronk et al. (2018), have demonstrated
a unique microglial signature for brain-engrafted macrophages.
These macrophages can carry out the regular microglial-like
activity, being a potential tool to help microglial cells in the
task of keeping brain homeostasis in disease brain context.
However, other studies suggest those peripheral macrophages are
not capable of carrying out microglial related tasks efficiently in
the context of neurodegenerative diseases. For instance, Prokop
et al. (2015), demonstrated that peripheral macrophages are
insufficient to clear amyloid burden in APP/PS1 mice after

BOX 1 | What can we do for better understanding of microglial phenotype in
neuronal disorder?

- Single-cell analysis of microglial cells isolated from different brain areas and
diseases at different time points.

- To study the interplay between glial cells and neurons to identify new
microglial regulatory mechanisms.

- To develop new mouse models where microglial related risk factors along
with disease related mutations are together to study the role of microglial
cells.

- Better understanding of inflammatory response dynamics, to differentiate
different periods in the response.
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depleting resident microglial cells. Furthermore, Neher’s lab,
demonstrated that the monocyte repopulation for up to 6 months
in APP/PS1 AD mouse model did not modify amyloid load,
questioning the effectiveness of monocytes as a long-term therapy
for AD (Varvel et al., 2015). Possibly, macrophage phagocytosis
might not be as effective as microglia in amyloid beta up take
(Fiala et al., 2005).

CONCLUSION

Microglial state-of-art in neurodegenerative disorders shed light
on the key role of the inflammatory response and microglial
activation in the progression of neuronal disorders such as AD,
PD or FTD. To understand the complex cellular interplay, we
need to unravel the main mechanism controlling microglial
activation. Turns out, microglia activation profile seems to be
region and context dependent in brain disorders. As discussed
over the review, gray or white matter content, aging, microglial
content, re-organization or neuronal network and neuronal
loss differ between regions and might have a clear impact in
microglial performance in brain-related diseases, such as PD
or AD.

Besides the role of the environment and cell interactions with
microglial cells, another key factor driving specific microglial
response is related to the expression and activation of different
PRRs. The combination of different PRRs and the interaction
with different ligands pictures the mosaic of potential microglial
response. This heterogeneity represents a scientific challenge but
also open the possibility to find new therapeutic targets to halt the
progression of the different disorders.

The discrepancies on the role of the anti- and pro-
inflammatory cytokines demonstrate the complexity of the
microglial regulation in the brain. Therefore, further research
is needed to unravel the frame windows where the modulation
of either pro- or anti-inflammatory cytokines suits the different
stages of the pathologies. For instance, at the beginning of
the pathology some degree of inflammatory response might be
needed, so that, the anti-inflammatory response might be reduced
and vice versa in later stages of the pathology.

However, and despite of these differences, some similarities
can be found in microglial activation linked to the inflammatory

response elicited in the neurological disorders described in the
review. The production and release of inflammatory mediators
such as cytokines, ROS and RNS seem to be a common
feature linked to microglial response, which is tightly related to
neurological disorders where protein homeostasis is imbalanced,
such as PD, AD and FTD. Besides the protein aggregation,
microglial activation linked to neuronal dysfunction has been
observed in the neurological disorders reviewed. Thus, protein
aggregation and neuronal death might share some common
mechanism governing microglial inflammatory response.

Despite of the similarities described, the region-specific
differences and microglial heterogeneity of the response, needs
to be unraveled in order to fully understand disease-dependent
microglial activation mechanisms to find new therapeutic targets
(Box 1).

AUTHOR CONTRIBUTIONS

All authors provided sections of text covering their area of
expertise and participated in the proofreading and discussion.
AB-S organized and supervised the review with the active
collaboration of the rest of the authors. SB wrote about FTLD,
IJ-F wrote the introduction and made the figure, YY and AP
wrote about Alzheimer’s disease. MS and TD were involved in the
writing process.

FUNDING

This work was supported by grants from the Swedish
Research Council, Bagadilico (Linné Consortium sponsored
by the Swedish Research Council) and the Strong Research
Environment MultiPark (Multidisciplinary Research in
Parkinson’s and Alzheimer’s Disease at Lund University), the
Swedish Alzheimer’s Foundation, Swedish Brain Foundation,
A. E. Berger Foundation, Gyllenstiernska Krapperup Foundation,
the Royal Physiographic Society, Crafoord Foundation, Olle
Engkvist Byggmästare Foundation, Wiberg Foundation, G&J
Kock Foundation, Stohnes Foundation, Swedish Dementia
Association and the Medical Faculty at Lund University.

REFERENCES
Abduljaleel, Z., Al-Allaf, F. A., Khan, W., Athar, M., Shahzad, N., Taher,

M. M., et al. (2014). Evidence of trem2 variant associated with triple risk
of Alzheimer’s disease. PLoS One 9:e92648. doi: 10.1371/journal.pone.009
2648

Arman, A., Isik, N., Coker, A., Candan, F., Becit, K. S., and List, E. O. (2010).
Association between sporadic Parkinson disease and interleukin-1 beta -511
gene polymorphisms in the Turkish population. Eur. Cytokine Netw. 21, 116–
121. doi: 10.1684/ecn.2010.0186

Aso, E., Lomoio, S., Lopez-Gonzalez, I., Joda, L., Carmona, M., Fernandez-
Yague, N., et al. (2012). Amyloid generation and dysfunctional
immunoproteasome activation with disease progression in animal model
of familial Alzheimer’s disease. Brain Pathol. 22, 636–653. doi: 10.1111/j.1750-
3639.2011.00560.x

Bahia, V. S., Takada, L. T., and Deramecourt, V. (2013). Neuropathology of
frontotemporal lobar degeneration: a review. Dement. Neuropsychol. 7, 19–26.
doi: 10.1590/S1980-57642013DN70100004

Bahrini, I., Song, J. H., Diez, D., and Hanayama, R. (2015). Neuronal exosomes
facilitate synaptic pruning by up-regulating complement factors in microglia.
Sci. Rep. 5:7989. doi: 10.1038/srep07989

Bai, H., Yang, B., Yu, W., Xiao, Y., Yu, D., and Zhang, Q. (2018). Cathepsin B links
oxidative stress to the activation of NLRP3 inflammasome. Exp. Cell Res. 362,
180–187. doi: 10.1016/j.yexcr.2017.11.015

Bang, J., Spina, S., and Miller, B. L. (2015). Frontotemporal dementia. Lancet 386,
1672–1682. doi: 10.1016/S0140-6736(15)00461-4

Barcia, C., Sanchez Bahillo, A., Fernandez-Villalba, E., Bautista, V., Poza, Y. P. M.,
Fernandez-Barreiro, A., et al. (2004). Evidence of active microglia in substantia
nigra pars compacta of parkinsonian monkeys 1 year after MPTP exposure. Glia
46, 402–409. doi: 10.1002/glia.20015

Frontiers in Cellular Neuroscience | www.frontiersin.org 11 December 2018 | Volume 12 | Article 488

https://doi.org/10.1371/journal.pone.0092648
https://doi.org/10.1371/journal.pone.0092648
https://doi.org/10.1684/ecn.2010.0186
https://doi.org/10.1111/j.1750-3639.2011.00560.x
https://doi.org/10.1111/j.1750-3639.2011.00560.x
https://doi.org/10.1590/S1980-57642013DN70100004
https://doi.org/10.1038/srep07989
https://doi.org/10.1016/j.yexcr.2017.11.015
https://doi.org/10.1016/S0140-6736(15)00461-4
https://doi.org/10.1002/glia.20015
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-12-00488 December 14, 2018 Time: 18:53 # 12

Bachiller et al. Microglial Cells in Brain Diseases

Batchelor, P. E., Tan, S., Wills, T. E., Porritt, M. J., and Howells, D. W. (2008).
Comparison of inflammation in the brain and spinal cord following mechanical
injury. J. Neurotrauma 25, 1217–1225. doi: 10.1089/neu.2007.0308

Bejanin, A., Schonhaut, D. R., La Joie, R., Kramer, J. H., Baker, S. L., Sosa, N.,
et al. (2017). Tau pathology and neurodegeneration contribute to cognitive
impairment in Alzheimer’s disease. Brain 140, 3286–3300. doi: 10.1093/brain/
awx243

Bellucci, A., Bugiani, O., Ghetti, B., and Spillantini, M. G. (2011). Presence
of reactive microglia and neuroinflammatory mediators in a case of
frontotemporal dementia with P301S mutation. Neurodegener. Dis. 8, 221–229.
doi: 10.1159/000322228

Bemiller, S. M., Mccray, T. J., Allan, K., Formica, S. V., Xu, G., Wilson, G., et al.
(2017). TREM2 deficiency exacerbates tau pathology through dysregulated
kinase signaling in a mouse model of tauopathy. Mol. Neurodegener. 12:74.
doi: 10.1186/s13024-017-0216-6

Berridge, C. W., and Waterhouse, B. D. (2003). The locus coeruleus-noradrenergic
system: modulation of behavioral state and state-dependent cognitive processes.
Brain Res. Brain Res. Rev. 42, 33–84. doi: 10.1016/S0165-0173(03)00143-7

Bhatia, H. S., Roelofs, N., Munoz, E., and Fiebich, B. L. (2017). Alleviation of
microglial activation induced by p38 MAPK/MK2/PGE2 Axis by Capsaicin:
potential involvement of other than TRPV1 Mechanism/s. Sci. Rep. 7:116. doi:
10.1038/s41598-017-00225-5

Bigio, E. H. (2011). TDP-43 variants of frontotemporal lobar degeneration. J. Mol.
Neurosci. 45, 390–401. doi: 10.1007/s12031-011-9545-z

Boje, K. M., and Arora, P. K. (1992). Microglial-produced nitric oxide and reactive
nitrogen oxides mediate neuronal cell death. Brain Res. 587, 250–256. doi:
10.1016/0006-8993(92)91004-X

Braak, H., Del Tredici, K., Rub, U., De Vos, R. A., Jansen Steur, E. N., and Braak, E.
(2003). Staging of brain pathology related to sporadic Parkinson’s disease.
Neurobiol. Aging 24, 197–211. doi: 10.1016/S0197-4580(02)00065-9

Brass, M., Derrfuss, J., Forstmann, B., and Von Cramon, D. Y. (2005). The role
of the inferior frontal junction area in cognitive control. Trends Cogn. Sci. 9,
314–316. doi: 10.1016/j.tics.2005.05.001

Brettschneider, J., Del Tredici, K., Lee, V. M., and Trojanowski, J. Q. (2015).
Spreading of pathology in neurodegenerative diseases: a focus on human
studies. Nat. Rev. Neurosci. 16, 109–120. doi: 10.1038/nrn3887

Broe, M., Hodges, J. R., Schofield, E., Shepherd, C. E., Kril, J. J., and Halliday,
G. M. (2003). Staging disease severity in pathologically confirmed cases of
frontotemporal dementia. Neurology 60, 1005–1011. doi: 10.1212/01.WNL.
0000052685.09194.39

Burguillos, M. A., Svensson, M., Schulte, T., Boza-Serrano, A., Garcia-
Quintanilla, A., Kavanagh, E., et al. (2015). Microglia-secreted galectin-3 acts
as a toll-like receptor 4 ligand and contributes to microglial activation. Cell Rep.
doi: 10.1016/j.celrep.2015.02.012 [Epub ahead of print]. doi: 10.1016/j.celrep.
2015.02.012

Button, E. B., Mitchell, A. S., Domingos, M. M., Chung, J. H., Bradley, R. M.,
Hashemi, A., et al. (2014). Microglial cell activation increases saturated and
decreases monounsaturated fatty acid content, but both lipid species are
proinflammatory. Lipids 49, 305–316. doi: 10.1007/s11745-014-3882-y

Cagnin, A., Rossor, M., Sampson, E. L., Mackinnon, T., and Banati, R. B. (2004).
In vivo detection of microglial activation in frontotemporal dementia. Ann.
Neurol. 56, 894–897. doi: 10.1002/ana.20332

Carroll, M. C., and Isenman, D. E. (2012). Regulation of humoral immunity by
complement. Immunity 37, 199–207. doi: 10.1016/j.immuni.2012.08.002

Castano, A., Herrera, A. J., Cano, J., and Machado, A. (1998). Lipopolysaccharide
intranigral injection induces inflammatory reaction and damage in nigrostriatal
dopaminergic system. J. Neurochem. 70, 1584–1592. doi: 10.1046/j.1471-4159.
1998.70041584.x

Chakrabarty, P., Li, A., Ceballos-Diaz, C., Eddy, J. A., Funk, C. C., Moore, B., et al.
(2015). IL-10 alters immunoproteostasis in APP mice, increasing plaque burden
and worsening cognitive behavior. Neuron 85, 519–533. doi: 10.1016/j.neuron.
2014.11.020

Chakrabarty, P., Tianbai, L., Herring, A., Ceballos-Diaz, C., Das, P., and Golde,
T. E. (2012). Hippocampal expression of murine IL-4 results in exacerbation of
amyloid deposition. Mol. Neurodegener. 7:36. doi: 10.1186/1750-1326-7-36

Chen, X., Liu, Z., Cao, B. B., Qiu, Y. H., and Peng, Y. P. (2017). TGF-beta1
neuroprotection via inhibition of microglial activation in a rat model of

Parkinson’s Disease. J. Neuroimmune Pharmacol. 12, 433–446. doi: 10.1007/
s11481-017-9732-y

Chiu, I. M., Morimoto, E. T., Goodarzi, H., Liao, J. T., O’keeffe, S., Phatnani, H. P.,
et al. (2013). A neurodegeneration-specific gene-expression signature of acutely
isolated microglia from an amyotrophic lateral sclerosis mouse model. Cell Rep.
4, 385–401. doi: 10.1016/j.celrep.2013.06.018

Chouery, E., Delague, V., Bergougnoux, A., Koussa, S., Serre, J. L., and
Megarbane, A. (2008). Mutations in TREM2 lead to pure early-onset
dementia without bone cysts. Hum. Mutat. 29, E194–E204. doi: 10.1002/humu.
20836

Chung, Y. C., Baek, J. Y., Kim, S. R., Ko, H. W., Bok, E., Shin, W. H., et al.
(2017). Capsaicin prevents degeneration of dopamine neurons by inhibiting
glial activation and oxidative stress in the MPTP model of Parkinson’s disease.
Exp. Mol. Med. 49:e298. doi: 10.1038/emm.2016.159

Colonna, M. (2003). TREMs in the immune system and beyond. Nat. Rev.
Immunol. 3, 445–453. doi: 10.1038/nri1106

Crehan, H., Holton, P., Wray, S., Pocock, J., Guerreiro, R., and Hardy, J. (2012).
Complement receptor 1 (CR1) and Alzheimer’s disease. Immunobiology 217,
244–250. doi: 10.1016/j.imbio.2011.07.017

Cronk, J. C., Filiano, A. J., Louveau, A., Marin, I., Marsh, R., Ji, E., et al.
(2018). Peripherally derived macrophages can engraft the brain independent of
irradiation and maintain an identity distinct from microglia. J. Exp. Med. 215,
1627–1647. doi: 10.1084/jem.20180247

Cuadros, M. A., and Navascues, J. (1998). The origin and differentiation of
microglial cells during development. Prog. Neurobiol. 56, 173–189. doi: 10.1016/
S0301-0082(98)00035-5

Dahlstroem, A., and Fuxe, K. (1964). Evidence for the existence of monoamine-
containing neurons in the central nervous system. i. demonstration of
monoamines in the cell bodies of brain stem neurons. Acta Physiol. Scand.
Suppl. 232, 231–255.

Daniele, S. G., Beraud, D., Davenport, C., Cheng, K., Yin, H., and Maguire-Zeiss,
K. A. (2015). Activation of MyD88-dependent TLR1/2 signaling by misfolded
alpha-synuclein, a protein linked to neurodegenerative disorders. Sci. Signal.
8:ra45. doi: 10.1126/scisignal.2005965

Dansokho, C., and Heneka, M. T. (2017). Neuroinflammatory responses in
Alzheimer’s disease. J. Neural Transm. 125, 771–779. doi: 10.1007/s00702-017-
1831-7

De Biase, L. M., Schuebel, K. E., Fusfeld, Z. H., Jair, K., Hawes, I. A., Cimbro, R.,
et al. (2017). Local cues establish and maintain region-specific phenotypes of
basal ganglia microglia. Neuron 95, 341–356.e6. doi: 10.1016/j.neuron.2017.06.
020

De Haas, A. H., Boddeke, H. W., and Biber, K. (2008). Region-specific expression of
immunoregulatory proteins on microglia in the healthy CNS. Glia 56, 888–894.
doi: 10.1002/glia.20663

Dennis, N. A., Hayes, S. M., Prince, S. E., Madden, D. J., Huettel, S. A., and
Cabeza, R. (2008). Effects of aging on the neural correlates of successful item
and source memory encoding. J. Exp. Psychol. Learn. Mem. Cogn. 34, 791–808.
doi: 10.1037/0278-7393.34.4.791

Dhikav, V., and Anand, K. S. (2012). Are vascular factors linked to the development
of hippocampal atrophy in Alzheimer’s disease? J. Alzheimers Dis. 32, 711–718.
doi: 10.3233/JAD-2012-120928

Dickson, D. W. (2012). Parkinson’s disease and parkinsonism: neuropathology.
Cold Spring Harb. Perspect. Med. 2:a009258. doi: 10.1101/cshperspect.a009258

Dickson, D. W., Kouri, N., Murray, M. E., and Josephs, K. A. (2011).
Neuropathology of frontotemporal lobar degeneration-tau (FTLD-tau). J. Mol.
Neurosci. 45, 384–389. doi: 10.1007/s12031-011-9589-0

Downer, E. J. (2012). Toll-like receptor signaling in Alzheimer’s Disease
Progression. J. Alzheimers Dis. Parkinsonism S10:006. doi: 10.4172/2161-0460.
S10-006

Drouin-Ouellet, J., Gibrat, C., Bousquet, M., Calon, F., Kriz, J., and Cicchetti, F.
(2011). The role of the MYD88-dependent pathway in MPTP-induced brain
dopaminergic degeneration. J. Neuroinflammation 8:137. doi: 10.1186/1742-
2094-8-137

Edison, P., Archer, H. A., Gerhard, A., Hinz, R., Pavese, N., Turkheimer, F. E.,
et al. (2008). Microglia, amyloid, and cognition in Alzheimer’s disease: an
[11C](R)PK11195-PET and [11C]PIB-PET study. Neurobiol. Dis. 32, 412–419.
doi: 10.1016/j.nbd.2008.08.001

Frontiers in Cellular Neuroscience | www.frontiersin.org 12 December 2018 | Volume 12 | Article 488

https://doi.org/10.1089/neu.2007.0308
https://doi.org/10.1093/brain/awx243
https://doi.org/10.1093/brain/awx243
https://doi.org/10.1159/000322228
https://doi.org/10.1186/s13024-017-0216-6
https://doi.org/10.1016/S0165-0173(03)00143-7
https://doi.org/10.1038/s41598-017-00225-5
https://doi.org/10.1038/s41598-017-00225-5
https://doi.org/10.1007/s12031-011-9545-z
https://doi.org/10.1016/0006-8993(92)91004-X
https://doi.org/10.1016/0006-8993(92)91004-X
https://doi.org/10.1016/S0197-4580(02)00065-9
https://doi.org/10.1016/j.tics.2005.05.001
https://doi.org/10.1038/nrn3887
https://doi.org/10.1212/01.WNL.0000052685.09194.39
https://doi.org/10.1212/01.WNL.0000052685.09194.39
https://doi.org/10.1016/j.celrep.2015.02.012
https://doi.org/10.1016/j.celrep.2015.02.012
https://doi.org/10.1016/j.celrep.2015.02.012
https://doi.org/10.1007/s11745-014-3882-y
https://doi.org/10.1002/ana.20332
https://doi.org/10.1016/j.immuni.2012.08.002
https://doi.org/10.1046/j.1471-4159.1998.70041584.x
https://doi.org/10.1046/j.1471-4159.1998.70041584.x
https://doi.org/10.1016/j.neuron.2014.11.020
https://doi.org/10.1016/j.neuron.2014.11.020
https://doi.org/10.1186/1750-1326-7-36
https://doi.org/10.1007/s11481-017-9732-y
https://doi.org/10.1007/s11481-017-9732-y
https://doi.org/10.1016/j.celrep.2013.06.018
https://doi.org/10.1002/humu.20836
https://doi.org/10.1002/humu.20836
https://doi.org/10.1038/emm.2016.159
https://doi.org/10.1038/nri1106
https://doi.org/10.1016/j.imbio.2011.07.017
https://doi.org/10.1084/jem.20180247
https://doi.org/10.1016/S0301-0082(98)00035-5
https://doi.org/10.1016/S0301-0082(98)00035-5
https://doi.org/10.1126/scisignal.2005965
https://doi.org/10.1007/s00702-017-1831-7
https://doi.org/10.1007/s00702-017-1831-7
https://doi.org/10.1016/j.neuron.2017.06.020
https://doi.org/10.1016/j.neuron.2017.06.020
https://doi.org/10.1002/glia.20663
https://doi.org/10.1037/0278-7393.34.4.791
https://doi.org/10.3233/JAD-2012-120928
https://doi.org/10.1101/cshperspect.a009258
https://doi.org/10.1007/s12031-011-9589-0
https://doi.org/10.4172/2161-0460.S10-006
https://doi.org/10.4172/2161-0460.S10-006
https://doi.org/10.1186/1742-2094-8-137
https://doi.org/10.1186/1742-2094-8-137
https://doi.org/10.1016/j.nbd.2008.08.001
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-12-00488 December 14, 2018 Time: 18:53 # 13

Bachiller et al. Microglial Cells in Brain Diseases

Espay, A. J., Lewitt, P. A., and Kaufmann, H. (2014). Norepinephrine deficiency in
Parkinson’s disease: the case for noradrenergic enhancement. Mov. Disord. 29,
1710–1719. doi: 10.1002/mds.26048

Euler, U. S. V. (1945). A sympathomometic pressor substance in animal organ
extracts. Nature 156, 18–19. doi: 10.1038/156018b0

Feinstein, D. L., Heneka, M. T., Gavrilyuk, V., Dello Russo, C., Weinberg, G.,
and Galea, E. (2002). Noradrenergic regulation of inflammatory gene
expression in brain. Neurochem. Int. 41, 357–365. doi: 10.1016/S0197-0186(02)
00049-9

Feinstein, D. L., Kalinin, S., and Braun, D. (2016). Causes, consequences, and
cures for neuroinflammation mediated via the locus coeruleus: noradrenergic
signaling system. J. Neurochem. 139, 154–178. doi: 10.1111/jnc.13447

Fellner, L., Irschick, R., Schanda, K., Reindl, M., Klimaschewski, L., Poewe, W., et al.
(2013). Toll-like receptor 4 is required for alpha-synuclein dependent activation
of microglia and astroglia. Glia 61, 349–360. doi: 10.1002/glia.22437

Fiala, M., Lin, J., Ringman, J., Kermani-Arab, V., Tsao, G., Patel, A., et al. (2005).
Ineffective phagocytosis of amyloid-beta by macrophages of Alzheimer’s disease
patients. J. Alzheimers Dis. 7, 221–232; discussion 255–262. doi: 10.3233/JAD-
2005-7304

Fornai, F., Di Poggio, A. B., Pellegrini, A., Ruggieri, S., and Paparelli, A.
(2007). Noradrenaline in Parkinson’s disease: from disease progression
to current therapeutics. Curr. Med. Chem. 14, 2330–2334. doi: 10.2174/
092986707781745550

Franceschi, C., Capri, M., Monti, D., Giunta, S., Olivieri, F., Sevini, F., et al. (2007).
Inflammaging and anti-inflammaging: a systemic perspective on aging and
longevity emerged from studies in humans. Mech. Ageing Dev. 128, 92–105.
doi: 10.1016/j.mad.2006.11.016

Fuhrmann, M., Bittner, T., Jung, C. K., Burgold, S., Page, R. M., Mitteregger, G.,
et al. (2010). Microglial Cx3cr1 knockout prevents neuron loss in a mouse
model of Alzheimer’s disease. Nat. Neurosci. 13, 411–413. doi: 10.1038/
nn.2511

Gao, H. M., Kotzbauer, P. T., Uryu, K., Leight, S., Trojanowski, J. Q., and Lee,
V. M. (2008). Neuroinflammation and oxidation/nitration of alpha-synuclein
linked to dopaminergic neurodegeneration. J. Neurosci. 28, 7687–7698. doi:
10.1523/JNEUROSCI.0143-07.2008

Ghosh, A., Roy, A., Liu, X., Kordower, J. H., Mufson, E. J., Hartley, D. M., et al.
(2007). Selective inhibition of NF-kappaB activation prevents dopaminergic
neuronal loss in a mouse model of Parkinson’s disease. Proc. Natl. Acad. Sci.
U.S.A. 104, 18754–18759. doi: 10.1073/pnas.0704908104

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., et al. (2010).
Fate mapping analysis reveals that adult microglia derive from primitive
macrophages. Science 330, 841–845. doi: 10.1126/science.1194637

Giraldo, M., Lopera, F., Siniard, A. L., Corneveaux, J. J., Schrauwen, I., Carvajal, J.,
et al. (2013). Variants in triggering receptor expressed on myeloid cells 2 are
associated with both behavioral variant frontotemporal lobar degeneration and
Alzheimer’s disease. Neurobiol. Aging 34, 2077.e11–2077.e18. doi: 10.1016/j.
neurobiolaging.2013.02.016

Gomez-Nicola, D., Fransen, N. L., Suzzi, S., and Perry, V. H. (2013). Regulation
of microglial proliferation during chronic neurodegeneration. J. Neurosci. 33,
2481–2493. doi: 10.1523/JNEUROSCI.4440-12.2013

Gomez-Nicola, D., and Perry, V. H. (2015). Microglial dynamics and
role in the healthy and diseased brain: a paradigm of functional
plasticity. Neuroscientist 21, 169–184. doi: 10.1177/107385841453
0512

Gotz, J., Ittner, L. M., and Schonrock, N. (2006). Alzheimer’s disease and
frontotemporal dementia: prospects of a tailored therapy? Med. J. Aust. 185,
381–384.

Grabert, K., Michoel, T., Karavolos, M. H., Clohisey, S., Baillie, J. K., Stevens,
M. P., et al. (2016). Microglial brain region-dependent diversity and selective
regional sensitivities to aging. Nat. Neurosci. 19, 504–516. doi: 10.1038/
nn.4222

Griciuc, A., Serrano-Pozo, A., Parrado, A. R., Lesinski, A. N., Asselin, C. N.,
Mullin, K., et al. (2013). Alzheimer’s disease risk gene CD33 inhibits microglial
uptake of amyloid beta. Neuron 78, 631–643. doi: 10.1016/j.neuron.2013.04.014

Guerreiro, R., and Bras, J. (2015). The age factor in Alzheimer’s disease. Genome
Med. 7:106. doi: 10.1186/s13073-015-0232-5

Guerreiro, R. J., Lohmann, E., Bras, J. M., Gibbs, J. R., Rohrer, J. D., Gurunlian, N.,
et al. (2013). Using exome sequencing to reveal mutations in TREM2 presenting

as a frontotemporal dementia-like syndrome without bone involvement. JAMA
Neurol 70, 78–84. doi: 10.1001/jamaneurol.2013.579

Guo, H., Callaway, J. B., and Ting, J. P. (2015). Inflammasomes: mechanism of
action, role in disease, and therapeutics. Nat. Med. 21, 677–687. doi: 10.1038/
nm.3893

Gyoneva, S., and Traynelis, S. F. (2013). Norepinephrine modulates the motility of
resting and activated microglia via different adrenergic receptors. J. Biol. Chem.
288, 15291–15302. doi: 10.1074/jbc.M113.458901

Hakansson, A., Westberg, L., Nilsson, S., Buervenich, S., Carmine, A.,
Holmberg, B., et al. (2005). Interaction of polymorphisms in the genes encoding
interleukin-6 and estrogen receptor beta on the susceptibility to Parkinson’s
disease. Am. J. Med. Genet. B Neuropsychiatr. Genet. 133B, 88–92. doi: 10.1002/
ajmg.b.30136

Hanamsagar, R., and Bilbo, S. D. (2017). Environment matters: microglia function
and dysfunction in a changing world. Curr. Opin. Neurobiol. 47, 146–155.
doi: 10.1016/j.conb.2017.10.007

Harms, A. S., Cao, S., Rowse, A. L., Thome, A. D., Li, X., Mangieri, L. R., et al.
(2013). MHCII is required for alpha-synuclein-induced activation of microglia,
CD4 T cell proliferation, and dopaminergic neurodegeneration. J. Neurosci. 33,
9592–9600. doi: 10.1523/JNEUROSCI.5610-12.2013

Hart, A. D., Wyttenbach, A., Perry, V. H., and Teeling, J. L. (2012). Age related
changes in microglial phenotype vary between CNS regions: grey versus white
matter differences. Brain Behav. Immun. 26, 754–765. doi: 10.1016/j.bbi.2011.
11.006

Heneka, M. T., Carson, M. J., Khoury, J. E., Landreth, G. E., Brosseron, F.,
Feinstein, D. L., et al. (2015). Neuroinflammation in Alzheimer’s disease. Lancet
Neurol. 14, 388–405. doi: 10.1016/S1474-4422(15)70016-5

Heneka, M. T., Kummer, M. P., and Latz, E. (2014). Innate immune activation
in neurodegenerative disease. Nat. Rev. Immunol. 14, 463–477. doi: 10.1038/
nri3705

Heneka, M. T., Kummer, M. P., Stutz, A., Delekate, A., Schwartz, S., Vieira-
Saecker, A., et al. (2013). NLRP3 is activated in Alzheimer’s disease and
contributes to pathology in APP/PS1 mice. Nature 493, 674–678. doi: 10.1038/
nature11729

Henneman, W. J., Sluimer, J. D., Barnes, J., Van Der Flier, W. M., Sluimer, I. C.,
Fox, N. C., et al. (2009). Hippocampal atrophy rates in Alzheimer disease:
added value over whole brain volume measures. Neurology 72, 999–1007.
doi: 10.1212/01.wnl.0000344568.09360.31

Herrera, A. J., Castano, A., Venero, J. L., Cano, J., and Machado, A. (2000). The
single intranigral injection of LPS as a new model for studying the selective
effects of inflammatory reactions on dopaminergic system. Neurobiol. Dis. 7,
429–447. doi: 10.1006/nbdi.2000.0289

Hickman, S. E., and El Khoury, J. (2014). TREM2 and the neuroimmunology of
Alzheimer’s disease. Biochem. Pharmacol. 88, 495–498. doi: 10.1016/j.bcp.2013.
11.021

Hickman, S. E., Kingery, N. D., Ohsumi, T. K., Borowsky, M. L., Wang, L. C.,
Means, T. K., et al. (2013). The microglial sensome revealed by direct RNA
sequencing. Nat. Neurosci. 16, 1896–1905. doi: 10.1038/nn.3554

Hong, S., Beja-Glasser, V. F., Nfonoyim, B. M., Frouin, A., Li, S., Ramakrishnan, S.,
et al. (2016a). Complement and microglia mediate early synapse loss in
Alzheimer mouse models. Science 352, 712–716. doi: 10.1126/science.aad8373

Hong, S., Dissing-Olesen, L., and Stevens, B. (2016b). New insights on the role of
microglia in synaptic pruning in health and disease. Curr. Opin. Neurobiol. 36,
128–134. doi: 10.1016/j.conb.2015.12.004

Hook, V. Y., Kindy, M., and Hook, G. (2008). Inhibitors of cathepsin B improve
memory and reduce beta-amyloid in transgenic Alzheimer disease mice
expressing the wild-type, but not the Swedish mutant, beta-secretase site of
the amyloid precursor protein. J. Biol. Chem. 283, 7745–7753. doi: 10.1074/jbc.
M708362200

Huang, K. L., Marcora, E., Pimenova, A. A., Di Narzo, A. F., Kapoor, M., Jin,
S. C., et al. (2017). A common haplotype lowers PU.1 expression in myeloid
cells and delays onset of Alzheimer’s disease. Nat. Neurosci. 20, 1052–1061.
doi: 10.1038/nn.4587

Hunot, S., Boissiere, F., Faucheux, B., Brugg, B., Mouatt-Prigent, A., Agid, Y., et al.
(1996). Nitric oxide synthase and neuronal vulnerability in Parkinson’s disease.
Neuroscience 72, 355–363. doi: 10.1016/0306-4522(95)00578-1

Hunot, S., Dugas, N., Faucheux, B., Hartmann, A., Tardieu, M., Debre, P., et al.
(1999). FcepsilonRII/CD23 is expressed in Parkinson’s disease and induces,

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 December 2018 | Volume 12 | Article 488

https://doi.org/10.1002/mds.26048
https://doi.org/10.1038/156018b0
https://doi.org/10.1016/S0197-0186(02)00049-9
https://doi.org/10.1016/S0197-0186(02)00049-9
https://doi.org/10.1111/jnc.13447
https://doi.org/10.1002/glia.22437
https://doi.org/10.3233/JAD-2005-7304
https://doi.org/10.3233/JAD-2005-7304
https://doi.org/10.2174/092986707781745550
https://doi.org/10.2174/092986707781745550
https://doi.org/10.1016/j.mad.2006.11.016
https://doi.org/10.1038/nn.2511
https://doi.org/10.1038/nn.2511
https://doi.org/10.1523/JNEUROSCI.0143-07.2008
https://doi.org/10.1523/JNEUROSCI.0143-07.2008
https://doi.org/10.1073/pnas.0704908104
https://doi.org/10.1126/science.1194637
https://doi.org/10.1016/j.neurobiolaging.2013.02.016
https://doi.org/10.1016/j.neurobiolaging.2013.02.016
https://doi.org/10.1523/JNEUROSCI.4440-12.2013
https://doi.org/10.1177/1073858414530512
https://doi.org/10.1177/1073858414530512
https://doi.org/10.1038/nn.4222
https://doi.org/10.1038/nn.4222
https://doi.org/10.1016/j.neuron.2013.04.014
https://doi.org/10.1186/s13073-015-0232-5
https://doi.org/10.1001/jamaneurol.2013.579
https://doi.org/10.1038/nm.3893
https://doi.org/10.1038/nm.3893
https://doi.org/10.1074/jbc.M113.458901
https://doi.org/10.1002/ajmg.b.30136
https://doi.org/10.1002/ajmg.b.30136
https://doi.org/10.1016/j.conb.2017.10.007
https://doi.org/10.1523/JNEUROSCI.5610-12.2013
https://doi.org/10.1016/j.bbi.2011.11.006
https://doi.org/10.1016/j.bbi.2011.11.006
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1038/nri3705
https://doi.org/10.1038/nri3705
https://doi.org/10.1038/nature11729
https://doi.org/10.1038/nature11729
https://doi.org/10.1212/01.wnl.0000344568.09360.31
https://doi.org/10.1006/nbdi.2000.0289
https://doi.org/10.1016/j.bcp.2013.11.021
https://doi.org/10.1016/j.bcp.2013.11.021
https://doi.org/10.1038/nn.3554
https://doi.org/10.1126/science.aad8373
https://doi.org/10.1016/j.conb.2015.12.004
https://doi.org/10.1074/jbc.M708362200
https://doi.org/10.1074/jbc.M708362200
https://doi.org/10.1038/nn.4587
https://doi.org/10.1016/0306-4522(95)00578-1
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-12-00488 December 14, 2018 Time: 18:53 # 14

Bachiller et al. Microglial Cells in Brain Diseases

in vitro, production of nitric oxide and tumor necrosis factor-alpha in glial cells.
J. Neurosci. 19, 3440–3447. doi: 10.1523/JNEUROSCI.19-09-03440.1999

Hunot, S., Vila, M., Teismann, P., Davis, R. J., Hirsch, E. C., Przedborski, S.,
et al. (2004). JNK-mediated induction of cyclooxygenase 2 is required for
neurodegeneration in a mouse model of Parkinson’s disease. Proc. Natl. Acad.
Sci. U.S.A. 101, 665–670. doi: 10.1073/pnas.0307453101

Hutton, M., Lendon, C. L., Rizzu, P., Baker, M., Froelich, S., Houlden, H., et al.
(1998). Association of missense and 5’-splice-site mutations in tau with the
inherited dementia FTDP-17. Nature 393, 702–705. doi: 10.1038/31508

Iaccarino, L., Tammewar, G., Ayakta, N., Baker, S. L., Bejanin, A., Boxer, A. L.,
et al. (2018). Local and distant relationships between amyloid, tau and
neurodegeneration in Alzheimer’s Disease. Neuroimage Clin. 17, 452–464.
doi: 10.1016/j.nicl.2017.09.016

Imamura, K., Hishikawa, N., Sawada, M., Nagatsu, T., Yoshida, M., and
Hashizume, Y. (2003). Distribution of major histocompatibility complex class
II-positive microglia and cytokine profile of Parkinson’s disease brains. Acta
Neuropathol. 106, 518–526. doi: 10.1007/s00401-003-0766-2

Ingelsson, M. (2016). Alpha-synuclein oligomers-neurotoxic molecules in
Parkinson’s disease and other lewy body disorders. Front. Neurosci. 10:408.
doi: 10.3389/fnins.2016.00408

Jack, C. R. Jr., Knopman, D. S., Jagust, W. J., Shaw, L. M., Aisen, P. S., Weiner,
M. W., et al. (2010). Hypothetical model of dynamic biomarkers of the
Alzheimer’s pathological cascade. Lancet Neurol. 9, 119–128. doi: 10.1016/
S1474-4422(09)70299-6

Jay, T. R., Hirsch, A. M., Broihier, M. L., Miller, C. M., Neilson, L. E., Ransohoff,
R. M., et al. (2017). Disease progression-dependent effects of TREM2 deficiency
in a mouse model of Alzheimer’s Disease. J. Neurosci. 37, 637–647. doi: 10.1523/
JNEUROSCI.2110-16.2016

Jiang, T., Yu, J. T., Hu, N., Tan, M. S., Zhu, X. C., and Tan, L. (2014). CD33
in Alzheimer’s disease. Mol. Neurobiol. 49, 529–535. doi: 10.1007/s12035-013-
8536-1

Jiang-Shieh, Y. F., Wu, C. H., Chang, M. L., Shieh, J. Y., and Wen, C. Y.
(2003). Regional heterogeneity in immunoreactive macrophages/microglia in
the rat pineal gland. J. Pineal Res. 35, 45–53. doi: 10.1034/j.1600-079X.2003.
00054.x

Jimenez-Ferrer, I., Jewett, M., Tontanahal, A., Romero-Ramos, M., and
Swanberg, M. (2017). Allelic difference in Mhc2ta confers altered
microglial activation and susceptibility to alpha-synuclein-induced
dopaminergic neurodegeneration. Neurobiol. Dis. 106, 279–290. doi: 10.1016/
j.nbd.2017.07.016

Johnson, G. V., and Stoothoff, W. H. (2004). Tau phosphorylation in neuronal cell
function and dysfunction. J. Cell Sci. 117, 5721–5729. doi: 10.1242/jcs.01558

Jonsson, T., Stefansson, H., Steinberg, S., Jonsdottir, I., Jonsson, P. V., Snaedal, J.,
et al. (2013). Variant of TREM2 associated with the risk of Alzheimer’s disease.
N. Engl. J. Med. 368, 107–116. doi: 10.1056/NEJMoa1211103

Karch, C. M., Cruchaga, C., and Goate, A. M. (2014). Alzheimer’s disease genetics:
from the bench to the clinic. Neuron 83, 11–26. doi: 10.1016/j.neuron.2014.
05.041

Karunakaran, S., Saeed, U., Mishra, M., Valli, R. K., Joshi, S. D., Meka, D. P.,
et al. (2008). Selective activation of p38 mitogen-activated protein kinase in
dopaminergic neurons of substantia nigra leads to nuclear translocation of p53
in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated mice. J. Neurosci. 28,
12500–12509. doi: 10.1523/JNEUROSCI.4511-08.2008

Karve, I. P., Taylor, J. M., and Crack, P. J. (2016). The contribution of astrocytes
and microglia to traumatic brain injury. Br. J. Pharmacol. 173, 692–702.
doi: 10.1111/bph.13125

Kawai, T., and Akira, S. (2010). The role of pattern-recognition receptors in
innate immunity: update on Toll-like receptors. Nat. Immunol. 11, 373–384.
doi: 10.1038/ni.1863

Kawas, C. H., and Corrada, M. M. (2006). Alzheimer’s and dementia in the oldest-
old: a century of challenges. Curr. Alzheimer Res. 3, 411–419. doi: 10.2174/
156720506779025233

Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-
Szternfeld, R., Ulland, T. K., et al. (2017). A unique microglia type associated
with restricting development of Alzheimer’s Disease. Cell 169, 1276–1290.e17.
doi: 10.1016/j.cell.2017.05.018

Kettenmann, H., Hanisch, U. K., Noda, M., and Verkhratsky, A. (2011). Physiology
of microglia. Physiol. Rev. 91, 461–553. doi: 10.1152/physrev.00011.2010

Kierdorf, K., Erny, D., Goldmann, T., Sander, V., Schulz, C., Perdiguero, E. G.,
et al. (2013). Microglia emerge from erythromyeloid precursors via Pu.1-
and Irf8-dependent pathways. Nat. Neurosci. 16, 273–280. doi: 10.1038/nn.
3318

Kim, C., Ho, D. H., Suk, J. E., You, S., Michael, S., Kang, J., et al. (2013).
Neuron-released oligomeric alpha-synuclein is an endogenous agonist of TLR2
for paracrine activation of microglia. Nat. Commun. 4:1562. doi: 10.1038/
ncomms2534

Kim, J., Basak, J. M., and Holtzman, D. M. (2009). The role of apolipoprotein
E in Alzheimer’s disease. Neuron 63, 287–303. doi: 10.1016/j.neuron.2009.
06.026

Kotilinek, L. A., Westerman, M. A., Wang, Q., Panizzon, K., Lim, G. P., Simonyi, A.,
et al. (2008). Cyclooxygenase-2 inhibition improves amyloid-beta-mediated
suppression of memory and synaptic plasticity. Brain 131, 651–664. doi: 10.
1093/brain/awn008

Krasemann, S., Madore, C., Cialic, R., Baufeld, C., Calcagno, N., El Fatimy, R.,
et al. (2017). The TREM2-APOE pathway drives the transcriptional phenotype
of dysfunctional microglia in neurodegenerative diseases. Immunity 47, 566–
581.e9. doi: 10.1016/j.immuni.2017.08.008

Krauthausen, M., Saxe, S., Zimmermann, J., Emrich, M., Heneka, M. T., and
Muller, M. (2014). CXCR3 modulates glial accumulation and activation
in cuprizone-induced demyelination of the central nervous system.
J. Neuroinflammation 11:109. doi: 10.1186/1742-2094-11-109

Kreutzberg, G. W. (1995). Microglia, the first line of defence in brain pathologies.
Arzneimittelforschung 45, 357–360.

Kreutzberg, G. W. (1996). Microglia: a sensor for pathological events in the CNS.
Trends Neurosci. 19, 312–318. doi: 10.1016/0166-2236(96)10049-7

Kruger, R., Hardt, C., Tschentscher, F., Jackel, S., Kuhn, W., Muller, T., et al. (2000).
Genetic analysis of immunomodulating factors in sporadic Parkinson’s disease.
J. Neural Transm. 107, 553–562. doi: 10.1007/s007020070078

Kummer, M. P., Hermes, M., Delekarte, A., Hammerschmidt, T., Kumar, S.,
Terwel, D., et al. (2011). Nitration of tyrosine 10 critically enhances amyloid
beta aggregation and plaque formation. Neuron 71, 833–844. doi: 10.1016/j.
neuron.2011.07.001

Kurz, A., Kurz, C., Ellis, K., and Lautenschlager, N. T. (2014). What is
frontotemporal dementia? Maturitas 79, 216–219. doi: 10.1016/j.maturitas.
2014.07.001

Lambert, J. C., Ibrahim-Verbaas, C. A., Harold, D., Naj, A. C., Sims, R.,
Bellenguez, C., et al. (2013). Meta-analysis of 74,046 individuals identifies 11
new susceptibility loci for Alzheimer’s disease. Nat. Genet. 45, 1452–1458.
doi: 10.1038/ng.2802

Landreth, G. E., and Reed-Geaghan, E. G. (2009). Toll-like receptors in Alzheimer’s
disease. Curr. Top. Microbiol. Immunol. 336, 137–153. doi: 10.1007/978-3-642-
00549-7_8

Lant, S. B., Robinson, A. C., Thompson, J. C., Rollinson, S., Pickering-Brown, S.,
Snowden, J. S., et al. (2014). Patterns of microglial cell activation in
frontotemporal lobar degeneration. Neuropathol. Appl. Neurobiol. 40, 686–696.
doi: 10.1111/nan.12092

Latz, E., Xiao, T. S., and Stutz, A. (2013). Activation and regulation of the
inflammasomes. Nat. Rev. Immunol. 13, 397–411. doi: 10.1038/nri3452

Lawson, L. J., Perry, V. H., Dri, P., and Gordon, S. (1990). Heterogeneity in the
distribution and morphology of microglia in the normal adult mouse brain.
Neuroscience 39, 151–170. doi: 10.1016/0306-4522(90)90229-W

Lawson, L. J., Perry, V. H., and Gordon, S. (1992). Turnover of resident microglia
in the normal adult mouse brain. Neuroscience 48, 405–415. doi: 10.1016/0306-
4522(92)90500-2

Leyns, C. E. G., Ulrich, J. D., Finn, M. B., Stewart, F. R., Koscal, L. J., Remolina
Serrano, J., et al. (2017). TREM2 deficiency attenuates neuroinflammation and
protects against neurodegeneration in a mouse model of tauopathy. Proc. Natl.
Acad. Sci. U.S.A. 114, 11524–11529. doi: 10.1073/pnas.1710311114

Lian, H., Litvinchuk, A., Chiang, A. C., Aithmitti, N., Jankowsky, J. L.,
and Zheng, H. (2016). Astrocyte-microglia cross talk through complement
activation modulates amyloid pathology in mouse models of Alzheimer’s
Disease. J. Neurosci. 36, 577–589. doi: 10.1523/JNEUROSCI.2117-15.2016

Liberatore, G. T., Jackson-Lewis, V., Vukosavic, S., Mandir, A. S., Vila, M.,
Mcauliffe, W. G., et al. (1999). Inducible nitric oxide synthase stimulates
dopaminergic neurodegeneration in the MPTP model of Parkinson disease.
Nat. Med. 5, 1403–1409. doi: 10.1038/70978

Frontiers in Cellular Neuroscience | www.frontiersin.org 14 December 2018 | Volume 12 | Article 488

https://doi.org/10.1523/JNEUROSCI.19-09-03440.1999
https://doi.org/10.1073/pnas.0307453101
https://doi.org/10.1038/31508
https://doi.org/10.1016/j.nicl.2017.09.016
https://doi.org/10.1007/s00401-003-0766-2
https://doi.org/10.3389/fnins.2016.00408
https://doi.org/10.1016/S1474-4422(09)70299-6
https://doi.org/10.1016/S1474-4422(09)70299-6
https://doi.org/10.1523/JNEUROSCI.2110-16.2016
https://doi.org/10.1523/JNEUROSCI.2110-16.2016
https://doi.org/10.1007/s12035-013-8536-1
https://doi.org/10.1007/s12035-013-8536-1
https://doi.org/10.1034/j.1600-079X.2003.00054.x
https://doi.org/10.1034/j.1600-079X.2003.00054.x
https://doi.org/10.1016/j.nbd.2017.07.016
https://doi.org/10.1016/j.nbd.2017.07.016
https://doi.org/10.1242/jcs.01558
https://doi.org/10.1056/NEJMoa1211103
https://doi.org/10.1016/j.neuron.2014.05.041
https://doi.org/10.1016/j.neuron.2014.05.041
https://doi.org/10.1523/JNEUROSCI.4511-08.2008
https://doi.org/10.1111/bph.13125
https://doi.org/10.1038/ni.1863
https://doi.org/10.2174/156720506779025233
https://doi.org/10.2174/156720506779025233
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1038/nn.3318
https://doi.org/10.1038/nn.3318
https://doi.org/10.1038/ncomms2534
https://doi.org/10.1038/ncomms2534
https://doi.org/10.1016/j.neuron.2009.06.026
https://doi.org/10.1016/j.neuron.2009.06.026
https://doi.org/10.1093/brain/awn008
https://doi.org/10.1093/brain/awn008
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1186/1742-2094-11-109
https://doi.org/10.1016/0166-2236(96)10049-7
https://doi.org/10.1007/s007020070078
https://doi.org/10.1016/j.neuron.2011.07.001
https://doi.org/10.1016/j.neuron.2011.07.001
https://doi.org/10.1016/j.maturitas.2014.07.001
https://doi.org/10.1016/j.maturitas.2014.07.001
https://doi.org/10.1038/ng.2802
https://doi.org/10.1007/978-3-642-00549-7_8
https://doi.org/10.1007/978-3-642-00549-7_8
https://doi.org/10.1111/nan.12092
https://doi.org/10.1038/nri3452
https://doi.org/10.1016/0306-4522(90)90229-W
https://doi.org/10.1016/0306-4522(92)90500-2
https://doi.org/10.1016/0306-4522(92)90500-2
https://doi.org/10.1073/pnas.1710311114
https://doi.org/10.1523/JNEUROSCI.2117-15.2016
https://doi.org/10.1038/70978
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-12-00488 December 14, 2018 Time: 18:53 # 15

Bachiller et al. Microglial Cells in Brain Diseases

London, A., Cohen, M., and Schwartz, M. (2013). Microglia and monocyte-derived
macrophages: functionally distinct populations that act in concert in CNS
plasticity and repair. Front. Cell Neurosci. 7:34. doi: 10.3389/fncel.2013.00034

Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013).
The hallmarks of aging. Cell 153, 1194–1217. doi: 10.1016/j.cell.2013.05.039

Lue, L. F., Schmitz, C. T., Serrano, G., Sue, L. I., Beach, T. G., and Walker, D. G.
(2015). TREM2 protein expression changes correlate with Alzheimer’s Disease
neurodegenerative pathologies in post-mortem temporal cortices. Brain Pathol.
25, 469–480. doi: 10.1111/bpa.12190

Lui, H., Zhang, J., Makinson, S. R., Cahill, M. K., Kelley, K. W., Huang, H. Y.,
et al. (2016). Progranulin deficiency promotes circuit-specific synaptic pruning
by microglia via complement activation. Cell 165, 921–935. doi: 10.1016/j.cell.
2016.04.001

Ma, S. Y., Roytt, M., Collan, Y., and Rinne, J. O. (1999). Unbiased
morphometrical measurements show loss of pigmented nigral neurones with
ageing. Neuropathol. Appl. Neurobiol. 25, 394–399. doi: 10.1046/j.1365-2990.
1999.00202.x

Macht, V. A. (2016). Neuro-immune interactions across development: a look at
glutamate in the prefrontal cortex. Neurosci. Biobehav. Rev. 71, 267–280. doi:
10.1016/j.neubiorev.2016.08.039

Mackenzie, I. R., Neumann, M., Bigio, E. H., Cairns, N. J., Alafuzoff, I., Kril, J.,
et al. (2010). Nomenclature and nosology for neuropathologic subtypes of
frontotemporal lobar degeneration: an update. Acta Neuropathol. 119, 1–4.
doi: 10.1007/s00401-009-0612-2

Majumdar, A., Cruz, D., Asamoah, N., Buxbaum, A., Sohar, I., Lobel, P., et al.
(2007). Activation of microglia acidifies lysosomes and leads to degradation of
Alzheimer amyloid fibrils. Mol. Biol. Cell 18, 1490–1496. doi: 10.1091/mbc.e06-
10-0975

Mao, Q., Wang, D., Li, Y., Kohler, M., Wilson, J., Parton, Z., et al. (2017). Disease
and region specificity of granulin immunopositivities in Alzheimer disease and
frontotemporal lobar degeneration. J. Neuropathol. Exp. Neurol. 76, 957–968.
doi: 10.1093/jnen/nlx085

Maphis, N., Xu, G., Kokiko-Cochran, O. N., Jiang, S., Cardona, A., Ransohoff,
R. M., et al. (2015). Reactive microglia drive tau pathology and contribute
to the spreading of pathological tau in the brain. Brain 138, 1738–1755. doi:
10.1093/brain/awv081

Mawuenyega, K. G., Sigurdson, W., Ovod, V., Munsell, L., Kasten, T., Morris, J. C.,
et al. (2010). Decreased clearance of CNS beta-amyloid in Alzheimer’s disease.
Science 330, 1774. doi: 10.1126/science.1197623

Mcgeer, P. L., Itagaki, S., Boyes, B. E., and Mcgeer, E. G. (1988a). Reactive microglia
are positive for HLA-DR in the substantia nigra of Parkinson’s and Alzheimer’s
disease brains. Neurology 38, 1285–1291.

Mcgeer, P. L., Itagaki, S., Tago, H., and Mcgeer, E. G. (1988b). Occurrence of HLA-
DR reactive microglia in Alzheimer’s disease. Ann. N. Y. Acad. Sci. 540, 319–323.
doi: 10.1111/j.1749-6632.1988.tb27086.x

Mckeith, I. (2004). Dementia with Lewy bodies. Dialogues Clin. Neurosci. 6,
333–341. doi: 10.1016/S1474-4422(03)00619-7

Mcmanus, R. M., and Heneka, M. T. (2017). Role of neuroinflammation in
neurodegeneration: new insights. Alzheimers Res. Ther. 9:14. doi: 10.1186/
s13195-017-0241-2

Michaud, J. P., Halle, M., Lampron, A., Theriault, P., Prefontaine, P., Filali, M.,
et al. (2013). Toll-like receptor 4 stimulation with the detoxified ligand
monophosphoryl lipid A improves Alzheimer’s disease-related pathology. Proc.
Natl. Acad. Sci. U.S.A. 110, 1941–1946. doi: 10.1073/pnas.1215165110

Minoretti, P., Gazzaruso, C., Vito, C. D., Emanuele, E., Bianchi, M., Coen, E., et al.
(2006). Effect of the functional toll-like receptor 4 Asp299Gly polymorphism
on susceptibility to late-onset Alzheimer’s disease. Neurosci. Lett. 391, 147–149.
doi: 10.1016/j.neulet.2005.08.047

Mittelbronn, M., Dietz, K., Schluesener, H. J., and 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, 249–255.

Mogi, M., Harada, M., Kondo, T., Riederer, P., Inagaki, H., Minami, M.,
et al. (1994a). Interleukin-1 beta, interleukin-6, epidermal growth factor and
transforming growth factor-alpha are elevated in the brain from parkinsonian
patients. Neurosci. Lett. 180, 147–150.

Mogi, M., Harada, M., Riederer, P., Narabayashi, H., Fujita, K., and Nagatsu, T.
(1994b). Tumor necrosis factor-alpha (TNF-alpha) increases both in the brain

and in the cerebrospinal fluid from parkinsonian patients. Neurosci. Lett. 165,
208–210. doi: 10.1016/0304-3940(94)90746-3

Mogi, M., Togari, A., Kondo, T., Mizuno, Y., Komure, O., Kuno, S., et al. (2000).
Caspase activities and tumor necrosis factor receptor R1 (p55) level are elevated
in the substantia nigra from parkinsonian brain. J. Neural Transm. 107, 335–
341. doi: 10.1007/s007020050028

Morales, I., Guzman-Martinez, L., Cerda-Troncoso, C., Farias, G. A., and Maccioni,
R. B. (2014). Neuroinflammation in the pathogenesis of Alzheimer’s disease.
A rational framework for the search of novel therapeutic approaches. Front.
Cell Neurosci. 8:112. doi: 10.3389/fncel.2014.00112

Morrison, J. H., and Hof, P. R. (2002). Selective vulnerability of corticocortical and
hippocampal circuits in aging and Alzheimer’s disease. Prog. Brain Res. 136,
467–486. doi: 10.1016/S0079-6123(02)36039-4

Mosher, K. I., and Wyss-Coray, T. (2014). Microglial dysfunction in brain aging
and Alzheimer’s disease. Biochem. Pharmacol. 88, 594–604. doi: 10.1016/j.bcp.
2014.01.008

Mu, Y., and Gage, F. H. (2011). Adult hippocampal neurogenesis and its role in
Alzheimer’s disease. Mol. Neurodegener. 6:85. doi: 10.1186/1750-1326-6-85

Mueller-Steiner, S., Zhou, Y., Arai, H., Roberson, E. D., Sun, B., Chen, J.,
et al. (2006). Antiamyloidogenic and neuroprotective functions of cathepsin
B: implications for Alzheimer’s disease. Neuron 51, 703–714. doi: 10.1016/j.
neuron.2006.07.027

Nilson, A. N., English, K. C., Gerson, J. E., Barton Whittle, T., Nicolas Crain, C.,
Xue, J., et al. (2017). Tau oligomers associate with inflammation in the brain
and retina of tauopathy mice and in neurodegenerative diseases. J. Alzheimers
Dis. 55, 1083–1099. doi: 10.3233/JAD-160912

Noelker, C., Morel, L., Lescot, T., Osterloh, A., Alvarez-Fischer, D., Breloer, M.,
et al. (2013). Toll like receptor 4 mediates cell death in a mouse MPTP model of
Parkinson disease. Sci. Rep. 3:1393. doi: 10.1038/srep01393

Orre, M., Kamphuis, W., Dooves, S., Kooijman, L., Chan, E. T., Kirk, C. J., et al.
(2013). Reactive glia show increased immunoproteasome activity in Alzheimer’s
disease. Brain 136, 1415–1431. doi: 10.1093/brain/awt083

Ossenkoppele, R., Schonhaut, D. R., Scholl, M., Lockhart, S. N., Ayakta, N., Baker,
S. L., et al. (2016). Tau PET patterns mirror clinical and neuroanatomical
variability in Alzheimer’s disease. Brain 139, 1551–1567. doi: 10.1093/brain/
aww027

Papadimitriou, C., Celikkaya, H., Cosacak, M. I., Mashkaryan, V., Bray, L.,
Bhattarai, P., et al. (2018). 3D culture method for Alzheimer’s Disease modeling
reveals interleukin-4 rescues abeta42-induced loss of human neural stem cell
plasticity. Dev. Cell 46, 85–101.e8. doi: 10.1016/j.devcel.2018.06.005

Pasqualetti, G., Brooks, D. J., and Edison, P. (2015). The role of neuroinflammation
in dementias. Curr. Neurol. Neurosci. Rep. 15:17. doi: 10.1007/s11910-015-
0531-7

Perry, V. H. (2012). Innate inflammation in Parkinson’s disease. Cold Spring Harb.
Perspect Med. 2:a009373. doi: 10.1101/cshperspect.a009373

Pierce, S., and Coetzee, G. A. (2017). Parkinson’s disease-associated genetic
variation is linked to quantitative expression of inflammatory genes. PLoS One
12:e0175882. doi: 10.1371/journal.pone.0175882

Presumey, J., Bialas, A. R., and Carroll, M. C. (2017). Complement system in neural
synapse elimination in development and disease. Adv. Immunol. 135, 53–79.
doi: 10.1016/bs.ai.2017.06.004

Prokop, S., Miller, K. R., Drost, N., Handrick, S., Mathur, V., Luo, J., et al. (2015).
Impact of peripheral myeloid cells on amyloid-beta pathology in Alzheimer’s
disease-like mice. J. Exp. Med. 212, 1811–1818. doi: 10.1084/jem.201
50479

Qian, L., Wu, H.-M., Chen, S.-H., Zhang, D., Ali, S. F., Peterson, L., et al. (2011). β2-
adrenergic receptor activation prevents rodent dopaminergic neurotoxicity by
inhibiting microglia via a novel signaling pathway. J. immunol. 186, 4443–4454.
doi: 10.4049/jimmunol.1002449

Raha-Chowdhury, R., Henderson, J. W., Raha, A. A., Stott, S. R. W.,
Vuono, R., Foscarin, S., et al. (2018). Erythromyeloid-derived TREM2: a major
determinant of Alzheimer’s disease pathology in down syndrome. J. Alzheimers
Dis. 61, 1143–1162. doi: 10.3233/JAD-170814

Rappert, A., Bechmann, I., Pivneva, T., Mahlo, J., Biber, K., Nolte, C., et al. (2004).
CXCR3-dependent microglial recruitment is essential for dendrite loss after
brain lesion. J. Neurosci. 24, 8500–8509. doi: 10.1523/JNEUROSCI.2451-04.
2004

Frontiers in Cellular Neuroscience | www.frontiersin.org 15 December 2018 | Volume 12 | Article 488

https://doi.org/10.3389/fncel.2013.00034
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1111/bpa.12190
https://doi.org/10.1016/j.cell.2016.04.001
https://doi.org/10.1016/j.cell.2016.04.001
https://doi.org/10.1046/j.1365-2990.1999.00202.x
https://doi.org/10.1046/j.1365-2990.1999.00202.x
https://doi.org/10.1016/j.neubiorev.2016.08.039
https://doi.org/10.1016/j.neubiorev.2016.08.039
https://doi.org/10.1007/s00401-009-0612-2
https://doi.org/10.1091/mbc.e06-10-0975
https://doi.org/10.1091/mbc.e06-10-0975
https://doi.org/10.1093/jnen/nlx085
https://doi.org/10.1093/brain/awv081
https://doi.org/10.1093/brain/awv081
https://doi.org/10.1126/science.1197623
https://doi.org/10.1111/j.1749-6632.1988.tb27086.x
https://doi.org/10.1016/S1474-4422(03)00619-7
https://doi.org/10.1186/s13195-017-0241-2
https://doi.org/10.1186/s13195-017-0241-2
https://doi.org/10.1073/pnas.1215165110
https://doi.org/10.1016/j.neulet.2005.08.047
https://doi.org/10.1016/0304-3940(94)90746-3
https://doi.org/10.1007/s007020050028
https://doi.org/10.3389/fncel.2014.00112
https://doi.org/10.1016/S0079-6123(02)36039-4
https://doi.org/10.1016/j.bcp.2014.01.008
https://doi.org/10.1016/j.bcp.2014.01.008
https://doi.org/10.1186/1750-1326-6-85
https://doi.org/10.1016/j.neuron.2006.07.027
https://doi.org/10.1016/j.neuron.2006.07.027
https://doi.org/10.3233/JAD-160912
https://doi.org/10.1038/srep01393
https://doi.org/10.1093/brain/awt083
https://doi.org/10.1093/brain/aww027
https://doi.org/10.1093/brain/aww027
https://doi.org/10.1016/j.devcel.2018.06.005
https://doi.org/10.1007/s11910-015-0531-7
https://doi.org/10.1007/s11910-015-0531-7
https://doi.org/10.1101/cshperspect.a009373
https://doi.org/10.1371/journal.pone.0175882
https://doi.org/10.1016/bs.ai.2017.06.004
https://doi.org/10.1084/jem.20150479
https://doi.org/10.1084/jem.20150479
https://doi.org/10.4049/jimmunol.1002449
https://doi.org/10.3233/JAD-170814
https://doi.org/10.1523/JNEUROSCI.2451-04.2004
https://doi.org/10.1523/JNEUROSCI.2451-04.2004
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-12-00488 December 14, 2018 Time: 18:53 # 16

Bachiller et al. Microglial Cells in Brain Diseases

Raz, N., Gunning, F. M., Head, D., Dupuis, J. H., Mcquain, J., Briggs, S. D.,
et al. (1997). Selective aging of the human cerebral cortex observed in vivo:
differential vulnerability of the prefrontal gray matter. Cereb. Cortex 7, 268–282.
doi: 10.1093/cercor/7.3.268

Ridolfi, E., Barone, C., Scarpini, E., and Galimberti, D. (2013). The role of the innate
immune system in Alzheimer’s disease and frontotemporal lobar degeneration:
an eye on microglia. Clin. Dev. Immunol. 2013:939786. doi: 10.1155/2013/
939786

Rodriguez-Pallares, J., Parga, J. A., Munoz, A., Rey, P., Guerra, M. J.,
and Labandeira-Garcia, J. L. (2007). Mechanism of 6-hydroxydopamine
neurotoxicity: the role of NADPH oxidase and microglial activation
in 6-hydroxydopamine-induced degeneration of dopaminergic neurons.
J. Neurochem. 103, 145–156. doi: 10.1111/j.1471-4159.2007.04699.x

Rosso, S. M., Landweer, E. J., Houterman, M., Donker Kaat, L., Van Duijn, C. M.,
and Van Swieten, J. C. (2003). Medical and environmental risk factors for
sporadic frontotemporal dementia: a retrospective case-control study. J. Neurol.
Neurosurg. Psychiatry 74, 1574–1576. doi: 10.1136/jnnp.74.11.1574

Santiago, J. A., Bottero, V., and Potashkin, J. A. (2017). Dissecting the molecular
mechanisms of neurodegenerative diseases through network biology. Front.
Aging Neurosci. 9:166. doi: 10.3389/fnagi.2017.00166

Sarlus, H., and Heneka, M. T. (2017). Microglia in Alzheimer’s disease. J. Clin.
Invest. 127, 3240–3249. doi: 10.1172/JCI90606

Sawada, M., Imamura, K., and Nagatsu, T. (2006). Role of cytokines in
inflammatory process in Parkinson’s disease. J. Neural Transm. Suppl. 70,
373–381. doi: 10.1007/978-3-211-45295-0_57

Scholtzova, H., Chianchiano, P., Pan, J., Sun, Y., Goni, F., Mehta, P. D., et al.
(2014). Amyloid beta and Tau Alzheimer’s disease related pathology is reduced
by Toll-like receptor 9 stimulation. Acta Neuropathol. Commun. 2:101. doi:
10.1186/s40478-014-0101-2

Schwarz, L. A., and Luo, L. (2015). Organization of the locus coeruleus-
norepinephrine system. Curr. Biol. 25, R1051–R1056. doi: 10.1016/j.cub.2015.
09.039

Sheedy, F. J., Grebe, A., Rayner, K. J., Kalantari, P., Ramkhelawon, B., Carpenter,
S. B., et al. (2013). CD36 coordinates NLRP3 inflammasome activation by
facilitating intracellular nucleation of soluble ligands into particulate ligands in
sterile inflammation. Nat. Immunol. 14, 812–820. doi: 10.1038/ni.2639

Shen, Y., Specht, S. M., De Saint Ghislain, I., and Li, R. (1994). The hippocampus:
a biological model for studying learning and memory. Prog. Neurobiol. 44,
485–496. doi: 10.1016/0301-0082(94)90008-6

Sheridan, G. K., and Murphy, K. J. (2013). Neuron-glia crosstalk in health and
disease: fractalkine and CX3CR1 take centre stage. Open Biol. 3:130181. doi:
10.1098/rsob.130181

Shi, Q., Chowdhury, S., Ma, R., Le, K. X., Hong, S., Caldarone, B. J., et al. (2017).
Complement C3 deficiency protects against neurodegeneration in aged plaque-
rich APP/PS1 mice. Sci. Transl. Med. 9:eaaf6295. doi: 10.1126/scitranslmed.
aaf6295

Sierra, A., Abiega, O., Shahraz, A., and Neumann, H. (2013). Janus-faced microglia:
beneficial and detrimental consequences of microglial phagocytosis. Front. Cell
Neurosci. 7:6. doi: 10.3389/fncel.2013.00006

Slusarczyk, J., Trojan, E., Glombik, K., Piotrowska, A., Budziszewska, B.,
Kubera, M., et al. (2018). Targeting the NLRP3 inflammasome-related
pathways via tianeptine treatment-suppressed microglia polarization to the M1
phenotype in lipopolysaccharide-stimulated cultures. Int. J. Mol. Sci. 19:E1965.
doi: 10.3390/ijms19071965

Spillantini, M. G., Crowther, R. A., Jakes, R., Hasegawa, M., and Goedert, M. (1998).
alpha-Synuclein in filamentous inclusions of Lewy bodies from Parkinson’s
disease and dementia with lewy bodies. Proc. Natl. Acad. Sci. U.S.A. 95, 6469–
6473. doi: 10.1073/pnas.95.11.6469

Stefanova, N., Fellner, L., Reindl, M., Masliah, E., Poewe, W., and Wenning, G. K.
(2011). Toll-like receptor 4 promotes alpha-synuclein clearance and survival of
nigral dopaminergic neurons. Am. J. Pathol. 179, 954–963. doi: 10.1016/j.ajpath.
2011.04.013

Stewart, C. R., Stuart, L. M., Wilkinson, K., Van Gils, J. M., Deng, J., Halle, A.,
et al. (2010). CD36 ligands promote sterile inflammation through assembly
of a Toll-like receptor 4 and 6 heterodimer. Nat. Immunol. 11, 155–161.
doi: 10.1038/ni.1836

Stowell, R. D., Wong, E. L., Batchelor, H. N., Mendes, M. S., Lamantia, C. E.,
Whitelaw, B. S., et al. (2018). Cerebellar microglia are dynamically unique and

survey Purkinje neurons in vivo. Dev. Neurobiol. 61, 627–644. doi: 10.1002/
dneu.22572

Streit, W. J., Sammons, N. W., Kuhns, A. J., and Sparks, D. L. (2004). Dystrophic
microglia in the aging human brain. Glia 45, 208–212. doi: 10.1002/glia.10319

Su, X., Federoff, H. J., and Maguire-Zeiss, K. A. (2009). Mutant alpha-synuclein
overexpression mediates early proinflammatory activity. Neurotox. Res. 16,
238–254. doi: 10.1007/s12640-009-9053-x

Su, X., Maguire-Zeiss, K. A., Giuliano, R., Prifti, L., Venkatesh, K., and Federoff,
H. J. (2008). Synuclein activates microglia in a model of Parkinson’s disease.
Neurobiol. Aging 29, 1690–1701. doi: 10.1016/j.neurobiolaging.2007.04.006

Taipa, R., Brochado, P., Robinson, A., Reis, I., Costa, P., Mann, D. M., et al. (2017).
Patterns of microglial cell activation in Alzheimer Disease and frontotemporal
lobar degeneration. Neurodegener. Dis. 17, 145–154. doi: 10.1159/000457127

Tan, R. H., Kril, J. J., Yang, Y., Tom, N., Hodges, J. R., Villemagne, V. L., et al.
(2017). Assessment of amyloid beta in pathologically confirmed frontotemporal
dementia syndromes. Alzheimers Dement. 9, 10–20. doi: 10.1016/j.dadm.2017.
05.005

Tang, Y., and Le, W. (2016). Differential roles of M1 and M2 microglia in
neurodegenerative diseases. Mol. Neurobiol. 53, 1181–1194. doi: 10.1007/
s12035-014-9070-5

Tarozzo, G., Bortolazzi, S., Crochemore, C., Chen, S. C., Lira, A. S., Abrams, J. S.,
et al. (2003). Fractalkine protein localization and gene expression in mouse
brain. J. Neurosci. Res. 73, 81–88. doi: 10.1002/jnr.10645

Toh, H., Chitramuthu, B. P., Bennett, H. P., and Bateman, A. (2011). Structure,
function, and mechanism of progranulin; the brain and beyond. J. Mol.
Neurosci. 45, 538–548. doi: 10.1007/s12031-011-9569-4

Tomas-Camardiel, M., Rite, I., Herrera, A. J., De Pablos, R. M., Cano, J.,
Machado, A., et al. (2004). Minocycline reduces the lipopolysaccharide-induced
inflammatory reaction, peroxynitrite-mediated nitration of proteins, disruption
of the blood-brain barrier, and damage in the nigral dopaminergic system.
Neurobiol. Dis. 16, 190–201. doi: 10.1016/j.nbd.2004.01.010

Ulland, T. K., Song, W. M., Huang, S. C., Ulrich, J. D., Sergushichev, A.,
Beatty, W. L., et al. (2017). TREM2 maintains microglial metabolic fitness
in Alzheimer’s Disease. Cell 170, 649–663.e13. doi: 10.1016/j.cell.2017.
07.023

Ulrich, J. D., Finn, M. B., Wang, Y., Shen, A., Mahan, T. E., Jiang, H., et al. (2014).
Altered microglial response to Abeta plaques in APPPS1-21 mice heterozygous
for TREM2. Mol. Neurodegener. 9:20. doi: 10.1186/1750-1326-9-20

Ulrich, J. D., Ulland, T. K., Colonna, M., and Holtzman, D. M. (2017). Elucidating
the role of TREM2 in Alzheimer’s Disease. Neuron 94, 237–248. doi: 10.1016/j.
neuron.2017.02.042

Varvel, N. H., Grathwohl, S. A., Degenhardt, K., Resch, C., Bosch, A., Jucker, M.,
et al. (2015). Replacement of brain-resident myeloid cells does not alter cerebral
amyloid-beta deposition in mouse models of Alzheimer’s disease. J. Exp. Med.
212, 1803–1809. doi: 10.1084/jem.20150478

Venegas, C., and Heneka, M. T. (2017). Danger-associated molecular patterns in
Alzheimer’s disease. J. Leukoc. Biol. 101, 87–98. doi: 10.1189/jlb.3MR0416-204R

Vieira, R. T., Caixeta, L., Machado, S., Silva, A. C., Nardi, A. E., Arias-
Carrion, O., et al. (2013). Epidemiology of early-onset dementia: a review
of the literature. Clin. Pract. Epidemiol. Ment. Health 9, 88–95. doi: 10.2174/
1745017901309010088

Vom Berg, J., Prokop, S., Miller, K. R., Obst, J., Kalin, R. E., Lopategui-Cabezas, I.,
et al. (2012). Inhibition of IL-12/IL-23 signaling reduces Alzheimer’s disease-
like pathology and cognitive decline. Nat. Med. 18, 1812–1819. doi: 10.1038/
nm.2965

Wagner, L. K., Gilling, K. E., Schormann, E., Kloetzel, P. M., Heppner, F. L.,
Kruger, E., et al. (2017). Immunoproteasome deficiency alters microglial
cytokine response and improves cognitive deficits in Alzheimer’s disease-like
APPPS1 mice. Acta Neuropathol. Commun. 5:52. doi: 10.1186/s40478-017-
0453-5

Wang, X. J., Zhang, S., Yan, Z. Q., Zhao, Y. X., Zhou, H. Y., Wang, Y., et al. (2011).
Impaired CD200-CD200R-mediated microglia silencing enhances midbrain
dopaminergic neurodegeneration: roles of aging, superoxide, NADPH oxidase,
and p38 MAPK. Free Radic. Biol. Med. 50, 1094–1106. doi: 10.1016/j.
freeradbiomed.2011.01.032

Wang, Y., Cella, M., Mallinson, K., Ulrich, J. D., Young, K. L., Robinette, M. L., et al.
(2015). TREM2 lipid sensing sustains the microglial response in an Alzheimer’s
disease model. Cell 160, 1061–1071. doi: 10.1016/j.cell.2015.01.049

Frontiers in Cellular Neuroscience | www.frontiersin.org 16 December 2018 | Volume 12 | Article 488

https://doi.org/10.1093/cercor/7.3.268
https://doi.org/10.1155/2013/939786
https://doi.org/10.1155/2013/939786
https://doi.org/10.1111/j.1471-4159.2007.04699.x
https://doi.org/10.1136/jnnp.74.11.1574
https://doi.org/10.3389/fnagi.2017.00166
https://doi.org/10.1172/JCI90606
https://doi.org/10.1007/978-3-211-45295-0_57
https://doi.org/10.1186/s40478-014-0101-2
https://doi.org/10.1186/s40478-014-0101-2
https://doi.org/10.1016/j.cub.2015.09.039
https://doi.org/10.1016/j.cub.2015.09.039
https://doi.org/10.1038/ni.2639
https://doi.org/10.1016/0301-0082(94)90008-6
https://doi.org/10.1098/rsob.130181
https://doi.org/10.1098/rsob.130181
https://doi.org/10.1126/scitranslmed.aaf6295
https://doi.org/10.1126/scitranslmed.aaf6295
https://doi.org/10.3389/fncel.2013.00006
https://doi.org/10.3390/ijms19071965
https://doi.org/10.1073/pnas.95.11.6469
https://doi.org/10.1016/j.ajpath.2011.04.013
https://doi.org/10.1016/j.ajpath.2011.04.013
https://doi.org/10.1038/ni.1836
https://doi.org/10.1002/dneu.22572
https://doi.org/10.1002/dneu.22572
https://doi.org/10.1002/glia.10319
https://doi.org/10.1007/s12640-009-9053-x
https://doi.org/10.1016/j.neurobiolaging.2007.04.006
https://doi.org/10.1159/000457127
https://doi.org/10.1016/j.dadm.2017.05.005
https://doi.org/10.1016/j.dadm.2017.05.005
https://doi.org/10.1007/s12035-014-9070-5
https://doi.org/10.1007/s12035-014-9070-5
https://doi.org/10.1002/jnr.10645
https://doi.org/10.1007/s12031-011-9569-4
https://doi.org/10.1016/j.nbd.2004.01.010
https://doi.org/10.1016/j.cell.2017.07.023
https://doi.org/10.1016/j.cell.2017.07.023
https://doi.org/10.1186/1750-1326-9-20
https://doi.org/10.1016/j.neuron.2017.02.042
https://doi.org/10.1016/j.neuron.2017.02.042
https://doi.org/10.1084/jem.20150478
https://doi.org/10.1189/jlb.3MR0416-204R
https://doi.org/10.2174/1745017901309010088
https://doi.org/10.2174/1745017901309010088
https://doi.org/10.1038/nm.2965
https://doi.org/10.1038/nm.2965
https://doi.org/10.1186/s40478-017-0453-5
https://doi.org/10.1186/s40478-017-0453-5
https://doi.org/10.1016/j.freeradbiomed.2011.01.032
https://doi.org/10.1016/j.freeradbiomed.2011.01.032
https://doi.org/10.1016/j.cell.2015.01.049
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-12-00488 December 14, 2018 Time: 18:53 # 17

Bachiller et al. Microglial Cells in Brain Diseases

Wang, Y., Su, L., Morin, M. D., Jones, B. T., Whitby, L. R., Surakattula, M. M.,
et al. (2016). TLR4/MD-2 activation by a synthetic agonist with no similarity
to LPS. Proc. Natl. Acad. Sci. U.S.A. 113, E884–E893. doi: 10.1073/pnas.15256
39113

Weintraub, S., and Mesulam, M. (2009). With or without FUS, it is the anatomy
that dictates the dementia phenotype. Brain 132, 2906–2908. doi: 10.1093/brain/
awp286

Winblad, B., Amouyel, P., Andrieu, S., Ballard, C., Brayne, C., Brodaty, H., et al.
(2016). Defeating Alzheimer’s disease and other dementias: a priority for
European science and society. Lancet Neurol. 15, 455–532. doi: 10.1016/S1474-
4422(16)00062-4

Wong, C., and Gallate, J. (2012). The function of the anterior temporal lobe:
a review of the empirical evidence. Brain Res. 1449, 94–116. doi: 10.1016/j.
brainres.2012.02.017

Wu, C. H., Chien, H. F., Chang, C. Y., and Ling, E. A. (1997). Heterogeneity
of antigen expression and lectin labeling on microglial cells in the olfactory
bulb of adult rats. Neurosci. Res. 28, 67–75. doi: 10.1016/S0168-0102(97)
01178-4

Yao, N., Wu, Y., Zhou, Y., Ju, L., Liu, Y., Ju, R., et al. (2015). Lesion of the
locus coeruleus aggravates dopaminergic neuron degeneration by modulating
microglial function in mouse models of Parkinson×s disease. Brain Res. 1625,
255–274. doi: 10.1016/j.brainres.2015.08.032

Yao, P., Lin, P., Gokoolparsadh, A., Assareh, A., Thang, M. W., and Voineagu, I.
(2015). Coexpression networks identify brain region-specific enhancer RNAs
in the human brain. Nat. Neurosci. 18, 1168–1174. doi: 10.1038/nn.4063

Yeh, F. L., Hansen, D. V., and Sheng, M. (2017). TREM2, microglia, and
neurodegenerative diseases. Trends Mol. Med. 23, 512–533. doi: 10.1016/j.
molmed.2017.03.008

Yin, Z., Raj, D., Saiepour, N., Van Dam, D., Brouwer, N., Holtman, I. R.,
et al. (2017). Immune hyperreactivity of Abeta plaque-associated microglia
in Alzheimer’s disease. Neurobiol. Aging 55, 115–122. doi: 10.1016/j.
neurobiolaging.2017.03.021

York, E. M., Bernier, L. P., and Macvicar, B. A. (2017). Microglial modulation
of neuronal activity in the healthy brain. Dev. Neurobiol. 78, 593–603.
doi: 10.1002/dneu.22571

Yoshiyama, Y., Higuchi, M., Zhang, B., Huang, S. M., Iwata, N., Saido, T. C.,
et al. (2007). Synapse loss and microglial activation precede tangles in a P301S

tauopathy mouse model. Neuron 53, 337–351. doi: 10.1016/j.neuron.2007.01.
010

Zecca, L., Zucca, F. A., Costi, P., Tampellini, D., Gatti, A., Gerlach, M., et al.
(2003). The neuromelanin of human substantia nigra: structure, synthesis and
molecular behaviour. J. Neural Transm. Suppl. 65, 145–155. doi: 10.1007/978-
3-7091-0643-3_8

Zhang, C., Wang, Y., Wang, D., Zhang, J., and Zhang, F. (2018). NSAID exposure
and risk of Alzheimer’s Disease: an updated meta-analysis from cohort studies.
Front. Aging Neurosci. 10:83. doi: 10.3389/fnagi.2018.00083

Zhang, J. (2015). Mapping neuroinflammation in frontotemporal dementia with
molecular PET imaging. J. Neuroinflammation 12:108. doi: 10.1186/s12974-
015-0236-5

Zhang, X., Dong, H., Zhang, S., Lu, S., Sun, J., and Qian, Y. (2015). Enhancement
of LPS-induced microglial inflammation response via TLR4 under high glucose
conditions. Cell Physiol. Biochem. 35, 1571–1581. doi: 10.1159/000373972

Zhang, Y., Chen, K., Sloan, S. A., Bennett, M. L., Scholze, A. R., O’keeffe, S.,
et al. (2014). An RNA-sequencing transcriptome and splicing database of glia,
neurons, and vascular cells of the cerebral cortex. J. Neurosci. 34, 11929–11947.
doi: 10.1523/JNEUROSCI.1860-14.2014

Zhong, L., Chen, X. F., Wang, T., Wang, Z., Liao, C., Wang, Z., et al. (2017). Soluble
TREM2 induces inflammatory responses and enhances microglial survival.
J. Exp. Med. 214, 597–607. doi: 10.1084/jem.20160844

Zinn, S. (2008). A Review of: “Miller, B. L., Cummings, J. L., (Eds.). The
Human Frontal Lobes: functions and Disorders”. Appl. Neuropsychol. 15, 92–93.
doi: 10.1080/09084280801917905

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Bachiller, Jiménez-Ferrer, Paulus, Yang, Swanberg, Deierborg
and Boza-Serrano. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 17 December 2018 | Volume 12 | Article 488

https://doi.org/10.1073/pnas.1525639113
https://doi.org/10.1073/pnas.1525639113
https://doi.org/10.1093/brain/awp286
https://doi.org/10.1093/brain/awp286
https://doi.org/10.1016/S1474-4422(16)00062-4
https://doi.org/10.1016/S1474-4422(16)00062-4
https://doi.org/10.1016/j.brainres.2012.02.017
https://doi.org/10.1016/j.brainres.2012.02.017
https://doi.org/10.1016/S0168-0102(97)01178-4
https://doi.org/10.1016/S0168-0102(97)01178-4
https://doi.org/10.1016/j.brainres.2015.08.032
https://doi.org/10.1038/nn.4063
https://doi.org/10.1016/j.molmed.2017.03.008
https://doi.org/10.1016/j.molmed.2017.03.008
https://doi.org/10.1016/j.neurobiolaging.2017.03.021
https://doi.org/10.1016/j.neurobiolaging.2017.03.021
https://doi.org/10.1002/dneu.22571
https://doi.org/10.1016/j.neuron.2007.01.010
https://doi.org/10.1016/j.neuron.2007.01.010
https://doi.org/10.1007/978-3-7091-0643-3_8
https://doi.org/10.1007/978-3-7091-0643-3_8
https://doi.org/10.3389/fnagi.2018.00083
https://doi.org/10.1186/s12974-015-0236-5
https://doi.org/10.1186/s12974-015-0236-5
https://doi.org/10.1159/000373972
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1084/jem.20160844
https://doi.org/10.1080/09084280801917905
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Microglia in Neurological Diseases: A Road Map to Brain-Disease Dependent-Inflammatory Response
	Introduction
	Microglia Origin and Distribution
	Microglial Profile, Not M1 or M2 Anymore
	Regional Differences: Hippocampus, Frontal Cortex and Substantia Nigra and Striatum
	Hippocampus
	Frontal Cortex
	Substantia Nigra and Striatum


	Alzheimer's Disease Pathology
	Microglial Activation in Alzheimer's Disease

	Frontotemporal Dementia
	Microglial Activation in Frontotemporal Dementia

	Parkinson's Disease
	Microglial Activation in Parkinson's Disease
	Microglial Activation in Parkinson's Disease:The Role of Locus Cereleus


	Future Directions
	Conclusion
	Author Contributions
	Funding
	References


